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Foreword to the First Edition

Professor Mehta has presented the subject of concrete in a remarkably clear and logical manner. Actually, he has adopted
a rather revolutionary approach, rejecting the dry and pedantic presentations of past texts, in order to address concrete as
a living material, both in itself and in its application to structures and facilities built to serve society.

While this book accurately reflects the latest scientific advances in concrete structure and technology, it recognizes
that working with concrete is an “art.” Thus he has structured the book’s arrangement and presentation from the point of
view of the professional engineer charged with designing and building facilities of concrete.

He introduces not only the lates understanding of this complex material but the new and exciting techniques that
enable dramatic improvements in the properties and performance of concrete.

The book is written primarily as an introductory text for Civil Engineering undergraduate students, but graduate
students and professionals alike will find it useful for its lucid explanations and comprehensive treatment of the many
interactive aspects.

Ben C. Gerwick, Jr.
Professor of Civil Engineering
University of California, Berkeley
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Preface to the First Edition

Portland cement concrete is presently the most widely used manufactured material. Judging from world trends, the future
of concrete looks even brighter because for most purposes it offers suitable engineering properties at low cost, combined
with energy-saving and ecological benefits. It is therefore desirable that engineers know more about concrete than about
other building materials.

There are several difficulties in preparing a scientific treatise on concrete as a material. First, in spite of concrete’s ap-
parent simplicity, it has a highly complex structure; therefore, the structure-property relations that are generally so helpful
in the understanding and control of material properties cannot be easily applied. Concrete contains a heterogeneous distri-
bution of many solid components as well as pores of varying shapes and sizes which may be completely or partially filled
with alkaline solutions. Analytical methods of material science and solid mechanics which work well with manufactured
materials that are relatively homogeneous and far less complex, such as steel, plastics, and ceramics, do not seem to be
very effective with concrete.

Second, compared to other materials, the structure of concrete is not a static property of the material. This is because
two of the three distinctly different components of the structure — the bulk cement paste and the transition zone between
the aggregate and the bulk cement past — continue to change with time. In this respect, concrete resembles wood and other
living systems. In fact, the worcbncretecomes from the Latin terrmoncretuswhich means to grow. Strength and some
other properties of concrete depend on the cement hydration products, which continue to form for several years. Although
the products are relatively insoluble, they can slowly dissolve and recrystallize in moist environments, thus imparting to
concrete the ability to heal microcracks.

Third, unlike other material which are delivered in a ready-to-use form, concrete often has to be manufactured just
before use at or near the job site. Typically, a book on concrete begins with a detailed account of the composition and
properties of concrete-making materials, e.g., cements, aggregates, and admixtures. This is followed by descriptions of
methods for mix proportioning; equipment for batching, mixing, and transporting; and the technology of compacting,
finishing, and curing concrete. The properties of concrete as a material and the principles governing them appear much
later in the book, and are usually lost in a maze of non-scientific information, such as test methods, specifications, and
applications.

This book is not intended to be an exhaustive treatise on concrete. Written primarily for the use of undergraduate
students in civil engineering, it is proposed to present the art and science of concrefienjple clear, and scientific
manner. The termscientific manneidoes not imply an emphasis on theoretical physics, chemistry, or mathematics.
Because of the highly complex and dynamic nature of the material, theoretical models have produced only “theoretical
concretes,” and have proven to be of little value in practice. In fact, there is a popular joke in the concrete industry:
What is abstract cannot be concrete. Most of our knowledge of the properties of concrete and the factors affecting it
which forms the basis for current codes of concrete practice comes not from theoretical studies, but from laboratory and
field experience. This experience provides adequate explanations for the properties of conchets andwhy they
are influenced by various factors. By a scientific treatment of the subject, therefore, the author means that, as far as
possible, structure-property relations are emphasized; that is, in addition to a presentation of the state of the art, rational
explanations are provided for the observed behavior.

In regard to the organization of the subject matter, the author has taken a somewhat different than traditional approach.
In many countries, since most of the concrete is ready-mixed and since the ready-mixed concrete industry has increasingly
assumed the responsibility of selecting concrete-making materials and mix proportions, it is not essential to emphasize
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these topic in the beginning of a book. Most civil engineers involved with design, construction, and analysis of concrete
structure are interested primarily in the properties of hardened concretdirgthgart of this three-part book is there-

fore devoted to the properties of hardened concrete: for example, strength, elastic modulus, drying shrinkage, thermal
shrinkage, creep, tensile strain capacity, permeability, and durability to physical and chemical processes of degradation.
Definition of terms, the significance and origin of each property, and controlling factors are set forth in a clear and concise
manner.

The second parbf the book deals with the production of concrete. Separate chapters contain current information on
the composition and properties of commonly used cements, aggregates, and admixtures. One chapter is devoted to the
principles underlying the proportioning of concrete mixtures; another describes the properties of concrete at an early age
and how they influence the operations to which freshly produced concrete is subjected. The latter also includes a broad
discussion of quality assurance programs, such as accelerated tests, in situ tests, and statistical control charts.

In the third part of the book, advances in concrete technology resulting from innovations to adapt the material for
special engineering applications are described. Current information on composition, properties, and applications of sev-
eral types of special concrete is provided, including structural lightweight concrete, heavyweight concrete for nuclear
shielding, high-strength concrete, high-workability concrete, shrinkage-compensating concrete, fiber-reinforced concrete,
concretes containing polymers, and mass concrete. The final chapter includes some reflections on the future of concrete as
a building material. These reflections are based on engineering properties, cost economy, energy savings, and ecological
considerations.

Many unique diagrams, photographs, and summary tables are included to serve as teaching aids. New terms are
indicated in boldface type and are defined when they appear first in the text. In the beginning of each chapter, a preview is
given; at the end a self-test and a guide to further reading are provided. When the book is to be used as a text in a course
in civil engineering materials, depending on the level at which instruction is being offered, individual instructors may
wish to omit a part of the material from some chapters (e.g., chapters on cements and admixtures may be judged as too
comprehensive for an undergraduate course), or supplement the others with additional reading (e.g., chapters on strength
and dimensional changes may be judged as too elementary for a graduate course).

The field of concrete is vast and human effort is never perfect. Therefore, the readers may find shortcomings in this
book. This author is conscious of some of the omissions. For instance, a large amount of excellent literature on concrete
which comes from outside the United States has not been included in the list of references, in part because the author is
not very familiar with these publications. Also limitations of space were a major constraint. It is hoped that this deficiency
can be made up by referring to the books and reports that are listed for further study at the end of every chapter. Again,
several important subjects are not covered. It is a good idea for civil engineers to know about architectural concrete,
repair and maintenance of concrete structures, and methods of testing concrete-making materials (cement, aggregate, and
admixtures). Regrettably, in a book of this size it was not possible to include all the material that was considered useful.

In the era of computers it might have been desirable to give more space to mathematical concepts developed for
predicting the properties of concrete: for example, drying shrinkage, creep, cracking, and durability. Some of the work
reported in the published literature is intellectually stimulating and indeed should be used for deeper and advanced study.
On the other hand, a lot of the work is based on questionable assumptions about the micro-structure of the material and
is therefore of limited value. The author’s failure to distinguish between the significant and the insignificant in this area
of endeavor is largely responsible for its exclusion from the book. It is hoped that individual instructors and students can
make up this deficiency on their own.

The author, however, would like to add a word of caution. Since concrete tends to behdivinliksystemsit cannot
be left solely to mechanistic treatments. The nature of the material is such that as a whole it is different from the sum of its
parts. Therefore, the properties of the material are destroyed when it is dissected into isolated elements, either physically
or theoretically. In his booRhe Turning Point, F. Capra, commenting on the systems view of living systems, says that
the reductionist description of organisms can be useful and may in some cases be necessary, but it is dangerous when
taken to be the complete explanation. Several thousand years ago, the same view was expressed in Srimad Bhagvad Gita:

That knowledge which clings to one single effect as if it were the whole, without reason, without foundation in truth,
is narrow and therefore trivial.

My advice to students who will be tomorrow’s engineers: In regard to models, mathematical abstractions, and com-
puter programs developed to predict the properties of concrete, by all means keep an open mind. But never forget that like
the human world, the world of concrete is nonlinear and has discontinuities within the nonlinearities. Therefore, empirical
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observations from laboratory and field experience will have to continue to supplement the theory.

27 August, 1985

P. Kumar Mehta
University of California, Berkeley
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Preface to the Second Edition

Due to favorable reaction from the readers, especially from the education community, the key features of the first edition
are retained in this revised edition.

In the first part of the three-part book, the microstructure and properties of hardened concrete are described. Only
minor revisions are made to the chapters on microstructures (Chapter 2), strength (Chapter 3), and durability of concrete
(Chapter 5). However, the chapter on dimensional stability (Chapter 4) has been rewritten to clarify further the viscoelastic
behaviour of concrete and to include a comprehensive treatment of thermal shrinkage and stresses, which are usually
responsible for cracking in structures that are more than one meter thick.

The second parbf this book, Chapters 6—-10, deals with concrete production. Separate chapters contain state of the
art reports on the composition and properties of concrete-making materials, namely cement, aggregates, and admixtures,
followed by chapters on mix proportioning and early age properties of concrete. Again, only minor revisions have been
necessary to the chapters in this section, except that in Chapter 10 a description of plastic settlement cracks and crazing is
included in a section on general review of cracks in concrete.

Thethird part of the book, which contains a significant portion of the new material, should be of considerable interest
to advance students in modern concrete technology and concrete behavior. Chapter 11 contains up-do-date information
on the technology of structural light-weight concrete, heavy-weight concrete, high-strength, flowing concrete, shrinkage-
compensating concrete, fiber-reinforced concrete, mass concrete, and roller-compacted concrete.

A new chapter (Chapter 12) has been added to describe advances in concrete mechanics. In this chapter, theory of
composite material is used for modeling the elastic and the viscoelastic properties of concrete. The modern approach
to composite modeling is based on the use of tensor notation which is a bit intimidating for students who may not have
been exposed to tensor calculus. The authors decided to sacrifice elegance for simplicity by avoiding the use of tensor
notation in this chapter. An effort is made to integrate theological models and fundamental viscoelastic principles in order
to develop methods for predicting drying shrinkage and creep. Advanced treatment of thermal shrinkage and thermal
stresses is yet another key feature of this chapter. A finite element method is described for computing the temperature
distribution is a mass concrete structure. To illustrate the application of the method, a number of examples simulating
concrete construction are presented. Another subject covered by this chapter is the fracture mechanics of concrete, which
is not yet a fully mature field but has been sufficiently developed to provide significant insights into size effect and
crack propagation problems. A summary of linear elastic fracture mechanics, with its limitations, is presented, and some
nonlinear fracture mechanics models are described. The last chapter (Chapter 13) on the future of concrete as a building
material, presents an evaluation of commonly used construction materials from the standpoint of engineering properties,
energy requirements, and ecological considerations.

Paulo Monteiro wishes to thank Rubens Bittencourt ané Jdmmas for examples of thermal analysis in Chapter 12.
Others who reviewed portions of the material for this chapter and gave helpful suggestions include L. Biolzi, G.J. Creuss,
M. Ferrari, P. Helene, J. Lubliner, R. Piltner, P. Papadopoulos, S.P. Shah, V. Souza Lima, and R. Zimmerman. Special
thanks are due to Christine Human and Anne Robertson for their insightful comments.

Self-tests and referencasthe end of each chapter have been updated. The use of both U.S. customary (English units)
and S.I. units is retained. However, as far as possible, conversions from the U.S. customary to S.I. units are provided in
the second edition. Finally, as with the First Edition, the authors have made every effort in the Second Edition to uphold
the goal of presenting the art and science of concrete in a simple, clear and scientific manner.

P. Kumar Mehta
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CHAPTER 1

Introduction to Concrete

consumption to steel consumption exceeds tento one. The
total world consumption of concrete last year is estimated
at three billion tons, or one ton for every living human
being. Man consumes no material except water in such
tremendous quantities.
In this chapter important applications of concrete are de- Today the rate at which concrete is used is not much
scribed, and the reasons that concrete is the most widelydifferent than it was 30 years ago. It is estimated that the
used structural material in the world today are examined. present consumption of concrete in the world is of the or-
The principal components of modem concrete are identi- der of 55. billion tons every year.
fied and defined. A brief description of the major concrete Concrete is neither as strong nor as tough as steel,
types is given. so why is it the most widely used engineering material?
For the benefit of beginning students, an introduction There are a number of reasons. First, conérptssesses
to important properties of engineering materials, with spe- excellent resistance to watetnlike wood and ordinary
cial reference to concrete, is also included in this chap- steel, the ability of concrete to withstand the action of wa-
ter. The properties discussed are strength, elastic modu-ter without serious deterioration makes it an ideal material
lus, toughness, dimensional stability, and durability. Fi- for building structures to control, store, and transport wa-
nally, an introduction to the International System of Units ter. In fact, some of the earliest known applications of the
(SI units) and multiplication factor for conversion of U.S. material consisted of aqueducts and waterfront retaining
customary or English unit to Sl units are given. walls constructed by the Romans. The use of concrete in
dams, canals, water pipes, and storage tanks is now a com-
mon sight almost everywhere in the world (Figs. 1-1to 1-
4). The durability of concrete to some aggressive waters
is responsible for the fact that its use has been extended
to many hostile industrial and natural environments (Fig.

Preview

1.1 Concrete as a Structural Material

In an article published by th&cientific Americaim April 1-5).
1964, S. Brunauer and L.E. Copeland, two eminent scien-  Structural elements exposed to moisture, such as piles,
tists in the field of cement and concrete, wrote: foundations, footing, floors, beams, columns, roofs, exte-

The most widely used construction material is con- rior walls, and pavements, are frequently built with con-
crete, commonly made by mixing portland cement with crete, which is reinforced with steelReinforced con-
sand, crushed rock, and water. Last year in the U.S. 63crete? is a concrete usually containing steel bars, which
million tons of portland cement were converted into 500 is designed on the assumption that the two materials act
million tons of concrete, five times the consumption by together in resisting forcesPrestressed concretds a
weight of steel. In many countries the ratio of concrete concrete in which by tensioning steel tendons, prestress of

1in this book, the terntoncreterefers to portland cement concrete, unless stated otherwise.
2|t should be noted that the design and behavior of both reinforced and prestressed concrete structures are beyond the scope of this book.

17



18 CHAPTER 1. INTRODUCTION TO CONCRETE

such magnitude and distribution is introduced that the ten- 1.2 Components of Modern Concrete
sile stresses resulting from the service loads are counter-

acted to a desired degree. Itis believed that a large amountaithough the composition and properties of the materi-
of concrete finds its way to reinforced or prestressed con- als used for making concrete are discussed in Part Il, at
crete elements. this stage it is useful to define concrete and the principal
The second reason for the widespread use of concreteconcrete-making components. The following definitions
is thecase with which structural concrete elements can are based on ASTM C 13%Standard Definition of Terms
be formed into a variety of shapes and sizg&gs. 1-  Relating to Concrete and Concrete Aggregatesid ACI
6 to 1-8). This is because freshly made concrete is of Committee 116 (A Glossary of Terms in the Field of Ce-
a plastic consistency, which permits the material to flow mMentand Concrete Technology):
into prefabricated formwork. After a number of hours, the Concreteis a composite material that consists essen-
formwork can be removed for reuse when the concrete hastially of a binding medium within which are embedded
solidified and hardened to a strong mass. particles or fragments of aggregates. In hydraulic cement
The third reason for the popularity of concrete with concrete, the binder is formed from a mixture of hydraulic

engineers is that it is usually tlwheapest and most read- cement and water.

ily available material on the job The principal ingre- Aggregate is the granular material, such as sand,
dients for making concrete — portland cement and aggre- 9ravel, crushed stone, or iron blast-furnace slag, used with
gates — are relatively inexpensive and are more commonly@ cementing medium to form hydraulic-cement concrete
available in most areas of the world. Although in certain ©OF mortar. The terncoarse aggregateefers to aggregate
geographical locations the cost of concrete may be as highParticles larger than 4.75 mm (No. 4 sieve), and the term

as $80 per ton, at others it is as low as $20 per ton, which fine aggregaterefers to aggregate particles smaller than

the coarse aggregate resulting from natural disintegration
and abrasion of rock or processing of weakly bound con-
glomerate. The terrmandis commonly used for fine ag-
gregate resulting from natural disintegration and abrasion
of rock or processing of friable sandstof@ushed stone

is the product resulting from industrial crushing of rocks,
boulders, or large cobblestonéson blast-furnace slag,

a by-product of the iron industry, is the material obtained

by crushing blast-furnace slag that solidified under atmo-
In his 1961 presidential address to the ACI conven- spheric conditions.

Compared to most other engineering materials, the
production of concrete requires considerable less energy
input. In addition, large amount of many industrial wastes
can be recycled as a substitute for the cementitious ma-
terial or aggregates in concrete. Therefore, in the future,
considerations of energy and resource conservatime
likely to make the choice of concrete as a structural mate-
rial even more attractive.

tion, calling concrete aniversal materialand emphasiz- Mortar is a mixture of sand, cement, and water. It
ing that all engineers need to know more about concrete, 5 gssentially concrete without a coarse aggregateut
J.W. Kelly said: is a mixture of cementitious material and aggregate, usu-

ally fine aggregate, to which sufficient water is added to
produce a pouring consistency without segregation of the

One would not think of using wood for constituentsShotcreterefers to a mortar or concrete that
a dam, steel for pavement, or asphalt for is pneumatically tran;ported through a hose and projected
a building frame, but concrete is used for onto a surface at a high velocity.
each of these and for many other uses than Cementis a finely pulverized material which by it-
other construction materials. Even where an- self is not a binder, but develops the binding property as a
other material is the principal component of result of hydration (i.e., from chemical reactions between
a structure, concrete is usually used with it cement minerals and water). A cement is caligdraulic
for certain portions of the work. It is used when the hydration products are stable in an aqueous en-
to support, to enclose, to surface, and to fill. vironment. The most commonly used hydraulic cement
More people need to know more about con- for making concrete iportland cement, which consists
crete than about other specialized materials. essentially of hydraulic calcium silicates. The calcium sil-

icate hydrates formed on the hydration of portland cement
are primarily responsible for its adhesive characteristic,
and are stable in agueous environments.

3The ACI committee reports and the ASTM (American Society for Testing and Materials) standards are updated from time to time. The definitions
given here are from the ASTM standard approved in 1982.
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The foregoing definition of concrete as a mixture of Moderate-strength concrete is ordinary or normal con-
hydraulic cement, aggregates, and water does not includecrete, which is used for most structural work. High-
a fourth component, admixtures, which are almost always strength concrete is used for special applications de-
used in the modern practiceDefinition are defined as  scribed in Chapter 12.
materials other than aggregates, cement, and water, which  Typical proportions of materials for producing low-
are added to the concrete batch immediately before or dur-strength, moderate-strength, and high-strength concretes
ing mixing. The use of admixtures in concrete is now with normal-weight aggregates are shown in Table 1-1.
widespread due to many benefits which are possible by The relationships between the cement paste content and
their application. For instance, chemical admixtures can strength, and the water/cement ratio of the cement paste
modify the setting and hardening characteristic of the ce- and strength should be noted from the data.
ment paste by influencing the rate of cement hydration. |t is not possible here to list all concrete types. There
Water-reducing admixtures can plasticize fresh concrete are numerous modified concretes which are appropriately
mixtures by reducing the surface tension of water, air- named: for example, fiber-reinforced concrete, expansive-
entraining admixtures can improve the durability of con- cement concrete, and latex-modified concrete. The com-
crete exposed to cold weather, and mineral admixtures position and properties of special concretes are described
such as pozzolans (materials containing reactive silica) in Chapter 12.
can reduce thermal cracking in mass concrete. A detailed
description of the types of admixtures, their composition,
and mechanism of action in concrete is given in Chapter 1.4 Properties of Hardened Concrete

8. and their Significance

1.3 Types of Concrete The selection of an engineering material for a particular
application has to take into account its ability to with-

Based on unit weight, concrete can be classified into stand the applied force. Traditionally, the deformation oc-

three broad categories. Concrete containing natural sandCufing as a result of applied load is expressesteain,
and gravel or crushed-rock aggregates, generally Weigh_Wh|ch is defined as the change in length per unit length;

ing about 2400 kg/f (4000 Ibyd), is callednormal- the load is prressed amres_;s which is defined as the_
weight concrete and is the most commonly used con- force per unit area. Depending on how the stress is acting
crete for structural purposes. For applications where aon the material, the stresses are further distinguished from

higher strength-to-weight ratio is desired, it is possible to each other: fo_r example, compression, _tenspn, flexure,
reduce the unit weight of concrete by using certain natural ghear, and torsion. The stress—_stram relationships in matg-
or pyro-processed aggregates having lower bulk density. rials are generglly expressed in terms of strength, elastic
The termlightweight concreteis used for concrete that modulus, d“C,“"ty’ and toughness.

weighs less than about 1800 k8000 Ib/yd). On the ‘Strength is a measure of the amount of stress re-
other handheavyweight concrete used at times for ra- quired to fa|l_a materl_al. The working stress thepry for
diation shielding, is concrete produced from high-density concrete design considers concrete as mostly suitable for

aggregates, and generally weighs more than 3200%g/m bearing compressive load; this is why it is the compres-
(5300 Ibly). sive strength of the material that is generally specified.

Strength grading of concrete, which is prevalent in Since the strength of concrete is a function of the cement

Europe and many other countries, is not practiced in the hydration process, which is relatively slow, traditionally
United States. However, from the standpoint of distinct the specifications and tests for concrete strength are based
differences in structure-property relationships, which will ©n SPecimens cured under standard temperature-humidity
be discussed later, it is useful to divide concrete into three Conditions for a period of 28 days. As stated earlier, for

general categories based on compressive strength: most structural applications, moderate strength concrete
(20 to 40 MPa compressive strength) is used, although re-

cently high-strength concretes of up to 130 MPa or 20,000
psi strength have been produced commercially.
It may be mentioned here that typically the tensile and
e Moderate-strength concrete 20 to 40 MPa (3000  flexural strengths of concrete are of the order of 10 and
to 6000 psi) compressive strength 15 percent, respectively, of the compressive strength. The
reason for such a large difference between the tensile and
e High-strength concrete more than 40 MPa (6000 compressive strength is attributed to the heterogeneous
psi) compressive strength. and complex structure of concrete.

e Low-strength concrete less than 20 MPa (3000
psi) compressive strength
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For many engineering materials, such as steel, the ual strengths of the two components. Such anomalies in
observed stress-strain behavior when a specimen is subthe behavior of concrete will be explained on the basis of
jected to incremental loads can be divided into two parts its structure, in which the transition zone between coarse
(Fig. 1-9). Initially, when the strain is proportional to be aggregate and cement paste plays an important part.

applied stress and is reversible upon unloading the speci- g stress-strain behavior of materials shown in Fig.

men, itis callecelastic strain. Themodulus of elasticity  1_gis typical of specimens loaded to failure in a short time
is defined as the ratio between the stress and this reverS|bIe;n the laboratory. For some materials the relationship be-

strain. In homogeneous materials, the elastic modulus isyeen stress and strain is independent of the loading time:
ameasure of the interatomic bounding forces and is unaf- ¢, others it is not. Concrete belongs to the latter cate-

fected by microstruqtural changeg. This is not true of the gory. If a concrete specimen is held for a long period un-
heterogeneous multiphase materials such as concrete. Th@o; 5 constant stress which, for instance, is 50 percent of

elastic godulus of ggoncrete in co(r)nepression \éaries, from the ultimate strength of the material, it will exhibit plastic
14 x 10° to 40 x 10° MPa (2 x 10° to 6 x 10° psi). strain. The phenomenon of gradual increase in strain with

The significance of the elastic limit in structural design time under a sustained stress is caltegep. When creep
lies in the fact that it represents the maximum allowable i, concrete is restrained, it is manifested as a progressive

stress before the material undergoes permanent deformage rease of stress with time. The stress relief associated

tion. Therefore, the engineer must know the elastic mod- i, creep has important implications for behavior of both
ulus of the material because it influences the rigidity of a plain and prestressed concretes.

design. ) ] )
Strains can arise even in unloaded concrete as a re-

sult of changes in the environmental humidity and tem-
perature. Freshly formed concrete is moist; it undergoes
drying shrinkage when exposed to the ambient humid-
k . : X ity. Similarly, shrinkage strains result when hot concrete
strain. The amount of inelastic strain that can occur be- & -ooled to the ambient temperature. Massive concrete

fore failure is a measure of triuctility of the material.  gjements can register considerable rise in temperature due
The energy required to break the material, the product of poor dissipation of heat evolved by cement hydration,

force times distance, is represented by the area under they 4 thermal shrinkage would occur on cooling of the
stress-strain curve. The teoughnesss used as amea-  pot concrete.  Shrinkage strains are critical to concrete
sure of this energy. The (.:ontrast between toughness and,ec4use, when restrained, they manifest themselves into
strength should be noted; the former is @ measure of en-yajje stresses. Since the tensile strength of concrete
ergy, whereas the latter is a measure of the stress requireds oy, concrete structures often crack as a result of re-

to fracture the material. Thus two materials may have gt oined shrinkage, caused by either moisture or temper-

identical strength but different values of toughness. N ature changes. In fact, the cracking tendency of the ma-
general, however, when the strength of a material goes Up,erig| is one of the serious disadvantages in concrete con-
the ductility and the toughness go down; also, very high- i,ction.

strength materials usually fail in a brittle manner (i.e.,
without undergoing any significant inelastic strain).

At a high stress level (Fig. 1-9), the strain no longer
remains proportional to the applied stress, and also be-

comes permanent (i.e., it will not be reversed if the speci-
men is unloaded). This strain is callplastic or inelastic

Finally, professional judgment in the selection of
a material should take into consideration not only the
strength, dimensional stability, and elastic properties of
the material, but also its durability, which has serious eco-

Although under compression concrete appears to
show some inelastic strain before failure, typically the

. . 6 .
strain at fracture is of the order of 206010~", which nomic implications in the form of maintenance and re-
is considerably lower than the failure strain in structural placement costs of a structur®urability is defined as
metals. For practical purposes, therefore, designers do noe seryice life of a material under given environmental
treat concrete as a ductile material and do not recommend..,itions. Generally, dense or watertight concretes en-
it for use under conditions where it is subjected to heavy joy long-time durability. The 2700-year-old concrete lin-

impact unless reinforced with steel. ing of a water storage tank on Rodhos Island in Greece
From observation of the elastic-plastic behavior, con- and numerous hydraulic concrete structures built by the
crete seems to be a complex material. Many characteris-Romans are a living testimony to the excellent durability
tics of this composite material do not follow the laws of of concreted in moist environments. Permeable concretes
mixture of two components. For instance, under compres- are, however, less durable. The permeability of concrete
sive loading both the aggregate and the hydrated cementdepends not only on mix proportions, compaction, and
paste, if separately rested, would fail elastically, whereas curing, but also on microcracks caused by normal tem-
concrete itself shows inelastic behavior before fracture. perature and humidity cycles. In general, there is a close
Also, the strength of concrete is lower than the individ- relationship between the strength and durability of con-
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crete. (Syseme International d'Unés), abbreviate8l, was ap-
proved in 1960 by 30 participating nations in the General
Conference on Weights and Measures.

In SI measurementsmeter and kilogram are the only
unit permitted for length and mass, respectively. A series
The metric system of measurement, which is prevalent of approved prefixes, shown in Table 1-2, are used for the
in most countries of the world uses millimiters, centime- formation of multiples and submultiples of various units.
ters, and meters for length, grams and kilograms for mass, The force required to accelerate a mass of 1 kilogram by
liters for volume, kilogram force per unit area for stress, 1 meter is expressed asngwton (N), and a stress of 1
and degrees Celsius for temperature. The United Statesnewton per square meter is expressed d&adcal (Pa).
is almost alone in the world in using English units of The ASTM Standard E 380-70 contains a comprehensive
measurement such as inches, feet, and yards for lengthguide to the use of Sl units.
pounds or tons for mass, gallons for volume, pounds per  In 1975, the U.S. Congress passed the Metric Conver-
square inch (psi) for stress, and degree Fahrenheit for tem-sion Act, which declares that it will be the policy of the
perature. Multinational activity in design and construc- United States to coordinate and plan the increasing use
tion of large engineering projects is commonplace in the of the metric system of measurement (S| units). Mean-
modern world. Therefore, it is becoming increasingly im- while, a bilinguality in the units of measurement is being
portant that scientists and engineers throughout the world practiced so that engineers should become fully conver-
speak the same language of measurement. sant with both systems. This is why, as far as possible,

The metric system is simpler than the English sys- data in this book are presented in both units. To aid quick
tem and has recently been modernized in an effort to conversion from the U.S. customary or English units to Sl
make it universally acceptable. The modern version of the units, a list of the commonly needed multiplication factors
metric system, called thiaternational System of Units is given below.

1.5 Units of Measurement

1.6 Test your Knowledge
. Why is concrete the most widely used engineering material?
. What are reinforced concrete and prestressed concrete?

. Define the following terms: fine aggregate, coarse aggregate, gravel, grout, shotcrete, hydraulic cement.

A W ON

. What are the typical unit weights for normal-weight, lightweight, and heavyweight concretes? How would you
define high-strength concrete?

ol

. What is the significance of elastic limit in structural design?

6. What is the difference between strength and toughness? Why is it the compressive strength of concrete at 28 days
that is generally specified?

7. Discuss the significance of drying shrinkage, thermal shrinkage, and creep in concrete.

8. How would you define durability? In general, what concrete types are expected to show better long-time durability?

1.7 Suggestions for Further Study

American Concrete Institute Committee Report by Committee Cépent and Concrete Terminolo@P-19, 1985.

American Society for Testing and Materiafsnual Book of ASTM Standardél. 04.01 (Cement, Lime, and Gypsum),
1991.

American Society for Testing and Materiafnnual Book of ASTM Standardé#l 04.02 (Concrete and Mineral Aggre-
gates), 1991.
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Van Vlack, L. H.,Elements of Material Science and Engineerifth ed., Addison-Wesley Publishing Company, Inc.,
Reading, Mass., 1989.



CHAPTER 2

The Structure of Concrete

sible to resolve the structure of materials to a fraction of a
micrometer.

PREVIEW SIGNIFICANCE

Structure-property re|ationships are at the heart of Progress in the field of materials has resulted primar-
modern material science. Concrete has a highly heteroge-ly from recognition of the principle that the properties of
neous and complex structure. Therefore, itis very difficult @ material originate from its internal structure; in other
to constitute exact models of the concrete structure from words, the properties can be modified by making suit-
which the behavior of the material can be reliably pre- able changes in the structure of a material. Although con-
dicted. However, a knowledge of the structure and prop- Crete is the most widely used structural material, its struc-
erties of the individual components of concrete and their ture is heterogeneous and highly complex. The structure-
relationship to each other is useful for exercising some property relationships in concrete are not yet well devel-
control on the properties of the material. In this chap- oped; however, an understanding of some of the elements
ter three components of concrete structure - the hydratedof the concrete structure is essential before we discuss
cement paste, the aggregate, and the transition zone bethe factors influencing the important engineering proper-
tween the cement paste and the aggregate - are describedies of concrete, such as strength (Chapter 3), elasticity,
The structure-property relationships are discussed fromshrinkage, creep, and cracking (Chapter 4), and durability
the standpoint of selected characteristics of concrete, such(Chapter 5).
as strength, dimensional stability, and durability.

COMPLEXITIES

DEFINITIONS From examination of a cross section of concrete (Fig.
The type, amount, size, shape, and distribution of 2-1), the two phases that can easily be distinguished are
phases present in a solid constitute steucture. The aggregate particles of varying size and shape and the bind-

gross elements of the structure of a material can readily ing medium, composed of an incoherent mass of the hy-
be seen, whereas the finer elements are usually resolvedirated cement paste (henceforth abbreviat). At the

with the help of a microscope. The temmacrostructure macroscopic level, therefore, concrete may be considered
is generally used for the gross structure, visible to the hu- to be a two-phase material, consisting of aggregate parti-
man eye. The limit of resolution of the unaided human cles dispersed in a matrix of the cement paste.

eye is approximately one-fifth of a millimiter (2Qom). At the microscopic level, the complexities of the con-
The termmicrostructure is used for the microscopically  crete structure begin to show up. It becomes obvious that
magnified portion of a macrostructure. The magnification the two phases of the structure are neither homogeneously
capability of modern electron microscopes is of the or- distributed with respect to each other, nor are they them-
der of 1@ times; thus the application of transmission and selves homogeneous. For instance, in some aredgthe
scanning electron microscopy technigues has made it posimass appears to be as dense as the aggregate while in oth-

23
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ers it is highly porous (Fig. 2-2). Also, if several speci- the aggregate structure, which exercise a major influence
mens of concrete containing the same amount of cementon properties of concrete, will be given here.

but different amounts of water are examined at various The aggregate phase is predominantly responsible for
time intervals it will be seen that, in general, the vol- the unit weight, elastic modulus, and dimensional stabil-
ume of capillary voids in théacp would decrease with ity of concrete. These properties of concrete depend to a
decreasing water/cement ratio or with increasing age of large extent on the bulk density and strength of the aggre-
hydration. For a well-hydrated cement paste, the inho- gate, which, in turn, are determined by the physical rather
mogeneous distribution of solids and voids alone can per- than chemical characteristics of the aggregate structure.
haps be ignored when modeling the behavior of the ma- In other words, the chemical or mineralogical composi-
terial. However, microstructural studies have shown that tion of the solid phases in aggregate is usually less impor-
this cannot be done for thecppresent in concrete. Inthe tant than the physical characteristics such as the volume,
presence of aggregate, the structurédgfin the vicinity size, and distribution of pores.

of large aggregate particles is usually very different from In addition to porosity, the shape and texture of the
the structure of bulk paste or mortar in the system. In fact, coarse aggregate also affect the properties of concrete.
many aspects of concrete behavior under stress can be exSome typical aggregate particles are shown in Fig. 2-
plained only when the cement paste-aggregate interface is3. Generally, natural gravel has a rounded shape and a
treated as a third phase of the concrete structure. Thus thesmooth surface texture. Crushed rocks have a rough tex-
unique features of the concrete structe@n be summa-  ture; depending on the rock type and the choice of crush-

rized as follows. ing equipment, the crushed aggregate may contain a con-
First, there is a third phase, thansition zone, which siderable proportion of fault or elongated particles, which

represets the interfacial region between the particles of adversely affect many properties of concrete. Lightweight

coarse aggregate and thep Existing as a thin shell,  aggregate particles from pumice, which is highly cellular,

typically 10 to 50.m thick around large aggregate, the are also angular and have a rough texture, but those from
transition zone is generally weaker than either of the two expanded clay or shale are generally rounded and smooth.
main components of concrete, and therefore it exercises a  Being generally stronger than the other two phase of
far greater influence on the mechanical behavior of con- concrete, the aggregate phase has no direct influence on
crete than is reflected by its size. Second, each of thethe strength of concrete except in the case of some highly
three phases is itself multiphase in nature. For instance,porous and weak aggregates, such as the pumice aggre-
each aggregate particle may contain several minerals, ingate described above. The size and the shape of coarse ag-
addition to microcracks and voids. Similarly, both the gregate can, however, affect the strength of concrete in an
build hcpand the transition zone generally contain a het- indirect way. It is obvious from Fig. 2-4 that the larger the
erogeneous distribution of different types and amounts of size of aggregate in concrete and the higher the proportion
solid phases, pores, and microcracks which will be de- of elongated and flat particles, the greater will be the ten-
scribed below. Third, unlike other engineering materials, dency for water films to accumulate next to the aggregate
the structure of concrete does not remain stable (i.e., it is surface, thus weakening the cement paste-aggregate tran-
not an intrinsic characteristic of the material). This is be- sition zone. This phenomenon, knowniaternal bleed-
cause the two components of the structure -hbpand ing, is discussed in detail in Chapter 10.
the transition zone - are subject to change with time, en-
vironmental humidity, and temperature.

The highly heterogeneous and dynamic nature of the
structure of concrete are the primary reasons why the the-
oretical structure-property relationship models, generally
so helpful for predicting the behavior of engineering ma-
terials, are of little use in the case of concrete. A broad
knowledge of the important features of the structure of in-
dividual components of concrete, as furnished below, is
nevertheless essential for understanding and controlling
the properties of the composite material.

STRUCTURE OF THE AGGREGATE PHASE

The composition and properties of different types of
concrete aggregates are described in detail in Chapter 7.
Hence only a brief description of the general elements of
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STRUCTURE OF HYDRATED CEMENT PASTE mechanical properties because these properties are con-
It should be understood the the term hydrated cementtrolled by the microstructural extremes, not by the av-
paste(hcp) as used in this text refers generally to pastes erage microstructure. Thus, in addition to the evolution
made from portland cement. Although the composition of the microstructure as a result of the chemical changes,
and properties of portland cement are discussed in detailwhich occur after cement comes in contact with water, at-
in Chapter 6, a summary of the composition will be given tention has to be paid to certain rheological properties of

here before we discuss how the structure ottbpdevel- freshly mixed cement paste which are also influential in
ops as a result of chemical reaction between the portlanddetermining the microstructure of the hardened paste. For
cement minerals and water. instance, as will be discussed later (see Fig. 8-2c), the

Anhydrous portland cement is a gray powder that con- anhydrous particles of cement have a tendency to attract
sists of angular particles typically in the size range 1 to each other and form flocks, which entrap large quantities
50 um. It is produced by pulverizing a clinker with a  of mixing water. Obviously, local variations in water-to-
small amount of calcium sulfate, the clinker being a het- cement ratio would be the primary source of evolution of
erogeneous mixture of several minerals produced by high- the heterogeneous pore structure. With highly flocculated
temperature reactions between calcium oxide and silica, cement paste systems not only the size and shape of pores
alumina, and iron oxide. The chemical composition of but also the crystalline products of hydration are known
the principal clinker minerals coresponds approximately to be different when compared to well-dispersed systems.
to C3S;! CS, GA, and GAF; in ordinary portland ce-
ment their respective amounts usually range between 45
and 60, 15 and 30, 6 and 12, and 6 and 8 percent. Solids in Hydrated Cement Paste

When portland cement is dispersed in water, the cal- The types, amounts, and characteristics of the four
cium sulfate and the high-temperature compounds of cal- principal solid phases generally present imap, that can
cium tend to go into solution, and the liquid phase gets be resolved by an electron microscope, are as follows.
rapidly saturated with various ionic species. As a result
of combinations between calcium, sulfate, aluminate, and

hydroxyl ions within a few minutes of cement hydration, cent of the volume of solids in a completely hydrated port-

first the needle-shaped crystals of a calcium sulfoalumi-I nd cement te and is. therefore. the most important
nate hydrate called ettringite make their appearance; g 2nd cement paste and IS, theretore, th€ most importa

few hours later large prismatic crystals of calcium hy- in determining the properties of_the_z_paste. The fac_t that
droxide and very small fibrous crystals of calcium sili- the term C-S-H is hyphenated signifies that C-S-H is not

cate hydrates begin to fill the empty space formerly oc- a well-defined compound; the C/S ratio varies petween
cupied by water and the dissolving cement particles. Af- 1.5 to 2.0 and the structural water content varies even
ter some days, depending on the alumina-to-sulfate ratio more. The morphology_ of C-S-H also varies from poorly
of the portland cement, ettringite may become unstable f%s'[?g'.ne f'bers to rstlcular dnetwork. IDue toctge:: col-
and decompose to form the monosulfate hydrate, which OII a |r|r(;ens:0nbs an al teg e_n<r:]y :}O ¢ L(stter, f -I crys-
has hexagonal-plate morphology. Hexagonal-plate mor- ta_s could only be resolvec with the advent of electron
phology is also the characteristic of calcium aluminate hy- microscopy. The materlal.ls often referred to@sS-H
drates, which are formed in the hydrated pastes of eithergel n Iolder "‘efat“re- Thei m:jernal C.rySt?l gtructure of C- d
undersufatd o igh A porana cemens. A scanning %550 TATS Lresoue Fredausy. ves assne
electron micrograph illustrating the typical morphology C-S-H was sometimes callédbermorite qel ’ y
of phases prepared by mixing a calcium aluminate solu- gel
tion with calcium sulfate solution is shown in Fig. 2-5. Although the exact structure of C-S-H is not known,
A model of the essential phases present in the microstruc-several models have been proposed to explain the proper-
ture of a well-hydrated portland cement paste in shown in ties of the materials. According to tiRowers-Brunauer
Fig. 2-6. model? the material has a layer structure with a very high
From the microstructure model of thep shown in surface area. Depending on the measurement technique,
Fig. 2-6, it may be noted that the various phases are nei-surface areas on the order of 100 to 708/grhave been
ther uniformly distributed not they are uniform in size and proposed for C-S-H. The strength of the material is at-
morphology. In solids, microstructural inhomogeneities tributed mainly to van der Waals forces, the sizegef
can lead to serious effects on strength and other relatedpores or the solid-to-solid distanéebeing about 18A.

Calcium silicate hydrate. The calcium silicate hy-
drate phase, abbreviat€iS-H, makes up 50 to 60 per-

1t is convenient to follow the abbreviations used by cement chemists: €35 6=SiQ; A = Al1,03; F = F&03; S = SG; H=H,0.

27.C. Powers]. Am. Ceram. Sog\ol. 61, No. 1, pp. 1-5, 1958; and S. Brunaukmerican Scientishol. 50, No. 1, pp. 210-29, 1962.

3In the older literature, the solid-to-solid distances between C-S-H layers were called gel pores. In modern literature it is customary to call them
interlayer spaces.
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The Feldman-Sereda modeVisualizes the C-S-H struc-  the formation of a very dense hydration product, which at
ture as being composed of an irregular or kinked array of times resembles the original clinker particle in morphol-
layers which are randomly arranged to create interlayer ogy.

spaces of different shapes and sizes (5 tA\pR5

Calcium hydroxide. Calcium hydroxide crystals Voids in Hydrated Cement Paste

(also called portlandite) constitute 20 to 25 percent of the In addition to the above-described So|itjspcontains
volume of solids in the hydrated paste. In contrast to the several types of voids which have an important influence
C-S-H, the calcium hydroxide is a compound with a def- on its properties. The typical sizes of both the solid phases
inite stoichiometry, Ca(OH) It tends to form large crys-  and the voids irhcp are shown in Fig. 2-7. The various
tals with a distinctive hexagonal-prism morphology. The types of voids, and their amount and significance, are dis-
morphology usually varies from nondescript to stacks of cyssed next.

large plates, and is affected by the available space, tem- Interlayer space in C-S-H Powers assumed the
perature of hydration, and impurities present in the sys- \igth of the interlayer space within the C-S-H structure
tem. Compared with C-S-H, the strength-contributing po- t5 he 18A and determined that it accounts for 28 percent
tential of calcium hydroxide due to van der Waals forces poosity in solid C-S-H; however, Feldman and Sereda
is limited as a result of a considerably lower surface area. suggest that the space may vary from 5 to R5 This
Also, the presence of a considerable amount of calcium \iq size is too small to have an adverse affect on the
hydroxide in hydrated portland cement has an adverse ef'strength and permeability of tHecp. However, as dis-
fect on chemical durability to acidic solutions because of ¢;5sed below, water in these small voids can be held by

the higher solubility of calcium hydroxide than C-S-H. hydrogen bonding, and its removal under certain condi-
Calcium sulfoaluminates Calcium sulfoaluminate  tions may contribute to drying shrinkage and creep.
compounds occupy 15 to 20 percent of the solids vol-  Capillary voids. Capillary voids represent the space

ume in the hydrated paste and therefore play only a mi- not filled by the solid components of ttep. The total
nor role in the structure-property relationships. It has al- volume of a cement-water mixture remains essentially un-
ready been stated that during the early stages of hydrationchanged during the hydration process. The average bulk
the sulfate/alumina ionic ratio of the solution phase gener- density of the hydration productss considerably lower
ally favors the formation of trisulfate hydrateg&SgHs2, than the density of anhydrous portland cement; it is esti-
also calledettringite, which forms needle-shaped pris- mated that 1 cfhof cement, on complete hydration, re-
matic crystals. In pastes of ordinary portland cement, et- quires about 2 cfhof space to accommodate the products
tringite eventually transforms to the monosulfate hydrate, of hydration. Thus cement hydration may be looked upon
CaASH1s, which forms hexagonal-plate crystals. The as a process during which the space originally occupied
presence of the monosulfate hydrate in portland cementby cement and water is being replaced more and more
concrete makes the concrete vulnerable to sulfate attack.by the space filled by hydration products. The space not
It should be noted that both ettringite and the monosulfate tgken up by the cement or the hydration products consists
contain small amounts of iron oxide, which can substitute of capillary voids, the volume and size of the capillary
for the aluminum oxide in the crystal structures. voids being determined by the original distance between
Unhydrated clinker grains. Depending on the par-  the anhydrous cement particles in the freshly mixed ce-
ticle size distribution of the anhydrous cement and the de- ment paste (i.e., water/cement ratio) and the degree of ce-
gree of hydration, some unhydrated clinker grains may ment hydration. A method of calculating the total volume
be found in the microstructure of hydrated cement pastes, of capillary voids, popularly known gsorosity, in port-
even long after hydration. As stated earlier, the clinker land cement pastes having either different water/cement
particles in modern portland cement generally conform to ratios or different degrees of hydration will be described
the size range 1 to 50m. With the progress of the hydra- later.
tion process, first the smaller particles get dissolved (i.e., In well-hydrated, low water/cement ratio pastes, the
disappear from the system) and then the larger particlescapillary voids may range from 10 to 50 nm; in high wa-
appear to grow smaller. Because of the limited available ter/cement ratio pastes, at early ages of hydration the cap-
space between the particles, the hydration products tendillary voids may be as large as 3 to/6n. Typical pore
to crystallize in close proximity to the hydrating clinker size distribution plots of severaicp specimens tested by
particles, which gives the appearance of a coating forma- the mercury intrusion technique are shown in Fig. 2-8. It
tion around them. At later ages, due to a lack of avail- has been suggested that the pore size distribution, not the
able space, in situ hydration of clinker particles results in total capillary porosity, is a better criterion for evaluating

4R.F. Feldman and P.J. Sereé#@mgineering Journal (Canadayol. 53, No. 8/9, p. 53-59, 1970.
5|t should be noted that the interlayer space within the C-S-H phase is considered as a part of the solids in the hcp.
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the characteristics of lacp capillary voids larger than 50  individual water molecules decrease with distance form
nm, referred to amacroporesn the modern literature, are  the solid surface, a major portion of the adsorbed water
assumed to be detrimental to strength and impermeability, can be lost by drying thbcp to 30 percent relative hu-
while voids smaller than 50 nm, referred torakropores midity. The loss of adsorbed water is mainly responsible
are assumed to be more important to drying shrinkage andfor the shrinkage of thbcpon drying.
creep. Interlayer water. This is the water associated with
Air voids. Whereas the capillary voids are irregular the C-S-H structure. It has been suggested that a
in shape, the air voids are generally spherical. For var- monomolecular water layer between the layers of C-S-H
ious reasons, which are discussed in Chapter 8, admix-is strongly held by hydrogen bonding. The interlayer wa-
tures may be added to concrete purposely to entrain veryter is lost only on strong drying (i.e., below 11 percent
small air voids in the cement paste. Air can be entrapped relative humidity). The C-S-H structure shrinks consider-
in the fresh cement paste during the mixing operation. able when the interlayer water is lost.
Entrapped air voids may be as large as 3 nm; entrained  Chemically combined water,  This is the water that
air voids usually range from 50 to 2Q@m. Therefore, s an integral part of the structure of various cement hy-
both the entrapped and entrained air voids inftapare  dration products. This water is not lost on drying; it is
much bigger than the capillary voids, and are capable of evolved when the hydrates decompose on heating. Based
adversely affecting its strength and impermeability. on the Feldman-Sereda model, different types of water as-
sociated with the C-S-H are illustrated in Fig. 2-9.

Water in Hydrated Cement Paste

Under electron microscopic examination, the voids in Structure-Property Relationships in Hydrated Ce-
thehcpappear to be empty. This is because the specimenment Paste
preparation technique calls for drying the specimen under  The desirable engineering characteristics of hardend
high vacuum. Actually, depending on the environmental concrete - strength, dimensional stability, and durability
humidity and the porosity of the paste, the untreated ce- - are influenced not only by the proportion but also by
ment paste is capable of holding a large amount of water. the properties of thécp, which, in turn, depend on the
Like the solid and void phases discussed before, water canmicrostructural features (i.e., the type, amount, and distri-
exist in thehcpin may forms. The classification of wa-  bution of solids and voids). The structure-property rela-
ter into several types is based on the degree of difficulty tionships of thehcpare discussed briefly next.
or ease with which it can be removed from thep. Since Strength. It should be noted the the principal source
there is a continuous loss of water from a saturated cementof strength in the solid products of thep is the exis-
paste as the relative humidity is reduced, the dividing line tence of the van der Waals forces of attraction. Adhe-
between the different states of water is not rigid. In spite sjon between two solid surfaces can be attributed to these
of this, the classification is useful for understanding the physical forces, the degree of the adhesive action being
properties of thencp. In addition to vapor in empty or  dependent on the extent and the nature of the surfaces
partially water-filled voids, water exists in tiepin the involved. The small crystals of C-S-H, calcium sulfoa-
following states. luminate hydrates, and hexagonal calcium aluminate hy-

Capillary water. This is the water present in voids drates possess enormous surface areas and adhesive capa-
larger than about 5@\. It may be pictured as the bulk wa-  bility. These hydration products of portland cement tend
ter which is free from the influence of the attractive forces to adhere strongly not only to each other, but also to low
exerted by the solid surface. Actually, from the standpoint surface-area solids such as calcium hydroxide, anhydrous
of the behavior of the capillary water in thep, it is de- clinker grains, and fine and coarse aggregate particles.
sirable to divide the capillary water into two categories: Itis a well-known fact that in solids there is an inverse
the water in large voids of the order of 50 nm (0.05  relationship between porosity and strength. Strength re-
pm), which may be considered &iee water because its  sides in the solid part of a material; therefore, voids are
removal does not cause any volume change, and the wategetrimental to strength. In thiecp, the interlayer space
held by capillary tension in small capillaries (5 to 50 nm)  with the C-S-H structure and the small voids which are
which on removal may cause shrinkage of the system.  within the influence of the van der Waals forces of at-

Adsorbed water. This is the water that is close to traction cannot be considered detrimental to strength, be-
the solid surface; that is, under the influence of attractive cause stress concentration and subsequent rupture on ap-
forces water molecules are physically adsorbed onto theplication of load begin at large capillary voids and micro-
surface of solids in thbcp. It has been suggested that up cracks that are invariably present. As stated earlier, the
to six molecular layers of water (1°é) can be physically  volume of capillary voids in &cpdepends on the amount
held by hydrogen bonding. Since the bond energies of the of water mixed with the cement at the start of hydration
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and the degree of cement hydration. When the paste setsthe solids-to-space rati&), wherek is a constant equal to
it acquires a stable volume that is approximately equal to 34,000 psi. Assuming a given degree of hydration, such
the volume of the cement plus the volume of the water. as 25, 50, 75, and 100 percent, it is possible to calcu-
Assuming that 1 crhof cement produces 2 chof the late the effect of increasing the water/cement ratio, first
hydration product, Powers made simple calculations to on porosity, and subsequently, on strength, by using Pow-
demonstrate the changes in capillary porosity with vary- ers’s formula. The results are plotted in Fig. 2-11a. The
ing degrees of hydration in cement pastes of different wa- permeability curve of this figure will be discussed later.
ter/cement ratios. Based on his work, two illustrations of Dimensional stability. Saturatechcpis not dimen-
the process of progressive reduction in the capillary poros- sjonally stable. As long as it is held at 100 percent rel-
ity, either with increasing degrees of hydration (case A) or ative humidity (RH), practically no dimensional change
with decreasing water/cement ratios (case B), are shownyj|| occur. However, when exposed to environmental hu-
in Fig. 2-10. Since the water/cement ratio is generally mijdity, which normally is much lower than 100 percent,
given by mass, it is necessary to know the specific gravity the material will begin to lose water and shrink. How the
of portland cement (approximately 3.14) in order to cal- water loss from saturatedcp is related to RH on one
culate the volume of water and the total available space, hand' and to dry|ng Shrinkage on the Other’ is described
which is equal to the sum of the volumes of water and by L'Hermite (Fig. 2-12). As soon as the RH drops be-
cement. low 100 percent, the free water held in large cavities (e.g.,
In case A, a 0.63 water/cement-ratio paste containing > 50 nm) begins to escape to the environment. Since the
100 cn? of the cement will require 200 chrof water; this free water is not attached to the structure of the hydration
adds to 300 crhof paste volume or total available space. products by any physical-chemical bonds, its loss would
The degree of hydration of the cement will depend on the not be accompanied by shrinkage. This is shown by curve
curing conditions (duration of hydration, temperature, and ‘A — B’ in Fig. 2-12. Thus a saturateucp exposed to
humidity). Assuming that under the ASTM standard cur- slightly less than 100 percent RH can lose a considerable
ing conditions’ the volume of cement hydrated at 7, 28, amount of total evaporable water before undergoing any
and 365 days is 50, 57, and 100 percent, respectively, theshrinkage.
calculated volume of solids (anhydrOUS cement plUS the When most of the free water has been IOSt, on contin-
hydration product) is 150, 175, and 200triihe volume  yed drying it is found that further loss of water begins
of capillary voids can be found by the difference between +tg result in considerable shrinkage. This phenomenon,
the total available space and the total volume of solids. shown by curveB — C’ in Fig. 2-12, is attributed mainly
This is 50, 42, and 33 percent, respectively, at 7, 28, and g the loss of adsorbed water and the water held in same
365 days of hydration. capillaries (see Fig. 2-9). It has been suggested that when
In case B, a 100 percent degree of hydration is as- confined to narrow spaces between two solid surfaces, the
sumed for four cement pastes made with water corespond-adsorbed water causdssjoining pressure The removal
ing to water/cement ratios 0.7, 0.6, 0.5, or 0.4. For a of the adsorbed water reduces the disjoining pressure and
given volume of cement, the paste with the largest amount brings about shrinkage of the system. The interlayer wa-
of water will have the greatest total volume of available ter, present as a mono-molecular water film within the C-
space. However, after complete hydration, all the pastesS-H layer structure, can also be removed by severe drying
would contain the same quantity of the solid hydration conditions. This is because the closer contact of the in-
product. Therefore, the paste with the greatest total spaceterlayer water with the solid surface, and the tortuosity of
would end up with a correspondingly larger volume of the transport path through the capillary network, call for
capillary voids. Thus 100 ctof cement at full hydra-  a stronger driving force. Since the water in small capil-
tion would produce 200 cfnof solid hydration products  laries (5 to 50 nm) exertsydrostatic tensionits removal
in every case; however, since the total space inthe 0.7, 0.6,tends to induce a compressive stress on the solid walls
0.5, or 0.4 water/cement-ratio pastes was 320, 288, 257,0f the capillary pore, thus also causing contraction of the
and 225 crd, the calculated capillary voids are 37, 30, 22, system.
and 11 percent, respectively. Under the assumptions made |t should be pointed out here that the mechanisms
here,With a 0.32 water/cement-ratio paste there would bewh|ch are responsib|e for drymg Shrinkage are also re-
no capillary porosity when the cement had completely hy- sponsible for creep of thecp. In the case of creep, a
drated. sustained external stress becomes the driving force for the
For normally hydrated portland cement mortars, Pow- movement of the physically adsorbed water and the water
ers showed that there is an exponential relationship of the held in small capillaries. Thus creep strain can occur even
type S = kx3 between the compressive streng8) and at 100 percent RH.

6ASTM C31 requires moist curing at 73#43°F until the age of testing.
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Durability . The termdurability of a material re- erable increase in the volume of pores due to the C-S-H
lates to its service life under given environmental condi- interlayer space and small capillaries, the permeability is
tions. Thehcpis alkaline; therefore, exposure to acidic greatly reduced. Iicp a direct relationship was noted
waters is detrimental to the material. Under these con- between the permeability and the volume of pores larger
ditions,impermeability, also calledwvatertightness be- than about 100 nm. This is probably because the pore
comes a primary factor in determining durability. The im- systems, comprised mainly of small pores, tend to become

permeability of thehcpis a highly prized characteristic
because it is assumed that an impermeabiewould re-
sult in an impermeable concrete (the aggregate in concree
is generally assumed to be impermeablegrmeability

is defined as the ease with which a fluid can flow through

discontinuous.

TRANSITION ZONE IN CONCRETE

a solid. It should be obvious that the size and continuity Significance of the Transition Zone

of the pores in the structure of the solid determine its per-
meability. Strength and permeability of thep are two
sides of the same coin in the sense that both are closely
related to the capillary porosity or the solid/space ratio.
This is evident from the permeability curve in Fig. 2-11
which is based on the experimentally determined values
of permeability by Powers.

The exponential relationship between permeability
and porosity shown in Fig. 2-11 can be understood from
the influence that various pore types exert on permeability.
As hydration proceeds, the void space between the origi-
nally discrete cement particles gradually begins to fill up
with the hydration products. It has been shown (Fig. 2-10)
that the water/cement ratio (i.e., original capillary space
between cement particles) and the degree of hydration de-
termine the total capillary porosity, which decreases with
the decreasing water/cement ratio and/or increasing de-
gree of hydration. Mercury-intrusion porosimetric studies
on the cement pastes of Fig. 2-8, hydrated with different
water/cement ratios and to various ages, have shown that
the decrease in total capillary porosity was associated with
reduction of large pores in thecp (Fig. 2-13). From the
data in Fig. 2-11 it is obvious that the coefficient of per-
meability registered an exponential drop when the frac-

Have you ever wondered why:

e Concrete is brittle in tension but relatively tough in

compression?

The components of concrete when tested separately
in a uniaxial compression remain elastic until frac-
ture, whereas concrete itself shows inelastic behav-
ior?

The compressive strength of a concrete is higher
than its tensile strength by an order of magnitude?

At a given cement content, water/cement ratio, and
age of hydration, cement mortar will always be
stronger than the corresponding concrete? Also, the
strength of concrete goes down as the coarse aggre-
gate size is increased.

The permeability of a concrete containing even a
very dense aggregate will be higher by an order of
magnitude than the permeability of the correspond-
ing cement paste?

On exposure to fire, the elastic modulus of a
concrete drops more rapidly than its compressive
strength?

tional volume of capillary pores was reduced from 0.4 to

0.3. This range of ca_lpillary porosity, therefore, Seemst0  The answers to the above and many other enigmatic
correspond to the point when both the volume and size of qestions on concrete behavior lie in the transition zone
capillary pores in thécpare so reduced that the intercon-  {he exists between large particles of aggregate and the
nections between them have become difficult. As a result, hcp. Although composed of the same elements as the
the permeability of a fully hydrated cement paste may be ¢, the structure and properties of the transition zone are

of the order of 10 times less than that of a young paste. (ifferent from the bulkhcp. It is, therefore, desirable to
Powers showed that even an 0.6-water/cement-ratio pasteyeat it as a separate phase of the concrete structure.

on complete hydration, can become as impermeable as a

dense rock such as basalt or marble. Structure of the Transition Zone

It should be noted that the porosities represented by  Due to experimental difficulties, the information about
the C-S-H interlayer space and small capillaries do not the transition zone in concrete is scarce; however, based
contribute to permeability dficp. On the contrary, with  on a description given by Ma8some understanding of
increasing degree of hydration, although there is a consid-its structural characteristics can be obtained by following

7p,L. Mehta and D. ManmohaRroceedings of the Seventh International Congress on the Chemistry of CeRuititmis Septima, Vol. 111, Paris,
1980.
8j.C. MasoProceedings of the Seventh International Congress on the Chemistry of Cevioknts Editions Septima, Paris, 1980.
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the sequence of its development from the time concrete istraction, but also because they serve as preferred cleavage
placed. sites owing to their oriented structure.

In addition to the large volume of capillary voids and
oriented calcium hydroxide crystals, a major factor re-
sponsible for the poor strength of the transition zone in
concrete is the presence of microcracks. The amount of
microcracks depends on numerous parameters, including
aggregate size and grading, cement content, water/cement
ratio, degree of consolidation of fresh concrete, curing
conditions, environmental humidity, and thermal history
of concrete. For instance, a concrete mixture contain-
ing poorly graded aggregate is more prone to segre-
gation in compacting; thus thick water films can form
around the coarse aggregate, especially beneath the par-
ticle. Under identical conditions, the larger the aggre-
gate size the thicker would be the water film. The transi-
tion zone formed under these conditions will be suscepti-
ble to cracking when subjected to the influence of tensile
stresses induced by differential movements between the
. .~ aggregate and thecp. Such differential movements com-

a second generation of smaller crystals of ettrin- 1, "arise either on drying or on cooling of concrete.
gite and calcium hydroxide start filling the empty |, gther words, concrete has microcracks in the transition
space that exists between the framework created by ;o6 even before a structure is loaded. Obviously, short-
the_ large ettrm_gﬂe and calcium h_ydrOX|de crystals. o impact loads, drying shrinkage, and sustained loads
This helps to improve the density and hence the 4 high stress levels will have the effect of increasing the
strength of the transition zone. size and number of microcracks (Fig. 2-16).

First, in freshly compacted concrete, water films from
around the large aggregate particles. This would ac-
count for a higher water/cement ratio closer to the
larger aggregate than away from it (i.e., in the bulk
mortar). Next, as in the bulk paste calcium, sulfate,
hydroxyl, and aluminate ions, produced by the dis-
solution of calcium sulfate and calcium aluminate
compounds, combine to form ettringite and calcium
hydroxide. Owing to the high water/cement ra-
tio, these crystalline products in the vicinity of the
coarse aggregate consist of relatively larger crys-
tals, and therefore form a more porous framework
than in the bulk cement paste or mortar matrix. The
platelike calcium hydroxide crystals tend to form in
oriented layers, for instance, with theaxis perpen-
dicular to the aggregate surface. Finally, with the
progress of hydration, poorly crystalline C-S-H and

A diagrammatic representation and scanning electron
micrograph of the transition zone in concrete are shown Influence of the Transition Zone on Properties of Con-

in Fig. 2-14. crete
The transition zone, generally theeakest link of the
Strength of the Transition Zone chain, is considered the strength-limiting phase in con-

As in the case of thecp’ the cause of adhesion be- crete. It is because of the presence of the transition zone
tween the hydration products and the aggregate particlethat concrete fails at a considerable lower stress level than
is the van der Waals force of attraction: therefore, the the strength of either of the two main components. Since it
strength of the transition zone at any point depends on does not take very high energy levels to extend the cracks
the Vo|ume and Size Of Voids present_ Even for IOW wa- already eXiSting in the tl’ansition Zone, even at 40 to 70
ter/cement ratio concrete, at ear|y ages the volume andpercent of the ultimate Strength, hlgher incremental strains
size of voids in the transition zone will be larger than in are obtained per unit of applied stress. This explains the
the bulk mortar; consequently, the former is weaker in Phenomenon that the components of concrete (i.e., aggre-
strength (Fig. 2-15). However, with increasing age the date anchcpor mortar) usually remain elastic until frac-
strength of the transition zone may become equal to or ture in a uniaxial compression test, whereas concrete itself
even greater than the strength of the bulk mortar. This Show inelastic behavior.
could happen as a result of crystallization of new products At stress levels higher than about 70 percent of the ul-
in the voids of the transition zone by slow chemical reac- timate strength, the stress concentrations at large voids in
tions between the cement paste constituents and the agthe mortar matrix become large enough to initiate crack-
gregate, formation of calcium silicate hydrates in the case ing there. With increasing stress, the matrix cracks gradu-
of siliceous aggregates, or formation of carboaluminate ally spread until they join the cracks originating from the
hydrates in the case of limestone. Such interactions aretransition zone. The crack system then becomes contin-
strength contributing because they also tend to reduce theuous and the material ruptures. Considerable energy is
concentration of the calcium hydroxide in the transition needed for the formation and extension of matrix cracks
zone. The large calcium hydroxide crystals possess lessunder a compressive load. On the other hand, under ten-
adhesion capacity, not only because of the lower surfacesile loading cracks propagate rapidly and at a much lower
area and correspondingly weak van der Waals forces of at-stress level. This is why concrete fails in a brittle man-
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ner in tension but is relatively tough in compression. This steel and coarse aggregate is the primary reason that con-
is also the reason why the tensile strength is much lower crete is more permeable than the correspondiopg or
than the compressive strength of a concrete. This subjectmortar. It should be noted that the permeation of air and
is discussed in greater length in Chapters 3 and 4. water is a necessary prerequisite to corrosion of the steel
The structure of the transition zone, especially the vol- in concrete.
ume of voids and microcracks present, have a great influ-
ence on the stiffness or the elastic modulus of concrete. ~ The effect of the water/cement ratio on permeability
In the composite material, the transition zone serves as aand strength of concrete is generally attributed to the re-
bridge between the two Components: the mortar matrix Iationship that exists between the water/cement ratio and
and the coarse aggregate particles. Even when the indi-the porosity of thencpin concrete. The foregoing dis-
vidual components are of high stiffness, the stiffness of cussion on the influence of structure and properties of
the composite may below because of Breken bridges the transition zone on concrete shows that, in fact, it is
(i.e., voids and microcracks in the transition zone), which more appropriate to think in terms of the effect of the wa-
do not permit stress transfer. Thus due to microcracking ter/cement ratio on the concrete mixture as a whole. This
on exposure to fire, the elastic modulus of concrete dropsis because depending on aggregate characteristics, such as
faster than the Compressive Strength_ the maximum size and grading, itis pOSSib'e to have Iarge
The characteristics of the transition zone also influ- differences in the water/cement ratio between the mortar
ence the durability of concrete. Prestressed and reinforcedmatrix and the transition zone. In general, everything else
concrete elements often fail due to corrosion of the em- remaining the same, the larger the aggregate the higher
bedded steel. The rate of corrosion of steel is greatly in- Will be the local water/cement ratio in the transition zone
fluenced by the permeability of concrete. The existence and, consequently, the weaker and more permeable will
of microcracks in the transition zone at the interface with be the concrete.

Test your Knowledge

1. What is the significance of the structure of a material? How do you define structure?

2. Describe some of the unique features of the concrete structure that make it difficult to predict the behavior of the
material from its structure.

3. Discuss the physical-chemical characteristics of the C-S-H, calcium hydroxide, and calcium sulfoaluminates present

in a well-hydrated portland cement paste.

4. How many types of voids are present in a hydrated cement paste? What are their typical dimensions? Discuss the

significance of the C-S-H interlayer space with respect to properties of the hydrated cement paste.

5. How many types of water are associated with a saturated cement paste? Discuss the significance of each. Why is it

desirable to distinguish between the free water in large capillaries and the water held in small capillaries?

6. What would be the volume of capillary voids in an 0.2-water/cement ratio paste that is only 50 percent hydrated?
Also calculate the water/cement ratio needed to obtain zero porosity in a fully hydrated cement paste.

7. When a saturated cement paste is dried, the loss of water is not directly proportional to the drying shrinkage. Explain

why.

8. In a hydrating cement paste the relationship between porosity and impermeability is exponential. Explain why.

9. Draw a typical sketch showing how the structure of hydration products in the aggregate-cement paste transition

zone is different from the bulk cement paste in concrete.

10. Discuss why the strength of the transition zone is generally lower than the strength of the bulk hydrated cement
paste. Explain why concrete fails in a brittle manner in tension but not in compression.

11. Everything else remaining the same, the strength and impermeability of a mortar will decrease as coarse aggregate

of increasing size is introduced. Explain why.
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CHAPTER 3

Strength

be noted that unlike most structural materials, concrete
contains fine cracks even before it is subjected to external
stresses. In concrete, therefore, strength is related to the
PREVIEW stress required to cause fracture and is synonymous with
) the degree of failure at which the applied stress reaches its
The strength of concrete is the property most valued maximum value. In tension tests fracture of the test piece
by designers and quality control engineers. In solids, there usually signifies failure; in compression the test piece is
_exists a fundam_ental inv_erse relationship between poros-.gnsidered to have failed when no sign of external frac-
ity (volume fraction of voids) and strength. Consequently, yre js visible, yet internal cracking is so advanced that the

in multiphase materials such as concrete, the porosity of specimen is unable to carry a higher load without fracture.
each component of the structure can become strength lim-

iting. Natural aggregates are generally dense and strong;
therefore, it is the porosity of the cement paste matrix as g;gNIFICANCE
well as the transition zone between the matrix and coarse
aggregate which usually determines the strength charac-
teristic of normal-weight concrete.

In concrete design and quality control, strength is the
property generally specified. This is because, compared to
L . most other properties, resting of strength is relatively easy.
terrﬁﬁ?ﬁ“?ﬁethirggierge& ?r? ir::tﬁa:;i;(m;ncgtgwnet ':?ag;_ Furthermore, many properties of concrete, such as elastic
tion ong and ﬁence }[/he trenath of concrete. factors suc modulus, watertightness or impermeability, and resistance

lon z streng ' s su h[o weathering agents including aggressive waters, are di-

ﬁs dc;g?op;]a)lct;)n ?endatceurslinz% C;r?éj';ﬁgzr;?ggrezgr;&euﬁggt rectly related to strength and can therefore be deduced
y » aggreg 9y, ' from the strength data. It was pointed out earlier (Chap-

specimen geometry and moisture condition, type of Stress’ter 1) that the compressive strength of concrete is many

Zengih. nths chapter the milaence ofvarous factors on UMES GrGALET than other types of srengih, and a major

concreté strength is examined in detail. Since the uniaxial Ity of.concrete eIeme.nts are designed to take'advantage of

strength in compression is commonly .accepted as a gen-fthe hlgher compressive strength_ of the materlal. Although
in practice most concrete is subjected simultaneously to a

tehral 'gldi)l( Cl)f czm:etestre;g':n tt:errslat'r? nrsrllrpsn bte;\;veencombination of compressive, shearing, and tensile stresses
€ uniaxial compressive strength and other Srengtn types;, ., or more directions, the uniaxial compression tests
such as tensile, flexural, shear, and biaxial strength are

discussed are the easiest to perform in the laboratory, and the 28-day
' compressive strength of concrete determined by a stan-
dard uniaxial compression test is accepted universally as
DEFINITION a general index of concrete strength.

The strength of a material is defined as the ability to
resist stress without failure. Failure is sometimes identi-
fied with the appearance of cracks. However, it should STRENGTH-POROSITY RELATIONSHIP

33
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In general, there existsfandamental inverse relation-  of the failure modes, however, will be useful in under-
ship between porosity and strengthi solids which, for standing and controlling the factors that influence con-
simple homogeneous materials, can be described by thecrete strength.

expression Under uniaxial tension, relatively less energy is need

S=%e (3.1) for the initiation and growth of cracks in the matrix. Rapid
whereS s the strength of the material which has a given propagation and interlinkage of the crack system, consist-
porosity p; S is the intrinsic strength at zero porosity; ing or preexisting cracks at the transition zone and newly
andk is a constant. For many materials the ratits formed cracks in the matrix, account for the brittle fail-
plotted against porosity follows the same curve. For in- ure. In compression, the failure mode is less brittle be-
stance, the data in Fig. 3-1a represent normally cured ce-cause considerably more energy is needed to form and to
ments, autoclaved cements, and a variety of aggregatesextend cracks in the matrix. It is generally agreed that
Actually, the strength-porosity relationship is applicable in a uniaxial compression test on medium-or low-strength
to a very wide range of materials, such as iron, stainless concrete, no cracks are initiated in the matrix up to about
steel, plaster of paris, sintered alumina, and zirconia (Fig. 50 percent of the failure stress; at this stage a stable sys-
3-1b). tem of cracks, called shear-bond cracks, already exists in

Powers found that the 28-day compressive strength the vicinity of coarse aggregate. At higher stress levels,
fc of three different mortar mixtures was related to the cracks are initiated within the matrix; their number and
gel/space ratio, or the ratio between the solid hydration size increases progressively with increasing stress levels.
products in the system and the total space: The cracks in the matrix and the transition zone (shear-
3 (32) bond cracks) eventually join up, and generally a failure

: surface develops at about 20 to°JFom the direction of
the load, as shown in Fig. 3-2.

fo = ax

where(a) is the intrinsic strength of the material at zero
porosity (p) and (x) the solid/space ratio or the amount
of solid fraction in the system, which is therefore equal to
(1 — p). Powers’s data are shown in Fig. 3-1c; he found COMPRESSIVE STRENGTH AND FACTORS AF-
the value of(a) to be 34,000 psi (234 MPa). The simi- FECTING IT

larity of the three curves in Fig. 3-1 confirms the general

validity of the _strength-porosity relationship in solids. not only on the stress type but also on how a combination
Whereas in hardened cement pgste or mortar theof various factors affects porosity of the different struc-
porosity can be related to strength, with concrete the Sit- 5| components of concrete. The factors include proper-

uation is not simple. The presence of microcracks in the yjeg and proportions of materials that make up the concrete
transition zone between the coarse aggregate and the Cepjyqre ‘degree of compaction, and conditions of curing.

ment paste matrix makes concrete too complex a material,;rom the standpoint of strength, theter/cement ratio-

for prediction of strength by precise strength-porosity re- porosity relationis undoubtedly the most important factor
lations. The general validity of strength-porosity refation, o.5se, independent of other factors, it affects the poros-
however, must be respected because porosities of the COMg, ¢ hoth the cement paste matrix and the transition zone

ponent phases of concrete, including the transition ZONe, patween the matrix and the coarse aggregate.
indeed become strength limiting. With concrete contain-

ing the conventional low-porosity of high-strength aggre- ~ Direct determination of porosity of the individual

gates, the strength of the material will be governed both structural components of concrete — the matrix and the
by the strength of the cement paste matrix and the strengthtransition zone — is impractical, and therefore precise
of the transition zone. Typically, at early ages the transi- models of predicting concrete strength cannot be devel-

tion zone is weaker than the matrix, but at later ages the Oped. However, over a period of time many useful em-
reverse seems to be the case. pirical relations have been found which for practical use

provide enough indirect information about the influence
of numerous factors on compressive strength (compres-
FAILURE MODES IN CONCRETE sive strength being widely used as an index of all other
With a material such as concrete, which contains void types of strength). Although the actual response of con-
spaces of various size and shape in the matrix and mi- crete to applied stress is a result of complex interactions
crocracks at the transition zone between the matrix and between various factors, to simplify and understanding of
coarse aggregates, the failure modes under stress are verthese factors they are discussed separately under three cat-
complex and vary with the type of stress. A brief review egories: (1) characteristics and proportions of materials,

‘The response of concrete to applied stress depends

1T.C. Powers)). Am. Ceram. Socvol. 41, No. 1, pp. 1-6, 1958.
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(2) curing conditions, and (3) testing parameters. ment paste matrix at a given degree of hydration; however,
when air voids are incorporated into the system, either as
Characteristics and Proportions of Materials a result of inadequate compaction or through the use of

Before making a concrete mixture, the selection of an air-entraining admixture, they also have the effect of
proper constituent materials and determination of their increasing the porosity and decreasing the strength of the
proportions is the first step toward obtaining a concrete System. At a given water/cement ratio, the effect on the
that will meet the specified strength. Although the com- compressive strength of concrete of increasing the volume
position and properties of concrete-making materials are Of entrained air is shown by the curves in Fig. 3-4a.
discussed in detail in Chapter 6-8, the aspects that are im- |t has been observed that the extent of strength loss
portant from the standpoint of concrete strength will be as a result of entrained air depends not only on the wa-
considered here. It should be noted that in practice many ter/cement ratio of the concrete mixture (Fig. 3-4a), but
mix design parameters are interdependent, therefore theiralso on the cement content. In short, as a first approxi-
influences cannot really be separated. mation, the strength loss due to air entrainment can be re-

Water/cement ratio. In 1918, as a result of exten-  |ated to the general level of concrete strength. The data
sive testing at the Lewis Institute, University of lllinois, in Fig. 3-4b show that at a given water/cement ratio,
Duff Abrams found that a relation existed between wa- high-strength concretes (containing a high cement con-
ter/cement ratio and concrete strength. Popularly known tent) suffer a considerable strength loss with increasing
asAbram’s water/cement ratio rule, this inverse rela-  amounts of entrained air, whereas low-strength concretes

tion is represented by the expression (containing a low cement content) tend to suffer only a
K little strength loss or may actually gain some strength as
fo = 1 (3.3) a result of air entrainment. This point is of great signif-
klzv/c icance in the design of mass-concrete mixtures (Chapter
11).

wherew/c represents the water/cement ratio of the con-
crete mixture andk; and ky are empirical constants.
Typical curves illustrating the relationship between wa-
ter/cement ratio and strength at a given moist curing age
are shown in Fig. 3-3.

From an understanding of the factors responsible for
the strength of the hydrated cement paste and the effec

of increasing water/cement ratio on porosity at a given "' _ | s
degree of cement hydration (Fig. 2-10, case B), the wa- mixture, entrained air tends to improve the strength of the

ter/cement ratio-strength relationship in concrete can eas-transition zone (especially in mixtures with low water and
ily be explained as the natural consequence of a progres-CéMent contents) and thus improves the strength of con-
sive weakening of the matrix caused by increasing poros- crete. It seems that with a concrete having a low cement

ity with increase in the water/cement ratio. This expla- CONtent, when air entrainment is accompanied by a sub-
nation. however. does not consider the influence of the stantial reduction in the water content, the adverse effect

water/cement ratio on the strength of the transition zone. ©f @ entrainment on the strength of the matrix is more
In low- and medium-strength concrete made with normal than compensated by the beneficial effect on the transi-
aggregate, both the transition zone porosity and the ma-ton Zone.
trix porosity determine the strength, and a direct relation Cementtype It may be recalled from Fig. 2-10 that
between the water/cement ratio and the concrete strengthboth the water/cement ratio and degree of cement hydra-
holds. This seems no longer to be the case in high-strengthtion determine the porosity of a hydrated cement paste.
(i.e., very low water/cement ratio) concretes. For wa- Under standard curing conditions, ASTM Type Ill port-
ter/cement ratios under 0.3, disproportionately high in- land cement hydrates more rapidly than Type | portland
creases in the compressive strength can be achieved focement; therefore, at early ages of hydration and at a given
very small reductions in water/cement ratio. The phe- water/cement ratio, a concrete containing Type Il port-
nomenon is attributed mainly to a significant improve- land cement will have lower porosity and have a higher-
ment in the strength of the transition zone at very low strength matrix than a concrete containing Type | port-
water/cement ratios. One of the explanations is that the land cement. Strength bands, shown in Fig. 3-5, were
size of calcium hydroxide crystals become smaller with developed by the Portland Cement Association, that take
decreasing water/cement ratios. into account the effect of the water/cement ratio and the
Air entrainment. For the most part, it is the wa- cement type on both non-air-entrained and air-entrained
ter/cement ratio that determines the porosity of the ce- concrete mixtures. It is stated that a majority of the

The influence of the water/cement ratio and cement
content on the response of concrete to applied stress can
be explained from the two opposing effects caused by in-
corporation of air into concrete. By increasing the poros-
ity of the matrix, entrained air will have an adverse affect
on the strength of the composite material. On the other
hand, by improving workability and compatibility of the
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strength data from laboratories using a variety of materials with the water/cement ratio of the concrete and the ap-
falls within the strength band curves. For job materials, if plied stress. Cordon and Gillispi€Fig. 3-6) showed
laboratory test data or field experience records concerningthat in the No. 4 mesh to 3 in. (5 mm to 75 mm) range
the relationship between water/cement ratio and strengththe effect of increasing maximum aggregate size on the
are not available, itis recommended that the water/cement28-day compressive strengths of the concrete was more
ratio be estimated form these curves, using the lower edgepronounced with a high-strength (0.4 water/cement ratio)
of the applicable strength band. and a moderate-strength (0.55 water/cement ratio) con-

It should be noted that at normal temperature the ratescrete than with a low-strength concrete (0.7 water/cement
of hydration and strength development of ASTM Types ratio). This is because at low water/cement ratios the
I, IV, and V portland cements, Type IS (portland blast- reduced porosity of the transition zone also begins to
furnace slag cement), and Type IP (portland pozzolan ce-Pplay an important role in concrete strength. Furthermore,
ment) are somewhat slower than ASTM Type | portland Since the transition zone characteristics appear to affect
cement. At ordinary temperatures, for different types of the tensile strength of concrete more than the compres-
portland and blended portland cements, the degree of hy-sive strength, it is to be expected that in a given con-
dration at 90 days and above is usually similar; therefore, Crete mixture, at a constant water/cement ratio, the ten-
the influence of cement composition on porosity of the Sile/compressive strength ratio would increase with the
matrix and strength of concrete is limited to early ages. decreasing size of coarse aggregate.

The effect of portland cement type on the relative strength A change in theaggregate gradingwithout any
of concrete at 1, 7, 28, and 90 days is shown by the datachange in the maximum size of coarse aggregate, and with
in Table 3-1. water/cement ratio held constant, can influence the con-
Aggregate In concrete technology, an overempha- crete strength when this change causes a corersponding
sis on the relationship between water/cement ratio and change in consistency and bleeding characteristics of the
strength has caused some problems. For instance, the ineoncrete mixture. In a laboratory experiment, with a con-
fluence of aggregate on concrete strength is not generallystant water/cement ratio of 0.6, when the coarse/fine ag-
appreciated. Itis true that aggregate strength is usually notgregate proportion and the cement content of a concrete
a factor in normal concrete strength because, with the ex- mixture were progressively raised to increase the consis-
ception of lightweight aggregates, the aggregate particle tency from 2 to 6 in. (50 to 150 mm) of slump, there was
is several times stronger than the matrix and the transi- about 12 percent decrease in the average 7-day compres-
tion zone in concrete. In other words, with most natural sive strength (from 3350 psi to 2950 psi). The effects of
aggregates the strength of the aggregate is hardly utilizedincreased consistency on the strength and cost of the con-
because the failure is determined by the other two phasescrete mixtures are shown in Fig. 3-7. The data demon-
There are, however, aggregate characteristics otherstrate the economic significance of making concrete mix-
than strength, such as the size, shape, surface texturetures at the stiffest possible consistency that is workable
grading (particle size distribution), and mineralogy which from the standpoint of proper consolidation.

are known to affect concrete strength in varying degrees. |t has been observed that a concrete mixture contain-
Frequently the effect of aggregate characteristics on con-ing a rough-texturedor crushed aggregate would show
crete strength can be traced to a change of water/cementsomewhat higher strength (especially tensile strength)
ratio. But there is sufficient evidence in the published lit- gt early ages than a corersponding concrete containing
erature that this is not always the case. Also, from theoret- smooth or naturally weathered aggregate of similar min-
ical considerations it may be anticipated that, independentera|ogy_ A stronger physical bond between the aggregate
of the water/cement ratio, the size, shape, surface texture and the hydrated cement paste is assumed to be responsi-
and mineralogy of aggregate particles would influence the ple for this. At later ages, when chemical interaction be-
characteristics of the transition zone and therefore affect tween the aggregate and the cement paste begins to take
concrete strength. effect, the influence of the surface texture of aggregate on
A change in thanaximum sizef well-graded coarse  strength may be reduced. From the standpoint of the phys-
aggregate of a given mineralogy can have two opposing ical bond with the cement paste, it may be noted that a
effects on the strength of concrete. With the same ce- smooth-looking particle of weathered gravel will be found
ment content and consistency, concrete mixtures contain-possessing adequate roughness and surface area when ob-
ing larger aggregate particles require less mixing water served under a microscope. Also, with a given cement
than those containing smaller aggregate. On the contrary,content, somewhat more mixing water is usually needed
larger aggregates tend to form weaker transition zonesto obtain the desired workability in a concrete mixture
containing more microcracks. The net effect will vary containing rough-textured aggregates; thus the small ad-

2W.A. Cordon and H.A. GillispieJ. ACI, Proc., Vol. 60, No. 8, pp. 1029-50, 1963.
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vantage due to better physical bonding may be lost as farstandpoint of concrete strength the presence of excessive
as the overall strength is concerned. amounts of algae, oil, salt, or sugar in the mixing water

Differences in themineralogical compositiomf ag- should send a warning signal.
gregates are also known to affect concrete strength. There  Admixtures. The adverse influence of air-
are numerous reports in the published literature showing entraining admixtures on concrete strength has already
that, under identical conditions, the substitution of cal- been discussed. At a given water/cement ratio the pres-
careous for siliceous aggregate resulted in substantial im-ence of water-reducing admixtures in concrete generally
provement in concrete strength. This was also confirmed has a positive influence on the rate of cement hydra-
from the results of a study at the University of Califor- tion and early strength development. Admixtures capable
nia at Berkeley. Not only a decrease in the maximum Of accelerating or retarding cement hydration obviously
size of coarse aggregate (Fig. 3-8a), but also a substitu-would have a great influence on the rate of strength gain;
tion of limestone for sandstone (Fig. 3-8b), improved the the ultimate strengths are not significantly affected. How-
ultimate strength (e.g., 56-day) of concrete significantly. ever, may researchers have point out the tendency toward
The concrete mixtures shown in Fig. 3-8 contained 800 a higher ultimate strength of concrete when the rate of
Ib/yd® (475 kg/n¥) ASTM Type | portland cement, 200  strength gain at early ages was retarded.
Ib/yd® (119 kg/n?) Class F fly ash, 300 Ib/ydvater (196 For ecological and economic reasons, the use of poz-
kg/m?), 1750 Ib/yd (1038 kg/n?¥) crushed coarse aggre- zolanic and cementitious by-products as mineral admix-
gate, 1000 Ib/y# (590 kg/n?) natural silica sand, and 32  tures in concrete is gradually increasing. When used as
0z (1 liter) of a water-reducing admixture. a partial replacement for portland cement, the presence

Mixing water. Impurities in water used for mixing ~ ©f mineral admixtures usually retards the rate of strength
concrete, when excessive, may affect not only the con- 9ain. The ability of a mineral admixture to react at normal
crete strength but also setting timefflorescence(de- temperatures with calcium hydroxide present in the hy-
posits of white salts on the surface of concrete), and corro- drated portland cement paste and to form additional cal-
sion of reinforcing or prestressing steel. In general, mix- ¢ium silicate hydrate can lead to significant reduction in
ing water is rarely a factor in concrete strength, because POrosity of both the matrix and the transition zone. Conse-
in many specifications for making concrete mixtures the guently, considerable improvements in ultimate strength
quality of water is protected by a clause stating that the and watertightness can be achieved by incorporation of
water should be fit for drinking. Municipal drinking water ~Mineral admixtures in concrete. It should be noted that

seldom contains dissolved solids in excess of 1000 ppm mineral admixtures are especially effective in increasing
(parts per million). the tensile strength of concrete (p. 70).

As a rule, water unsuitable for drinking may not nec-
essarily be unfit for mixing concrete. From the stand- Curing Conditions
point of concrete strength, acidic, alkaline, salty, brack- The termcuring of concretestands for procedures de-
ish, colored, or foul-smelling water should not be rejected voted to promote cement hydration, consisting of control
outright. This is important because recycled waters from of time, temperature, and humidity conditions immedi-
mining and many other industrial operations can be safely ately after the placement of a concrete mixture into form-
used as mixing waters for concrete. The best way to de- work.
termine the suitability of a water of unknown performance At a given water/cement ratio, the porosity of a hy-
for making concrete is to compare the setting time of ce- drated cement paste is determined by the degree of ce-
ment and the strength of mortar cubes made with the un- ment hydration (Fig. 2-10, case A). Under normal tem-
known water and a reference water that is clean. The perature conditions some of the constituent compounds
cubes made with the questionable water should have 7-of portland cement begin to hydrate as soon as water is
and 28-day compressive strengths equal to or at least 90added, but the hydration reactions slows down consider-
percent of the strength of reference specimens made withably when the products of hydration coat the anhydrous
a clean water; also, the quality of mixing water should cement grains. This is because hydration can proceed sat-
not affect the setting time of cement to an unacceptable isfactorily only under conditions of saturation; it almost
degree. stops when the vapor pressure of water in capillaries falls

Seawater, which contains about 35,00 ppm dissolved below 80 percent of the saturation humidity. Time and
salts, is not harmful to the strength of plain concrete. humidity are therefore important factors in the hydration
However, with reinforced and prestressed concrete it in- processes controlled by water diffusion. Also, like all
creases the risk of corrosion of steel; therefore, the use ofchemical reactions, temperature has an accelerating effect
seawater as concrete-mixing water should be avoided un-on the hydration reactions.
der these circumstances. As a general guideline, fromthe  Time. It should be noted that the time-strength rela-
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tions in concrete technology generally assume moist cur- concrete surface with wet sand, sawdust, or cotton mats.
ing conditions and normal temperatures. At a given wa- Since the amount of mixing water used in a concrete mix-

ter/cement ratio, the longer the moist curing period the ture is usually more than needed for portland cement hy-

higher the strength (Fig. 3-3) assuming that the hydration dration (estimated to be about 30 percent by weight of ce-
of anhydrous cement particles is still going on. In thin ment), the application of an impermeable membrane soon
concrete elements, if water is lost by evaporation from the after concrete placement provides an acceptable way to
capillaries, air-curing conditions prevail, and strength will maintain the process of cement hydration and to ensure a
not increase with time (Fig. 3-9). satisfactory rate of development of concrete strength.

The evaluation of compressive strength with time is Temperature. For moist-cured concrete the influ-

of great concern for structural engineers. ACI Com- ence of temperature on strength depends on the time-
mittee 209 recommends the.followmg relationship for temperature history ofasting and curing This can be
moist-cured concrete made with normal portland cement jjystrated with the help of three cases: concrete cast

(ASTM Type I): (placed) and cured at the same temperature, concrete cast
at different temperatures but cured at a normal tempera-
fem(t) = fczg(m>. (3.4) ture, and concrete cast at a normal temperature but cured
+U. at different temperatures.
For concrete specimens cured at@0the CEB-FIP In the temperature range 40 to 2Fwhen concrete

Models Code (1990) suggests the following relationship: is cast and cured at a specific constant temperature, it is
1 generally observed that up to 28 days, the higher the tem-
28\ /2 s _
fem(t) = exp[s(l _ (_) )} fem (3.5) perature thg more rlap|d is tr_\e cement hydratl_on a_md the
t/t1 strength gain resulting from it. From the data in Fig. 3-
10a, it is evident that the 28-day strength of specimens
cast and cured at 46 was about 80 percent of those cast
fem(t) = mean compressive strength at agiays and cured at 70 to 126. At later ages, when the differ-
ences in the degree of cement hydration are reduced, such
differences in concrete strength are not sustained. On the

where

fem = mean 28-day compressive strength

s = coefficient depending on the cement type, other hand, as explained below, it has been observed that
such ass = 0.20 for high early strength cements; the higher the casting and curing temperature, the lower
s = 0.25 for normal hardening cements; will be the ultimate strength.
s = 0.38 for slow hardening cements The data in Fig. 3-10b represent a different time-
t = 1 day temperature history of casting and curing. The casting

temperature (i.e., the temperature during the first 2 hours
Humidity . The influence of the curing humidity on after making concrete) was varied between 40 andB15
concrete strength is obvious from the data in Fig. 3-9, thereafter all concretes were moist cured at a constant
which show that after 180 days at a given water/cement temperature of 70F. The data show that ultimate strengths
ratio, the strength of the continuously moist-cured con- (180-day) of the concrete cast at 40 or S&ere higher
crete was three times greater than the strength of the conthan those castat 70, 85, 100, or 15-rom microscopic
tinuously air-cured concrete. Furthermore, probably as a Studies many researchers have concluded that, with low
result of microcracking in the transition zone caused by temperature curing, a relatively more uniform microstruc-
drying shrinkage, a slight retrogression of strength occurs ture of the hydrated cement paste (especially the pore size
in thin members of moist-cured concrete when they are distribution) accounts for the higher strength.
subjected to air drying. The rate of water loss from con- For concretes cast at 7 and subsequently cured at
crete soon after placement depends not only on the sur-different temperatures from below freezing to°F0the
face/volume ratio of the concrete element but also on the effect of curing temperature on strength is shown in Fig.
temperature, relative humidity, and velocity of the sur- 3-10c. In general, the lower the curing temperature, the
rounding air. lower the strengths up to 28 days. At a curing temperature
A minimum period of 7 days of moist curing is gen- near freezing (33F), the 28-day strength was about one-
erally recommended for concrete containing normal port- half of the strength of the concrete cured atFOhardly
land cement; obviously, for concretes containing either a any strength developed at the below-freezing curing tem-
blended portland cement or a mineral admixture, a longer perature (16F). Since the hydration reactions of portland
curing period would be desirable to ensure the strength cement compounds are slow, it appears that adequate tem-
contribution from the pozzolanic reaction. Moist curing perature levels must be maintained for a sufficient time
is provided by spraying or ponding or by covering the to provide the needed activation energy for the reactions.
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This allows the strength development process, which is point out that concrete strength based on the 6-in. stan-
associated with the progressive filling of voids with hy- dard cube test, which is prevalent in Europe, is reported
dration products, to proceed unhindered. to be 10 to 15 percent higher than the strength of the same
The influence of time-temperature history on concrete concrete tested in accordance with standard U.S. practice
strength has several important applications in the concrete(6- by 12-in. cylinders).
construction practice. Since the curing temperature is far ~ Because of the effect of moisture state on concrete
more important to strength than the placement tempera- strength, the standard procedure requires that the speci-
ture, ordinary concrete placed in cold weather must be mens be in a moist condition at the time of testing. In
maintained above a certain minimum temperature for a compression tests it has been observed that air-dried spec-
sufficient length of time. Concrete cured in summer or in imens show 20 to 25 percent higher strength than corre-
a tropical climate can be expected to have a higher early sponding specimens tested in a saturated condition. The
strength but a lower ultimate strength than the same con-lower strength of the saturated concrete is probably due
crete cured in winter or in a colder climate. In the pre- to the existence of disjoining pressure within the cement
cast concrete products industry, steam curing is used topaste.
accelerate strength development to achieve quicker mold | oading conditions. The compressive strength of
release. In massive elements, when no measures for temconcrete is measured in the laboratory by a uniaxial com-
perature control are taken, for a long time the tempera- pression test (ASTM C 469) in which the load is progres-
ture of concrete will remain at a much higher level than sijvely increased to fail the specimen within 2 to 3 min.
the environmental temperature. Therefore, compared toIn practice, most structural elements are subjected to a
the strength or specimens cured at the normal laboratorydead load for an indefinite period and, at times, to repeated
temperature, the in situ concrete strength will be higher at |oads or to impact loads. Itis, therefore, desirable to know

early ages and lower at later ages. the relationship between the concrete strength under lab-
oratory testing conditions and actual loading conditions.
Testing Parameters The behavior of concrete under various stress states is de-

scribed in the next section. From this description it can

strength tests are significantly affected by parameters in- pe concluded that the loading condition has an important
volving the test specimen and loading conditions. Spec- influence on gtrength.
imen parameters include the influence of size, geometry, 10 appreciate at a glance the complex web of numer-
and the moisture state of concrete; loading parameters in-0US factors that are capable of influencing the strength of
clude stress level and duration, and the rate at which stressoncrete, a summary is presented in Fig. 3-13.
is applied.
Specimen _parameters_ In the United S_tates, the BEHAVIOR OF CONCRETE UNDER VARIOUS
standard specimen for testing the compressive strength OfSTRESS STATES
concrete is a 6- by 12-in. cylinder. While maintaining the i i
height/diameter ratio equal to 2, if a concrete mixture is |t Was described in Chapter 2 that, even before any
tested in compression with cylindrical specimens of vary- 0ad has been applied, a large number of microcracks exist
ing diameter, the larger the diameter the lower will be the " the transition zone (i.e., the region between the cement
strength. The data in Fig. 3-11 show that, compared to paste matrix and coarse aggregate).. Thls chgracterlsug of
the standard specimens, the average strength of 2- by 4_Fhe structure Qf concrete plays adeC|S|ve.roIe in determin-
in. and 3- by 6-in. cylindrical specimens was 106 and "9 the be.haworof the material under various stress states
108 percent, respectively. When the diameter is increasedthat are discussed next.
beyond 18 in., a much smaller reduction in strength is ob-
served. Such variations in strength with variation of the Behavior of Concrete under Uniaxial Compression
specimen size are to be expected due to the increasing de-  Stress-strain behavior of concrete subjected to uniax-
gree of statistical homogeneity in large specimens. ial compression will be discussed in detail in Chapter 4;
The effect of change in specimen geometry only a summary is presented here. The stress-strain curve
(height/diameter ratio) on the compressive strength of (Fig. 3-14a) shows a linear-elastic behavior up to about 30
concrete is shown in Fig. 3-12. In general, the greater the percent of the ultimate streng!i), because undeshort-
ratio of the specimen height to diameter, the lower will term loadingthe microcracks in the transition zone remain
be the strength. For instance, compared to the strength ofundisturbed. For stresses above this point, the curve show
the standard specimens (height/diameter ratio equal to 2),a gradual increase in curvature up to about 0f7%0 0.9
the specimens with the height/diameter ratio of 1 showed f/, then it bends sharply (almost becoming flat at the top)
about 15 percent higher strength. It may be of interest to and, finally, descends until the specimen is fractured.

Itis not always appreciated that the results of concrete
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From the shape of the stress-strain curve it seems thatwhich requires the rate of uniaxial compression loading
for a stress between 30 to 50 percentfgfthe microc- to be 36+ 5 psi/sec, a loading rate of 1 psi/sec reduced
racks in the transition zone show some extension due tothe indicated strength of 6- by 12-in. concrete cylinders
stress concentrations at crack tips; however, no crackingby about 12 percent; on the other hand, a loading rate of
occurs in the mortar matrix. Until this point, crack prop- 1000 psi/sec increased the indicated strength by a similar
agation is assumed to tstablein the sense that crack amount.
lengths rapidly reach their final values if the applied stress It is interesting to point out here that thepact
is held constant. For a stress between 50 to 75 percentstrength of concrete increases greatly with the rate at
of f{, increasingly the crack system tends to be unstable which the impact stress is applied. It is generally as-
as the transition zone cracks begin to grow again. When sumed that the impact strength is directly related to the
the available internal energy exceeds the required crack-compressive strength, since both are adversely affected
release energy, the rate of crack propagation will increaseby the presence of microcracks and voids. This assump-
and the system becomagstable This happens at com- tion is not completely correct; for the same compressive
pressive stresses above 75 percent/gfwhen complete  strength, Greehfound that the impact strength increased
fracture of the test specimen can occur by bridging of the substantially with the angularity and surface roughness of
mortar and transition zone cracks. coarse aggregate, and decreased with the increasing size

The stress level of about 75 percentfgf, which rep- of aggregate. It seems that the impact strength is more
resents the onset of unstable crack propagation, is termednfluenced than the compressive strength by the transition
critical stress?® critical stress also corresponds to the max- zone characteristics and thus is more closely related to the
imum value of volumetric strain (Fig. 3-14b). From tensile strength.
the figure it may be noted that when volumetric strain The CEB-FIP Model Code (1990) recommends that
€, = €1 + €2 + €3 is plotted against stress, the initial the increase in compressive strength due to impact, with
change in volume is almost linear up to about 0f¢5at rates of loading less than 4®Pa/sec., can be computed
this point the direction of the volume change is reversed, using the relationship:
resulting in a volumetric expansion near orfat . e

Above the critical stress level, concrete shows a time- feimp/ fom = (5 /G0)s (3.6)
dependent fracture; that is, undrrstained stress condi-  where feimp is the impact compressive strengthy, the
tions crack bridging between the transition zone and the compressive strength of concreig= —1.0 MPa/sec.¢
matrix would lead to failure at a stress level that is lower the impact stress rate, and = 1/(5 + 9fem/ femo), and
than the short-term loading strengfi. In an investiga- femo = 10 MPa.
tion reported by Pricé when the sustained stress was 90 Ople and Hulsbdsreported thatrepeatedor cyclic
percent of the ultimate short-time stress, the failure oc- loading has an adverse effect on concrete strength as
curred in 1 hr; however, when the sustained stress wasstress levels greater than 50 percent/of For instance, in
about 75 percent of the ultimate short-time stress, it took 5000 cycles of repeated loading, concrete failed at 70 per-
30 years to fail. As the value of the sustained stress ap-cent of the ultimate monotonic loading strength. Progres-
proaches that of the ultimate short-time stress, the time sive microcracking in the transition zone and the matrix
to failure decreases. Rustbonfirmed this in his tests on  are responsible for this phenomenon.
56-day-old, 5000 psi (34 MPa) compressive strength, con-  Typical behavior of plain concrete subjected to cyclic
crete specimens. The long-time failure limit was found to compressive loading is shown in Fig. 3-16. For stress lev-
be about 80 percent of the ultimate short-time stress (Fig. els between 50 and 75 percent f§f, a gradual degrada-
3-15). tion occurs in both the elastic modulus and the compres-

In regard to theeffect of loading rateon concrete sive strength. As the number of loading cycles increases,
strength, it is generally reported that the more rapid the the unloading curves show nonlinearities and a character-
rate of loading, the higher the observed strength value. istic hysteresis loop is formed on reloading. For stress
However, Jones and Rich&found that within the range  levels at about 75 percent df , the unloading-reloading
of customary testing, the effect of rate of loading on curves exhibit strong nonlinearities (i.e., the elastic prop-
strength is not large. For example, compared with the erty of the material has greatly deteriorated). In the begin-
data from the standard compression test (ASTM C 469), ning, the area of the hysteresis loop decreases with each

SW.F. ChenPlasticity in Reinforced ConcretélcGraw-Hill Book Co., pp. 20-21, 1982.
4W.H. Price,J. AC|, Proc., Vol. 47, pp. 417-32, 1951.

5H. Rusch,. ACJ, Proc., Vol. 57, pp. 1-28, 1960.

6p.G. Jones and F.E. RichaktSTM Proc, Vol. 36, pp. 380-91, 1936.

H. Green Proceedings, Inst. of Civil Engineers (Londpwdl. 28, No. 3, pp. 383-96, 1964.
8ES. Ople and C.L.Hulsbod, ACI, Proc., Vol. 63, pp.59-81, 1966.
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successive cycle but eventually increases before fatiguetors such as the methods by which the tensile strength is
failure® Fig. 3-16 shows that the stress-strain curve for measured (i.e., direct tension test, splitting test, or flex-
monotonic loading serves as a reasonable envelope for thaure test), the quality of concrete (i.e., low-, medium-, or
peak values of stress for concrete under cyclic loading.  high-strength), the aggregate characteristics (e.g., surface
texture and mineralogy), and admixtures in concrete (e.g.,

Behavior of Concrete under Uniaxial Tension air-entraining and mineral admixtures).

The shape of the stress-strain curve, the elastic mod-  Testing methods for tensile strength Direct ten-
ulus, and the Poisson’s ratio of concrete under uniaxial Sion tests of concrete are seldom carried out, mainly be-
tension are similar to those under uniaxial compression. cause the specimen holding devices introduce secondary
However, there are some important differences in behav- Stresses that cannot be ignored. The most commonly used
ior. As the uniaxial tension state of stress tends to arresttests for estimating the tensile strength of concrete are the
cracks much less frequently than the compressive states oASTM C 496 splitting tension test and the ASTM C 78
stress, the interval of stable crack propagation is expectedthird-point flexural loading test (Fig. 3-17).
to be short. Explaining the relatively brittle fracture be- In the splitting tension test a 6- by 12-in. concrete

havior of concrete in tension tests, Chen states: cylinder is subjected to compression loads along two ax-
ial lines which are diametrically opposite. The load is ap-

The direction of crack propagation in uniaxial tension plied continuously at a constant rate within the splitting
is transverse to the stress direction. The initiation tension stress range of 100 to 200 psi until the specimen
and growth of every new crack will reduce the avail- fails. The compressive stress produces a transverse tensile
able load-carrying area, and this reduction cause anstress which is uniform along the vertical diameter. The
increase in the stresses at critical crack tips. The splitting tension strength is computed from the formula
decreased frequency of crack arrests means that the
failure in tension is caused by a few bridging cracks T = 2_P (3.7)
rather than by numerous cracks, as it is for com- wld
pressive states of stress. As a consequence of rapi
crack propagation, it is difficult to follow the de-
scending part of the stress-strain curve in an exper-
imental test.”

Cl/vhereT is the tensile strengthR the failure load] the
length, andd the diameter of the specimen. Compared to
direct tension, the splitting tension test is known to overes-
timate the tensile strength of concrete by 10 to 15 percent.

The ratio between uniaxial tensile and compressive N the third-point flexural loading test, a 6- by 20-in.
strengths is generally in the range 0.07 to 0.11. Owing to (150- by 150- by 500 mm) concrete beam is loaded at a
the ease with which cracks can propagate under a tensilg@te of 125to 175 psi/min. (0.8 to 1.2 MPa/min.). Flexural
stress, this is not surprising. Most concrete elements areStréngth is expressed in terms of the modulus of rupture,
therefore designed under the assumption that the concretéVhich is the maximum stress at rupture computed from
would resist the compressive but not the tensile stresseshe flexure formula
However, tensile stresses cannot be ignored altogether be- PL
cause cracking of concrete is frequently the outcome of a R= b2 (3.8)
tensile failure cause by restrained shrinkage; the shrink-
age is usually due either to lowering of concrete temper- whereR is the modulus of rupturel the maximum in-
ature or to drying of moist concrete. Also, a combination dicated load,L the span lengthb the width, andd the
of tensile, compressive, and shear stresses usually deterdepth of the specimen. The formula is valid only if the
mines the strength when concrete is subjected to flexuralfracture in the tension surface is within the middle third
or bending loads, such as in highwar pavements. of the span length. If the fracture is outside by not more

In the preceding discussion on factors affecting the than 5 percent of the span length, a modified formula is
compressive strength of concrete, it was assumed that theused:
compressive strength is an adequate index for all types R— ﬂi (3.9)
of strength, and therefore a direct relationship ought to bd?
exist between the compressive and the tensile or flexu- wherea is equal to the average distance between the line
ral strength of a given concrete. While as a first ap- of fracture and the nearest support measured on the ten-
proximation the assumption is valid, this may not always sion surface of the beam. When the fracture is outside by
be the case. It has been observed that the relationshipsnore than 5 percent of the span length, the results of the
among various types of strength are influenced by fac- test are rejected.

SW.F. ChenPlasticity in Reinforced ConcretéicGraw-Hill Book Co., p. 23, 1982.
101bid., p. 25.
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The results from the modulus of rupture test tend to The relationship between the compressive’s strength
overestimate the tensile strength of concrete by 50 to 100and the tensile/compressive strength ratio seems to be
percent, mainly because the flexure formula assume a lin-determined by the effect of various factors on proper-
ear stress-strain relationship in concrete throughout theties of both the matrix and the transition zone in con-
cross section of the beam. Additionally, in direct tension crete. It is observed that not only the curing age but
tests the entire volume of the specimen is under applied also the characteristics of the concrete mixture, such as
stress, whereas in the flexure test only a small volume of water/cement ratio, type of aggregate, and admixtures af-
concrete near the bottom of the specimen is subjected tofect the tensile/compressive strength ratio to varying de-
high stresses. The data in Table 3-2 show that with low- grees. For example, after about 1 month of curing the
strength concrete the modulus of rupture can be as high agensile strength of concrete is known to increase more
twice the strength in direct tension; for medium- and high- slowly than the compressive strength; that is, the ten-
strength concretes it is about 70 percent and 50 to 60 per-sile/compressive strength ratio decreases with the curing
cent higher, respectively. Nevertheless, the flexure test isage. At a given curing age, the tensile/compressive ratio
usually preferred for quality control of concrete for high- also decreases with the decrease in water/cement ratio.
way and airport pavements, where the concrete is loaded
in bending rather than in axial tension.

The CEB-FIP Model Code (1990) suggests the fol-
lowing relationship between direct tension strengftim)
and flexural strengthfet, f1)

In concrete containing calcareous aggregate or min-
eral admixtures, it is possible to obtain after adequate
curing a relatively high tensile/compressive strength ratio
even at high levels of compressive strength. From Table

2.0(h/hg)®7 3-2 it may be observed that with ordinary concrete, in the
T 07 (3.10) high compressive strength range (8000 to 9000 psi) the
1+2.0(h/ho) direct-tensile/compressive strength ratio is about 7 per-

whereh is the depth of the beam in mrhg = 100 mm cent (the splitting tensile/compressive strength ratio will

and strengths are expressed in MPa units. be slightly higher). Splitting tension data for the high-
strength concrete mixtures of Fig. 3-8 are shown in Table

3-3. From the data it is evident that compared to a typical
7 to 8 percent splitting tension/compressive strength ratio
(fst/fc) for a high-strength concrete with no fly ash, the

. . ratio was considerably higher when fly ash was present in
and tensile strengths are closely related; however, there ; -
the concrete mixtures. Also, the beneficial effects on the

is no direct proportionality. As the compressive strength . ) : .
prop ty P 9 fst/ fc ratio of reducing the maximum size of coarse ag-

of concrete increases, the tensile strength also increases .
but at a decreasing rate (Fig. 3-18). In other words, the gregate, or of changing the aggregate type, are clear from

tensile/compressive strength ratio depends on the genera}he data.

level of the compressive strength; the higher the compres-
sive strength, the lower the ratio. Relationships between  Whereas factors causing a decrease in porosity of the
compressive and tensile strengths in ffeange 1000 to matrix and the transition zone lead to a general improve-
900 psi are shown in Table 3-2. It appears that the direct ment of both the compressive and tensile strengths of con-
tensile/compressive strength ratio is 10 to 11 percent for crete, it seems that the magnitude of increase in the ten-
low-strength, 8 to 9 percent for medium-strength, and 7 sile strength of concrete remains relatively small unless
percent for high-strength concrete. the intrinsic strength of hydration products comprising the
The CEP-FIP Model Code (1990) recommends that transition zone is improved at the same time. That is, the
the lower and upper bound values of the characteristic ten-tensile strength of concrete with a low-porosity transition
sile strength fctk maxand fetk min , May be estimated from  zone will continue to be weak as long as large numbers of
the characteristic strengthk (in MPa units): oriented crystals of calcium hydroxide are present there
(see Fig. 2-14). The size and concentration of calcium hy-
fek )2/3 ( fek )2/3 droxide crystals in the transition zone can be reduced as a
and fctk,max = 1.85

fctm = lct, fl

Relationship between the Compressive and Tensile
Strengths
It has been pointed out before that the compressive

fctk,min = 0~95<

ko feko result of chemical reactions when either a pozzolanic ad-
(3.11) mixture (see Fig. 6-14) or a reactive aggregate is present.
where feko = 10 MPa. For example, an interaction between calcium hydroxide
The mean value of the tensile strength is given by the re- and the aggregate resulting in the formation of recrystal-
lationship: lized calcium carbonate in the transition zone was proba-
fox \ 23 bly the reason for the relatively large increase in the ten-

fctm = 1.40 . (3.12) H H%
feko sile strength of concrete containing the calcareous aggre-
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gate, as shown by the data in Table 3-3. the steel platens must be avoided. Also penetration of the
pressure fluid into microcracks and pores on the surface of
Tensile Strength of Mass Concrete concrete must be prevented by placing the specimen into

Engineers working with reinforce concrete ignore the a suitable membrane.

low value of the tensile strength of concrete and use steel  Kupfer, Hilsdorf, and Rusch investigated the biaxial

to pick up tensile loads. With massive concrete struc- strength of three types of concrete (2700, 4450, and 8350
tures, such as dams, it is impractical to use steel rein- psi unconfined uniaxial compressive strengths), when the
forcement. Therefore, a reliable estimate of the tensile specimens were loaded without longitudinal restraint by
strength of concrete is necessary, especially for judging replacing the solid bearing platens of a conventional test-
the safety of a dam under seismic loading. Raphael ing machine withbrush bearing platens These platens
recommends the values obtained by the splitting test of consisted of a series of closely spaced small steel bars
the modulus of rupture test, augmented by the multi- that were flexible enough to follow the concrete deforma-
plier found appropriate by dynamic tensile tests, or about tions without generating appreciable restraint of the test
1.5. Alternatively, depending on the loading conditions, piece. Figure 3-21 show the typical stress-strain curves
the plots of tensile strength as a function of compres- for concrete under (a) biaxial compression, (b) combined
sive strength (Fig. 3-19) may be used for this purpose. tension-compression, and (c) biaxial tension. Biaxial
The lowest plot,f; = 1.7 f&/> represents actual tensile  stress interaction curves are shown in Fig. 3-22.

strength underz}gng-time or static loading. The second The test data show that the strength of concrete sub-

account the nonlinearity of concrete and is to be used with 1 27 percent higher than the uniaxial strength. For

- . 2/3 : : - LY

finite element analyses. The third pldf, = 2.6 f&/* is equal compressive stresses in two principal directions, the
the actual tensile strength of concrete under seismic load-strength increase is approximately 16 percent. Under bi-
ing, and the highest plof, = 3.4 fc?’/2 is the apparent  axial compression-tension (Fig. 3-21b), the compressive
tensile strength under seismic loading that should be usedstrength decreased almost linearly as the applied tensile

with linear finite element analyses. strength increased. From the biaxial strength envelope of
concrete (Fig. 3-22a) it can be seen that the strength of
Behavior of Concrete under Shearing Stress concrete under biaxial tension is approximately equal to

Although pure shear is not encountered in concrete the uniaxial tensile strength.

structures, an element may be subject to the simultane-  Cherl® points out that concretéuctility under biax-

ous action of compressive, tensile, and shearing stressesial stresses has different values depending on whether the
Therefore, the failure analysis under multiaxial stresses stress states are compressive or tensile. For instance, in
is carried out from a phenomenological rather than a ma- biaxial compression (Fig. 3-21a) the average maximum
terial standpoint. Although the Coulomb-Mohr theory is compressive microstrain is about 3000 and the average
not exactly applicable to concrete, the Mohr rupture dia- maximum tensile microstrain varies from 2000 to 4000.
gram (Fig. 3-20) offers a way of representing the failure The tensile ductility is greater in biaxial compression than
under combined stress states from which an estimate ofin uniaxial compression. In biaxial tension-compression
the shear strength can be obtained. (Fig. 3-21b), the magnitude at failure of both the princi-

In Fig. 3-20, the strength of concrete in pure shear is pal compressive and tensile strains decreases as the tensile
represented by the point at which the failure envelope in- stress increases. In biaxial tension (Fig. 3-21c), the aver-
tersects the vertical axisg. By this method it has been age value of the maximum principal tensile microstrain is
found that the shear strength is approximately 20 percentonly about 80.

of the uniaxial compressive strength. The data in Fig. 3-22a show that the level of uniaxial

compressive strength of concrete virtually does not affect

Behavior of Concrete under Biaxial and Multiaxial the shape of the biaxial stress interaction curves or the
Stresses magnitude of values (the uniaxial compressive strength of

Biaxial compressive stresses = o, can be gener-  concretes tested was in the range 2700 to 8300 psi). How-
ated by subjecting a cylindrical specimen to hydrostatic ever, in compression-tension and in biaxial tension (Fig.
pressure in radial directions. To develop a truly biaxial 3-22b), it is observed that the relative strength at any par-

stress state, the friction between the concrete cylinder andticular biaxial stress combination decreases as the level of

113. Raphael). ACI Proc, Vol. 81, No. 2, pp. 158-64, 1984,
12H. Kupfer, H.K. Hilsdorf, and H. RuscHJ, AC|, Proc., Vol. 66, pp. 656-66, 1969.
3w.F. ChenPlasticity in Reinforced ConcretélcGraw-Hill Book Co., p. 27, 1982.
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uniaxial compressive strength increases. NeVillsug- erally described from a phenomenological point of view.
gests that this is in accord with the general observation Unlike the laboratory tests for determining the behavior
that the ratio of uniaxial resilient strength to compressive of concrete under uniaxial compression, splitting tension,
strength decreases as the compressive strength level riselexure, and biaxial loading, there are no standard tests for
(see Table 3-2). concrete subjected to multiaxial stresses. Moreover, there

The behavior of concrete under multiaxial stresses is is no general agreement as to what should be the failure
very complex and, as was explained in Fig. 3-20, itis gen- criterion.

TEST YOUR KNOWLEDGE

1. Why is strength the property most valued in concrete by designers and quality control engineers?
2. In general, discuss how strength and porosity are related to each other.

3. Abrams established a rule which relates the water-cement ratio to strength of concrete. List two additional factors
which have a significant influence on the concrete strength.

4. Explain how the water/cement ratio influences the strength of the cement paste matrix and the transition zone in
concrete.

5. Why may air entrainment reduce the strength of medium- and high-strength concrete mixtures, but increase the
strength of low-strength concrete mixtures?

6. For the five ASTM types of portland cements, at a given water/cement ratio would the ultimate strengths be differ-
ent? Would the early-age strengths be different? Explain your answer.

7. Discuss the two opposing effects on strength that are caused by an increase in the maximum size of aggregate in a
concrete mixture.

8. At a given water/cement ratio, a change in the cement content or aggregate grading can be made to increase the
consistency of concrete. Why is it not desirable to produce concrete mixtures of a higher consistency than neces-
sary?

9. Can we use recycled water from industrial operations as mixing water in concrete? What about the use of seawater
for this purpose?

10. What do you understand by the teauring of concret@ What is the significance of curing?
11. From the standpoint of concrete strength, which of the two option is undesirable, and why?
(a) Concrete cast at 4B and cured at 7.
(b) Concrete cast at 7B and cured at 4%

12. Many factors have an influence on the compressive strength of concrete. Briefly explain which one of the two
options listed below will result in higher strength at 28 days:

(a) Water/cement ratio of 0.5 vs 0.4.

(b) Moist curing temperature of 26 vs 10C.

(c) Using test cylinder of size 150 by 300 mm vs 75 by 150 mm.

(d) For the compression test using a loading rate of 250 psi/sec vs 50 psi/sec.

(e) Testing the specimens in a saturated condition vs air-dry condition.

14A. Neville, Hardened Concrete: Physical and Mechanical Aspe&@l Monograph No. 6, pp. 48-53, 1971.
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13. The temperature during the placement of concrete is known to have an effect on later age strength. What would be
the effect on the 6-month strength when a concrete mixture is place at@)ahal (b) 35C.

14. In general, how are the compressive and tensile strengths of concrete related? Is this relationship independent of
concrete strength? If not, why? Discuss how admixtures and aggregate mineraloy can affect the relationship.

SUGGESTIONS FOR FURTHER STUDY

Brooks, A.E., and K. Newman, ed3he Structure of Concret@roc. Int. Conf., London, Cement and Concrete Associa-
tion, Wesham Springs, Slough, U.K., pp. 49-318, 1968.

Mindess, S., and J.F. YounGoncrete Prentice Hall, Inc., Englewood Cliffs, N.J., 1981, Chap. 15, pp. 381-406.
Neville, A.M., Properties of ConcretePitman Publishing, Inc., Marshfield, Mass., 1981, Chap. 5, pp. 268-358.
Swamy, R.N., “On the Nature of Strength in Concrete”Piogress in Concrete Technolgggd. V.M. Malhotra, CAN-
MET, Ottawa, pp. 189-228, 1980.
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CHAPTER 4

Dimensional Stability

Deformations in concrete, which often lead to crack-
ing, occur as a result of material’s response to external
load and environment. When freshly hardened concrete

PREVIEW (whether loaded or unloaded) is exposed to the ambient
i i i ) temperature and humidity, in generally undergtes-
Concrete shows elastic as well as inelastic strains on .4 shrinkage (shrinkage strain associated with cool-
loading, and shrinkage strains on drying or cooling. When ing)! anddrying shrinkage (shrinkage strain associated
restrained, shrinkage strains result in complex stress pat-ith the moisture loss). Which one of the two shrinkage
terns that often lead to cracking. strains will be dominant under a given condition depends,
In this chapter causes of nonlinearity in the stress- among other factors, on the size of the member, character-
strain relation of concrete are discussed, and different istics of Concrete-marking materials, and mix proportions.
types of elastic moduli and the methods of determining Generally in thick members (e.g., larger than a few me-

them are described. Explanations are provided as to whyters) the drying shrinkage is less important a factor than
and how aggregate, cement paste, transition zone, ancdhe thermal shrinkage.
testing parameters affect the modulus of elasticity.

The stress effects resulting from drying shrinkage and It should be noted that structural elements of hardened
viscoelastic strains in concrete are not the same; however,concrete are always under restraint, usually from subgrade
with both phenomena the underlying causes and the con-friction, end members, reinforcing steel, or even from dif-
trolling factors have much in common. Important param- ferential strains between the exterior and the interior of
eters that influence drying shrinkage and creep are dis-concrete. When the shrinkage strain in an elastic material
cussed, such as aggregate content, aggregate stiffness, was fully restrained, it results in elastic tensile stress; the
ter content, cement content, time of exposure, relative hu- magnitude of the induced stressis determined by the
midity, and size and shape of a concrete member. product of the strair and the elastic modulug of the

Thermal shrinkage is of great importance in large con- material(c = Ee). The elastic modulus of concrete is
crete elements. Its magnitude can be controlled by the also dependent on the characteristics of concrete-making
coefficient of thermal expansion of aggregate, the cement materials and mix proportions, but no necessarily to the
content and type, and the temperature of concrete-makingsame degree or even in the same way as the shrinkage
materials. The concepts of extensibility and tensile strain strains. The material is expected to crack when a com-
capacity and their significance to concrete cracking are in- bination of the elastic modulus and the shrinkage strain
troduced. induces a stress level that reaches its tensile strength (Fig.

4-1, curve a). Given the low tensile strength of concrete,

this does happen in practice but, fortunately, not exactly
TYPES OF DEFORMATIONS AND THEIR SIGNIF- as predicted by the theoretically computed values of the
ICANCE induced elastic tensile stress.

1Exothermic reactions between cement compounds and water tend to raise the temperature of concrete (see Chapter 6).
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To understand the reason why a concrete element mayload by resarchers, including those from Cornell Univer-
not crack at all or may crack but not soon after exposure to sity.? Figure 4-3 is based on their work and a review of
the environment, we have to consider how concrete would the subject by Glucklic.
respond to sustained stress or to sustained strain. The phe- From the standpoint of the relationship between the
nomenon of a gradual increase in strain with time under stress level (expressed as percent of the ultimate load) and

a given level of sustained stress is caltgdep. The phe- microcracking in concrete, Figure 4-3 reflects four stages
nomenon of gradual decrease in stress with time under aof concrete behavior. It is now well known that even be-
given level of sustained strain is callettess relaxation fore the application of external load, microcracks already

Both manifestations are typical of viscoelastic materials. exist in the transition zone between the matrix mortar and
When a concrete element is restrained, the viscoelasticitycoarse aggregate in concrete. The number and width of
of concrete will manifest into a progressive decrease of these cracks in a concrete specimen would depend, among
stress with time (Fig. 4-1, curve b). Thus under the re- other factors, on bleeding characteristics, strength of the
straining conditions present is concrete, the interplay be- transition zone, and the curing history of concrete. Un-
tween elastic tensile stresses induced by shrinkage straingler ordinary curing conditions (when a concrete element
and stress relief due to viscoelastic behavior is at the heartis subjected to drying or thermal shrinkage effects), due to
of deformations and cracking in most structure. the differences in their elastic moduli, differential strains
In practice the stress-strain relations in concrete are will be set up between the matrix and the coarse aggre-
much more complex than indicated by Fig. 4-1. First, gate, causing cracks in the transition zone. Below about
concrete is not a truly elastic material; second, neither the 30 percent of the ultimate load, the transition zone cracks
strains nor the restraints are uniform throughout a con- remain stable; therefore, tlee — € curve remains linear
crete member; therefore, the resulting stress distributions(stage 1, Fig. 4-3).
tend to vary from point to point. Nevertheless, it is impor- Above 30 percent of the ultimate load (stage 2), as
tant to know the elastic, drying shrinkage, thermal shrink- the stress increases, the transition zone microcracks be-
age, and viscoelastic properties of concrete, and the fac-gin to increase in length, width, and numbers. Thus with
tors affecting these properties. increasing stress, thgo ratio increases and the curve be-
gins to deviate appreciably from a straight line. However,
until about 50 percent of the ultimate stresstable sys-
ELASTIC BEHAVIOR tem of microcracksnay be assumed to exist in the transi-
The elastic characteristics of a material are a measuretion zone; also, at this stage the matrix cracking is negligi-
of its stiffness. In spite of the nonlinear behavior of con- ble. At 50 to 60 percent of the ultimate load, cracks begin
crete, an estimate of the elastic modulus (the ratio betweento form in the matrix. With further increase in stress up to
the applied stress and instantaneous strain within an as-about 75 percent of the ultimate load (stage 3), not only
sumed proportional limit) is necessary for determining the will the crack system in the transition zone becoure
stresses induced by strains associated with environmentaktablebut also the proliferation and propagation of cracks
effects. Itis also needed for computing the design stressesin the matrix will increase, causing the — € curve to
under load in simple elements, and moments and deflec-bend considerably toward the horizontal. At 75 to 80 per-

tions in complicated structures. cent of the ultimate load, the rate of strain energy release
seems to reach the critical level necessary for spontaneous
Nonlinearity of the Stress-Strain Relationship crack growth under sustained stress and the material will

From typicalo — e curves for aggregate, hydrated ce- strain to failure. In short, ab'ove 75 percent qf the uIt.imate
ment paste, and concrete loaded in uniaxial compression!0ad (Stage 4), with increasing stress very high strains are
(Fig. 4-2), it becomes immediately apparent that relative developed, indicating that the crack system is becoming
to aggregate and cement paste, concrete is really not ancontlnuqus due to the ra_pld propagation of cracks in both
elastic material. Neither the strain on instantaneous load- e matrix and the transition zone.
ing of a concrete specimen is found to be truly directly
proportional to the applied stress, nor is it fully recovered Types of Elastic Moduli
upon unloading. The cause for nonlinearity of the stress-  The static modulus of elasticityfor a material under
strain relationship has been explained from studies on thetension or compression is given by the slope ofd¢he ¢
process of progressive microcracking in concrete under curve for concrete under uniaxial loading. Since the curve

2T.C. Hsu, F.O. Slate, G.M. Sturman, and G. WinterAC|, Proc., Vol. 60, No. 2, pp. 209-23, 1963; S.P. Shah and F.O. Slategedings of a
Conference on Structure of Concre@ement and Concrete Association, Wexham Springs, Slough, U.K.; editors: A.E. Brooks and K. Newman, pp.
82-92, 1968.

3J. Glucklich, Proceedings of a Conference on the Structure of Conc@enent and Concrete Association, Wexham Springs, Slough, U.K., pp.
176-89, 1968.
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for concrete is nonlinear, three methods for computingthe  The elastic modulus values used in concrete design
modulus are used. This has given rise to the three modulicomputations are usually estimated from empirical ex-
illustrated by Fig. 4-4: pressions that assume direct dependence of the elastic
modulus on the strength and density of concrete. As a first
approximation this makes sense because the stress-strain
behavior of the three components of concrete - the aggre-
gate, the cement paste matrix, and the transition zone -
2. Thesecant modulusis given by the slope of aline  would indeed be determined by their individual strengths,

drawn from the origin to a point on the curve corre- which in turn are related to the ultimate strength of the

sponding to a 40 percent stress of the failure load. concrete. Furthermore, it may be noted that the elastic
modulus of the aggregate (which controls the aggregate’s
ability to restrain volume changes in the matrix) is directly
related to its porosity, and the measurement of the unit
weight of concrete happens to be the easiest way of ob-
taining an estimate of the porosity of aggregate in con-
crete.

According to ACI Building Code 318, with a concrete
unit weight between 90 and 115 IBiftthe modulus of
elasticity can be determined from

1. Thetangent modulusis given by the slope of a line
drawn tangent to the stress-strain curve at any point
on the curve.

3. The chord modulus is given by the slope of a
line drawn between two points on the stress-strain
curve. Compared to the secant modulus, instead of
the origin the line is drawn from a point represent-
ing a longitudinal strain of 5in./in to the point
that corresponds to 40 percent of the ultimate load.
Shifting the base line by 50 microstrain is recom-
mended to correct for the slight concavity that is
often observed at the beginning of the stress-strain
curve. L5 /2
Thedynamic modulus of elasticity, corresponding to Be=wg” x 33

a very small instantaneous strain, is approximately given

by theinitial tangent modulus, which is the tangent mod-

ulus for a line drawn at the origin. It is generally 20, 30, )
and 40 percent higher than the static modulus of elasticity SIrength of standard cylinders. In the CEB-FIP Model
for high-, medium-, and low-strength concretes, respec- Code (1990), the mpdulus of elasticity of normal-weight
tively. For stress analysis of structures subjected to earth-CONcréte can be estimated from

guake or impact loading it is more appropriate to use the

dynamic modulus of elasticity, which can be determined Ec = 215 x 10%(fem/10)7°

more accurately by a sonic test.

The flexural modulus of elasticity may be deter-  whereE. is the 28-day modulus of elasticity of concrete
mined from the deflection test on a loaded beam. For a (MPa) andf.n, the average 28-day compressive strength.
beam simply supported at the ends and loaded at midspan|f the the actual compressive strength is not knovig,
ignoring the shear deflection, the approximate value of the should be replaced bf¢k + 8, wherefc is the character-
modulus is calculated from: istic compressive strength. The elastic modulus-strength

pL3 relationship was developed for quartzitic aggregate con-
= — cretes. For other types of aggregates, the modulus of elas-
48ly ticity can be obtained by multiplying. with factorsoe
wherey is the midspan deflection due to lo&] L the from Table 4-1. It should be mentioned that the CEB-FIP

span length, and the moment of inertia. The flexural expression is valid for characteristic strengths up to 80

modulus is commonly used for design and analysis of MPa (11,600 psi), while the ACI equation is valid up to

where E. is the static modulus of elasticity (psilyc
the unit weight (Ib/f), and f/ the 28-day compressive

pavements. 41 MPa (6000 psi). Extensions to the ACI formulation are
presented in Chapter 11 (see high-strength concrete). As-
Determination of the Static Elastic Modulus suming concrete density to be 145 IB2320 kg/n), the

ASTM C 469 describes a standard test method for computed values of the modulus of elasticity for normal-
measurement of the static modulus of elasticity (the chord Weight concrete according to both the ACI Building Code
modulus) and Poisson’s ratio of 6- by 12-in concrete and CEB-FIP Model Code (1990) are shown in Table 4-2.
cylinders loaded in longitudinal compression at a constant ~ From the following discussion of the factors affect-
loading rate within the range 355 psi. Normally, the de-  ing the modulus of elasticity of concrete, it will be appar-
formations are measured by a linear variable differential ent that the computed values shown in Table 4-2, which
transformer. Typicab — € curves, with sample computa- are based on strength and density of concrete, should
tions for the elastic moduli of the three concrete mixtures be treated as approximate only. This is because the
of Fig. 3-18, are shown in Fig. 4-5. transition-zone characteristics and the moisture state of
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the specimen at the time of testing do not have similar elastic modulus of lightweight-aggregate concrete ranges

effects on strength and elastic modulus. from 2.0 to 30 x 10° psi, which is between 50 and 75
percent of the modulus for normal-weight concrete of the
Poisson’s Ratio same strength.

For a material subjected to simple axial load, the ratio ~ Other properties of aggregate also influence the mod-
of the lateral strain to axial straimithin the elastic range  ulus of elasticity of concrete. For example, the maximum
is calledPoisson’s ratia Poisson’s ratio is not generally ~ Size, shape, surface texture, grading, and mineralogical
needed for most concrete design computations; however,composition can influence microcracking in the transition
it is needed for structural analysis of tunnels, arch dams, zone and thus affect the shape of the stress-strain curve.
and other statically indeterminate structures. Cement paste matrix The elastic modulus of the

With concrete the values of Poisson’s ratio generally cement paste matrix is determined by its porosity. The
vary between 0.15 and 0.20. There appears to be no confactors controlling the porosity of the cement paste ma-
sistent relationship between Poisson’s ratio and concretetrix, such as water/cement ratio, air content, mineral ad-
characteristics such as water/cement ratio, curing age, andmixtures, and degree of cement hydration are listed in Fig.
aggregate gradation. However, Poisson’s ratio is generally3-13. Values in the range 1 to»% 1P psi as the elas-
lower in high-strength concrete, and higher for saturated tic moduli of hydrated portland cement pastes of varying
concrete and for dynamically loaded concrete. porosity have been reported. It should be noted that these

values are similar to the elastic moduli of lightweight ag-

Factors Affecting Modulus of Elasticity gregates.

In homogeneous materials a direct relationship exists ~ 1ransition zone. In general, void spaces, microc-
between density and modulus of elasticity. In heteroge- facks, and oriented calcium hydroxide crystals are rel-
neous, multiphase materials such as concrete, the volumeatively more common in the transition zone than in the
fraction, the density and the modulus of elasticity of the Pbulk cement paste; therefore, they play an important part
principal constituents and the characteristics of the transi- in determining the stress-strain relations in concrete. The
tion zone determine the elastic behavior of the composite. factors controlling the porosity of the transition zone are
Since density is oppositely related to porosity, obviously listed in Fig. 3-13.
the factors that affect the porosity of aggregate, cement It has been reported that the strength and elastic mod-
paste matrix, and the transition zone would be important. ulus of concrete are not influenced to the same degree by
For concrete the direct relation between strength and elas-curing age. With different concrete mixtures of varying
tic modulus arises from the fact that both are affected by strength, it was found that at later ages (i.e., 3 months to
the porosity of the constituent phases, although not to the 1 year) the elastic modulus increased at a higher rate than
same degree. the compressive strength (Fig. 4-6). It is possible that

Aggregate Among the coarse aggregate character- the beneficial effect of improvement in the density of the
istics that affect the elastic modulus of concrete, porosity transition zone, as a result of slow chemical interaction
seems to be the most important. This is because aggregat®etween the alkaline cement paste and aggregate, is more
porosity determines its stiffness, which in turn controls pronounced for the stress-strain relationship than for com-
the ability of aggregate to restrain matrix strains. Dense pressive strength of concrete.
aggregates have a high elastic modulus. In general, the  Testing parameters It is observed that regardless
larger the amount of coarse aggregate with a high elas-of mix proportions or curing age, concrete specimens that
tic modulus in a concrete mixture, the greater would be are tested in wet conditions show about 15 percent higher
the modulus of elasticity of concrete. Since in low-, or elastic modulus than the corresponding specimens tested
medium-strength concretes, the strength of concrete is notin dry condition. Interestingly, the compressive strength
affected by the aggregate porosity, this shows that all vari- of the specimen behaves in the opposite manner; that
ables may not control the strength and the elastic modulusis, the strength is higher by about 15 percent when the
in the same way. specimens are tested in dry condition. It seems that dry-

Rock core tests have shown that the elastic modulusing of concrete produces a different effect on the cement
of natural aggregates of low porosity such as granite, trap paste matrix than on the transition zone; while the for-

rock, and basalt is in the range 10 to 20L0° psi, while mer gains in strength owing to an increase in the van der
with sandstones, limestones, and gravels of the porous va-Waals force of attraction in the hydration products, the
riety it varies from 3 to 7x 10° psi. Lightweight aggre- latter loses strength due to microcracking. The compres-

gates are highly porous; depending on the porosity the sive strength of the concrete increases when the matrix is
elastic modulus of a lightweight aggregate may be as low strength determining; however, the elastic modulus is re-
as 1x 1P psi or as high as & 10° psi. Generally, the  duced because increase in the transition-zone microcrack-
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ing greatly affects the stress-strain behavior. There is yet between the concrete and the environment is the driving
another explanation for the phenomenon. In a saturatedforce, while in the other it is a sustained applied stress.
cement paste the adsorbed water in the C-S-H is load-Again as stated in Chapter 2, a minor cause of the con-
bearing, therefore its presence contributes to the elastictraction of the system, either as a result of drying or an
modulus; on the other hand, the disjoining pressure (seeapplied stress, is the removal of water held by hydrostatic
Chapter 2) in the C-S-H tends to reduce the van der Waalstension in small capillaries{ 50 nm) of the hydrated ce-
force of attraction, thus lowering the strength. ment paste.

The advent and degree of nonlinearity in the stress-  The causes of creep in concrete are more complex.
strain curve obviously would depend on the rate of appli- It is generally agreed that in addition to moisture move-
cation of load. At a given stress level the rate of crack ments there are other causes that contribute to the creep
propagation and hence the modulus of elasticity is depen-phenomenon. The nonlinearity of the stress-strain relation
dent on the rate at which load is applied. Under instanta- in concrete, especially at stress levels greater than 30 to 40
neous loading, only a little strain can occur prior to failure, percent of the ultimate stress, clearly shows the contribu-
and the elastic modulus is very high. In the time range tion of the transition zone microcracks to creep. Increase
normally required to test the specimens (2 to 5 min) the in creep strain, which invariable occurs when concrete is
strain is increased by 15 to 20 percent, hence the elasticsimultaneously exposed to drying condition, is caused by
modulus decreases correspondingly. For very slow load- additional microcracking in the transition zone owing to
ing rates, the elastic and the creep strains would be super-drying shrinkage.
imposed, thus lowering the elastic modulus further. The occurrence of delayed elastic response in aggre-

Figure 4-7 presents a summary chart showing all the gate is yet another cause of creep in concrete. Since the
factors discussed above which affect the modulus of elas-cement paste and the aggregate are bounded together, the
ticity of concrete. stress on the former gradually declines as load is trans-

ferred to the latter, which with increasing load transfer
deforms elastically. Thus the delayed elastic strain in ag-
DRYING SHRINKAGE AND CREEP gregate contributes to total creep.

For a variety of reasons it is desirable to discuss
both the drying shrinkage and viscoelastic phenomena to- Effect of Loading and Humidity Conditions on Drying
gether. First, both drying shrinkage and creep originate Shrinkage and Viscoelastic Behavior
from the same source, the hydrateo_l C_eme”F paste; sec- |, practice, drying shrinkage and viscoelastic behav-
ond, the _stram-tlme CUIVES are very similar; th|rd, the fac- ior usually take place simultaneously. Consider the var-
tors that influence thg drying shrinkage also mfluence the ious combinations of loading, restraining, and humid-
creep_and ge_nerally in the same way; _f‘g“.”h' In concrete ity conditions presented in Table 4-3. Application of a
the mlcrost.ram of gach, 400 to 10&910 » 1S I'arge and constant stress on a concrete specimen under conditions
Ca”f‘f’t be |gno_red in structural design; and fifth, both are of 100 percent relative humidity, leads to an increase of
partially reversible. strain over time, which is callebasic creep This condi-

tion often arises in massive concrete structures where dry-
Causes ing shrinkage can be neglected. Now, instead do apply-

As described in Chapter 2, a saturated cement pasteing a constant stress let us analyze the case where a con-
will not remain dimensionally stable when exposed to am- Stant strain is imposed on the concrete specimen. When
bient humidities that are below saturation, mainly because the strain is applied, the concrete specimen will have an
the loss of physically adsorbed water form C-S-H results instantaneous elastic stress; however the stress will de-
in a shrinkage strain. Similarly, when a hydrated cement crease over time by the phenomenon of stress relaxation.
paste is subjected to a sustained stress, depending on thBoth creep and stress relaxation can be visualized as re-
magnitude and duration of applied stress, the C-S-H will sulting from the application of stress to a classical spring
lose a large amount of the physically adsorbed water andand dashpot model (springs and dashpots connected either
the paste will show a creep strain. This is not to sug- in series or in parallel are discussed in Chapter 12).
gest that there are no other causes contributing to creepin  Exposing an unrestrained concrete specimen to low
concrete; however, the loss of adsorbed waiter under sus-relative humidity conditions cause drying shrinkage
tained pressure appears to be the most important cause. Invhich increases over time. However, if the specimen is
short, both the drying shrinkage and creep strains in con- restrained, i.e. if it is not free to move, the strain will be
crete are assumed to be related mainly tordraoval of zero but tensile stresses will develop over time. This con-
adsorbed watefrom the hydrated cement paste. The dif- dition is the reason for most of the cracks due to drying
ference is that in one case a differential relative humidity shrinkage.
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It has been observed that when concrete is under load
and simultaneously exposed to low relative humidity envi-
ronments, the total strain is higher than the sum of elastic
strain, free shrinkage strain (drying shrinkage strain of un-
loaded concrete), and basic creep strain (without drying).

CHAPTER 4. DIMENSIONAL STABILITY

ing shrinkage (Fig. 4-8a), this phenomenon is defined
by the corresponding termsgversible andirreversible
creep. A part of the reversible creep may be attributed
to the delayed elastic strain in aggregate, which is fully
recoverable.

The additional creep that occurs when the specimen under

load is also drying is calledrying creep. Total creep is

the sum of basic and drying creep, however, it is a com-
mon practice to ignore the distribution between the basic
and the drying creep, and creep is simply considered as
the deformation under load in excess of the sum of the
elastic strain and free drying shrinkage strain.

The interaction between the restrained drying shrink-

Factors Affecting Drying Shrinkage and Creep

In practice, moisture movements in hydrated cement
paste, which essentially control the drying shrinkage and
creep strains in concrete, are influenced by numerous
simultaneously interacting factors. The interrelations
among these factors are quite complex and not easily un-
derstood. The factors are categorized and discussed below

age strain and stress relaxation due to the viscoelastic beindividually, solely for the purpose of understanding their

havior of concrete was illustrated in Fig. 4-1 and is also
shown in Table 4-3. Because of the boundary conditions,

relative significance.

Materials and mix-proportions. The main source

the strain is zero and the magnitude of tensile stressesof moisture-related deformations in concrete is the hy-

caused by drying shrinkage is reduced by stress relax-

drated cement paste. Therefore, many attempts have been

ation. Note that presentation of creep data can be donemade to obtain expressions relating the drying shrinkage

in different ways which have given rise to special termi-
nology. For instancespecific creeps the creep strain per
unit of applied stress antteep coefficientis the ratio of
creep strain to elastic strain.

Reversibility
Typical behavior of concrete on drying and resetting
or on loading and unloading is shown in Fig. 4-8. Both

the drying shrinkage and the creep phenomena in concrete

exhibit a degree of irreversibility that has practical signif-
icance. Fig. 4-8 shows that after the first drying, con-
crete did not return to the original dimension on resetting.
Drying shrinkage has therefore been categorizedrigto
versible shrinkage which is the part of total shrinkage
that is reproducible on wet-dry cycles; amteversible
shrinkage, which is the part of total shrinkage on first
drying that cannot be reproduced on subsequent wet-dry
cycles. The irreversible drying shrinkage is probably due
to the development of chemical bonds within the C-S-H
structure as a consequence of drying. The improvement
in the dimensional stability of concrete as a result of first
drying has been used to advantage in the manufacture o
precast concrete products.

The creep curve for plain concrete subjected to a sus-
tained uniaxial compression for 90 days and thereafter
unloaded is shown in Fig. 4-8b. When the specimen is
unloaded the instantaneous or elastic recovery is approxi-
mately of the same order as the elastic strain on first appli-
cation of the load. The instantaneous recovery is followed
by a gradual decrease in strain caltedep recovery Al-
though the creep recovery occurs more rapidly than creep,
the reversal of creep strain is not total. Similar to the dry-

4T.C. PowersRev. Mater. ConstructParis), No. 545, p. 79-85, 1961.

or creep strains to the volume fraction of hydrated cement
paste in concrete (which is determined by the cement con-
tent and degree of hydration). Although both the drying
shrinkage strain and the creep strain are a function of the
hydrated cement paste content, a direct proportionality
does not exist because the restraint against deformation
has a major influence on the magnitude of the deforma-
tion
Most theoretical expressions for predicting the dry-
ing shrinkage or creep of concrete assume that the elastic
modulus of concrete can provide an adequate measure of
the degree of restraint against deformation and that, as a
first approximation, the elastic modulus of the aggregate
determines the elastic modulus of the concrete. When
the elastic modulus of the aggregate becomes part of a
mathematical expression, it is convenient to relate the dry-
ing shrinkage or the creep strain to the aggregate fraction
rather than the cement paste fraction in concrete. This is
easily done because the sum of the two is constant.
Power$§ investigated the drying shrinkage of con-
cretes containing two different aggregates and wa-

1;ter/cement ratios of 0.35 or 0.50. From the data shown in

Fig. 4-9a the ratio of shrinkage of concre®)(to shrink-
age of the cement pas(§,) can be related exponentially
to the volume fraction of the aggregdat® in concrete

&

Sp

L'Hermite® found that values ofn) varied between 1.2

and 1.7 depending on the elastic modulus of aggregate.
From the standpont of shrinkage-causing and shrinkage-
restraining constituents in concrete, Powers suggested that

a-o" (4.1)

5R. L'Hermite, Proc. Fourth Int. Symp. Chemistry of Cememational Bureau of Standards, Washington, D.C., 1962, pp. 659-94.



53

any unhydrated cement present may be considered a part Although the influence of aggregate type on creep and
of the aggregate (Fig. 4-9a). drying shrinkage is similar, a closer examination of the
Figure 4-9 shows that a similar relationship exists be- curves in Fig. 4-10 shows subtle differences. For exam-
tween the volume concentration of aggregate and creep ofple, compared to the drying shrinkage strain, the creep of
concrete. Nevillé suggested that creep of concre® ) concretes containing basalt and quartz aggregates was rel-
and cement past€Cp) can be related to the sum of the atively higher. A possible explanation is the higher degree

aggregat€g) and unhydrated ceme(t) contents: of microcracking in the transition zone when a relatively
Cp nonreactive aggregate is present in the system. This un-
log c. log 1 a—u (4.2) derscores the point that creep in concrete is controlled by
¢ g—u more than one mechanism.
In well-cured concrete, neglecting the small fraction of
unhydrated cemen(iu), the expression can be rewritten Within limits, variations in thdineness and composi-
as tion of portland cemenaffect the rate of hydration, but
Ce —(1-g". (4.3) not the volume and the characteristics of the hydration
Cp products. Therefore, many researchers have observed that
Thus the expressions for creep and drying shrinkage arenormal changes in cement fineness or composition, which
similar. tend to influence the drying shrinkage behavior of small

The grading, maximum size, shape, and texture of the specimens of cement paste or mortar, have a negligible
aggregate have also been suggested as factors influencingffect on concrete. Obviously, with a given aggregate
the drying shrinkage and creep. It is genereally agreed anhd mix proportions, if the type of cement influences the
that themodulus of elasticity of the aggregagethe most strength of concrete at the time of application of load, the
important; the influence of other aggregate characteristics creep of concrete will be affected. When loaded at early

may be indirect, that is, through their effect on tiggre- ~ ages, concrete containing ordinary portland cement gen-
gate contenpf concrete or on the compactability of the erally show higher creep than the corresponding concrete
concrete mixture. containing high-early-strength cement (Fig. 4-11b). Port-

The influence of aggregate characteristics, primarily land blast-furnace slag and portland pozzolan cement con-
the elastic modulus, was confirmed by Troxell et at’s cretes also show higher creep at early age than the core-
study (Fig. 4-10) of creep and shrinkage of concrete over sponding Type | cement concrete.

a period of 23 years. Since the modulus of elasticity of ag-

gregate affects the elastic deformation of concrete, a good
correlation was found between the elastic deformation of

concrete and the drying shrinkage or creep values. Using
fixed mix proportions, it was found that the 23-year drying

In general, the influence aement and water contents
in concrete on drying shrinkage and creep is not direct,
because an increase in the cement paste volume means a
decrease in the aggregate fracti@n and, consequently,
. o . a corresponding increase in the moisture-dependent de-
shrinkage values of concretes containing quartz and lime- formations in concrete. For a given cement content, with

6 -
stone aggregate_s were 550 and 6500, respeciively, increasing water/cement ratio both drying shrinkage and
concretes containing gravel and sandstone showed 1140

. . : creep are known to increase. A decrease in strength
6 - . . . .
a}nd 1260 1(.T drying shrinkage, respe.cyvely.. The elas (therefore, the elastic modulus) and increase in permeabil-
tic deformation of the concretes containing either quartz

or limestone aggregate was approximately 2240-5 ity of the system are probably responsible for this. The

drvi hrink tivelyv. The elastic def i ¢ data in Fig. 4-11a show that, for a given water/cement
fying shrinkage, respectively. 1he elastic detormation o ratio, both drying shrinkage and creep increased with in-
the concretes containing either quartz or limestone aggre

: 6. : “creasing cement content. This is expected due to an in-
gatg was approximately 2201¢ N anq the elastic defor- crease in the volume of the cement paste; however, in ac-
mation of the conqretes contamln% either gravel or sand- tual practice it does not always happen.
stone was approximately 280 10~°. The correspond-
ing creep values were 600, 800, 1070, and 15000 ° The results from many experimental investigations
for concretes containing limestone, quartz, gravel, and have shown that the foregoing theoretical analysis holds
sadstone, respectively. The importance of the aggregategood for drying shrinkage but not always for creep. Ex-
modulus in controlling concrete deformations is obvious perimental data show that within a wide range of concrete
from Troxell et al.’s data, which show that both the drying strengths, creep is inversely proportional to #teength
shrinkage and creep of concrete increased 2.5 times wherof concreteat the time of application of load. It appears,
an aggregate with a high elastic modulus was substitutedtherefore, that the effect of lowering the aggregate content
by an aggregate with low elastic modulus. on possible increase in creep is more than compensated

6A.M. Neville, Mag. Cocr. Res(London, Vol. 16, No. 46, pp. 21-30, 1964.
7G.E. Troxell, J.M. Raphael, and R.E. Davapc. ASTMVol. 58, pp. 1101-20, 1958.
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by a reduction in creep, which is associated with the in- the water, which is being expelled during drying shrink-
crease in concrete strength. Curves illustrating the effect age and/or creep. At a constant RH, both the size and the
of cement content on both drying shrinkage and creep atshape of a concrete element determine the magnitude of
a constant water/cement ratio are shown in Fig. 4-11c.  drying shrinkage and creep. It is convenient to express the
Concrete admixturesuch as calcium chloride, gran-  Size and shape parameters by a single quantity expressed
ulated slag, and pozzolans, tend to increase the V0|umein terms of effective oitheoretical thickness which is
of fine pores in the cement hydration product. Since dry- equal to the area of the section divided by the semiperime-
ing shrinkage and creep in concrete are directly associatedter in contact with the atmosphere. The relations between
with the water held by small pores in the range 3 to 20 theoretical thickness and the drying shrinkage and creep
nm, concretes Containing admixtures Capab|e of pore re- coefficient, as given in the CEB charts, are illustrated by
finement usually show higher drying shrinkage and creep. Fig. 4-14a and b.
Water-reducing and set-retarding admixtures, which are  Additional factors affecting creep. The curing his-
capable of effecting better dispersion of anhydrous ce- tory of concrete, temperature of exposure, and magnitude
ment particles in water, also lead to pore refinement in of applied stress are known to affect drying creep more
the hydration product. In general, it is to be expected that than drying shrinkage, probably because of a greater influ-
admixtures which increase the drying shrinkage will in- ence of these factors on the transition zone characteristics
crease the creep. (i.e., porosity, microcracking, and strength). Depending
Time and humidity. Diffusion of the adsorbed wa-  ©n thecuring historyof a concrete element, creep strains
ter and the water held by capillary tension in small pores in practice may be significantly different from those in a
(under 50 nm) of hydrated cement paste to large capil- laboratory test carried out at a constant humidity. For in-
lary voids within the system or to the atmosphere is a Stance, drying cycles can enhance microcracking in the
time-dependent process that takes place over long periodstransition zone and thus increase creep. For the same rea-
From long-time creep and drying shrinkage tests lasting Son, it has often been observed that alternating the envi-
for more than 20 years, Troxell et al. found that for a ronmental hUmIdlty between two limits would result in
wide range of concrete mix proportions, aggregate types, a hlgher creep than that obtained at a constant humldlty
and environmental and loading conditions, only 20 to 25 (within those limits).
percent of the 10-year drying shrinkage was realized in 2  The temperatureto which concrete is exposed can
weeks, 50 to 60 percent in 3 months, and 75 to 80 percenthave two counteracting effects on creep. If a concrete
in 1 year (Fig. 4-12a). Surprisingly, similar results were member is exposed to a higher than normal temperature as
found for the creep strains in Fig. 4-12h. a part of the curing process before itis loaded, the strength
An increase in the atmospheric hum|d|ty is expected will increase and the creep strain would be less than that
to slow down the relative rate of moisture flow from the ©f a corresponding concrete stored at a lower tempera-
interior to the outer surfaces of concrete. For a given con- ture. On the other hand, exposure to high temperature dur-
dition of exposure, the effects of relative humidity of air ing the period under load can increase creep. Nasser and
on drying shrinkage strain (Fig. 4-13a) and creep coeffi- Neville? found that in the range 70 to 180 (21° to 71°
cient (Fig. 4-13b) are illustrated in the charts published C). the 350-day creep increased approximately 3.5 times
by the Comié Euro-International du &on (CEB)? At with temperature (Fig. 4-15). The influence of tempera-
100 percent RH, the drying shrinkagge) is assumed to  ture on creep is of considerable interest to nuclear PCRV
be zZero, rising to about 200 microstrain at 80 percent RH, (prestressed concrete reactor Vessel) structures because
and 400 microstrain at 45 percent RH. Similarly, the creep neutron attenuation and gamma-ray absorption causes the
coefficient which is one of the five partial coefficients con- concrete temperature to rise (see Chapter 11).
tributing to total creep is assumed to be 1 at 100 percent  In regard to thantensity of the applied stres$rox-
RH, rising to about 2 at 80 percent RH, and 3 at 45 percent ell et al. found a direct proportionality between the mag-
RH. Data from the Com#, showing the effect of humid-  nitude of sustained stress and the creep of concrete with
ity conditions and thickness of concrete structure on the a 0.69-water/cement ratio (3000 psi or 20 MPa nominal
ultimate drying shrinkage and creep, is presented in Fig. compressive strength). For example, specimens cured for
4-14. 90 days and then loaded for 21 years showed 680, 1000,
Geometry of the concrete element Because of re-  and 1450« 106 creep strains, corresponding to sustained
sistance to water transport from the interior of the con- Stress levels of 600 (4 MPa), 900 (6 MPa), and 1200 psi
crete to the atmosphere, the rate of water loss would ob-(8 MPa), respectively (Fig. 4-16).
viously be controlled by the length of the path traveled by The proportionality is valid as long as the applied

8|nternational Recommendations for the Design and Construction of Concrete Stru€@&B4-1P, 1976.
9K.W. Nasser and A.M. Neville]. ACI, Proc, Vol. 64, No. 2, pp. 97-103, 1967.
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stress is in the linear domain of stress-to-strain rela- where

tionship (e.g., 0.4 stress-strength ratio for a compressive

stress). At high stress-strength ratios a correction factor ot = tensile stress
should be used from the data in Fig. 4-17. K, = degree of restraint

E = elastic modulus

a = coefficient of thermal expansion
THERMAL SHRINKAGE AT = temperature change

In general, solids expand on heating and contract on ¢ = creep coefficient
cooling. The strain associated with change in temperature
will depend on the coefficient of thermal expansion of the
material and the magnitude of temperature drop or rise.
Except under extreme climatic conditions, ordinary con-
crete structures suffer little or no distress from changes
in ambient temperature. However, in massive structures,
the combination of heat produced by cement hydration Factors Affecting Thermal Stresses
and relatively poor heat dissipation conditions resultsina ~ Degree of restraint (Ky). A concrete element, if
large rise in concrete temperature within a few days after free to move, would have no stress development associ-
placement. Subsequently, cooling to the ambient temper_ated with thermal deformation on cooling. However, in
ature often causes the concrete to crack. Since the primarypI'aCtiCE, the concrete mass will be restrained either exter-
concern in the design and construction of mass concretenally by the rock foundation or internally by differential
structures is that the completed structure remain a mono-deformations within different areas of concrete due to the
lith, free of cracks, every effort to control the temperature presence of temperature gradients. For example, assum-
rise is made through selection of proper materials, mix ing a rigid foundation, there will be full restraint at the

proportions, curing conditions, and construction practices concrete-rock interfacek; = 1.0), however, as the dis-
(see Chapter 11). tance form the interface increases, the restraint will de-
crease, as shown in Fig. 4-18. The same reasoning can be
With ow tensile strength materials, such as concrete, applied to determine the restraint between different con-
it is the shrinkage strain from cooling that is more im- crete lifts. If the foundation is not rigid, the degree of re-
portant than the expansion from heat generated by cemenstraint will decrease. When dealing with a nonrigid foun-
hydration. This is because, depending on the elastic mod-dation, ACI-207.2R recommends the following multiplies
ulus, the degree of restraint, and stress relaxation due tofor K;:
creep, the resulting tensile stresses can be large enough

The factors influencing the modulus of elasticity and
creep of concrete are described in the previous sections.
An analysis of other factors in equation (4-4) which affect
thermal stresses is presented next.

to cause cracking. For instance, assuming that the coeffi- multiplier = 14 Dok (4.5)
cient of thermal expansiox) of concrete is 10« 1076 AtEt

per°C, and the temperature rise above the amhiart) where

from heat of hydration is 1%, then the thermal shrinkage

(e) caused by the P& temperature drop will be AT or Ag = gross area of concrete cross section

150x 1078, The elastic modulugE) of ordinary concrete At = area of foundation or other restraining element (For mass
may be assume asx31CP psi. If the_ concrete member is rock, Af can be assumed as 245)

fully restrained(D, = 1), the cooling would produce a .. : _

tensile stress of E = 450 psi. Since the elastic tensile + = modulus of elasticity of foundation or restraining element
strength of ordinary concrete is usually less than 450 psi, E = modulus of elasticity of concrete

itis likely to crack if there is no relief due to stress relax- _
ation (Fig. 4-1). Temperature change(AT). The hydration of ce-

ment compounds involves exothermic reactions which
However, there is always some relaxation of stress due generated heat, and increase the temperature of concrete

to creep. When the creep coefficient is known, the result- mass. Heating causes expansion, and expansion under re-
ing tensile streséo;) can be calculated by the expression: straint results in compressive stress. However, at early

ages, the elastic modulus of concrete is low and the stress

relaxation is high, therefore, the compressive stress will

be very small, even in areas of full restraint. In design, to

be conservative, it is assumed that a condition of no initial
+o aAT (4.4) compression exists. The change of temperafwe€) in

UtzKrl
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equation ??) is the difference between the peak tempera- volume-to-surface ratio of concrete on the adiabatic tem-
ture of concrete and the service temperature of the struc-perature rise at different placement temperatures.
ture, as shown in Fig. 4-19. The change of temperature  Another effective means of reducing the magnitude of
can also expressed as: the adiabatic temperature rise is the inclusion of a poz-
. .. zolan as a partial replacement for cement. Typical data
AT = placement temperature of fresh concretadiabatic te \%?{Wrﬁfﬁgon et d° on adiabatic temperature rise
— ambient or service temperaturetemperature dropjduaiadeshles€sontaining different types and amounts
of cementitious materials are shown in Fig. 4-23. In a
concrete containing 223 kgArcement, the replacement
of ASTM Type | cement by Type Il cement reduced the
28-day adiabatic temperature rise fronf@7o 32C; a
Soartial replacement of the Type Il cement by 30 volume
percent of pozzolan (25 weight percent) further reduced

Controlling theplacement temperatuns one of the
best ways to avoid thermal cracks in concrétecooling
of fresh concretés a commonly used method of control-
ling the subsequent temperature drop. Often, chilled ag-
gregates and/or ice shavings are specified for making mas
concrete mixtures in which the temperature of fresh con- .

oo X - the temperature rise to 28.

crete is limited to 10C or less. During the mixing opera- .
tion the latent heat needed for fusion of ice is withdrawn €@t Igsieslepend on the thr:arn;al progertlej of con-
from other components of the concrete mixture, provid- C'€te; and the construction technology adopted. A con-
ing a very effective way to lower the temperature. ACI crete structure can lose heat through its surface, and the

207.4R suggests a placement temperature such that thénagn?tu.de of hgat loss is afupction of the type of environ-
tensile strain caused by the temperature drop should notment in immediate contact with the concrete surface. Ta-

exceed the tensile strain capacity of the concrete. This is °1€ 4_1-4|shows surface transmlssmn_colefﬂmintj forfdn‘fer-
expressed by the relationship: ent isolation environments. Numerical methods of com-

puting the temperature distribution in mass of concrete

will be presented in Chapter 12.
Ti=Ts + P P

~-T (4.6)
(042N¢
where THERMAL PROPERTIES OF CONCRETE

T = p|acement temperature of concrete Coefficient of thermal expanSiQﬁ) is defined as the
change in unit length per degree of temperature change.

Tt = final stable temperature of concrete ) . L
) ) _ Selecting araggregate with a low coefficient of thermal
= tensile strain capacity of concrete expansiowhen itis economically feasible and technolog-
K; = degree of restraint ically acceptable, may, under certain conditions, become a
o = coefficient of thermal expansion critical factor for crack prevention in mass concrete. This

is because the thermal shrinkage strain is determined both
by the magnitude of temperature drop and the linear co-
The rate and magnitude of tlzeliabatic temperature  €fficient of thermal expansion of concrete; the latter, in
riseis a function of the amount, composition and fineness turn, is controlled primarily by the linear coefficient of
of cement, and its temperature during hydration. Finely thermal expansion of the aggregate which is the primary
ground portland cements, or cements with relatively high constituent of concrete.
Cs3A and GS contents show higher heats of hydration The reported values of the linear coefficient of ther-
than coarser cements of cements with lowAGnd GS mal expansion for saturated portland cement pastes of
(see Chapter 6). The adiabatic temperature rise curves forvarying water/cement ratios, for mortars containing 1:6
a concrete containing 223 kgfnsement and any one of  cement/natural silica sand, and for concrete mixtures of
the five types of portland cements are shown in Fig. 4-20. different aggregate types are approximately 18, 12, and
It can be seen that between a normal cement (Type 1) and6 — 12 x 10°® per°C, respectively. The coefficient of
a low-heat cement (Type V) the difference in tempera- thermal expansion of commonly used rocks and miner-
ture rise is 13C in 7 days and @ in 90 days. Note that  als varies from about & 10~6 per°C for limestones and
at this cement content the total adiabatic temperature risegabbros to 11 12 x 10~ per°C for sandstones, natu-
was still above 30C even with the ASTM Type 1V, low- ral gravels, and quartzite. Since the coefficient of thermal
heat, cement. Also, as shown in Figs. 4-20 and 4-21, the expansion can be estimated from the weighted average of
composition of cement and the placement temperature ap-the components, assuming 70 to 80 percent aggregate in
pear to affect mainly the rate of heat generation rather thanthe concrete mixture, the calculated values of the coeffi-
the total heat produced. Figure 4-22 shows the affect of cient for various rock types (both coarse and fine aggre-

T, = initial temperature rise of concrete

10R.W. Carlson, D.L. Houghton, and M. Polivka,ACl, Proc, Vol. 76, No. 7, pp. 821-37, 1979.



gate from the same rock) are shown in Fig. 4-24. The
data in the figure are fairly close to the experimentally
measured values of thermal coefficients reported in the
published literature for concrete tested in moist condition,
which is representative of the condition of typical mass
concrete.

Specific heats defined as the quantity of heat needed
to raise the temperature of a unit mass of a material by one
degree. The specific heat of normal weight concrete is not
very much affected by the type of aggregate, temperature
and other parameters. Typically the values of specific heat
are in the range of 0.22 to 0.25 Btu/lb.F.

Thermal conductivity gives the flux transmitted
through a unit area of a material under a unit temper-
ature gradient. The thermal conductivity of concrete is
influenced by the mineralogical characteristics of aggre-
gate, and by the moisture content, density, and tempera-
ture of concrete. Table 4-5a show typical values of ther-
mal conductivity for concretes containing different aggre-
gate types.

Thermal Diffusivityis defined as:

K
K =

-5 (4.7)

where

K = diffusivity, ft>/h (m?/h)
K = conductivity, Btu/ft.h.F (J/m.h.K)
¢ = specific heat, Btu/lb.F (J/kg.K)

p = density of concrete, IbAt(kg/m®)

Heat will move more readily through a concrete with
a higher thermal diffusivity. For normal-weight concrete,
the conductivity usually controls the thermal diffusivity
because the density and specific heat do not vary much.
Table 4-5b show typical values of thermal diffusivity for
concretes made with different types of coarse aggregate.
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EXTENSIBILITY AND CRACKING difficulty of practicing concrete technology from purely
As stated earlier, the primary significance of defor- theoretical considerations.
mations caused by applied stress and by thermal and The cracking behavior of concrete in the filed can be
moisture-related effects in concrete is whether or not their more complex than indicated by Fig. 4-1, that is, the rates
interaction would lead to cracking. Thus the magnitude at which the shrinkage and stress relaxation develop may
of the shrinkage strain is only one of the factors govern- not be similar to those shown in the figure. For exam-
ing the cracking of concrete. From 4-1 it is clear that the ple, in mass concrete compressive stresses are developed
other factors are: during the very early period when temperatures are ris-
ing, and the tensile stresses do not develop until at a later
 Modulus of elasticity. The lower the modulus of  age when the temperature begins to decline. However,
elasticity, the lower will be the amount of the in-  gye to the low strength of concrete at early ages, most of
duced elastic tensile stress for a given magnitude of the stress relaxation takes place during the first week after
shrinkage. placement. In this way, concrete loses most of the stress-
relaxing capacity before this is needed for prevention of
cracking induced by tensile stresses.
For thermal-shrinkage cracking, whether related to in-
ternal temperature effects in mass concrete or to external

e Tensile strength The higher the tensile strength, temperature effects in extreme climates, the significance
the lower is the risk that the tensile stress will ex- Of tensile strain capacity, which is defined as the failure

ceed the strength and crack the material. strain under tension, is noteworthy. It is generally agreed
that the failure of concrete loaded in uniaxial compres-

The combination of factors that are desirable to reduce sion is mainly a tensile failure. Also, there are indications
the advent of cracking in concrete can be described by athat it is not a limiting tensile strength, but a limiting ten-
single term calle@xtensibility. Concrete is said to have  sile strain that determines the fracture strength of concrete
a high degree of extensibility when it can be subjected under static loading. Accordingly, Houghtdnhas de-
to large deformations without cracking. Obviously, for a scribed a simple method to determine the ultimate tensile
minimum risk of cracking, the concrete should undergo strain for quick loading by taking a ratio of the modulus
not only less shrinkage but also should have a high degreeof rupture to the elastic modulus in compression. Since
of extensibility (i.e., low elastic modulus, high creep, and the modulus of rupture is 20 to 40 percent higher than the
high tensile strength). In general, high-strength concretestrue tensile strength, and the modulus of elasticity in com-
may be more prone to cracking because of greater ther-pression is higher than the stress/strain ratio by a similar
mal shrinkage and lower stress relaxation; on the other order of magnitude, it is claimed that the method gives
hand, low-strength concretes tend to crack less, because true value of the ultimate elastic strain for quick load-
of lower thermal shrinkage and higher stress relaxation. ing. By adding to this strain the creep strain due to slow
Note that the preceding statement is applicable to massiveloading, an estimate of the tensile strain capacity can be
concrete members; with thin sections the effect of drying obtained. For the purpose of risk analysis against thermal
shrinkage strain would be more important. cracking, it is suggested that the determination of the ten-

It may be of interest to point out that many factors sile strain capacity is a better criterion than the practice of
which reduce the drying shrinkage of concrete will also converting the thermal strain to induced elastic stress. A
tend to reduce the extensibility. For instance, an increasegeneral method of computing stress is viscoelastic materi-
in the aggregate content or stiffness will reduce the dry- als is presented in Chapter 12, which also contains a finite
ing shrinkage but at the same time reduce stress relax-element method to compute temperature distributions in
ation and extensibility. This example demonstrates the mass concrete.

e Creep. The higher the creep, the higher is the
amount of stress relaxation and lower the net ten-
sile stress.

TEST YOUR KNOWLEDGE

1. What is a truly elastic material? Is concrete truly elastic? If not, why? Describe the various stages of microcracking
when a concrete specimen is loaded to failure.

2. Draw a typical stress-strain curve for concrete. From this, how would you determine the dynamic modulus of

11p.L. Houghton J. ACI, Proc, Vol. 73, No. 12, p. 691-700, 1976.
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elasticity and the different types of the static elastic moduli? Typically, what are their magnitudes for a medium-
strength concrete?

3. What are the assumptions underlying the formulas used by the ACI Building Code and the CEB-FIP Model Code
for predicting the static elastic modulus of concrete? Can you point out any limitations of these formulas?

4. How does the moisture state of a concrete test specimen affect the elastic modulus and strength values? Explain
why both properties are not affected in the same manner.

5. What is the significance of adiabatic temperature in concrete? How much adiabatic temperature rise can occur in a
typical low-strength concrete containing ASTM Type Il cement? How can this be reduced?

6. Can we control the coefficient of thermal expansion of concrete? If so, how?

7. What are the typical ranges of drying shrinkage strain and creep strain in concrete; what is their significance? How
are the two phenomena similar to each other?

8. What do you understand by the terbessic creep, specific creep, drying creapdcreep coefficiert

9. List the most important factors that affect drying shrinkage and creep, and discuss when the effects are similar or
opposite.

10. Which factors affect creep only, and why?
11. What is the significance of the tertheoretical thickness
12. Beside the magnitude of shrinkage strain, which other factors determine the risk of cracking in a concrete element?

13. What is the usefulness of thextensibilityconcept? Why would high-strength concrete be more prone to cracking
than low-strength concrete?

14. Ideally, from the standpoint of crack resistance, a concrete should have low shrinkage and high extensibility. Give
examples to show why this may not be possible to achieve in practice.

15. What is the significance of tensile strain capacity? How can you determine it?

SUGGESTIONS FOR FURTHER STUDY
ACI, Designing for Creep and Shrinkage in Concrete Struct8€s76, 1963.
Brooks, A.E., and K. Newman, ed3he Structure of Concret®roc. Int. Conf., London, Cement and Concrete Associa-
tion, Wesham Springs, Slough, U.K., pp. 82-92, 176-89, 319-447, 1968.
Carlson, R.W., D.L. Houghton, and M. Polivka, “Causes and Control of Cracking in Unreinforced Mass Contrete”,
ACI, Proc., Vol. 76, No. 7, pp. 821-37, 1979.
Neville, A.M., and Brooks, J.JGoncrete Technology.ongman Scientific and Technical Publ., Chapters 12 and 13, 1987.
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CHAPTER D

Durability

durability problems affecting concrete structures in field
practice.

PREVIEW

Designers of concrete structures have been mostly in- DEFINITION o ) .
terest in the strength characteristics of the material; fora A long service life is considered synonymous with
variety of reasons, they must now become durability con- durability. Since d_urablllty under one set of condltlons_
scious. Whereas properly constituted, placed, and cureddoes not nece_ssarlly mean durability under another,_ it is
concrete enjoys a long service life under most natural and CUstomary to include a general reference to the environ-
industrial environments, premature failures of concrete Ment when defining durability. According to ACI Com-
structures do occur and they provide valuable lessons forMittee 201 durability of portiand cement concrete is de-
control of factors responsible for lack of durability. fined asits _ab|I|ty to resist weathering action, <_:herr_1|cal at-

Water is generally involved in every form of deterio- fcack, abrasion, or any _other process qf deter|orat|on;_ that
ration, and in porous solids permeability of the material to 1S, durable concrete will retain its original form, quality,
water usually determines the rate of deterioration. There- @nd serviceability when exposed to its environment.
fore, at the beginning of this chapter the structure and ~ No material is inherently durable; as a result of en-
properties of water are described with special reference vironmental interactions the microstructure and, conse-
to its destructive effect on porous materials; then factors quently, the properties of materials change with time. A
controlling the permeability of cement paste, aggregates, material is assumed to reach the end of service life when
and concrete, are presented. its properties under given conditions of use have deterio-

Physical effects that adversely influence the durability rated to an extent that the continuing use of the material is
of concrete include surface wear, cracking due to crystal- ruled either unsafe or uneconomical.
lization pressure of salts in pores, and exposure to temper-
ature extremes such as frost or fire. Deleterious chemical
effects include leaching of the cement paste by acidic so- SIGNIFICANCE
lutions, and expansive reactions involving sulfate attack, It is generally accepted now that in designing struc-
alkali-aggregate attack, and corrosion of the embeddedtures the durability characteristics of the materials under
steel in concrete. The significance, physical manifesta- consideration should be evaluated as carefully as other as-
tions, mechanisms, and control of various causes of con-pects such as mechanical properties and initial cost. First,
crete deterioration are discussed in detail. there is a better appreciation of the socioeconomic impli-

In the end, special attention is given to performance of cations of durability. Increasingly, repair and replacement
concrete in seawater. Since numerous physical and chem-<osts of structures arising from material failures have be-
ical causes of deterioration are simultaneously at work, come a substantial portion of the total construction bud-
a study of the behavior of concrete in seawater provides get. For example, it is estimated that in industrially de-
an excellent opportunity to appreciate the complexity of veloped countries over 40 percent of the total resources
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of the building industry are applied to repair and main- deterioration are so closely intertwined and mutually re-
tenance of existing structures, and less than 60 percentinforcing that even separation of the cause from the ef-
to new installations. The escalation in replacement costsfect often becomes impossible. Therefore, a classification
of structures and the growing emphasis of life-cycle cost of concrete deterioration processes into neat categories
rather than first cost are forcing engineers to become dura-should be treated with some care. Since the purpose of
bility conscious. Next, there is a realization that a close such classifications is to explain, systematically and indi-
relation exists between durability of materials and ecol- vidually, the various phenomena involved, there is a ten-
ogy. Conservation of natural resources by making ma- dency to overlook the interactions when several phenom-
terials last longer is, after all, an ecological step. Also, ena are present simultaneously.

the uses of concrete are being extended to increasingly

hostile environments, such as offshore platforms in the

North Sea, containers for handling liquefied gases at cryo- WATER AS AN AGENT OF DETERIORATION

genic tempe_ratures, ano! high-pressure reaction vessels in Concrete is not the only material that is vulnerable to
the nuclear industry. Failures of offshore steel structures physical and chemical processes of deterioration associ-

It?] Nr? rway, N(;wfoundland antd Brazn_s?o&/veihthat bOtth ated with water. Therefore it will be desirable to review,
€ human and economic cosls associated with prematurg,, general, the characteristics of water that make it the

and sudden failure of the material of construction can be principal agent of destruction of materials.

very high! .
In the form of seawater, groundwater, rivers, lakes,
rain, snow, and vapor, water is undoubtedly the most
GENERAL OBSERVATIONS abundant fluid in nature. Being small, water molecules
Before a discussion of important aspects of durabil- are capable of penetrating extremely fine pores or cavities.
ity of concrete, a few general remarks on the subject will As a solvent, water is noted for its ability to dissolve more
be helpful. Firstwater, which is the primary agent of  substances than any other known liquid. This property
both creation and destruction of many natural materials, accounts for the presence of many ions and gases in some
happens to be central to most durability problems in con- waters, which, in turn, become instrumental in causing
crete. In porous solids, water is known to be the cause chemical decomposition of solid materials. It may also
of many types ophysical processes of degradatioks a be noted that water has the highest heat of vaporization
vehicle for transport of aggressive ions, water can also be among the common liquids; therefore, at ordinary tem-
a source othemical processes of degradatioBecond, peratures it has a tendency to remain in a material in the
the physical-chemical phenomena associated with waterliquid state, rather than to vaporize and leave the material
movements in porous solids are controlled by peeme- dry.

abl“ty of the solid. For inStance, the rate of chemical de- In porous solids, internal movements, and Changes of
terioration would depend on whether the chemical attack strycture of water are known to cause disruptive volume
is confined to the surface of concrete, or whether it is also Changes of many types. For examp|e, freezing of water
at work inside the material. Third, the rate of deterio- nto ice, formation of ordered structure of water inside
ration is affected by the type of concentration of ions in  fine pores, development of osmotic pressure due to dif-
water and by the chemical composition of the solid. Un- ferences in ionic concentration, and hydrostatic pressure
I|_ke natural rocks a_nd mme_ralsoncrete is a basic mate-  puildup by differential vapor pressures can lead to high in-
rial (because alkaline calcium compounds constitute the ternal stresses within a moist solid. A brief review of the

hydration products of portland cement paste); therefore, structure of water will be useful for understanding these
acidic waters are expected to be particularly harmful to phenomena.

concrete.

Most of our knowledge of physical-chemical pro-
cesses responsible for concrete deterioration comes fromotructure of Water
case histories of structures in the field, because it is diffi- The H-O-H molecule is covalent bonded. Due to dif-
cultin the laboratory to simulate the combination of long- ferences in the charge centers of hydrogen and oxygen,
term conditions normally present in real life. However, in the positively charged proton of the hydrogen ion belong-
practice, deterioration of concrete is seldom due to a sin- ing to a water molecule attracts the negatively charged
gle cause; usually, at advanced stages of material degra€lectrons of the neighboring water molecules. This rela-
dation more than one deleterious phenomena are foundtively weak force of attraction, called tigdrogen bound
at work. In general, the physical and chemical causes of is responsible for therdered structure of water

1on March 27, 1980, Alexander Kjeland, a steel structure drilling platform off the coast of Stavanger (North Sea) failed suddenly, resulting in the
death of 123 persons. Shortly after this incident an offshore oil-drilling steel structure collapsed near Newfoundland, causing the death of 64 persons.
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The highest manifestation of the long-range order in nal movement, a concrete will not be vulnerable to water-
the structure of water due to hydrogen bonding is seen related destructive phenomena, provided that there is a lit-
in ice (Fig. 5-1a). Each molecule of water in ice is sur- tle or no evaporable water left after drying and provided
rounded by four molecules such that the group has onethat the subsequent exposure of the concrete to the envi-
molecule at the center and the other four at the cornersronment does not lead to resaturation of the pores. The
of a tetrahedron. In all three directions the molecules latter, to a large extent, depends on the hydraulic conduc-
and groups of molecules are held together by hydrogen tivity, which is also known as the coefficient of permeabil-
bonding. Ice melts at"@ when approximately 15 percent ity (K). Note that in concrete technology it is a common
of the hydrogen bonds break up. As a result of the par- practice to drop the adjective and refeosimply as the
tial breakdown in directionality of the tetrahedral bond, permeability.
each water molecule can acquire more than four nearest Garboczi has reviewed several theories which at-
neighbors, the density thus rising from 0.917 to 1. The tempt to relate the microstructural parameters of cement
reversibility of the process accounts for the phenomenon products with either diffusivity (the rate of diffusion of
that liquid water, on solidification, expands rather than ions through water-filled pores) or permeability (the rate
shrinks. of viscous flow of fluids through the pore structure). For

Compared to the structure of ice, water at room tem- Materials like concrete, with numerous microcracks, a sat-

perature has approximately 50 percent of the hydrogen isfactorypore structure transport property factas diffi-
bonds broken. Materials in the broken-bond state have Ccult to determine due to unpredictable changes in the pore
unsatisfied surface charges, which give rise to surface en-Structure on penetration of an external fluid. Note that the
ergy. The surface energy in liquids causes surface ten-pore structure transport property of the material is chang-
sion, which accounts for the tendency of a large number ing continuously because of ongoing cycles of narrowing
of molecules to adhere together. Itis thigh surface ten- ~ and widening of pores and microcracks from physical-
sion of water(defined as the force required to pull the chemical interactions between the penetrating fluid and
water molecules apart) which prevents it from acting as the minerals of the cement paSte. ACCOfding to GarbOCZi,

an efficient plasticizing agent in concrete mixtures until for a variety of reasons the diffusivity predictions need
suitable admixtures are added @9). more development and validation before their practical

usefulness can be proven. For practical purposes, there-

bonding in micropores is known to cause expansion in .fo're,lln thls text only permegblllty if discussed. However,
_it is implied that the term, in a crude sense, covers the

many systems. In solids the surface energy due to un _ )
satisfied charges depends on the surface area; therefore(,)Versall ﬂwd_t_ran_sport_property of the material.
the surface energy is high when numerous fine pores are, Permeability is defme_d as the property that governs
present. If water is able to permeate such micropores,the rate of flow of a.ﬂl.“d Into a porous ‘?‘O“d' _aneady-
and if the forces of attraction at the surface of the pores state flow the coe:ffluent Of. permeabilityK) is deter-
are strong enough to break down the surface tension ofm'ned from Darcy’s expression:
bulk water and orient the molecules to an ordered struc- dq AHa
ture (analogous to the structure of ice), this oriented or at
ordered water, being less dense than bulk water, will re-
quire more space and will therefore tend to cause expan-wheredq/dt is the rate of fluid flow,u viscosity of the
sion (Fig. 5-1b). fluid, AH the pressure gradien the surface area, and
the thickness of the solid. The coefficient of permeability
of a concrete to gases or water vapor is much lower than
PERMEABILITY the coefficient for liquid water; therefore, tests for mea-

In concrete, the role of water has to be seen in a proper surement of permeability are generally carried out using
perspective because, as a necessary ingredient for the CéNater that has no dissolved air. Unless otherwise Stated,
ment hydration reaction and as a plasticizing agent for the the data in this chapter pertain to permeability of concrete
components of concrete mixtures, water is present from t0 pure water. It may also be noted that due to their inter-
the beginning_ Gradua”y, depending on the ambient con- action with cement paste the permeabilitieS of solutions
ditions and the thickness of a concrete element, most of containing ions would be different from the water perme-
the evaporable water in concrete (all the capillary water ability.
and a part of the absorbed water2) will be lost leaving
the pores empty or unsaturated. Since it is the evaporablePermeability of Cement Paste
water which is freezable and which is also free for inter- In a hydrated cement paste, the size and continuity of

Formation oforiented structuresf water by hydrogen

Lu

2E J. GarbocziCement and Concrete Researbbl. 20, No. 4, pp. 591-601, 1990.
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the pores at any point during the hydration process would typical cement pastes in hardened concrete, the volume of
control the coefficient of permeability. As discussed ear- pores in most natural aggregates is usually under 3 percent
lier (p. ??), the mixing water is indirectly responsible and rarely exceeds 10 percent. It is expected, therefore,
for permeability of the hydrated cement paste because itsthat the permeability of aggregate would be much lower
content determines first the total space and subsequentiythan that of the typical cement paste. This may not nec-
the unfilled space after the water is consumed by either essarily be the case. From the permeability data of some
cement hydration reactons or evaporation to the environ- natural rocks and cement pastes (Table 5-2) it appears that
ment. The coefficient of permeability of freshly mixed the coefficients of permeability of aggregates are as vari-
cement paste is of the order of 10to 10> cm/sec; able as those of hydrated cement pastes of water/cement
with the progress of hydration as the capillary porosity de- ratios in the range 0.38 to 0.71.

creases, so does the coefficient of permeability (Table 5-  Whereas the coefficient of permeability of most mar-
1), but there is no direct proportionality between the two. ple, traprock, diorite, basalt, and dense granite may be
For instance, when the capillary porosity decreases from of the order of 1 to 10« 1012 cm/sec, some varieties

40 percent to 30 percent (Fig. 2-11), the coefficient of of granite, limestone, sandstones, and cherts show values
permeability drops by a much greater amount (i.e., grow that are higher by two orders of magnitude. The reason
about 110 to 20« 10'2 cm/sec). However, a further de-  some aggregates, with as low as 10 percent porosity, may
crease in the porosity from 30 percent to 20 percent would have much higher permeability than cement pastes is be-
bring about only a small drop in permeability. This is cause the size of capillary pores in aggregates is usually
because, in the beginning, as the cement hydration pro-much larger. Most of the capillary porosity in a mature
cess progresses even a small decrease in the total capillargement paste lies in the range 10 to 100 nm, while pores
porosity is associated with considerable segmentation ofin aggregates are, on the average, larger tham 1.

large pores, thus greatly reducing the size and number ofwith some cherts and liestones the pore size distribution
channels of flow in the cement paste. Typically, about 30 involves a considerable content of finer pores; therefore,
percent capillary porosity represent a point when the in- permeability is low but the aggregates are subject to ex-
terconnections between the pores have already become sgansion and cracking associated with sluggish moisture
tortuous that a further decrease in the porosity of the pastemovement and resulting hydrostatic pressure.

is not accompanied by a substantial decrease in the per-
meability coefficient.

In general, when the water/cement ratio is high and
the degree of hydration is low, the cement paste will have
high capillary porosity; it will contain a relatively large
number of big and well-connected pores and, therefore,
its coefficient of permeability will be high. As hydration
progresses, most of the pores will be reduced to small
size (e.g., 100 nm or less) and will also lose their inter-
connections; thus the permeability drops. The coefficient
of permeability of cement paste when most of the capil-
lary voids are small and not interconnected is of the order
of 10712 cm/sec. It is observed that in normal cement
pastes the discontinuity in the capillary network is gener-
ally reached when the capillary porosity is about 30 per-
cent. With 0.4, 0.5, 0.6, and 0.7 water/cement ratio pastes

. . ~the aggregate size, the greater the coefficient of perme-
th'S. generally h_appens_ in3, 14, 180, and 365 da)_/s pf mOIStability. Typically, permeability coefficients for moderate-
curing, respectively. Since the water/cement ratio in most

. : . strength concrete (containing 38 mm aggregate and 356
e e O 104 02 ki cementand an 05 vaterement o), and o
S o - strength concrete used in dams (75 to 150 mm aggregate,
pr|_n_C|paI contribution factor to the coefficient of perme- 148 kg/n? cement, and an 0.75 water/cement ratio) are of
ability. the order of kx10~1%and 30« 10~1% cm/sec, respectively.
The explanation as tahy the permeability of mortar
Permeability of Aggregates or concrete is higher than the permeability of the corre-
Compared to 30 to 40 percent capillary porosity of sponding cement pagiies in microcracks that are present

Permeability of Concrete

Theoretically, the introduction of aggregate particles
of low permeability into a cement paste is expected to re-
duce the permeability of the system (especially with high-
water/cement-ratio pastes at early ages when the capillary
porosity is high) because the aggregate particles should
intercept the channels of flow within the cement paste ma-
trix. Compared to the neat cement paste, therefore, mortar
or concrete with the same water/cement ratio and degree
of maturity should give a lower coefficient of permeabil-
ity. Test data indicate that, in practice, this is not the case.
The two sets of dafain Fig. 5-2 clearly show that the
addition of aggregate to a cement paste or a mortar in-
creases the permeability considerably; in fact, the larger

3The permeability coefficient in SI units is expressed as kgiPsec, which is approximately I& times smaller than the coefficient expressed in
cm/sec.
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in the transition zone between the aggregate and the cefate expansion, alkali-aggregate expansion, and corrosion
ment paste. As stated earlier (p. 22), the aggregate sizeof steel in concrete.

and grading affect the bleeding characteristics of a con- |t needs to be emphasized again that the distinction
crete mixture which, in turn, influence the strength of the petween the physical and chemical causes of deterioration
transition zone. During early hydration periOdS the transi- is purely arbitrary; in practice, the two are frequenﬂy Su-
tion zone is weak and vulnerable to cracking due to differ- perimposed on each other. For example, loss of mass by
ential strains between the cement paste and the aggregatgyrface wear and cracking increases the permeability of
induced generally by drying shrinkage, thermal shrinkage, concrete, which then becomes the primary cause of one or
and externally applied load. The cracks in the transition more processes of chemical deterioration. Similarly, the
zone are too small to be seen by the naked eye, but they argjetrimental effects of the chemical phenomena are physi-
larger in width than most capillary cavities present in the ca|: for instance, leaching of the components of hardened
cement paste matrix, and thus instrumental in establish- cement paste by soft water or acidic fluids would increase
ing the interCOﬂneCtionS, which increase the permeability the porOSity of concrete, thus making the material more
of the system. vulnerable to abrasion and erosion.

_ IOW('jngr:O th_e sllgnn‘lcance offtgetpe_rmetgbmt); to physt- An excellent review of the causes, mechanisms, and
ICal and chemical processes of deterioration of CONCrete, ., g of g types of cracking in concrete is published

which W'””pe descr|beg_|pelcf)w, a brief rﬁwel\(/jv tc))f tlfm:]: | by the ACI Committee 224.Cracking of concrete due to
tSqr contro mghperrgea fityo bglpncrete SI oud € usﬁ u .h normal temperature and humidity gradients was discussed
ince strength and permeability are related to each other;, Chapter 4; deterioration by surface wear, pressure of

thro'ﬁ'gh t_he Chap]illary porr]05|_tyﬂ(F|g. 2’#1)’ as a rf]lrs;c ap- crystallization salts in pores, freeze-thaw cycles, fire, and
proximation the factors that influence the strength of con- - i ,5 chemical processes will be discussed here.

crete (Fig. 3-14) also influence the permeability. A re-

duction in the volume of large (e.g+ 100 nm) capillary

voi'ds in the paste matrix Wogld reduce the permeabilit'y. DETERIORATION BY SURFACE WEAR
This should be possible by using a low water/cement ratio, )
adequate cement content, and proper compaction and cur- Progressive IOS_S of mass from a con_cre_te surface can
ing conditions. Similarly, proper attention to aggregate occur due to abrasion, erosion, and cavitation. The term

size and grading, thermal and drying shrinkage strains, abrasion generally refers to dry at_trition, .such as in the
and avoiding premature or excessive loading are neces-Cas€ Of wear on pavements and industrial floors by ve-
hicular traffic. The ternerosionis normally used to de-

sary steps to reduce the incidence of microcracking in the '™~ : . : e
transition zone, which appears to be a major cause of highscr_Ibe wear bY the abras_lve actlor_1 of fluids conta_lnlng
permeability of concrete in practice. Finally, it should be S!id particles in suspension. Erosion takes place in hy-
noted that the tortuosity of the path of fluid flow that de- draulic structures, for instance on canal lining, spillways,

termines permeability is also influenced by the thickness 2nd Pipes for water or sewage transport. Another possi-
of the concrete element. bility of damage to hydraulic structures is bgvitation,

which relates to loss of mass by formation of vapor bub-
bles and their subsequent collapse due to sudden change

CLASSIFICATION OF CAUSES OF CONCRETE of direction in rapidly flowing water.
DETERIORATION Hardened cement paste does not possess a high resis-
Mehta and Gerwick grouped the physical causes of tance to attrition. Service life of concrete can be seriously
concrete deterioration (Fig. 5-3) into two categories: sur- shortened under conditions of repeated attrition cycles,
face wear or loss of mass due to abrasion, erosion, andespecially when cement paste in the concrete is of high
cavitation; and cracking due to normal temperature and porosity or low strength, and is inadequately protected by
humidity gradients, crystallization pressures of salts in an aggregate which itself lacks wear resistance. Using
pores, structural loading, and exposure to temperature ex-a special test method, Lifound a good correlation be-
tremes such as freezing or fire. Similarly, the authors tween water/cement ratio and abrasion resistance of con-
grouped the chemical causes of deterioration into threecrete (Fig. 5-4a). Accordinglyfor obtaining abrasion
categories: (1) hydrolysis of the cement paste componentsresistance concrete surfagesCl Committee 201 recom-
by soft water; (2) cation-exchange reactions between ag-mends that in no case should the compressive strength
gressive fluids and the cement paste; and (3) reactionsof concrete be less than 4000 psi (28 MPa). Suitable
leading to formation of expansive products, such as in sul- strengths may be attained by a low water/cement ratio,

4p.K. Mehta and B.C. Gerwick, JGoncr. Int, Vol. 4, No. 10, pp. 45-51, 1982.
5ACI Report 224R-90, Manual of Concrete Practice, Part 3, 1991.
6T.C. Liu, J. Aci Proc., Vol. 78, No. 5, p. 346, 1981.
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proper grading of fine and coarse aggregate (limit the tance to steady high-velocity flow of clear water, non-
maximum size to 25 mm), lowest consistency practicable linear flow at velocities exceeding 12 m/sec (7 m/sec in
for proper placing and consolidation (maximum slump 75 closed conduits) may cause severe erosion of concrete
mm; for toppings 25 mm), and minimum air content con- throughcavitation In flowing water, vapor bubbles form
sistent with exposure conditions. when the local absolute pressure at a given point in the
When a fluid containing suspended solid particles is water is reduced to ambient vapor pressure of water core-

in contact with concrete, the impinging, sliding, or rolling SPOnding to the ambient temperature. As the vapor bub-
action of particles will cause surface wear. The rate of Ples flowing downstream with water enter a region of
surface erosion will depend on the porosity or strength of Nigher pressure, they implode with great impact because
concrete, and on the amount, size, shape, density, hard®f the entry of high-velocity water into the previously
ness, and velocity of the moving particles. It is reported YaPOr-occupied space, thus causing severe local pitting.
that if the quantity and size of solids is small, for exam- Therefore, th_e con.crete surface affected by cavitation is
ple, silt in an irrigation canal, erosion will be negligible Irégular or pitted, in contrast to the smoothly worn sur-
at bottom velocities up to 1.8 m/sec (velocity at or above face by erosion from suspended solids. Also, in contrast
which a given particle can be transported). Wisemere [0 €rosion or abrasion, a strong concrete may not neces-
erosion or abrasiorconditions exist, it is recommended  Sarily be effective in preventing damage due to cavitation;
that, in addition to the use of hard aggregates, the con-the best solution lies |n'removal of the causes of cavita-
crete should be proportioned to develop at least 6000 psition: such as surface misalignments or abrupt changes of
(41 MPa) compressive strength at 28 days and adequaterSIOpe' _In_ 1984, extensive repairs were needed for the con-
cured before exposure to the aggressive environment. ACICrete lining of a tunnel of the Glen Canyon Dam (Fig.
Committee 201 recommends at least 7 days of continuous>-4P); the damage was caused by cavitation attributable

moist curing after the concrete has been finished. to surface irregularities in the lining. _
Test methods for the evaluation of wear resistaotce

concrete are not always satisfactory, because simulation

hat th ¢ ohvsical attriti ¢ of the field conditions of wear is not easy in the labora-
that the process of physical attrition of concrete occurs at tory. Therefore, laboratory methods are not intended to

the surface; hence particular attention should be paid to provide a quantitative measurement of the length of ser-

ensure that at least the concrete at the surface is of highy;c 4 may be expected from a given concrete surface;
quality. To reduce the formation of a weak surface called they can be used to evaluate the effects of concrete ma-

laitance (;he term is used for a layer gf gnesdfri)m ﬁe' terials and curing or finishing procedures on the abrasion
ment and aggregate), it is recommended to delay float- cict” "o of concrete.

ing and trowelling until the concrete has lost its surface ASTM C 779 describes three optional methods for
bleed water. Heavy-duty industrial floors or pavements testing the relative abrasion resistance of horizontal con-

may .be' designed to have a 25- to 75-mm—th|ck topplr)g, crete surfaces. In the steel-ball abrasion test, load is ap-
_con3|st|ng of a low water/cement rat_lo conc_rete contain- plied to a rotating head containing steel balls while the
"}g hardl aggregt;at/e of 12;{5 ”t]'m maX|mL1m tS|ze: BeCaus’eabraded material is removed by water circulation; in the
of very low watericement ratio, concrete toppings con- dressing wheel test, load is applied through rotating dress-
taining Iatgx a_dmlxtur.es or superplas'uuzmg adm|xtur§s ing wheels of steel; and in the revolving-disk test, revolv-
areibecommg increasingly popglar forabrgsmn or erosion ing disks of steel are used in conjunction with a silicon
resitancea All_so, ]:[he use of mltne_ratl adrr:_lxtures, S[;Jf? 3Scarbide abrasive. In each of the tests, the degree of wear
;on_dense stica umg,tprifsein Sd'n te_res_lnt%] possi '_'t'esf'can be measured in terms of weight loss after a speci-
esl e;s caft:smg a stu stan |athre fuc 'r?n n etporosly-o fied time. ASTM C 418 describes the sadblast test, which
concrete aI e(rj ”?Ot's curlnlg], N rest ctcj)lncrdg € COF': aN- covers determination of the abrasion resistance character-
INg mineral acmixtures 1S less prone 10 DIEEING. RESIS- 4405 of concrete by subjecting it to the impingement of
tance to deterioration by permeating fluids and reduction airdriven silica sand. There are no satisfactory tests for

n Elustlnfg dufe to f;l]ttrlgon_ can allst(_) be ?ch|e\1led bydappll- erosion resistance. Due to a direct relationship between
cation of surtace-hardening solutions 10 WeIl-CUred New . oy, qion and erosion resistance, the abrasion resis-

floors or apraded old floors. Solu.t|ons mqst commpnly tance data can be used as a guide for erosion resistance.
used for this purpose are magnesium or zinc fluosilicate

or sodium silicate, which react with calcium hydroxide
present in portland cement paste to form insoluble reac- cRACKING BY CRYSTALLIZATION OF SALTS IN
tion products, thus sealing the capillary pores at or near porgs

the surface.

As to additional measures for improving the durabil-
ity of concrete to abrasion or erosioit should be noted

ACI Committee 201 cites evidence that a purely phys-
While good-quality concrete shows excellent resis- ical action (not involving chemical attack on the cement)
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of crystallization of the sulfate salts in the pores of con- curving around two of the four corners of the slab). This
crete can account for considerable damage. For instancetype of cracking is described by tiecracking. The dif-
when one side of a retaining wall or slab of a permeable ferent types of concrete deterioration due to frost action
concrete is in contact with a salt solution and the other are shown by the photographs in Fig. 5-5.

sides are subject to evaporation, the material can deterio-  Air entrainment has proved to be an effective means
rate by stresses resulting from the pressure of salts crys-of reducing the risk of damage to concrete by frost ac-
tallizing in the pores. In many porous materials the crys- tion. The mechanisms by which frost damage occurs in
tallization of salts from supersaturated solutions is known the cement paste and are entrainment is able to prevent
to produce pressures that are large enough to cause crackthe damage are described below.

ing. In fact, moisture effects and salt crystallization are

believed to be the two most damaging factors in the decay grost Action on Hardened Cement Paste

of historic stone monuments. Powers aptly described the mechanisms of frost action
Crystallization from a salt solution can occur only in cement paste, and also explained why air entrainment
when the concentration of th€) exceeds the saturation was effective in reducing expansions associated with the
concentration(Cs) at a given temperature. As a rule, the phenomenon:
higher theC/Cs ratio (or degree of supersaturation), the
greater the crystallization pressure. Winkleetermined
the crystallization pressures for salts that are commonly
found in pores of rocks, stones, and concrete; these pres-
sures, calculated from the density, molecular weight, and
molecular volume for £ /Cs ratio of 2, are shown in Ta-
ble 5-3. At this degree of supersaturating, NaCl (Halite)
crystallizing at 0C, 25 C, and 50C produces 554, 605,
and 654 atm pressure, respectively. The stress is strong
enough to disrupt most rocks. When the degree of super-
saturation is 10, the calculated crystallization pressure is
1835 atm at 0C, and 2190 atm at 5C.

When water begins to freeze in a capillary cavity, the
increase in volume accompanying the freezing of
the water requires a dilation of the cavity equals
to 9% of the volume of frozen water, or the forc-
ing of the amount of excess water out through the
boundaries of the specimen, or some of both effects.
During this procesdyydraulic pressurés generated
and the magnitude of that pressure depends on the
distance to an “escape boundary”, the permeability
of the intervening material, and the rate at which ice
is formed. Experience shows that disruptive pres-
sures will be developed in a saturated specimen of
paste unless every capillary cavity in the paste is

DETERIORATION BY FROST ACTION

In cold climates, damage to concrete pavements, re-
taining walls, bridge decks, and railing attributable to

not farther than three or four thousandths of an inch
from the nearest escape boundary. Such closely
space boundaries are provided by the correct use of
a suitable air-entraining ageht.

frost action (freeze-thaw cycles) is one of the major prob-

lems requiring heavy expenditures for repair and replace-  powers's data and a diagrammatic representation of
ment. The causes of deterioration of hardened concrete byhig hypothesis are shown in Fig. 5-6. During freezing to
frost action can be related to the complex microstructure _4°C, the saturated cement paste specimen containing
of the material; however, the deleterious effect depends ng entrained air elongated about 1600 millionths, and on
not only on characteristics of the concrete but also on spe-thawing to the original temperature about 500 millionths
cific environmental conditions. Thus a concrete that is permanent elongation (Fig. 5-6a) was observed. The
frost resistant under a given freeze-thaw condition can be specimen containing 2 percent entrained air showed about
destroyed under a different condition. 800 millionths elongation on freezing, and a residual elon-
The frost damage in concrete can take several forms. gation of less than 50 millionths on thawing (Fig. 5-6b).
The most common isracking and spallingof concrete The specimen containing 10 percent entrained air showed
that is caused by progressive expansion of cement pastno appreciable dilation during freezing and no residual di-
matrix from repeated freeze-thaw cycles. Concrete slabslation at the end of the thawing cycle. Also, it may be
exposed to freezing and thawing in the presence of mois- noted that the air-entrained paste showed contraction dur-
ture and deicing chemicals are susceptibledaling(i.e., ing freezing (Fig. 5-6¢). A diagrammatic illustration of
the finished surface flakes or peels off). Certain coarse Powers’s hypothesis is shown in Fig. 5-6d.
aggregates in concrete slabs are known to cause cracking, Powers also proposed that, in addition to hydraulic
usually parallel to joints and edges, which eventually ac- pressure caused by water freezing in large cavities, the
quires a pattern resembling a large capital letter D (cracks osmotic pressureesulting from partial freezing of solu-

7E.M. Winkler, Stone: Properties, Durability in Man’s Environme&pringer-Verlag, New York, 1975. p. 120.
8T.C. PowerThe Physical Structure and Engineering Properties of Concitiéletin 90, Portland Cement Association, Skokie, Ill., 1958.
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tions in capillaries can be another source of destructive urated porous bodies may not necessarily lead to mechan-
expansions in cement paste. Water in the capillaries is notical damage. Mechanical damage occurs when the rate
pure; it contains several soluble substances, such as alkaef moisture transport is considerably less than demanded
lies, chlorides, and calcium hydroxide. Solutions freeze at by the conditions (e.g., a large temperature gradient, low
lower temperatures than pure water; generally, the higher permeability, and high degree of saturation).

the concentration of a salt in a solution, the lower the
freezing point. The existence of local salt concentration
gradients between capillaries is envisaged as the sourc
of osmotic pressure.

It may be noted that during frost action on cement
epaste, the tendency for certain regions to expand is bal-
anced by other regions that undergo contraction (e.g., loss
The hydraulic pressure due to an increase in the spe-f)f ads.orbediwater from C-S-H). The net effect_on a spec-

imen is, obviously, the result of the two opposite tenden-

cific V°'””.‘e of water on freezing in large gawugs, and cies. This satisfactorily explains why the cement paste
the osmotic pressure due to salt concentration differences

in th re fluid. do not r 1o be the onl fcontaining no entrained air showed a large elongation
€ pore Tluid, do not appear to be the only Causes o (Fig. 5-6a), while the cement paste containing 10 percent
expansion of cement pastes exposed to frost action. Ex-

. . entrained air showed contraction during freezing (Fig. 5-
pansion of cement paste specimens was obserseeh 9 g (Fig

6C).

when benzene, which contracts on feezing, was used as a
pore fluid instead of water.

Analogous to the formation of ice lenses in soit;a- Frost Action on Aggregate
illary effect'C involving large-scale migration of water
from small pores to large cavities, is believed to be the
primary cause of expansion in porous bodies. According
to the theory advanced by Litvan the rigidly held water
by the C-S-H (both interlayer and adsorbed in gel pores)
in cement paste cannot rearrange itself to form ice at the
normal freezing point of water because the mobility of
water existing in an ordered state is rather limited. Gener-
ally, the more rigidly a water is held, the lower will be the
freezing point. It may be recalled (@7) that three types
of water are physically held in cement paste; in order of
increasing rigidity these are the capillary water in small
capillaries (10 to 50 nm), the adsorbed water in gel pores,
and the innerlayer water in the C-S-H structure. From the standpoint of lack of durability of concrete to

It is estimated that water in gel pores does not freeze frost action, which can be attributed to the aggregate, Ver-
above—78C. Therefore, when a saturated cement paste beck and Landgrer proposed three classes of aggregate.
is subjected to freezing conditions, while the water in In the first category are aggregateslofv permeability
large cavities turns into ice the gel pore water continues to and high strength, so that on freezing of water the elas-
exist as liquid water in a supercooled state. This creates atic strain in the particle is accommodated without causing
thermodynamic disequilibrium between the frozen water fracture. Inthe second category are aggregategerdme-
in capillaries, which acquires a low-energy state, and the diate permeabilitythat is, those having a significant pro-
supercooled water in gel pores, which is in a high-energy portion of the total porosity represented by small pores of
state. The difference in entropy of ice and supercooled the order of 500 nm and smaller. Capillary forces in such
water forces the latter to migrate to the lower-energy sites small pores cause the aggregate to get easily saturated and
(large cavities), where it can freeze. This fresh supply of to hold water. On freezing, the magnitude of pressure de-
water from the gel pores to the capillary pores increases veloped depends primarily on the rate of temperature drop
the volume of ice in the capillary pores steadily until there and the distance that water under pressure must travel to
is no room to accommodate more ice. Any subsequentfind an escape boundary to relieve the pressure. Pressure
tendency for the supercooled water to flow toward the ice- relief may be available either in the form of any empty
bearing regions would obviously cause internal pressure pore within the aggregate (analogous to entrained air in
and expansion of the system. Further, according to Lit- cement paste) or at the aggregate surface. The critical dis-
van, the moisture transport associated with cooling of sat- tance for pressure relief in a hardened cement past if of the

Depending on how the aggregate responds to frost ac-
tion, a concrete containing entrained air in the cement
paste matrix can still be damaged. The mechanism un-
derlying the development of internal pressure on freezing
a saturated cement paste is also applicable to other porous
bodies; this includes aggregates produced from porous
rocks, such as certain cherts, sadstones, limestones, and
shales. Not all porous aggregates are susceptible to frost
damage; the behavior of an aggregate particle when ex-
posed to freeze-thaw cycles depends primarily on the size,
number, and continuity of pores (i.e., on pore size distri-
bution and permeability).

9J.J. Beaudoin and C. McInni§em. Concr. ResVol. 4, pp. 139-48, 1974.
10y. Meier and A.B. HarnikCem. Concr. ResVol. 8, pp. 545-51, 1978.
11G.G. Kitvan,Cem. Concr. ResVol. 6, pp. 351-56, 1976.
12G.J. Verbeck and R. LandgreRroc. ASTM No. 60, pp. 1063-79, 1960.
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order of 0.2 mm; itis much greater for most rocks because In each case, however, the outcome is controlled actually
of their higher permeability than cement paste. by the interaction of several factors, such as the location

These considerations have given rise to the concept of of escape boundaries (the distance by which water has to
critical aggregate sizevith respect to frost damage. With  travel for pressure relief), the pore structure of the sys-
a given pore size distribution, permeability, degree of sat- tem (size, number, and continuity of pores), the degree of
uration, and freezing rate, a large aggregate may causesaturation (amount of freezable water present), the rate of
damage but smaller particles of the same aggregate wouldcooling, and the tensile strength of the material that must
not. For example, when 14-day-old concrete specimensbe exceeded to cause rupture. As discussed below, provi-
containing a 50:50 mixture of varying sizes of quartz and sion of escape boundaries in the cement paste matrix and
chert used as coarse aggregate were exposed to freezgnodification of its pore structure are the two parameters
thaw cycles, those containing 25- to 12-mm chert required that are relatively easy to control; the former can be con-
183 cycles to show a 50 percent reduction in the modulus trolled by means of air entrainment in concrete, and the
of elasticity, compared to 448 cycles for similarly cured latter by the use of proper mix proportions and curing.
concretes containing 12- to 5-mm chét. Air entrainment. It is not the total air, but void

There is no single critical size for an aggregate type spacing of the order of 0.1 to 0.2 mm within every point in
because this will depend on freezing rate, degree of sat-the hardened cement, which is necessary for protection of
uration, and permeability of the aggregate. The perme- concrete against frost damage. By adding small amount
ability plays a dual role: first, it determines the degree of certain air-entraining agents to the cement paste (e.g.,
of saturation or the rate at which water will be absorbed 0.05% by weight of the cement) it is possible to incor-
in a given period of time; and second, it determines the porate 0.05- to 1-mm bubbles. Thus, for a given volume
rate at which water will be expelled from the aggregate on of air depending on the size of air bubbl¢be number
freezing (and thus the development of hydraulic pressure). of voids, void spacing, and degree of protection against
Generally, when aggregates larger than the critical size arefrost action can vary a great deal. In one experintér,
present in a concrete, freezing is accompaniegby- to 6 percent air was incorporated into concrete by using
outs, that is, failure of the aggregate in which a part of the one of five different air-entraining agents. Agents A, B,
aggregate piece remains in the concrete and the other parD, E, and F produced 24,000, 49,000, 55,000, 170,000,
comes out with the mortar flake. and 800,000 air voids per cubic centimeter of hardened

Aggregates of high permeabiljtwhich generally con-  cement paste, and the corresponding concrete specimens
tain a large number of big pores, belong to the third cate- required 29, 39, 82, 100, and 550 freeze-thaw cycles to
gory. Although they permit easy entry and egress of wa- show 0.1 percent expansion, respectively.

ter, they are capable of causing durability problems. This Although the volume of entrained air is not a suffi-
is because the transition zone between the aggregate surgient measure for protection of concrete against frost ac-
face and the cement paste matrix may be damaged whenjon, assuming that mostly small air bubbles are present, it
water under pressure is expelled from an aggregate parti-is the easiest criterion for the purpose of quality control of
cle. In such cases, the aggregate particles themselves argoncrete mixtures. Since the cement paste content is gen-
not damaged as a result of frost action. Incidentally, this erally related to the maximum aggregate size, lean con-
shows why the results form freeze-thaw and soundnesscretes with large aggregates have less cement paste than
tests on aggregate alone are not always reliable in predict-rich concretes with small aggregates; therefore, the latter
ing its behavior in concrete. would need more air entrainment for an equivalent degree
It is believed that in concrete pavements exposed to of frost resistance. Total air contents specified for frost
frost action, some sandstone or limestone aggregates argesistance, according to the ACI Building Code 318, are
responsible for the D-cracking phenomenon. The aggre- shown in Table 5-4.
gates that are likely to cause D-cracking seem to have a
specificpore-size distributiorthat is characterized by a
large volume of very fine pores (i.e 1 um in diame-
ter).

The aggregate grading also affects the volume of en-
trained air, which is decreased by an excess of very fine
sand particles. Addition of mineral admixtures such as fly
ash, or the use of very finely ground cements, has a simi-
lar effect. In general, a more cohesive concrete mixture is
Factors Controlling Frost Resistance of Concrete able to hold more air than either a very wet or a very stiff

By now it should be obvious that the ability of a con- concrete. Also, insufficient mixing or overmixing, exces-
crete to resist damage due to frost action depends on thesive time for handling or transportation of fresh concrete,
characteristics of both the cement paste and the aggregateand overvibration tend to reduce the air content. For these

13p.L. Bloem,Highway Res. REcNo. 18, pp. 48-60, 1963.
14H. Woods Durability of Concrete ACI Monograph 4, 1968, p. 20.
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reasons, it is recommended that air content should be de-  Strength. Although there is generally a direct re-
termined on concrete as placed, and the adequacy of voidationship between strength and durability, this does not
spacing be estimated by microscopical determination ashold in the case of frost damage. For example, when
described by the ASTM Standard Method C 457. comparing non-air-entrained with air-entrained concrete,

Water/cement ratio and curing. Earlier it was ex- the former may be of higher strength, but the latter will
plained how the pore structure of a hardened cement pastenave a better durability to frost action because of the pro-
is determined by the water/cement ratio and degree of tection against development of high hydraulic pressures.
hydration. In general, the higher the water/cement ratio As a rule of thumb, in medium- and high-strength con-
for a given degree of hydration or the lower the degree cretes, every 1 percent increase in the air content reduces
of hydration for a given water/cement ratio, the higher the strength of concrete by about 5 percent. Without any
will be the volume of large pores in the hydrated cement change in water/cement ratio, a 5 percent air entrainment
paste (Fig. 2-8). Since the readily freezable water re- would, therefore, lower the concrete strength by 25 per-
sides in large pores, it can therefore be hypothesized thatcent. Due to the improved workability as a result of en-
at a given temperature of freezing the amount of freezable trained air, it is possible to make up a part of the strength
water will be more with higher water/cement ratios and at loss by reducing the water/cement ratio a little while
earlier ages of curing. Experimental data of Verbeck and maintaining the desired level of workability. Newerthe-
Klieger confirmed this hypothesis (Fig. 5-7a). The influ- less, air-entrained concrete is generally lower in strength
ence of water/cement ratio on frost resistance of concretethan the corresponding non-air-entrained concrete.
is shown in Fig. 5-7b.

The importance of the water/cement ratio on the frost
resistance of concrete is recognized by building codes. Concrete Scalling
For example, ACI 318-83 requires that normal-weight
concrete subject to freezing and thawing in a moist con- . . ) - .
dition should have a maximum 0.45 water/cement ratio in bined influence of freezing and deicing saftswhich are

the case of curbs, gutters, guardrails, or their sections, andcommonly used to meltice and show from pavements, is

0.50 for other elements. Obviously, these Waterlcementgener"’IIIy lower than its resistance to erSt alone. Many re-
ratio limits assume adequate cement hydration; therefore,s’e"’“chers have observed that the maximum damage to the

at least 7 days of moist curing at normal temperature is g?gg:)elf 433:2(:6823(;;:&“”9 occurs at salt concentrations
recommended prior to frost exposure. P '

Degree of saturation It is well known that dry or According to Harnik et al'® the use of deicing salt
partially dry substances do not suffer frost damage (seehas bhoth negative and positive effects on frost damage,
box). There is a critical degree of saturation above which and the most dangerous salt deterioration is a consequence
concrete is likely to crack and spall when exposed to very of poth effects, the supercooling effect of salt on water
low temperatures. In fact, it is the difference between the (j.e | the lowering of the temperature of ice formation)
critical and the actual degree of saturation that determinesmay be viewed as a positive effect. On the other hand,
the frost resistance of concrete, as explained in Fig. 5-8. the negative effects are: (1) and increase in the degree of
A concrete may fail below the critical degree of saturation saturation of concrete due to the hygroscopic character of
after adequate curing, but depending on the permeability, the salts; (2) an increase in the disruptive effect when the
it may again reach or exceed the critical degree of satu- sypercooled water in pores eventually freezes; (3) the de-
ration when exposed to a moist environment. The role yelopment of differential stresses cause by layer-by-layer
of the permeability of concrete is therefore important in freezing of concrete due to salt concentration gradients;
frost action because it controls not Only the hydraulic preS- (4) temperature ShOCk as a resu't Of dry app"cation Of de_
sure associated with internal water movement on freezing icing salts on concrete covered with show and ice; and (5)
but also the critical degree of saturation prior to freezing. crystal growth in supersaturated solutions in pores. Over-
From the standpoint of frost damage the effect of increase |, the negative effects associated with the application of
in permeability, as a result of cracking due to any physical deicing salts far outweigh the positive effect; therefore,
or chemical causes, should be apparent. the frost resistance of concrete under the combined influ-
ence of freezing and deicing salts is significantly lowered.

Itis known that resistance of concrete against the com-

Bugs do not freeze to death in winter. Some bugs
are able to reduce the water content in their bodies
so that they can hibernate without freezing; others
contain a natural antifreeze in their blood. DETERIORATION BY FIRE

15Typica||y, chlorides of ammonia, calcium, or sodium are used.
16A.B. Harnik, U. Meier, and Alfred Bsli, ASTM STP 691, 1980, pp. 474-84.
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Human safety in the event of fire is one of the con- concrete may take place in the form of surface spalling.
siderations in the design of residential, public, and indus- Spalling occurs when the vapor pressure of steam inside
trial buildings. Concrete has a good service record in this the material increases at a faster rate than the pressure re-
respect. Unlike wood and plastics, concrete is incom- lief by the release of steam into the atmosphere.
bustible and does not emit toxic fumes on exposure to By the time the temperature reaches about80@he
thigh temperature. Unlike steel, when subjected to tem- interlayer C-S-H water, and some of the chemically com-
peratures of the order of 700 to 8@ concrete is able  bined water from the C-S-H and sulfoaluminate hydrates,
to retain sufficient strength for reasonably long periods, would also be lost. Further dehydration of the cement
thus permitting rescue operations by reducing the risk of paste due to decomposition of calcium hydroxide begins
structural collapse. For example, in 1972 when a 31-story at about 500C, but temperatures on the order of 900
reinforced concrete building ind® Paulo (Brazil) was ex-  are required for complete decomposition of the C-S-H.
posed to a high-intensity fire for over 4 hr, more than 500
persons were rescued because the building maintained its=ffect of High Temperature on Aggregate
structural integrity during the fire. It may be noted that The porosity and mineralogy of the aggregate seem
form the standpoint of fire safety of steel structures, a 50- {4 exercise an important influence on the behavior of con-
to-100 mm coating of concrete or any other fire-resisting crete exposed to fire. Porous aggregates, depending on the
material is routinely specified by building codes. rate of heating and aggregate size, permeability, and mois-

As is the case with other phenomena, many factors yyre state, may themselves be susceptible to disruptive
control the response of concrete to fire. CompOSition of expansions |eading to pop-outs of the type described in
concrete is important because both the cement paste anghe case of frost attack. Low-porosity aggregates should,
the aggregate consist of components that decompose omowever, be free of problems related to moisture move-
heating. The permeability of the concrete, the size of the ments.
element, and the rate of temperature rise are importantbe-  sjliceous aggregates containing quartz, such as gran-
cause they govern the development of internal pressuresite and sandstone, can cause distress in concrete at about
from the gaseous decomposition products. Fire tests have573°C pecause the transformation of quartz fraro g
shown that the degree of microcracking, and therefore the form is associated with a sudden expansion of the order

strength of concrete, is also influenced by test conditions of g5 percent. In the case of carbonate rocks, a similar
(i.e., whether the specimens are tested hot and under loadgjstress can begin above P@as a result of the decar-
of after cooling to the ambient humidity and temperature). ponation reaction. In addition to possible phase transfor-
Again, the actual behavior of a concrete exposed to mations and thermal decomposition of the aggregate, the
high temperature is the result of many simultaneously in- response of concrete to fire is influenced in other ways by
teracting factors that are too complex for exacting analy- aggregate mineralogy. For instance, the aggregate miner-
sis. However, for the purpose of understanding their sig- alogy determines the differential thermal expansions be-
nificance, some of the factors are discussed below. tween the aggregate and the cement paste and the ultimate
strength of the transition zone.
Effect of High Temperature on Cement Paste
The effect of increasing temperature on hydrated ce- Effect of High Temperature on Concrete
ment paste depends on the degree of hydration and mois-  Abram’s data’ shown in Fig. 5-9 illustrate the ef-
ture state. A well-hydrated portland cement paste, asfect of short-duration exposure up to 1680(870°C)
described before, consists mainly of calcium silicate hy- on compressive strength of concrete specimens with an
drate, calcium hydroxide, and calcium sulfoaluminate hy- average 3900 psi (27 MPaj/ before the exposure.
drates. A saturated paste contains large amounts of freevVariables includedhggregate typdcarbonate, siliceous,
water and capillary water, in addition to the adsorbed wa- or lightweight expanded shale) artdsting conditions
ter. The various types of water are readily lost on raising (heated unstressed, i.e., without load and tested hot;
the temperature of concrete. However, from the stand- heated with load at stress level that is 40 percent of the
point of fire protection, it may be noted that due to the original strength and tested hot; and tested without load
considerable heat of vaporization needed for the conver- after cooling to ambient temperature).
sion of water into steam, the temperature of concrete will When heated without load and tested hot (Fig. 5-
not rise until all the evaporable water has been removed. 9a), the specimens made with the carbonate aggregate
The presence of large quantities of evaporable water or the sanded lightweight aggregate (60 percent of the
can cause one problem. If the rate of heating is high and fine strengths at temperatures up to 120Qq650C).
the permeability of the cement paste is low, damage to At this temperature, concrete specimens containing the

17M.S. Abrams Temperature and ConcretdCl SP-25, 1973, pp. 33-50.
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siliceous aggregates retained only 25 percent of the orig- pore fluid in portland cement pastes. It is obvious that
inal strength; they had retained 75 percent of the original portland cement concrete would be in a state of chemical
strength up to about 808 (427 C). The superior perfor-  disequilibrium when it comes in contact with an acidic
mance of the carbonate or the lightweight aggregate con-environment.
cretes at the higher temperature of exposure can be due  Theoreticallyany environment with less than 12.5 pH
to a strong transition zone and less difference in the coef- may be branded aggressibecause a reduction of the al-
ficients of thermal expansion between the matrix and the kalinity of the pore fluid would, eventually, lead to desta-
aggregate. bilization of the cementitious products of hydration. Thus,
Strengths of specimens tested hot but loaded in com- from the standpoint of portland cement concrete, most in-
pression (Fig. 5-9b) were up to 25 percent higher than dustrial and natural waters can be categorized as aggres-
those of unloaded companion specimens, but the superiorsive. However, the rate of chemical attack on concrete
performance of carbonate and lightweight aggregate con-will be a function of the pH of the aggressive fluid and
cretes was reaffirmed. However, the effect of aggregate the permeability of concrete. When the permeability of
mineralogy on concrete strength was significantly reduced the concrete is low and the pH of the aggressive water is
when the specimens were tested after cooling t-7ar above 6, the rate of chemical attack is considered too slow
21°C (Fig. 5-9c¢). Microcracking in the transition zone as- to be taken seriously. Free G@ soft water and stagnant
sociated with thermal shrinkage was probably responsible waters, acidic ions such as §Oand CrI in groundwater
for this. and seawater, and*Hin some industrial waters are fre-
In the range 3300 to 6500 pdi (23 to 45 MPa), quently responsible for lowering the pH below 6, which is
Abrams found that the original strength of the concrete considered detrimental to portland cement concrete.
had little effect on the percentage of compressive strength ~ Again, it needs to be emphasized that chemical re-
retained after high-temperature exposure. In a subsequengctions manifest into detrimental physical effects, such
study'8 it was observed that compared to compressive as increase in porosity and permeability, decrease in
strength of the heated specimens, #iastic moduliof strength, and cracking and spalling. In practice, several
concretes made with the three types of aggregate dropped-hemical and physical processes of deterioration act at the
more rapidly as the temperature was increased. For ex-same time and may even reinforce each other. For the
ample, at 304 and 42T, the moduli were 70 to 80 per- purpose of developing a clear understanding, the chemi-
cent and 40 to 50 percent of the original value, respec- cal processes can be divided into three subgroups shown
tively. This can be attributed to microcracking in the tran- in Fig. 5-10, and discussed one at a time. Special atten-
sition zone, which has a more damaging effect on flexural tion will be given to sulfate attack, alkali-aggregate attack,
strength and elastic modulus than on compressive strengthand corrosion of embedded steel, as these phenomena are
of concrete. responsible for deterioration of a large number of con-
crete structures. Finally, the last section of this chapter
is devoted to durability of concrete in seawater, because
DETERIORATION BY CHEMICAL REACTIONS coastal and offshore structures are exposed to a maze of
The resistance of concrete to deterioration processesinterrelated chemical and physical processes of deterio-
triggered by chemical reactions involves generally, but ration, which aptly demonstrate the complexities of con-
not necessarilghemical interactions between aggressive Crete durability problems in practice.
agents present in the external environment and the con-
stituents of the cement pastdmong the exceptions are  Hydrolysis of Cement Paste Components
alkali-aggregate reactions which occur between the alka-  water from ground, lakes, and rivers contains chlo-
lies in cement paste and certain reactive materials whenrides, sulfates, and bicarbonates of calcium and magne-
presentin aggregate, delayed hydration of crystalline CaO sjum; it is generallyhard waterand it does not attack
and MgO if present in excessive amounts in portland ce- the constituents of the portland cement paBiere water
ment, and electrochemical corrosion of embedded steel infrom condensation of fog or water vapor, asaft water
concrete. from rain or from melting of snow and ice, may contain
In a well-hydrated portland cement paste, the solid little or no calcium ions. When these waters come in con-
phase, which is composed primarily or relatively insol- tact with portland cement paste, they tend to hydrolyze or
uble hydrates of calcium (such as C-S-H, CH, and G-A-  dissolve the calcium-containing products. Once the con-
H), exists in a state of stable equilibrium with a high-pH tact solution attains chemical equilibrium, further hydrol-
pore fluid. Large concentrations of NaK*, and OH" ysis of the cement paste would stop. However, in the case
ions account for the high pH value, 12.5 to 13.5, of the of lowing water or seepage under pressure, dilution of the

18C.R. Cruz,J. Res. & Dev.Portland Cement Association, Skokie, IIl., No. 1, pp. 37-45, 1966.
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contact solution will take place, thus providing the con- does not increase the porosity and the permeability of the
dition for continuous hydrolysis. In hydrated portland ce- system.

ment pastes, calcium hydroxide is the constituent that, be-  Due to certain features of tlwarbonic acid attaclon
cause of its relatively high solubility in pure water (1230 cement paste, it is desirable to discuss it further. The typ-
mg/liter), is most susceptible to hydrolysis. Theoretically, ical cation-exchange reactions between carbonic acid and
the hydrolysis of the cement paste continues until most calcium hydroxide present in hydrated portland cement
of the calcium hydroxide has been leached away; this ex- paste can be shown as follows:

poses the other cementitious constituents to chemical de-

composition. Eventually, the process leaves behind sil- Ca(OHY+ H,CO3 — CaCQ+ 2H,0 (5.2)

ica and alumina gels with little or no strength. Results
from two investigations showing strength loss from port-
land cement pastes by leaching of lime are cited by Bic-
zok!? (Fig. 5-18c). In another casé,a concrete that had
lost about a fourth of its original lime content was reduced
to one-half the original strength.

Besides loss of strength, leaching of calcium hydrox-
ide from concrete may be considered undesirable for aes-
thetic reasons. Frequently, the leachate interacts with CO
present in air and results in the precipitation of white
crusts of calcium carbonate on the surface. The phe-
nomenon is known asfflorescence

CaCQ+ COy+ Ho0 = Ca(HCQ),  (5.3)

After the precipitation of calcium carbonate which is in-
soluble, the first reaction would stop unless some free
CQO, is present in the water. By transforming calcium
carbonate into soluble bicarbonate in accordance with the
second reaction, the presence of freeze @ids the hy-
drolysis of calcium hydroxide. Since the second reaction
is reversible, a certain amount of free £Qeferred to as
thebalancingCO;, is need to maintain the reaction equi-
] ] librium. Any freeCO, over and above the balancirg0O,
Cation-Exchange Reactions ~would be aggressive to the cement paste because by driv-
Based on cation exchange, the three types of deleteri-jng the second reaction to the right it would accelerate the
ous reactions that can occur between chemical solutionsproceSS of transformation of calcium hydroxide present
and the components of portland cement paste are as fol-, {he hydrated paste into the soluble bicarbonate of cal-
lows. cium. The balancing C©content of a water depends on

~ Formation of soluble calcium salts Acidic solu- its hardness (i.e., the amount of calcium and magnesium
tions containing anions which form soluble calcium salts present in solution).

are frequently encountered in industrial practice. For
example, hydrochloric, sulfuric, or nitric acid may be
present in effluents of the chemical industry. Acetic,
formic, or lactic acid are found in many food products.

It should be noted that the acidity of naturally occur-
ring water is generally due to the dissolved £fhich is
found in significant concentrations in mineral waters, sea-
. . : . SRA: water, and groundwater when decaying vegetable or ani-
Carbonic acid, HHCOs;, is present i soft drinks; high GO mal wastes are in contact with the water. Normal ground-

corycentraﬂons are al§o found in naturgl'waters.,. The water contain 15 to 40 mg/liter GO however, concentra-
cation-exchange reaction between the acidic solutions andtion of the order of 150 mglliter are not uncommon; sea-
the constituent of portland cement paste give rise to sol- water contains 35 to 60 mg/liter GOAs a rule, when ',[he
uble salts of calcium, such as calcium chloride, calcium pH of groundwater or seawater is 8 orabove' the free CO
acetate, and calcium bicarbonate, which are removed byconcentration is generally negligible; when the pH is be-

leaching. . . . low 7, harmful concentration of free GOnay be present.
Through the cation-exchange reaction, the solutions . . . .
Formation of insoluble and nonexpansive calcium

of ammonium chloridandammonium sulfatewhich are salts. Certain anions when present in aggressive water
commonly found in the fertilizer and agriculture industry, . P 299
may react with cement paste to form insoluble salts of

are able to transform the cement paste components imocalcium' their formation may not cause damage to con-
highly soluble products, for example: ' Y Y

crete unless the reaction product is either expansive (see
2NH4Cl + Ca(OH)y — CaCb+ 2NH4OH.  (5.1) below), or removed by erosion due to flowing solution,
seepage, or vehicular traffic. The products of reaction be-
It should be noted that since both the reaction products tween calcium hydroxide and oxalic, tartaric, tannic, hu-
are soluble, the effects of the attack are more severe thanmic, hydrofluoric, or phosphoric acid belong to the cat-
for instance, MgGl solution, which would form CaGl egory of insoluble, nonexpansive, calcium salts. When
and Mg(OH». Since the latter is insoluble, its formation concrete is exposed to decaying animal waste or vegetable

191, Biczok, Concrete Corrosion and Concrete Protectj@hemical Publishing Company, Inc., New York, 1967, p. 291.
20R.D. Terzaghi, Inc.). AC|, Proc., Vol. 44, p. 977, 1948.
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matter, it is the presence of humic acid that cause chemi-water) endanger concrete and more than 0.5 percent solu-

cal deterioration. ble sulfate in soil (over 2000 mg/liter S0n water) may
Chemical attack by solutions containing magne- have a serious effect.
sium salts Chloride, sulfate, or bicarbonate of magne- Most soils contain some sulfate in the form of gyp-

sium are frequently found in groundwaters, seawater, andsum (typically 0.01 to 0.05 percent expressed ag)SO
some industrial effluents. The magnesium solutions read- this amount is harmless to concrete. The solubility of gyp-
ily react with the calcium hydroxide present in portland sum in water at normal temperatures is rather limited (ap-
cement pastes to form soluble salts of calcium. As dis- proximately 1400 mg/liter Sg). Higher concentrations of
cussed in the next section, Mg&®olution is the most  sulfate in groundwaters are generally due to the presence
aggressive because the sulfate ion can be deleterious tawf magnesium and alkali sulfates. Ammonium sulfate is
the alumina-bearing hydrates present in portland cementfrequently present in agricultural soil and waters. Efflu-
paste. ent from furnaces that use high-sulfur fuels and from the

A characteristic feature of theagnesium ion attack  chemical industry may contain sulfuric acid. Decay of or-
on portland cement paste is that the attack is, eventually, ganic matter in marshes, shallow lakes, mining pits, and
extended to the calcium silicate hydrate, which is the prin- sewer pipes often leads to the formation ofS4 which
cipal cementitious constituent. It seems that on prolonged can be transformed into sulfuric acid by bacterial action.
contact with magnesium solutions, the C-S-H in hydrated According to ACI Committee 201, the water used in con-
portland cement paste gradually loses calcium ions, which crete cooling towers can also be a potential source of sul-
are replaced by magnesium ions. The ultimate product of fate attack because of the gradual buildup of sulfates from
the substitution reaction is a magnesium silicate hydrate, evaporation of the water. Thus it is not uncommon to find
the formation of which is associated with loss of cementi- deleterious concentrations of sulfate in natural and indus-
tious characteristics. trial environments.

Degradation of concrete as a result of chemical reac-
tions between hydrated portland cement and sulfate ions
REACTIONS INVOLVING FORMATION OF EX- from an outside source is known to takeo formsthat
PANSIVE, PRODU_CTS , i . are distinctly different from each other. Which one of the

Chem!cal reaction that involve formation of EXPanSVe  yeterioration processes is predominant in a given case de-
products in hardened concrete can lead to certain harm-po ¢ on the concentration and source of sulfate ions (i.e.,

ful effects. Expansion may, at first, take place without o aqsociated cation) in the contact water and the compo-
any damage to concrete, but increasing buildup of interal i of the cement paste in concrete. Sulfate attack can

stress gvsntuall_y man(;fc;sts I|tself by CIQS?;E of expan5|o? manifest in the form oéxpansiorof concrete. When con-
joints, deformation and displacements n different parts of ;qte cracks, it permeability increases and the aggressive

the structure, cracking, spalling, and pop-outs. The four water penetrates more easily into the interior, thus acceler-

phenomena associated _With expansive chemical reactionsclting the process of deterioration. Sometimes, the expan-
are: sulfate attack, alkali-aggregate attack, delayed hydra-g;, "o concrete causes serious structural problems such

tion of free CaO and MgO, and corrosion of steel in con- 55 yhe displacement of building walls due to horizontal

crete. thrust by an expanding slab. Sulfate attack can also take

the form of aprogressive loss of strength and loss of mass
SULFATE ATTACK due_to deterioration in t.he cohesiveness of the cement hy-
dration products. A brief review of some theoretical as-
pects of sulfate-generated failures, selected case histories,
and control of sulfate attack follows.

A survey’! of 42 concrete structures located along
the Gulf coast of eastern Saudi Arabia showed that most
structures suffered from an undesirably high degree of de-
terioration within a short period of 10 to 15 years; de-
terioration was attributed mainly to two causes: corro- Chemical Reactions Involved in Sulfate Attack
sion of reinforcement and sulfate attack. Sulfate attack Calcium hydroxide and alumina-bearing phases of
on concrete has been reported from many other parts ofhydrated portland cement are more vulnerable to at-
the world, including the Canadian prairie provinces and tack by sulfate ions. On hydration, portland cements
the western United States. In fact, as early as 1936 a con-with more than 5 percent potentiak& 22 will contain
crete construction manual published by the U.S. Bureau most of the alumina in the form of monosulfate hydrate,
of Reclamation warned that concentrations of soluble sul- C3A-CS-H1g. If the C3A content of the cement is more
fates greater than 0.1 percent in soil (150 mg/lite SO than 8 percent, the hydration products will also contain

21Rasheeduzzafar et al., AC|, Proc., Vol. 81, No. 1, pp. 13-20, 1984,
22For cement chemistry abbreviations see Table
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C3A-CH-Hig. In the presence of calcium hydroxide in the stability of the C-S-H in the system is reduced and it
portland cement pastes, when the cement paste comes ifis also attacked by the sulfate solution. The magnesium
contact with sulfate ions, both the alumina-containing hy- sulfate attack is, therefore, more severe on concrete.
drates are converted to the high-sulfate form (ettringite,
C3A-3CSHay: L
Selected Cases Histories
CsA- CS Hig+ 2CH + 25+ 12H — C3A-3CSHaz An interesting case history of sulfate attack by spring
(54) water on Elbe River bridge piers in Magdeburg, East Ger-
many, is reported by Biczol The pier-sinking opera-
= = tion in a closed caisson opened up a spring. The spring
CaA- CH- Hig+ 2CH + 35+ 11H — CaA-3CSHao water contained 2040 mg/liter GO The expansion of the

(5.5) . . )
There is general agreement that the sulfate-related expan—ConCrete lifted the piers by 8 cm in 4 years and caused

. . : X s extensive cracking, which made it necessary to demolish
sions in concrete are associated with ettringite; however, : . :
. . o . and rebuild the piers. Obviously, such occurrences of sul-
the mechanismby which ettringite formation causes ex- . :
T . : fate expansion can be avoided by a thorough survey of
pansion is still a subject of controversy. Exertion of

. oo . environmental conditions, and by providing suitable pro-
pressure by growing ettringite crystals, and swelling due . .
X . ; ; tection against sulfate attack when necessary.

to adsorption of water in alkaline environment by poorly
crystalline ettringite, are two of the several hypotheses  Bellpor® described the experience of the U.S. Bu-
that are supported by most researchers. reau of Reclamation in regard to sulfate attack on hy-

Gypsum formation as a result of cation-exchange re- draulic structures located in Wyoming, Montana, South
actions is also capable of causing expansion. However, it Dakota, Colorado, and California. In some cases, the sol-
has been observétthat deterioration of hardened port- uble sulfate content of soil was as high as 4.55 percent,
land cement paste by gypsum formation goes through aand the sulfate concentration of water was up to 9900
process leading to the reduction of stiffness and strength; mg/liter. Many cases of serious deterioration of concrete
this is followed by expansion and cracking, and eventual structures, 5 to 30 years old, were reported. Research
transformation of the material into a mushy or noncohe- studies showed that sulfate-resisting cements containing 1
sive mass. to 3 percent potential £ performed better than 0 percent

Depending on the cation type present in the sulfate C3A cements, which contained unusually large amounts
solution (i.e., Na or Mg?"), both calcium hydroxide and  of tricalcium silicate (58 to 76 percent).
the C-S-H of portland cement paste may be converted to

As a result of sulfate exposure for 20 years, strength
gypsum by sulfate attack:

loss was reported from concrete structures of the Ft. Peck
NapSQu+ Ca(OHp+ 2H,0 — CaSQ. 2H,0 + 2NaOH Dam in Montana (Fig._ 5-11). Th(_a sulfate content of
(5.6) groundwater.s, due ent!rely tp al_kah sulfates, was up to
10,000 mgl/linter. An investigation of the deteriorated

concrete specimens (Fig. 5-12) showed large amounts of

MgSOy+ Ca(OHp+ 2H,0 — CaSQ- 2H,0 + Mg formed at the expense of the cementitious con-

3MgSQ4+3Ca02Si0- 3H,0 + 8H.0 — stituent normally present in hydrated portland cement

_ . pastes.| Similar cases of sulfate deterioration are re-
3(CaSQ-2H,0) + 3Mg(OH), + 2SIC, (;'27? ported from the prairie soils in western Canada, which

In the first case (sodium sulfate attack), formation of contain as high as 1 1/2% alkali sulfates (groundwaters

sodium hydroxide as a by-product of the reaction ensures_frequently contain 4000 to 9000 mg/liter sulfate). Typ-

the continuation of high alkalinity in the system, which ically, as a consequence of the suliate attack, concrete
is essential for stability of the main cementitious phase was rendered relatively porous or weak and, eventually,
(C-S-H). On the other hand, in the second case (magne-reduce<j to a sandy (noncohesive) mass.

sium sulfate attack) conversion of calcium hydroxide to VerbecK?® reported the results of a long-time investi-
gypsum is accompanied by formation of the relatively in- gation on concrete performance in sulfate soils located at
soluble and poorly alkaline magnesium hydroxide; thus Sacramento, California. Concrete specimens made with

23\1.D. Cohen and B. MatgheAC| Materials Jour, Vol. 88, No. 1, pp. 62-69, 1991.

24p K. Mehta,Cem. Concr. ResVol. 13, No. 3, pp. 401-6, 1983.

25Bjczok, Concrete Corrosion and Concrete Protection

26 p, Bellport, inPerformance of Concreted. E.G. Swenson, University of Toronto Press, Toronto, 1968, pp. 77-92.
277E. Reading, ACI SP 47, 1975; pp. 343-66; and P.K. MehtaCl, Proc., Vol. 73, No. 4, pp. 237-38, 1976.

28G.J. Verbeck, irPerformance of Concreted. E.G. Swenson, University of Toronto Press, Toronto, 1968.
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different types of portland cement at three cement con- (4) the form of construction, and (5) the quality of con-
tents were used. The soil in the basin contained approx- crete. If the sulfate water cannot be prevented from reach-
imately 10 percent sodium sulfate. The deterioration of ing the concrete, the only defense against attack lies in the
the concrete specimens was evaluated by visual inspec-control of factor 5, as discussed below. It is observed that
tion, and by measurement of strength and dynamic mod- the rate of attack on a concrete structure with all faces
ulus of elasticity after various periods of exposure. Ver- exposed to sulfate water is less than if moisture can be
beck’s data regarding the effect o& content of port- lost by evaporation from one or more surfaces. Therefore,
land cement and the cement content of concrete on thebasements, culverts, retaining walls, and slabs on ground
average rate of deterioration are shown in Fig. 5-13. The are more vulnerable than foundations and piles.

results clearly demonstrate that the cement content (in  Thequality of concretespecifically a low permeabil-
other words, the permeability of concrete) had more influ- ity, is the best protection against sulfate attack. Ade-
ence on the sulfate resistance than the composition of ce-quate concrete thickness, high cement content, low wa-
ment. For example, the performance of concrete contain-ter/cement ratio and proper compaction and curing of
ing 390kg/nt of the 10 percent €A cement was two to  fresh concrete are among the important factors that con-
three times better than the concrete containing 310 kg/m tribute to low permeability. In the event of cracking due
of the 4 percent A cement (Fig. 5-13a). With a high-  to drying shrinkage, frost action, corrosion of reinforce-
C3A cement (11 percent4d), the effective GA content ment, or other causes, additional safety can be provided
in the cementitious mixture can be reduced by the addition by theuse of sulfate-resisting cements.

of a pozzolanic admixture such as fly ash (Fig. 5-13b), Portland cement containing less than 5 percesi C
thus causing a beneficial effect on the sulfate resistance. (ASTM Type V) is sufficiently sulfate resisting under

An interesting case of sulfate attack was brought to the Moderate conditions of sulfate attack (i.e., when ettrig-
attention of the authors, which showed that soil, ground- it¢ forming reactions are the only consideration). How-
waters, seawater, and industrial waters are not the only€ver, when high sulfate concentrations of the order of
sources of sulfate. Deterioration of the drypack grout be- 1500 mg/liter or more are involved (which are normally
tween the cantilevered precast concrete girders and thedssociated with the presence of magnesium and alkali
cast-in-place concrete bleacher girders was reported fromcations), the Type V portland cement may not be effec-
Candlestick Park Stadium (fig. 1-7) in San Francisco, Cal- five against the cation-exchange reactions involving gyp-
ifornia.2° Apparently, the grout was not compacted prop- SUM fprmatlon, especially if the.3(_5 content pf the ce-
erly during construction; therefore, leaching of the ce- Mentis high” Under these conditions, experience shows
mentitious material resulted in a high strength sand that cements potentlz_s\lly containing a little or no caIC|_um
caused the formation of calcium carbonate stalactites in ydroxide on hydration perform much better: for in-
the vicinity. X-ray diffraction analysis of the deteriorated Stance, high-alumina cements, portland blast-furnace slag
material showed the presence of considerable amounts off€ments with more than 70 percent slag, and portland poz-
ettringite and gypsum formed as a result of sulfate attack. Zolan cements with at lest 25 percent pozzolan (natural
It may be noted that the joint containing the grout is lo- P0ZzZolan, calcined clay, or low-calcium fly ash).
cated 18 to 30 m above ground level. Due to inadequate  Based on standards originally developed by the U.S.
drainage, it was found that rain water had accumulated in Buréau of Reclamatiorsulfate exposure is classified into
the vicinity of the mortar. It seems that, due to air pollu- four degrees of severity the ACI Building Code 318-83,
tion, the sulfates present in rain water (see box below) can Which contains the following requirements:
cause deterioration of mortar or concrete above ground. 4 Negligible attack When the sulfate content is un-

This is Ilker to happen when the material is permeable, der 0.1 percent in soil, or under 150 ppm (mg/hter)
and when during design and construction adequate pre- in water, there shall be no restriction on the cement
cautions are not taken for drainage of rain water. type and water/cement ratio.
e Moderate attack: When the sulfate content is 0.1

Control of Sulfate Attack to 0.2 percent in soil, or 150 to 1500 ppm in wa-

According to aBRE Digesf’ the factors influencing ter, ASTM Type Il portland cement or portland
sulfate attackare (1) the amount and nature of the sulfate pozzolan or portland slag cement shall be used,
present, (2) the level of the water table and its seasonal with less than an 0.5 water/cement ratio for normal-
variation, (3) the flow of groundwater and soil porosity, weight concrete.

29Engineering New Recoyg. 32, January 5, 1984,

30Group cores showed about 600 to 1000 psi against the normal 4000 psi compressive strength.

31Building Research Establishment Digest 2B@r Majesty’s Stationery Office, London, 1981. HereafB®RE Digest 250
32Bellport, in Performance of Concret@. ??.
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e Severe attack When the sulfate content is 0.2 to ling the phenomenon, are discussed below.
2.00 percent in soil, or 1500 to 10,000 ppm in wa-
ter, ASTM Type V portland cement, with less than

. Cements and Aggregate Types Contributing
an 0.45 water/cement ratio, shall be used.

to the Reaction
Raw materials used in portland cement manufacture

e \ery severe attack When the sulfate content is  account for the presence of alkalies in cement, typically
over 2 percent in soil, or over 10,000 ppm in water, in the range 0.2 to 1.5 percent equivafénia,O. De-
ASTM Type V cement plus a pozzolanic admixture pending on the alkali content of a cement, the pH of the
shall be used, with less than an 0.45 water/cement pore fluid in normal concretes is generally 12.5 to 13.5.
ratio. For lightweight-aggregate concrete, the ACl This pH represents a caustic or strongly alkaline liquid
Building Code specifies a minimum 28-day com- in which some acidic rocks (i.e., aggregates composed of
pressive strength of 4250 psi for severe or very se- silica and siliceous minerals) do not remain stable on long
vere sulfate-attack conditions. exposure.

Both laboratory and field data from several studies

It is suggested that with normal-weight concrete a in the United States showed that portland cements con-
lower water/cement ratio (or higher strength in the case of tained more than 0.6 percent equivalenp®@awhen used
lightweight concrete) may be required for watertightness in combination with an alkali-reactive aggregate, caused
or for protection against corrosion of embedded items and large expansions due to the alkali-aggregate reaction (Fig.
freezing and thawing. For every severe attack conditions 5-14a). ASTM C 150 therefore designated the cements
BRE Digest 250equires the use of sulfate-resisting port- with less than 0.6 percent equivalentJ@aaslow-alkali,
land cement, a maximum 0.45 water/cement ratio, a mini- and with more than 0.6 percent equivalenb®aashigh-
mum 370 kg/m cement content, and a protective coating alkali. In practice, cement alkali contents of 0.6 percent
on concrete. It may be noted that concrete coatings areor less are usually found sufficient to prevent damage due
not a substitute for high-quality or low-permeability con- to the alkali-aggregate reaction irrespective of the type of
crete because it is difficult to ensure that thin coating will reactive aggregate. With concretes containing very high
remain unpunctured and that thick ones will not crack. cement content, even less than 0.6 percent alkali in ce-
ACI Committee 515 recommendations should be consid- ment may prove harmful. Investigations in Germany and
ered for barrier coatings to protect concrete from various England have shown that if the total alkali content of the
chemicals. concrete from all sources is below 3 kg/ndamage will

probably not occur.
As discussed below, the presence of both hydroxyl

ALKALI-AGGREGATE REACTION ions and alkali-metal ions appear to be necessary for the

Expansion and cracking, leading to loss of strength, €xpansive phenomenon. Due to the large amount of cal-
elasticity, and durability of concrete can also result from cium hydroxide in hydrated portland cements, the con-
chemical reaction involving alkali ions from portland ce- centration of hydroxylions in the pore fluid remains high
ment (or from other sources), hydroxylions, and certain even inlow-alkali cements; in this case the expansive phe-
siliceous constituents that may be present in the aggre-nomenon will therefore be limited by the short supply of
gate. In recent literature, the phenomenon is referred to alkali-metal ions unless these ions are furnished by any
asalkali-silica reaction Pop-outs and exudation of a vis- other source, such as alkali-containing admixtures, salt-
cous alkali-silicate fluid are other manifestations of the contaminated aggregates, and penetration of seawater of
phenomenon, a description of which was first published deicing solutions containing sodium chloride into con-
in 1940 by Stantot? from investigations of cracked con- ~ crete.
crete structures in California. Since then, numerous exam-  In regard toalkali-reactive aggregatesiepending on
ples of concrete deterioration from other parts of the world time, temperature, and particle size, all silicate or silica
have been reported to show that the alkali-silica reaction is minerals, as well as silica in hydrous (opal) or amor-
at least one of the causes of distress in structures locatecohous form (obsidian, silica glass), can react with alka-
in humid environments, such as dams, bridge piers, andline solutions, although a large number of minerals re-
sea walls. Characteristics of cements and aggregates thaact only to an insignificant degree. Feldspars, pyroxenes,
contribute to the reaction, mechanisms associated with ex-amphiboles, micas, and quartz, which are the constituent
pansion, selected case histories, and methods of control-minerals of granites, gneisses, schists, sandstones, and

33T.E. StantonProc. ASCEVol. 66, p. 1781-812, 1940.
34Both sodium and potassium compounds are usually present in portland cements. However, it is customary to express the alkali content of cement
as acid-soluble sodium oxide equivalent, which is equal tgN& 0.658KO.
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basalts, are classified as innocuous minerals. Opal, ob-gregate of sand-size alkali-reactive particles, especially
sidian, cristobalite, tridymite, chalcedony, cherts, cryp- in the size range 1 to 5mm. Satisfactory explanations
tocrystalline volcanic rocks (andesites and rhyolites), and for these observations are not available due to the simul-
strained or metamorphic quartz have been found to be al-taneous interplay of many complex factors; however, a
kali reactive, generally in the decreasing order of reactiv- lower water adsorption tendency of alkali-silica gels with
ity. A comprehensive list of substances responsible for a higher silica/alkali ratio, and relief of hydraulic pressure
deterioration of concrete by alkali-aggregate reaction is at the surface of the reactive particle when its size is very
given in Fig. 5-14b. A few cases of reaction between al- small, may partially explain these observations.
kali and carbonate rocks are also reported in the literature,
but they will not be discussed here. .

Selected Case Histories

Mechanisms of Expansion From published reports of concrete deterioration due

Depending on the degree of disorder in the aggre- to al'kali-aggregate reaction, it seems tha’F depositg of
gate structure and its porosity and particle size, alkali- &/kali-reactive aggregates are widespread in the United
silicate gels of variable chemical composition are formed States, eastern Canada, Australia, Brazil, New Zealand,
in the presence of hydroxyl and alkali-metal ions. The South Africa, Denmark, Gemany, England, and Iceland.
mode of attack in concrete involves depolymerization or Blanks and Kennedy described some of the earlier cases
breakdown of silica structu?é of the aggregate by hy- I the UmFed States. Agcordlng to the authors, deterlorg-
droxyl ions followed by adsorption of the alkali-metal 0N was first observed in 1922 at the Buck hydroelectric
ions on newly created surface of the reaction products. Planton the New River (Virginia), 10 years after construc-
Like marine soils containing surface-adsorbed sodium or tion. As early as 1935, R.J. Holden had concluded from
potassium, when the alkali silicate gels come in contact Petrographic studies of concrete that the expansion and
with water, they sell by imbibing a large amount of wa- cracking were causeq by chemical reaction betweep the
ter through osmosis. The hydraulic pressure so developedc®ment and the phyllite rock used as aggregate. Linear
may lead to expansion and cracking of the affected ag- €XPansion in excess of 0.5 percent caused by the alkali-

gregate particles, the cement paste matrix surrounding the?dgregate reaction had been detected in concrete. The
aggregates, and the concrete. crown of an arch dam in California deflected upstream

by about 127 mm in 9 years following construction in
1941. Measurements at Parker Dam (California-Arizona)
showed that expansion of the concrete increased from the
surface to a depth of 3 m, and linear expansions in excess
of 0.1 percent were detected.

Solubility of the alkali silicate gels in water accounts
for their mobility from the interior of aggregate to the
microcracked regions both within the aggregate and the
concrete. Continued availability of water to be concrete
causes enlargement and extension of the microcracks,
which eventually reach the outer surface of the concrete.  Since chemical reactions are a function of tempera-
The crack pattern is irregular and is therefore referred to ture, in colder countries, such as Denmark, Germany, and
asmap cracking England, it was first thought that the alkali-silica reaction

It should be noted that the evidence of alkali-aggregate may not be a problem. Subsequent experience with cer-
reaction in a cracked concrete does not necessarily provetain alkali-reactive rocks has shown that the assumption
that the reaction is the principal cause of cracking. Among was incorrect. For example, in 1971t was discovered
other factors, development of internal stress depends onthat concrete of the Val de la Mare dam in the United
the amount, size, and type of the reactive aggregateKingdom (Fig. 5-15) was suffering from alkali-silica re-
present and the chemical composition of the alkali-silicate action, possibly as a result of the use of a crushed diorite
gel formed. It is observed that when a large amount of a rock containing veins of amorphous silica. Extensive re-
reactive material is present in a finely divided form (i.e., medial measures were needed to ensure the safety of the
under 75um), there may be considerable evidence of the dam. By 1981 evidence of concrete deterioration at-
reaction, but expansions to any significant extent do not tributable to alkali-silica reaction was found in 23 struc-
occur. On the other hand, many case histories of expan-tures, 6 to 17 years old, located in Scotland, the Midlands,
sion and cracking of concrete attributable to the alkali- Wales, and other parts of southwestern England. Many of
aggregate reaction are associated with the presence in agthe structures contained concrete made with inadequately

35 the case of sedimentary rocks composed of clay minerals such as phyllites, graywackes, and agiflitetionof the sheet structure due to
hydroxyl ion attack and water adsorption is the principal cause of expansion. In the case of dense particles of glass and flint, reaction rims form around
the particles with thenion-ring type of progressive cracking and peeling

36R.F. Blanks and H.L. Kenned¥he Technology of Cement and Concréta. 1, John Wiley & Sons, Inc., New York 1955, pp. 316-341.

373w Figg,Concrete Cement and Concrete Association, Grosvenor Crescent, London, Vol. 15, No. 7, 1981, pp. 18-22.

38D, palmerConcrete Cement and Concrete Association, Vol. 15, No. 3, 1981, pp. 24-27.
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washed sea-dredged aggregates. Control of the access of water to concrete by prompt re-
pair of any leaking joints is therefore highly desirable to
Control of Expansion prevent excessive concrete expansions.

From the foregoing description of case histories and
mechanisms underlying expansion associated with the
alkali-aggregate reaction it may be concluded that the HYDRATION OF CRYSTALLINE MgO AND CaO
most important factors influencing the phenomenon are: ~ Numerous reports, including a review by Mefitdn-
(1) the alkali content of the cement and the cement con- dicate that hydration of crystalline MgO or CaO, when
tent of the concrete; (2) the alkali-ion contribution from Present in substantial amounts in cement, can cause ex-
sources other than portland cement, such as admixturespansion and cracking in concrete. The expansive effect of
salt-contaminated aggregates, and penetration of seawatefigh MgO in cement was first recognized in 1884, when a
or deicing salt solution into concrete; (3) the amount, size, humber of concrete bridges and viaducts in France failed
and, reactivity of the alkali-reactive constituent present in two years after construction. About the same time the
the aggregate; (4) the availability of moisture to the con- town hall of Kassel in Germany had to be rebuilt as a re-
crete structure; and (5) the ambient temperature. sult of expansion and cracking attributed to MgO in ce-
When cement is the only source of alkali ions in con- ment. The French and the German cements contained 16
crete and alkali-reactive constituents are suspected to bel® 30 percent and 27 percent MgO, respectively. This led
present in the aggregate, experience shows that the use of0 restrictions in the maximum permissible MgO. For ex-
low-alkali portland cement (less than 0.6 percent equiv- ample, the current ASTM Standard Specification for Port-
alent NaO) offers the best protection against alkali at- land Cement (ASTM C 150-83) requires that the MgO
tack. If beach sand or sea-dredged sand and gravel are t&ontent in cement shall not exceed 6 percent.
be used, they should be washed with sweet water to en-  Although expansion due to hydration of crystalline
sure that the total alkali contefitfrom the cement and ~ CaO has been known for a long time, in the United States
aggregates in concrete does not exceed 3 kg/if a the deleterious effect associated with the phenomenon
low-alkali portland cement is not available, the total al- was recognized in the 1930s when certain 2- to 5-year-
kali content in concrete can be reduced by replacing a old concrete pavements cracked. Initially suspected to
part of the high-alkali cement with cementitious or poz- be due to MgO, later the expansion and cracking were
zolanic admixtures such as granulated blast-furnace slag,attriouted to the presence of hard-burnt CaO in the ce-
volcanic glass (ground pumice), calcined clay, fly ash, or ments used for construction of the paveméfts.abo-
condensed silica fum®. It should be noted that, similar  ratory tests showed that cement pastes made with a low-
to the well-bound alkalies in most feldspar minerals, the MgO portland cement, which contained 2.8 percent hard-
alkalies present in slags and pozzolans are acid-insolubleburnt CaO, showed considerable expansion. However, in
and probably are not available for reaction with aggregate. concrete, due to the restraining effect of aggregate, rel-
In addition to reduction in the effective alkali content, atively large amounts of hard-burnt CaO are needed to
the use of pozzolanic admixtures results in the formation obtain a significant expansion. The phenomenon is vir-
of less expansive alkali-silicate products with a high sil- tually unknown in modern concretes because better man-
ica/alkali ratio. In countries such as Iceland where only ufacturing controls ensure that the content of uncombined
alkali-reactive volcanic rocks are available and the cement or crystalline CaO in portland cements seldom exceeds 1
raw materials are such that only high-alkali portland ce- percent.
mentis produced, all portland cement is now blended with The crystalline MgO (periclase) in a portland cement
condensed silica fume. clinker which has been exposed to 1400 to 18D es-
With mildly reactive aggregates, another approach for sentially inert to moisture at room temperature because
reducing concrete expansion issweeterthe reactive ag-  reactivity of periclase drops sharply when heated above
gregate with 25 to 30 percent limestone or any other non- 900°C. No cases of structural distress due to the presence
reactive aggregate if it is economically feasible. Finally, of periclase in cement are reported from countries such
it should be remembered that subsequent to or simulta-as Brazil, where raw material limitations compel some
neously with the progress of the reaction, moisture avail- cement producers to manufacture portland cements con-
ability to the structure is essential for expansion to occur. taining more than 6 percent MgO. Several cases of ex-

3%The total alkali content is the acid-soluble alkali determined by a standard chemical test method.

40condensed silica fumes is an industrial by-product which consists of highly reactive silica particles on the ordanofrosize.

41p K. Mehta, ASTM STP 663, 1978, pp. 35-60.

42Conversion of CaCoto CaO can occur at 900 to 10UD. The CaO thus formed can hydrate rapidly and is callgfttburnt lime Since portland
cement clinker is heat-treated to 1400 to 180pany uncombined CaO present is calledd-burnt and it hydrates slowly. It is the slow hydration of
hard-burnt CaO in a hardened cement paste that causes expansion



80 CHAPTER 5. DURABILITY

pansion and cracking of concrete structures were reportedprocess The electrochemical potentials to form tber-
from Oakland (California) when the aggregate used for rosion cellsmay be generated in two ways:

making concrete was found to have been accidentally con- i )
taminated with crushed dolomite bricks, which contained ~ 1- Composition cells may be formed when two dis-

large amounts of MgO and CaO calcined at temperatures similar metals are embedded in concrete, such as

far below 1400C. steel rebars and aluminum conduit pipes, or when
significant variations exist in surface characteristics
of the steel.

CORROSION OF EMBEDDED STEEL IN CON-
CRETE

Deterioration of concrete containing embedded met-
als, such as conduits, pipes, and reinforcing and prestress-
ing steel, is attributable to the combined effect of more
than one cause; however, corrosion of the embedded metal  As a result, one of the two metals (or some parts of

is invariably one of the principal causes. A suf®pf  the metal when only one metal is present) becomes an-
collapsed buildings in England showed that from 1974 10 odic and the other cathodic. The fundamental chemical

1978, the immediate cause of failure of at least e|ght con- Changes Occurring at the anodic and cathodic éﬁm
crete structures was corrosion of reinforCing or prestress- follows (See also F|g 5_16b)

ing steel. These structures were 12 to 40 years old at the  The transformation of metallic iron to rust is accom-

time of collapse, except one which was only 2 years old. panied by an increase in volume which, depending on the
It is to be expected that when the embedded steel is state of oxidation, may be as large as 600 percent of the
protected from air by an adequately thick cover of low- griginal metal (Fig. 5-16c). This volume increase is be-
permeability concrete, the corrosion of steel and other |ieyed to be the principal cause of concrete expansion and
prObIemS associated with it would not arise. That this ex- Cracking_ It should be noted that the anodic reaction in-
pectation is not fully met in practice is evident from the yolving ionization of metallic iron will not progress far
unusually high frequency with which even properly built ynless the electron flow to the cathode is maintained by
reinforced and prestressed concrete structures continue I@onsumption of the electrons at the cathode; for thes
suffer damage due to steel corrosion. The magnitude of presence of both air and water at the surface of the cath-
damage is especially large in structures exposed to ma-pde is absolutely necessalso, ordinary iron and steel
rine environments and to deiCing chemicals. For example, products are covered by a thin iron-oxide film which be-
in 1975 it was reported that the U.S. Interstate Highway  comes impermeable and strongly adherent to the steel sur-
System alone needed $6 billion for repair and replacementface in alkaline environments, thusaking the steel pas-
of reinforced concrete bridges and bridge decks. Approx- sjve to corrosionthat is, metallic iron will not be avail-
imately 4800 of the 25,000 bridges in the state of Penn- gp|e for the anodic reaction until the passivity of steel is
sylvania were found to be in need of repair. destroyed.

The damage to concrete resulting from corrosion of  |n the absence of chloride ioris the solution, the
embedded steel manifests in the form of eXpanSion, CraCk-protective film on steel is reported to be stable as |Ong
ing, and eventually spalling of the cover (Fig. 5-16a). In a5 the pH of the solution stays above 11.5. Since hy-
addition to loss of cover, a reinforced-concrete member drated portland cements contain alkalies in the pore fluid
may suffer structural damage due to loss of bond betweengng about 20 weight percent solid calcium hydroxide, nor-
steel and concrete and loss of rebar cross-sectional aregnally there is sufficient alkalinity in the system to main-
- sometimes to the extent that structural failure becomes izin the pH above 12. In exceptional conditions (e.g.,
inevitable?® A review of the mechanisms involved in con-  \yhen concrete has high permeability and alkalies and
crete deterioration due to corrosion of embedded steel, Se-most of the calcium hydroxide are eithearbonated or
lected case histories, and measures for control of the phe-neytralized by an acidic solutionthe pH of concrete in

2. Concentration cells may be formed due to dif-
ferences in concentration of dissolved ions in the
vicinity of steel, such as alkalies, chlorides, and
oxygen.

nomenon are given here. the vicinity of steel may be reduced to less than 11.5, thus
destroying the passivity of steel and setting the stage for

Mechanisms Involved in Concrete Deterioration the corrosion process.

by Corrosion of Embedded Steel In the presence of chloride iongdepending on the

Corrosion of steel in concrete is @bectrochemical CI~/OH™ ratio, it is reported that the protective film may

43Building Research Establishment Newter Majesty's Stationery Office, London, Winter 1979.
44R E. Carrier and P.D. Cady, ACI SP-47, 1975, pp. 121-68.

45p D, Cady, ASTMSTP 169B, 1978, pp. 275-99.

46 Erlin and G.J. Verbeck, ACI SP-49, 1978, pp. 39-46
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be destroyed even at pH values considerably above 11.5eightfold in 5 years, so that 45 percent of the deck sur-

When CI/OH™ molar ratios are higher than 0.6, steel face had spalled by the time the bridge was only 16 years
seems to be no longer protected against corrosion, prob-old. Similar case histories of bridge deck damage on nu-
ably because the iron-oxide film becomes either perme- merous highways including those in Pennsylvania are re-
able or unstable under these conditions. For the typical ported (Fig. 5-17a).

concrete mixtures normally used in practice, the thresh- Furthermore, the Kansas survey showed that corrosion
old chloride content to initiate corrosion is reported to of the reinforcing steel also produced vertical cracks in

be in the range 0.6 to 0.9 kg of Clper cubic meter of  the deck, which contributed to corrosion of the steel gird-

concrete. Furthermore, when large amounts of chloride ers supporting the deck. Drawing attention to bridge deck
are present, concrete tends to hold more moisture, whichcorrosion problems due to deicing salt applications, Carl

also increases the risk of steel corrosion by lowering the Crumpton of the Kansas State Transportation Department
electrical resistivity of concrete. Once the passivity of the said:

embedded steel is destroyed, it is the electrical resistiv-

ity and the availability of oxygen that control the rate of The wedding of concrete and steel was an ideal
corrosion; in fact, significant corrosion is not observed union and we used lots of reinforced concrete for
as long aghe electrical resistivityof concrete is above bridge decks. Unfortunately, we began tossing salt
50 to 70x 103 Q.cm. It should be noted that the com- to melt snow and ice instead of rice for good fertil-
mon sources of chloride in concrete are admixtures, salt- ity. That brought irritation, tensions, and erosion of
contaminated aggregate, and penetration of deicing salt previously good marital relations. No longer could
solutions or seawater. the two exist in blissful union; the seeds of destruc-

tion had been planted and the stage had been set for
L today’s bridge deck cracking and corrosion prob-
Selected Case Histories lems?8
A survey of the collapsed buildings and their imme-
diate causes by the British Building Research Establish- It was reportetf that many heavily reinforced, 16-
ment’ showed that in 1974 a sudden collapse of one by 6-ft (8- by 3.7- by 1.8 m) spandrel beams of the San
main beam of a 12-year-old roof with post-tensioned pre- Mateo-Hayward bridge at the San Francisco Bay (Cali-
stressed concrete beams was due to corrosion of tendonsfornia) had to undergo expensive repairs due to serious
Poor grouting of ducts and the use of 2 to 4 percent cal- cracking of concrete associated with corrosion of embed-
cium chloride by weight of cement as an accelerating ad- ded steel (Fig. 5-17b). The beams were made in 1963
mixture in the concrete were diagnosed as the factors re-with a high-quality concrete (370 kgheement, 0.45 wa-
sponsible for the corrosion of steel. A number of similar ter/cement ratio). The damage was confined to the un-
mishpas in Britain provided support for the 1979 amend- derside and to the windward faces which were exposed
ment to the British Code of Practice 110 thztlcium to seawater spray, and occurred only in the precast steam-
chloride should never be added to prestressed concrete,cured beams. No cracking and corrosion were in evidence
reinforced concrete, and concrete containing embedded in the naturally cured cast-inplace beams made at the same
metal time with a similar concrete mixture. It was suggested

A survey by the Kansas State Transportation Depart- that a combination of heavy reinforcement and differen-
ment showed that in bridge decks exposed to deicing salttial cooling rates in the massive steam-cured beams might

treatment there was a strong relation between depth thave resulted in the formation of microcracks in concrete,
cover and concrete deterioration in the form of delami- Which were later enlarged due to severe weathering condi-

nations or horizontal cracking. Generally, good protec- tions on the windward side of the beams. Thereafter, pen-
tion to steel was provided when the cover thickness was etration of the salt water promoted the corrosion-cracking-
50 mm or more (at least thrice the nominal diameter of MOre corrosion type of chain reaction which led to the se-
the rebar, which was 15 mm); however, the normal distri- 10us damage. More discussion of cracking-corrosion in-
bution of variation in cover depth was such that about 8 teraction and case histories of seawater attack on concrete
percent of the steel was 37.5 mm or less deep. It was cor-a'€ presented later.

rosion of this shallower steel that was responsible for the

horizontal cracks or delaminations. On one bridge deck, a Control of Corrosion

combination of the freeze-thaw cracking and corrosion of Since water, oxygen, and chloride ions play important
steel in concrete extended the area of delamination aboutroles in the corrosion of embedded steel and cracking of

47Building Research Establishment Nesee reference 43.
48C F. Crumpton, ACI Convention Paper, DAllas, 1981.
49p K. Mehta and B.C. Gerwick, JConcr. Int, Vol. 4, No. 10, pp. 45-51, 1982.
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concrete, it is obvious thatermeability of concrete is the  crete bridge decks damaged by corrosion of reinforcing
keyto control the various processes involved in the phe- steel have become a major maintenance expense. Many
nomena. Concrete-mixture parameters to ensure low per-highway agencies now prefer the extra initial cost of pro-
meability, e.g., low water/cement ratio, adequate cementviding a waterproof membrane, or a thick overlay of
content, control of aggregate size and grading, and usean impervious concrete mixture on newly constructed or
of mineral admixtures have been discussed earlier. Ac- throughly repaired surfaces of reinforced and prestressed
cordingly, ACI Building Code 318 specifies a maximum concrete elements that are large and have flat configu-
0.4 water/cement ratio for reinforced normal-weight con- ration. Waterproof membranesisually preformed and
crete exposed to deicing chemicals and seawater. Propepof the sheet-type variety, are used when they are pro-
consolidation and curing of concrete are equally essential. tected from physical damage by asphaltic concrete wear-
Design of concrete mixtures should also take into account ing surfaces; therefore, their surface life is limied to the
the possibility of a permeability increase in service due life of the asphaltic concrete, which is about 15 years.
to various physical-chemical causes, such as frost action,Overlay of watertight concret&7.5 to 63 mm thick pro-
sulfate attack, and alkali-aggregate expansion. vides a more durable protection to penetration of aggres-
For corrosion protectiormaximum permissible chlo- ~ Sive fluids into reinforce or prestressed concrette mem-

ride contentsof concrete mixtures are also specified by bers. Typically, concrete mixtures used for overlay are
ACI Building Code 318. For instance, maximum water- Of low slump, very low water/cement ratio (made possi-
soluble Ct ion concentration in hardened concrete, at an ble by adding a superplasticizing admixture), and high ce-
age of 28 days, from all ingredients (including aggregates, ment content. Portland cement mortars containing poly-
cementitious materials, and admixtures) should not ex- Mer emulsion (latexes) also show excellent impermeabil-
ceed 0.06, 0.15, and 0.30 percent by weight of cement, ity and have been used for overlay purposes; however,
for prestressed concrete, reinforced concrete exposed to/inylidene chloride-type latexes are suspected to be the
chloride in service, and other reinforced concretes, re- cause of corrosion problems in some cases, and it is now
spectively. Reinforced concretes that will remain dry or Preferred that styrene-butadiene-type products be used.
protected from moisture in service are permitted to con- Reinforcing bar coatings and cathodic protection pro-
tain up to 1.00 percent Clbe weight of cement. vide other approaches to prevent corrosion and are costlier
Certain design parameters also influence permeabil-than producing a low-permeability concrete through qual-
lity. That is why for concrete exposed to corrosive envi- ity, design, and construction controRrotective coatings
ronment, Section 7.7 of the ACI Building Code 318-83 for reinforcing steelare of two types: anodic coatings
specifiesminimum concrete coveequirements. A mini-  (€.9., zinc-coated steel) and barrier coatings (€.g., epoxy-
mum concrete cover of 50 mm for walls and slabs and 63 coated steel). Due to concern regarding the long-term
mm for other members is recommended. Current practice durability of zinc-coated rebars in concrete, the U.S. Fed-
for coastal structures in the North Sea is to provide mini- eral Highwar Administration in 1976 place a temporary
mum 50 mm of cover on conventional reinforcement and Moratorium on its use in bridge decks. Long-time perfor-
70 mm on prestressing steel. Also, ACI 224R-80 speci- mance of epoxy-coated rebars is under serious investiga-
fies 0.15 mm as themaximum permissible crack widgt tion in many countries.Cathodic protectiortechniques
the tensile face of reinforced concrete structures subject toinvolve suppression of current flow in the corrosion cell,
wetting-drying or seawater spray. The CEB Model Code e€ither by supplying externally a current flow in the oppo-
recommends limiting crack widths to 0.1 mm at the steel Site direction or by using sacrificial anodes. According to
surface for concrete members exposed to frequent flexuralCarrier and Cady? both systems have been used exten-
loads, and 0.2 mm to others. The FIP (International Pre- sively with mixed results.
stressing Federation) recommendations specify that crack
widths at points near the main reinforcement should not
exceed 0.004 times the nominal cover (i.e., maximum per- CONCRETE IN SEAWATER
missible crack width for a 500-mm cover is 0.2 mm and  For several reasons, effect of seawater on concrete de-
for a 75-mm cover is 0.3 mm). Many researchers find serves special attention. First, coastal and offshore sea
no direct relation between the crack width and corrosion; structures are exposed to the simultaneous action of a
however, it appears that by increasing the permeability of humber of physical and chemical deterioration processes,
concrete and exposing it to numerous physical-chemical yhich provide an excellent opportunity to understand the
processses of deterioration, the presencd of cracks wouldcomplexity of concrete durability problems in practice.
eventually have a deleterious effect. Second, oceans make up 80 percent of the surface of the
The repair and replacement costs asociated with con-earth; therefore, a large number of structures are exposed

50R.E. Carrier and P.D. Cady, in ACI SP-47.
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to seawater either directly or indirectly (e.g., winds can concentration is higher than 1500 mg/liter; similarly, port-
carry seawatere spray up to a few miles inland from the land cement paste can deteriorate by cation-exchange re-
coast). Concrete piers, decks, break-water, and retainingactions when magnesium ion concentration exceeds, for
walls are widely used in the construction of harbors and instance, 500 mg/liter.

docks. To relieve land from pressures of urban congestion

and poIIutloq, f'oa“”g offshore platfqrms made O,f €ON" " content of seawater, it is a common observation that even
crete are being conS|dered. for Iocatlo.n' 'of new airports, | oo a high-GA portland cement has been used and large
power plants, and W@Ste disposal faC|I|t|_es. The use of amounts of ettringite are present as a result of sulfate at-
_concrete offshore_ drilling platforms and oil storage tanks tack on the cement paste, the deterioration of concrete is
is already on the increase. not characterized by expansion; instead, it mostly takes
Most seawaters are fairly uniform in chemical com-  the form of erosion or loss of the solid constituents from
position, which is characterized by the pesence of aboutthe mass. It is proposed that ettringite expansion is sup-
3.5 percent soluble salts by Welght The ionic concentra- pressed in environments where (O1—|i))ns have essen-
tions of Na" and CI" are the highest, typically 11,000 and  tally been replaced by Clions. Incidentally, this view
20,000 mg/liter, respectively. However, from the stand- is consistent with the hypothesis that alkaline environment
point of aggressive action to cement hydration products, s necessary for swelling of ettringite by water adsorption.
sufficient amounts of Mg and SG~ are present, typ-  |rrespective of the mechanism by which the sulfate expan-
ically 1400 and 2700 mg/liter, respectively. The pH of sjon associated with ettringite is suppressed in high-C
seawater varies between 7.5 and 8.4, the average valugortiand cement concretes exposed to seawater, the influ-
in equilibrium with the atmospheric G{being 8.2. Un-  ence of chloride on the system demonstrates the error too
der exceptional conditions (i.e., in sheltered bays and es-often made in modeling the behavior of materials when,
tuaries) pH values lower than 7.5 may be encounterred; for the sake of simplicity, the effect of an individual factor
these are usually due to a higher concentration of dis- on a phenomenon is predicted without sufficient regard

solved CQ, which would make tthe seawater more ag- to the other factors present, which may modify the effect
gressive to portland cement concrete. significantly.

Concrete exposed to marine environment may deteri- may be noted that according to ACI Building Code

o;ate as a result of combined effects r?dehE?m'Cal a(ljctlon 318-83, sulfate exposure to seawater is classifieti@d:-
of seawater constituents on cement hydration products, o e for which the use of ASTM Type Il portland ce-

alkali—aggregate_expansion (when reactiveT aggregates argant (maximum 8 percent4B) with a 0.50 maximum
present), crystalization pressure of salts within concrete if water/cement ratio in normal-weight concrete is permit-
one face of the structure is subject to wetting and others to ted. In fact, it is stated in the ACI 318R-RBuilding Code

drying conditions, frost action in cold climates, corrosion Commentarghat cements with §A up to 10 percent may
of embedded steel in reinforced or prestressed membersy,, 0 if the maximum water/cement ratio is further re-

and physical erosion due to wave action and floating ob- duced to 0.40.

jects. Attack on concrete due to any one of these causes

tends to increase the permeability; not only would this ~ The fact that the presence of uncombined calcium

make the material progressively more susceptible to fur- hydroxide in concrete can cause deterioration by an ex-
ther action by the same destructive agent but also to otherchange reaction involving magnesium ions was known

types of attack. Thus a maze of interwoven chemical as 8S early as 1818 from investigations on disintegration of

well as physical causes of deterioration are found at work lime-pozzolan concretes by Vicat, who undoubtedly is re-

when a concrete structure exposed to seawater is in andarded as one of the founders of the technology of modern
advanced stage of degradation. The theoretical aspectscément and concrete. Vicat made the profound observa-
selected case histories of concrete detereiorated by seallon:

water, and recommendations for construction of concrete

structurs in marine environment are discussed next.

Interestingly, in spite of the undesirably high sulfate

On being submitted to examination, the deterio-
rated parts exhibit much less lime than the others;

Theoretical Aspects what is deficient then, has been dissolved and car-
From the standpoint of chemical attack on hydrated ried off; it was in excess in the compound. Nature,
portland cement in unreinforced concrete, when alkali- we see, labors to arrive at exact proportions, and to
reactive aggregates are not present, one might anticipate attain them, corrects the errors of the hand which
that sulfate and magnesium are the harmful constituents has adjusted the doses. Thus the effects which we
in seawater. It may be recalled that with groundwaters, have just described, and in the case alluded to, be-

sulfate attack is classified agverewhen the sulfate ion come the more marked, the further we deviate from
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these exact proportions. deterioration of concrete as a result of long-term exposure

to seawater are summarized in Table 5-5 and discusssed
Several state-of-the-art reviétvon the performance  pelow.

of structures in marine environments confirm that Vicat's In the mild climatesof southern Erance and southern

observation is equally valied for portland cement con- cgjifornia, unreinforced mortar and concrete specimens
crete. From long-term studies of portland cement mor- remained in excellent condition after more than 60 years
tars and concretes exposed to seawater, the evidence ot seawater exposure, except when permeability was high.
magnesium ion attack is well established by the pres- permeable specimens showed considerable loss of mass
ence of white deposits of Mg(OH) also calledbrucite  associated with magnesium ion attack Cétack, and
(Fig. 5-18b), and magnesium silicate hydrate. In seawa- calcium leaching. In spite of the use of highACport-
ter, well-cured concretes containing large amounts of slag jand cements, expansion and cracking of concrete due to
or pozzolan in cement usualy outperform reference con- ettringite was not observed in low-permeability concretes.
crete containing only portland cemetitpartly becuse the  Therefore, the effect of cement composition on durability
former contain less uncombined calcium hydroxide after o seawater appears to be less significant than the perme-
curing. The implication of loss of lime by cement paste, ability of concrete.
whether by magnesium ion attack or by £@xtack, is Reinforced concrete members in a mild climg®éers
obvious from Fig. 5-18c. 26 and 28 of the San Francisco Ferry Building in Califor-
Since seawater analyses seldom include the dissolvedhia), in spite of a low-permeability concrete mixture 390
CO; content, the potential for loss of concrete mass by kg/m? cement content), showed cracking due to corrosion
leaching away of calcium from hydrated cement paste due of the reinforcing steel after 46 years of service. Since
to carbonic acid attack is often overlooked. According t0 ¢orrosion requires permeation of seawater and air to the
Feld?* in 1955, after 21 years of use, the concrete piles embedded steel, poor consolidation of concrete and struc-
and caps of the trestle bends of the James River Bridgetyral microcracking were diagnosed to be the causes of
at Newport News, Virginia, required a $ 1.4 million re-  the increase in permeability (which made the corrosion of
pair and replacement job which involved 70 percent of the gtg|| possible).
2500 piles. Similarly, 750 precast concrete piles driven In the cold climatesof Denmark and Norway, con-
in 1932 near Ocean City, New Jersey had to be repairedcrete that was not protected by entrained air was subject
in 1957 after 25 years of service; some of the piles had g expansion and cracking by frost action. (It may be
been reduced from the original 550 mm diameter to 300 noteq that air entrainment was not prevalent before the
mm. In both cases, the loss of material was associated19503)_ Therefore, cracking due to freeze-thaw cycles
with higher than normal concentrations of dissolved,CO 55 probably responsible for the increase in permeabil-
present in the seawater. ity, which promoted other destgructive processes such as
It should be noted that ipermeable concretthe nor-  |kali-aggregate attack and corrosion of the reinforcing
mal amount of CQ preseent in seawater is sufficient to gtegl.
decompose the cementitious products eventually. The |nyestigations of reinforce concrete structure have
presence of thaumasite (calcium silicocarbonate), hydro- gshown that, generally, concrete fully immersed in seawa-
calumite (calcium carboaluminate hydrate), and aragonite (e syffered only a little r no deterioration; concrete ex-
(calcium carbonate) have been reported in cement pastegyosed to salts in air or water spray suffered some deteri-
derived fror_n deteriorated concretes exposed to seawatelyration, especially when permeable; and concrete subject
for long periods. to tidal action suffered the most.

Case Histories of Deteriorated Concrete Lessons from Case Histories

Compared to other structural materials, generally,  Forthe construction of concrete sea structures, impor-

concrete has a satisfactory record of performance in sea-+ant lessons from case histories of concrete deteriorated
water. However, published literature contains descriptions py seawater can be summed up as follows:

of a large number of both plain and reinforced concretes

which showed serious deterioration in marine environ- 1. Permeability is the key to durability Deleterious
ment. For the purpose of drawing useful lessons for con- interactions of serious consquence between con-
strucion of concrete sea structures, six case histories of stituents of hydrated portland cement and seawa-

511 3. Vicat,A Practical and Scientific Treatise on Calcareous Mortars and CemeBes (translated by J.T. Smith, London).

52\.G. Atwood and A.A. Johnsoffrans. ASCEVol. 87, Paper 1533, pp. 204-75, 1924; F.M. L&he Chemistry of Cement and Concré@@emical
Publishing Company, Inc., New York, 1971, pp. 623-38; P.K. MeRgaformance of Concrete in Marine EnvironmeACI SP-65, 1980, pp. 1-20.

530.E. Gjorv,J. ACJ, Proc., Vol. 68, pp. 67-70, 1971.

543, Feld,Construction FailuresJohn Wiley & Sons, Inc., New York, 1968, pp. 251-55.



ter take place when seawater is not prevented from
penetrating into the interior of a concrete. Typical
causes of insufficient watertightness are poorly pro-
portioned concrete mixtures, absence of properly
entrained air if the structure is located in a cold cli-
mate, inadequate consolidation and curing, insuffi-
cient concrete cover on embedded steel, badly de-
signed or constructed joints, and microcracking in
hardened concrete attributable to lack of control of
loading conditions and other factors, such as ther-
mal shrinkage, drying shrinkage, and alkali aggre-
gate expansion.

It is interesting to point out that engineers on the
forefront of concrete technology are becoming in-
creasingly conscious of the significance of perme-
ability to durability of concrete exposed to aggres-
sive waters. For example, concrete specifications
for offshore structures in Norway now specify the
maximum permissible permeability directli (<
1013 kg/Pa m - sec).

2. Type and severity of deterioration may not be uni-
form throughtout the structur@~ig. 5-19). For ex-
emple, with a concrete cylinder the section that al-
ways remains above the high-tide line will be more
susceptible to frost action and corrosion of embed-
ded steel. The section that is between high- and
low-tide lines will be vulnerable to cracking and
spalling, not only from frost action and steel cor-
rosion but also from wet-dry cycles. Chemical at-
tacks due to alkali-agrregate reaction and seawater-
cement paste interaction will also be at work here.
Concrete weakened by microcracking and chem-
ical attacks will eventually disintegrate by action
and the impact of sand, gravel, and ice; thus maxi-
mum deterioration occurs in the tidal zone. On the
other hand, the fully submerged part of the structure
will only be subject to chemical attack by seawater;
since it is not exposed to subfreezing temperatures
there will be no risk of frost damage, and due to
lack of oxygen there will be little corrosion.

It appears that progressive chemical deterioration of
cement paste by seawater from the surface to the
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interior of the concrete follows a general patté?n.
The formation of aragonite and bicarbonate by,CO
atack is usually confined to the surface of concrete,
the formation of brucite by magnesium ion attack is
found below the surface of concrete, and evidence
of ettringite formation in the interior shows that sul-
fate ions are able to penetrate even deeper. Unless
concrete is very permeable, no damage results from
chemical action of seawater on cement paste be-
cause the reaction products (aragonite, brucite, and
ettringite), being insoluble, tend to reduce the per-
meability and stop further ingress of seawater into
the interior of the concrete. This kind of protective
action would not be available under conditions of
dynamic loading and in the tidal zone, where the
reaction products are washed away by wave acion
as soon as they are formed.

. Corrosion of embedded stell is, generally, the major

cause of concrete deterioration in reinforced and
prestressed concrete structures exposed to seawa-
ter, but in low-permeability concrete this does not
appear to be the first cause of crackinBased on
numerous case histories, it appears that cracking-
corrosion interactions probably follow the route di-
agrammatically illustrated in Fig. 5-20. Since the
corrosion rate depends on the cathode/anode area,
significant corrosion and expansion accompanying
the corrosion should not occur until there is suffi-
cient supply of oxygen at the surface of the rein-
forcing steel (i.e., an increase in the cathode area).
This does not happen as long as the permeability of
steel-cement paste interfacial zone remains low.

Pores and microcracks already exist in the inter-
facial zone, but their enlargement through a vari-
ety of phenomena other than corrosion seems to
be necessary before conditions exist for significant
corrosion of the embedded stell in concrete. Once
the conditions for significant corrosions are estab-
lished, a progressively escalating cycle of cracking-
corrosion-more cracking begins, eventually leading
to complete deterioration of concrete.

TEST YOUR KNOWLEDGE

1. What do you understand by the teduarability? Compared to other considertions, how much importance should be
given to durability in the design and construction of concrete structures?

2. Write a short note on the structure and properties of water, with special reference to its destructive effect on mate-

rials.

55Biczok, Concrete Corrosion and Concrete Protectj@p. 357-58.
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10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.
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. How would you define the coefficient of permeability? Give typical values of the coefficient for (a) fresh cement

pastes; (b) hardened cement pastes; (c) commonly used aggregates; (d) high-strength concretes; and (e) mass
concrete for dams.

. How does aggregate size influence the coefficient of permeability of concrete? List other factors that determine the

permeability of concrete in a structure.

. What is the difference between erosion and cavitation? From the standpoint of durability to severe abrasion, what

recommendations would your make in the design of concrete and construction of an industrial floor?

. Under what conditions may salt solutions damage concrete without involving chemical attack on the portland ce-

ment paste? Which salt solutions commonly occur in natural environments?

. Briefly explain the causes and control of scaling and D-craking in concrete. What is the origin of laitance; what is

its significance?

. Discuss Powers’s hypothesis of expansion on freezing of a saturated cement paste containing no air. What modi-

fications have been made to this hypothesis? Why is entraiment of air effective in reducing the expansion due to
freezing?

. With respect to frost damage, what do you understand by thedetical aggregate size What factors govern it?

Discuss the significance afritical degree of saturatiorfrom the standpoint of predicting frost resistance of a
concrete.

Discuss the factors that influence the compressive strength of concrete exposed to a fire of medium intetSity (650
short-duration exposure). Compared to the compressive strength, how would the elastic modulus be affected, and
why?

What is the effect of pure water on hydrated portland cement paste? With respect to carbonic acid attack on
croncrete, what is the significancelmdlancing C Q?

List some of the common sources of sulfate ions in natural and industrial environments. For a given sulfate con-
centration, explain which of the following solutions would be the most deleterious and which would be the least
deleterious to a permeable concrete containing a highiortland cement: N8Oy, MgSQq, CaSqQ.

What chemical reactions are generally involved in sulfate attack on concrete? What are the physical manifestations
of these reactions?

Critically review theBRE Digest 25@&nd the ACI Building Code 318 requirements for control of sulfate attack on
concrete.

What is the alkali-aggregate reaction? List some of the rock types that are vulnerable to attack by alkaline solutions.
Discuss the effect of aggregate size on the phenomenon.

With respect to the corrosion of steel in concrete, explain the significance of the following terms: carbonation
of concrete, passivity of steel, TIOH™ ratio of the contact solution, electrical resistivity of concrete, state of
oxidation of iron.

Briefly describe the measures that should be considered for the control of corrosion of embedded steel in concrete.

With coastal and offshore concrete structures directly exposded to seawater, why does most of the deterioration
occur in the tidal zone? From the surface to the interior of concrete, what is the typical pattern of chemical attack
in sea structures?

A heavily reinforced and massive concrete structure is to be designed for a coastal location in Alaska. As a consul-
tant to the primary contractor, write a report explaining the state of the art on the choice of cement type, aggregate
size, admixtures, mix proportions, concrete placement, and concrete curing procedures.
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CHAPTER O

Hydraulic Cements

Preview 6.1 Hydraulic and Nonhydraulic Ce-
ments

Hydraulic or water-resisting cements consist essen-
tially of portland cement and its several modifications. To
understand the properties of portland cement, it is help-
ful to acquire some familiarity with its manufacturing

process, chemical and mineralogical composition, Crys- pyqraulic cementsare defined as cements that not only
tal structure, and the reactivity of constituent compounds parden by reacting with water but also form a water-
such as calcium silicates and calcium aluminate. Further- (agistant product. Cements derived from calcination of
more, the properties of concrete c'ontaining' portland ce- gypsum or carbonates such as limestoneargydraulic
ment develop as a result of chemical reactions betweenpecayse their products of hydration are not resistant to wa-
the compounds in portland cement and water since theseer. | jme mortars that were used in ancient structures built
hydration reactions are accompanied by changes in matterby Greeks and Romans were rendered hydraulic by the
and energy. addition of pozzolanic materials which reacted with lime
to produce a water-resistant cementitious product. The

In thi; ghapter the composition and characteristics chemistry underlying gypsum and lime cements is illus-
of the principal compounds in portland cement are de- (o1 qin Fig. 6-1.

scribed. Hydration reactions of aluminates with their in-
fluence on the various types of setting behavior, and of
silicates with their influence on strength development, are
fully discussed. The relationships between the chemistry
of reaction and the physical aspects of setting and harden
ing of portland cements are covered in detail. Classifica-
tion of portland cements and specifications according to
ASTM C 150 are also reviewed.

6.1.1. Definitions, and the Chemistry of Gypsum
and Lime Cements

Compared to gypsum and lime cements, portland ce-
ment and its various modifications are the principal ce-
ments used today for making structural concrete. This
is because portland cement is truly hydraulic; it does not
“require the addition of a pozzolanic material to develop
water-resisting properties.

Portland cements do not fulfill all the needs of the 6.2 Portland Cement

concrete construction industry; to fill certain unmet needs

special cements have been developed. The compositionsDefinition

hydration characteristics, and important properties of poz-  ASTM C 150 defineportland cementas a hydraulic
zolan cements, blast-furnace slag cements, expansive cecement produced by pulverizing clinkers consisting es-
ments, rapid setting and hardening cements, white or col- sentially of hydraulic calcium silicates, usually containing
ored cements, oil-well cements, and calcium aluminate one or more of the forms of calcium sulfate as an inter-
cements are also described in this chapter. ground addition. Clinkers are 5- to 25-mm-diameter nod-
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ules of a sintered material which is produced when a raw calcium.
mixture of predetermined composition is heated to high To facilitate the formation of desired compounds in

temperatures. portland cement clinker it is necessary that the raw mix
be well homogenized before the heat treatment. This ex-
6.2.1. Manufacturing Process plains why the quarried materials have to be subjected to

a series of crushing, grinding, and blending operations.
Since calcium silicates are the primary constituents of From chemical analyses of the stockpiled materials, their
portland cement, the raw material for the production of ngividual proportions are determined by the compound

and proportions. Naturally occurring calcium carbonate yaw materials are usually interground in ball or roller mills
materials such as limestone, chalk, marl, and seashells arqq particles mostly under 7m.

the common industrial sources of calcium, but clay and
dolomite (CaCQ@- MgCQs) are present as principal impu-
rities. Clays and shales, rather than quartz or sandstone
are the preferred sources of additional silica in the raw
mix for making calcium silicates because quartzitic silica
does not react easily.

Clays also contain alumina (#Ds), and frequently
iron oxide (FeOz3) and alkalies. The presence of28l3,
Fe0s3, MgO, and alkalies in the raw mix has a miner-
alizing effect on the formation of calcium silicates; that
is, it helps the formation of calcium silicates at consid-

erably lower temperatures than would otherwise be pos- kcal/kg for the wet-process kilns. A simplified flow dia-

sible. Therefore, when sufficient amounts 0b@ and ram of the day process for portland cement manufacture
FeOgz are not present in the principal raw materials, these 9 yp P

are purposefully incorporated into the raw mix through is shown in F'g' 6-2, an(_j an aerial photograph of a modern
addition of secondary materials such as bauxite and iron cement plantis shown in Fig. 6-3.

ore. As a result, besides the calcium silicates the final ~ The chemical reactions taking place in the cement kiln
product also contains aluminates and aluminoferrites of System can approximately be represented as follows:

In the wet process of cement manufacture, the grind-
ing and homogenization of the raw mix is carreid out in
the form of a slurry containing 30 to 40% water. Modern
cement plants favor the dry process, which is more en-
ergy efficient than the wet process because the water used
for slurrying must subsequently be evaporated before the
clinkering operation. For this operation, dry-process kilns
equipped with suspension preheaters, which permit effi-
cient heat exchange between the hot gases and the raw
mix, require a fossil-fuel energy input on the order of
800 kcal per kilogram of clinker compared to about 1400

Limestone— CaO+ CO, 3Cao: Sio;
R 2Ca0- SiO, 6.1)
. 3CaO0- Al,03
Clay — SiOx+ Al203+ Fe03+ H20 4Ca0. Al,0s- Fe0s

The final operation in the portland cement manufac- ides and clinkere compounds by using the followaty
turing process consists of pulverizing the clinker to par- breviations
ticles mostly less than 7pm diameter. The operation
is carried out in ball mills, also called finish mills. Ap-
proximately 5% gypsum or calcium sulfate is usually in-
terground with clinker in order to control the early set-
ting and hardening reactions of the cement, as will be dis-

cussed. Since the properties of portland cement are related to
the compound composition, it is difficult to draw any con-
clusions from the cement oxide analyses, such as those
shown in Table6.2. It is a common practice in the ce-

Although portland cement consists essentially of various ment industry to compute the compound composition of
compounds of calcium, the results of routine chemical Portland cement from the oxide analysis by using a set
analyses are reported in terms of oxides of the elementsof equations which were originally developed by R.H.

present. This is because direct determination of the com-Bogue. Direct determination of the compound compo-
pound composition requires special equipment and tech-sition, which requires special equipment and skill (Fig.

niques. Also, it is customary to express the individual ox- 6-4), is not necessary for routine quality control.

6.2.2. Chemical Composition
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CaO C 3Ca0-: Si0, CsS
SiO, S 2Ca0- Si0, CoS
Al>,03 A 3Ca0-: Al,03 C3A
FeO3 F 4Ca0. A|203 - Fe0O3 C4AF
MgO M 4Ca0- 3Al,03 - SO3 CsA3S
SG; S 3CaO0- 2Si0; - 3H0 C3S,H3
H>O H CasqQ - 2H,0 CSH

Table 6.1: Abbreviations for Oxides and Clinker Compounds

S 211 211 21.1 20.1 21.1
A 6.2 5.2 4.2 7.2 7.2
F 2.9 3.9 4.9 2.9 2.9
C 65.0 65.0 65.0 65.0 64.0
S 2.0 2.0 2.0 2.0 2.0
Rest 2.8 2.8 2.8 2.8 2.8

Table 6.2: Oxide Analyses of Portland Cements (%)

tential compound composition

The potential compound compositions of the cements
in Table6.2 are shown in Tablé.3. It can be seen from
the data in Tables.2 and6.3 that even small changes in
the oxide analyses of cements can result in large changes

6.2.3. Determination of Compound Composition
from Chemical Analysis

TheBogue equationfor estimating the theoretical or po-
tential compound composition of portland cement are as

follows: in the compound composition. Comparison between ce-
ments 1 and 2 shows that a 1% decrease wOAJ with
%C3S = 4.071C — 7.600S— 6.718A ?:cgrres?orldirtl)g izc;’reasde;n;o/%, Ioweretq tklle %\A anr?
— »S contents by 4.3 and 3.7%, respectively; this change
—1.430F —2.8505 (6.2) also caused an increase in theA® and GS contents by
%C>S 2.867S— 0.7544C3S (6.3) 3 and 4.3%, respectively. Similarly, comparison between
%C3A = 2.650A— 1.692F (6.4) cements 4 and 5 shows that a 1% decrease in CaO, with
%C4AF 3.043F (6.5) a corresponding increase in Si@aused the €S to drop

11.6% and the &S to rise by the same amount. Since
The equations are applicable to portland cements with the properties of portland cements are influenced by the
an A/F ratio 0.64 or higher; should the ratio be less than proportion and type of the compounds present, the Bogue
0.64 another set of equations apply, which are include in equations serve a useful purpose by offering a simple way
ASTM C 150. Also, it should be noted that the Bogue of determining the compound composition of a portland
equations assume the chemical reactions of formation of cement from its chemical analysis.
clinker compounds to have proceeded to completion, and
that the presence of impurities such as MgO and alkalies
can be ignored. Both assumptions are not valid; hence
in some cases the computed compound composition, es-
pecially the amounts of £\ and GAF in cements, are  The chemical composition of compounds present in the
known to deviate considerably from the actual compound industrial portland cements is not exactly what is ex-
composition determined directly. This is why the com- pressed by the commonly used formulasSCGS, GA,
puted compound composition is also referred to apthe and GAF. This is because at the hight temperatures

6.2.4. Crystal Structures and Reactivity of Com-
pounds
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C3S 53.7 58.0 62.3 53.6 42.0
C,S 19.9 16.2 12.5 17.2 28.8
C3A 11.4 7.1 2.8 14.0 14.0
C4AF 8.8 11.9 14.9 8.8 8.8

Table 6.3: Compound Composition of Portaland Cements (%)

prevalent during clinker formation the elements present in tural holes which account for the high lattice energy and
the system, including the impurities such as magnesium, reactivity.

sodium, potassium, and sulfur, possess the capability of  Similarly, the structure of belite in industrial cements
entering into solid solutions with each of the major com- is irregular, but the interstitial holes thus formed are much
pounds in clinker. Small amounts of impurities in solid smaller than in €S and this makes belite far less reactive
solution may not significantly alter the crystallographic than alite. By way of contrast, another crystallographic
nature and the reactivity of a compound with water, but form of dicalcium silicate, namelyC,S, has a regularly
larger amounts can do so. coordinate structure (Fig. 6-5b), thus making the com-

Besides factors such as the particle size and the tem-Pound nonreactive.
perature of hydration, the reactivity of the portland ce-
ment compounds with water is influenced by their crys- Calcium aluminate and ferroaluminate. Several hy-
tal structures. Under the high-temperature and nonequi-draulic calcium aluminates can occur in the CaQ@y
librium conditions of the cement kiln and with a variety system; however, the tricalcium aluminatesf&J is the
of metallic ions present, the crystal structures formed are principal aluminate compound in portland cement clinker.
far from perfect. The structural imperfections account for Calcium ferrites are not found in normal portland cement
the instability of the cement compounds in aqueous envi- clinker; instead, calcium ferroaluminates which belong to
ronments. In fact, the differences between the reactivity the GA-C,F ferrite solid solution (k) series are formed,
of two compounds having a similar chemical composition and the most common compound corresponds approxi-
can only be explained from the degree of their structural mately to the equimolecular compositiony AT
instability. It is beyond the scope of this book to discuss Similar to the calcium silicates, boths® and GAF
in detail the highly complex crystal structures of cement in industrial clinkers contain in their crystal structures
compounds; however, essential features that account forsignificant amounts of such impurities as magnesium,

differences in the reactivity are described next. sodium, potassium, and silica. The crystal structure of
pure GA is cubic; however, GAF and GA containing
Calcium silicates  Tricalcium silicate (GS) and  |arge amounts of alkalies are both orthorhombic. The
beta-decalcium silicateB(C>S) are the two hydraulic sil-  crystal structures are very complex but are characterized
icates commonly found in industrial portland cement py |arge structural holes which account for high reactivity.
clinkers. Both invariably contain small amounts of mag- Magnesium oxide and calcium oxide The source

nesium, aluminum, iron, potassium, sodium, and sulfur of magnesium oxide in cement is usually dolomite, which
ions; the impure forms of £5 andBC,S are known as s present as an impurity in most limestones. A part of the
alite andbelite, respectively. total magnesium oxide in portland cement clinker (i.e., up
Although three main crystalline forms of alite - tri-  to 2%) may enter into solid solution with the various com-
clinic, monoclinic, and trigonal - have been detected in pounds described above; however, the rest occurs as crys-
industrial cements, these forms are a slight distortion of talline MgO, also callegbericlase Hydration of periclase
an ideal GS pseudostructure built from SiQetrahedra, to magnesium hydroxide is a slow and expansive reac-
calcium ions, and oxygen ions (Fig. 6-5a). According tion which under certain conditions cap causeound-
to Lea! a notable feature of the ionic packing is that the ness(i.e., cracking and pop-outs in hardened concrete).
coordination of oxygen ions around the calcium is irreg- Uncombinedor free calcium oxidds rarely present
ular, so that the oxygens are concentrated to one side ofin significant amounts in modern portland cements. Im-
each calcium ions. This arrangement leaves large struc-proper proportioning of raw materials, inadequate grind-

1E.M. Lea,The Chemistry of Cement and Concrétdemical Publishing Company, Inc., New York, 1971, pp. 317-37.
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ing and homogenization, and insufficient temperature or hydrate or plaster of paris (Cag©1/2H,0), and anhy-
hold time in the kiln burning zone are among the princi- drite (CaSQ). Compared to clinker compounds gypsum
pal factors that account for the presence of free or crys- dissolves quickly in water; however, the hemihydrate is
talline calcium oxide in portland cement clinker. Like much more soluble and is invariable present in cements
MgO, crystalline CaO exposed to high temperature in the due to decomposition of the gypsum during the finish
cement kiln hydrates slowly, and the hydration reaction is grinding operation.

capable of causing unsoundness in hardened concretes.

Both.MgO and Ca0o form cubic structure,_with each 6.2.5. Fineness
magnesium or calcium ion surrounded by six oxygens N N _
in a regu'ar octahedron. The size of the Mgion is In addition to the Compound CompOSItIOI’], the fineness of

such that in the MgO structure the oxygen ions are in & cement affects its reactivity with water. Generally, the
close contact with the Mg well packed in the inter- finer a cement, the more rapidly it will react. For a given
stices. However, in the case of the CaO structure, due tocompound composition the rate of reactivity and hence
the much larger size of the €aion, the oxygen ions are the strength development can be enhanced by finer grind-
forced apart, so that the €aions are not well packed. ing of cements; however, the cost of grinding and the heat
Consequently, the crystalline MgO formed from a high- evolved on hydration set some limits on fineness.
temperature¥ 1400°C) melt in a portland cement kiln is For quality control purposes in the cement industry,
much less reactive with water than the crystalline CaO, the fineness is easily determined as residue on standard
which has been exposed to the same temperature conSieves such as No. 200 mesh (&) and No. 325 mesh
dition. This is the reason whynder ordinary curing  (45um). Itis generally agreed that cement particles larger
temperatureshe presence of significant amounts of crys- than 45um are difficult to hydrate and those larger than
talline CaO in portland cement may cause unsoundness’/> #M may never hydrate completely. However, an es-

in concrete, whereas a similar amount of Crysta”ine Mgo timate of the relative rates of reaCtiVity of cements with
generally proves harmless. similar compound composition cannot be made without

knowing the complete particle size distribution by sedi-
mentation methods. Since the determination of particle
size distribution by sedimentation is either cumbersome
or requires expensive equipment, it is a common practice
in the industry to obtain a relative measure of the particle
size distribution from surface area analysis of the cement
by the Blaine Air Permeability Method (ASTM C 204).
Typical data on particle size distribution and Blaine sur-
face area for two samples of industrially produce portland
cements are shown in Fig. 6-6.

Alkali and sulfate compounds The alkalies,
sodium and potassium, in portland cement clinker are
derived mainly from the clay components present in the
raw mix and coal; their total amount, expressed asNa
equivalent (NaO + 0.64K;0), may range from 0.3 to
1.5%. The sulfates in a cement kiln generally originate
from fuel. Depending on the amount of sulfate avail-
able, soluble double-sulfates of alkalies such as langbei-
nite (2CS- NS) and aphthitalite (38 KS) are known to
be present in portland cement clinker. Their presence is
known to have a significant influence on the early hydra-
tion reactions of the cement.

When sufficient sulfate is not present in the kiln sys-
tem, the alkalies are preferentially taken up byAGand
C,S, which may then be modified to compositions of the 6.3.1. Significance
type NGA3 and KG3S1o, respectively. Sometimes large
amounts of sulfate in the form of gypsum are purpose-
fully added to the raw mix either for lowering the burn-
ing temperature or for modification of thes& phase to
C4A3S, which is an important constituent of certain types
of expansive as well as rapid-hardening cements (as wil
be described later).

In ordinary portland cement the source of most of the

6.3 Hydration of Portland Cement

Anhydrous portland cement does not bind sand and
gravel; it acquires the adhesive property only when mixed
with water. This is because the chemical reaction of ce-
ment with water, commonly referred to as thedration of

| cementyields products that possess setting and hardening
characteristics. Brunauer and Copeland aptly described
the significance of portland cement hydration to concrete

sulfate (expressed as §QAs gypsum, or calcium sulfate technology:

in one of its several possible forms, added to the clinker. The chemistry of concrete is essentially the chem-
The main purpose of this additive is to retard the quick- istry of the reaction between portland cement and
setting tendency of the ground portland cement clinker water... . In any chemical reaction the main features
due to the very high reactivity of 4 present. Cal- of interest are the changes in matter, the changes in

cium sulfate can occur as gypsum (GaQ@H,0), hemi- energy, and the speed of the reaction. These three
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aspects of a reaction have great practical impor- portland cement, it is desirable to discuss separately the
tance for the user of portland cement. Knowledge hydration reactions of the aluminates and the silicates.

of the substances formed when portland cement re-

acts is important because the cement itself is not a ] ]

cementing material; its hydration products have the 6.3.3. Hydration of the Aluminates

cementing action. Knowledge of the amount of heat
released is important because the heat is sometimes
a help and sometimes a hindrance... . Knowledge
of reaction speed is important because it determines
the time of setting and hardening. The initial reac-
tion must be slow enough to enable the concrete to

The reaction of GA with water is immediate. Crystalline
hydrates, such ass8Hg, CsAH19, and GAHg, are
formed quickly, with liberation of a large amount of heat
of hydration. Unless the rapid reaction oA hydration

is slowed down by some means, the portland cement will

be poured into place. On the other hand, after the be useless for most construction purposes. This is gener-

concrete has been placed rapid hardening is often ally accomplished by the addition of gypsum. Therefore,
desirable? for practical purposes it is not the hydration reactions of

C3A alone but the hydration of 4 in the presence of
gypsum which is important.

From the standpoint of hydration reactions of portland
cement, it is convenient to discusgACand ferroalumi-
Two mechanisms of hydration of portland cement have nate together because the products formed when the lat-
been proposed. Thiarough-solution hydratiofnvolves ter reacts with water in the presence of sulfate are struc-
dissolution of anhydrous compounds to their ionic con- turally similar to those formed from 2. For instance,
stituents, formation of hydrates in the solution, and due depending on the sulfate concentration the hydration of
to their low solubility, eventual precipitation of the hy- C4AF may produce either A\(F)SzHsz or C4A(F)SHis,
drates from the supersaturated solution. Thus the through-which have variable chemical compositions but structures
solution mechanism envisages complete reorganization ofsimilar to ettringite and low sulfate, respectively. How-
the constituents of the original compounds during the hy- ever, the part played by the ferroaluminate in portland ce-
dration of cement. According to the other mechanism, ment in early setting and hardening reactions of the ce-
called thetopochemicalor solid-state hydratiorof ce- ment paste depends mainly on its chemical composition
ment, the reactions take place directly at the surface of theand temperature of formation. Generally, the reactivity
anhydrous cement compounds without their going into so- of the ferrite phase is somewhat slower thagAChut it
lution. From electron microscopic studies of hydrating ce- increases with increasing alumina content and decreasing
ment pastes (Fig. 6-7), it appears that the through-solutiontemperature of formation during the cement manufactur-
mechanism is dominant in the early stages of cement hy-ing process. In any case, it may be noted that the hydration
dration. At later ages when the ionic mobility in solution reaction of the aluminates described below are applicable
becomes restricted, the hydration of the residual cementto both the GA and the ksin portland cement, although
particle may occur by solid-state reactions. for the sake of simplicity only €A is discussed.

Since portland cement is composed of a heteroge-  Several theories have been postulated to explain the
neous mixture of several compounds, the hydration pro- mechanism of retardation ofs8 by gypsum According
cess consists of simultaneously occurring reactions of theto one theory, since gypsum and alkalies go into solution
anhydrous compounds with water. All the compounds, quickly, the solubility of GA is depressed in the pres-
however, do not hydrate at the same rate. The aluminatesence of hydroxyl, alkali, and sulfate ions. Depending on
are known to hydrate at a much faster rate than the sili- the concentration of aluminate and sulfate ions in solu-
cates. In fact, thetiffening(loss of consistency) anskt- tion, the precipitating crystalline product is either the cal-
ting (solidification), characteristics of a portland cement cium aluminate trisulfate hydrate or the calcium alumi-
pate, are largely determined by the hydration reactions in- nate monosulfate hydrate. In solutions saturated with cal-
volving aluminates. cium and hydroxyl ions, the former crystallizes as short

The silicates, which make up about 75% of ordinary prismatic needles and is also referred tagh-sulfateor
portland cement, play a dominant role in determining the by the mineralogical namettringite The monosulfate is
hardening(rate of strength development) characteristics. also calledow-sulfateand crystallizes as thin hexagonal
For the purpose of obtaining a clear understanding of the plates. The relevant chemical reactions may be expressed
chemical and physical changes during the hydration of as

6.3.2. Mechanism of Hydration

23, Brunauer and L.E. Copeland, “The Chemistry of Concregel,, Am, April 1964.
3In recent literature the terms ARnd ARy are employed to designate the products which may have variable chemical compositions but are struc-
turally similar to ettringite and monosulfate hydrate, respectively.
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Ettringite:

[AIO 4]~ + 3[SO4]> + 6[Caft+ ag. — CsASzH32
(6.6)
Monosulfate:

[AIO 4] +[SO4]? + 4[CaF" + ag. — C4AS3H1g
(6.7)

Ettringite is usually the first hydrate to crystallize be-
cause of the high sulfate/aluminate ratio in the solution
phase during the first hour of hydration. In normally re-
tarded portland cements which contain 5 to 6% gypsum,
the precipitation of ettringite contributes to stiffening (loss
of consistency), setting (solidification of the paste), and
early strength development. Later, after the depletion of
sulfate in the solution when the aluminate concentration
goes up again due to renewed hydration gh@nd GAF,
ettringite becomes unstable and is gradually converted
into monosulfate, which is the final product of hydration
of portland cements containing more than 5%AC

CeAS3H32+ 2C3A — C4ASHg. (6.8)

Since the aluminate-to-sulfate balance in the solution
phase of a hydrated portland cement paste primarily deter-
mines whether the setting behavior is normal or not, var-
ious setting phenomena affected by an imbalance in the
A/S ratio, which have a practical significance in the con-
crete technology, are illustrated by Fig. 6-8 and discussed
below:

e Case I When the rates of availability of the alumi-
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setting in less than 45 min after the addition of wa-
ter. This phenomenon is known gsick set

e Case IV: When little or no gypsum has been added
to a ground portland cement clinker, the hydration
of C3A is rapid and the hexagonal-plate calcium
aluminate hydrates start forming in large amounts
soon after the addition of water, causing almost
an instantaneous set. This phenomenon, known as
flash setis associated with large heat evolution and

poor ultimate strengths.

Case V. When the GA in cement is of low reactiv-

ity, as is the case in partially hydrated or carbonated
cements which have been improperly stored, and at
the same time a large amount of calcium hemihy-
drate is present in the cement, the solution phase
will contain a low concentration of aluminate ions
but will quickly become supersaturated with respect
to calcium and sulfate ions. This situation will lead
to the rapid formation of large crystals of gypsum
with a corresponding loss of consistency. The phe-
nomenon, calledalse set is not associated with
large heat evolution and can be remedied by vig-
orous mixing of the cement paste with or without
additional water.

Although gypsum is added to cement to serve as a re-
tarder, what is known as theptimum gypsum content of
cements generally determined from standard tests which
show maximum cement strength and minimum shrinkage

nate ions and the sulfate ions to the solution phase at given ages of hydration. Sulfate ions contributed to the
are low, the cement paste will remain workable for solution by the dissolution of gypsum have a retarding ef-
about 45 min; thereafter it will start stiffening as the  fect on the aluminates but an accelerating effect on the
water-filled space begins to get filled with ettringite hydration of the silicates (see Chap&r which are the
crystals. Most so-calledormal-settingportland ce- principal compounds in portland cement. Therefore, de-
ments belong to this category. The paste becomespending on the composition of a cement, a specific gyp-
less workable between 1 and 2 hr after the addition sum content is indicated for optimum performance of the
of water, and may begin to solidify within 2to 3 hr. cement.

Case II: When the rates of availability of the alumi-
nate ions and the sulfate ions to the solution phase
are high, large amounts of ettringite form rapidly
and cause a considerable loss of consistency in 10
to 45 min, with solidification of the paste between 1
and 2 hr. Freshly produce highs& cements con-
taining more than normal amounts of alkali sulfates
or calcium sulfate hemihydrate are generally char-
acterized by this type of behavior.

6.3.4. Hydration of the Silicates

The hydration of GA and 8C3S in portland cement pro-
duces a family of calcium silicate hydrates which are
structurally similar but vary widely in calcium/silica ra-
tio and the content of chemically combined water. Since
the structure determines the properties, the compositional
differences among the calcium silicate hydrates have litle
effect on their physical characteristics.

Case lll: When the amount of reactives& is high The structure and properties of the calcium silicate hy-
but the soluble sulfate present is less than required drates formed in portland cement pastes were described
for normal retardation, hexagonal-plate crystals of in Chapter2. In general, the material is poorly crystalline
monosulfate and calcium aluminate hydrates form and forms a porous solid which exhibits characteristics
quickly and in large amounts with the cement paste of a rigid gel. In the literature, this gel has cometimes
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been referred to ambermorite gel after a naturally oc-  C3S hydrates at a faster rate thapSCIn the presence of
curring mineral of seemingly similar structure. The use gypsum, GS in the fine particles begins to hydrate within
of this name is no longer favored because the similarity an hour of the addition of water to cement, and probably
in crystal structures is rather poor. Also, since the chemi- contributes to the final time of set and early strength of the
cal composition of the calcium silicate hydrates in hydrat- cement paste. In fact, the relatively quick rate gBGy-

ing portland cement pastes varies with the water/cementdration is an important factor in the design of high-early-
ratio, temperature, and age of hydration, it has become strength portland cements, as will be discussed later.
rather customary to refer to these hydrates simply as C-  Hydration reactions of alite and belite are accelerated
S-H, a notation that does not imply a fixed composition. in the presence of sulfate ions in solution. Numerous re-
On complete hydration the approximate composition of sarchers have found that, unlike the depression of solu-
the material coresponds toz§Hs; this composition is  bijlity shown by the aluminate compounds, the solubility

therefore use for stoichiometric calculations. of the calcium silicate compounds. bota%<and GS, is
The stoichiometric reactions for fully hydrated®  actually increased in sulfate solutions, which explains the
and GS pastes may be expressed as acceleration of hydration. Typical data on the effect of
gypsum addition on the hydration rate of alite are shown
2C3S + 6H — C3SH3+3CH (6.9) in Table??. In conclusion, although the primary purpose

of gypsum in portland cement is to retard the hydration of
aluminates, a side effect is the acceleration of alite hydra-
2GS+ 4H — C3SH3+CH (6.10)  tion without which the industrial cements would harden at

In addition to the fact that similar reaction products are a slower rate.

formed on hydration of both the calcium silicates present
in portland cement, there are several points that need to be .
noted. 6.4 Heat of Hydration

First, stoichiometric calculations show that hydration
of C3S would produce 61% £,Hs and 39% calcium  The compounds of portland cement are nonequilibrium
hydroxide, whereas the hydration o§&would produce  Products of high-temperature reactions and are therefore
82% GS;Hs and 18% calcium hydroxide. If the sur- in @ high-energy state. When a cement is hydrated, the
face area and, consequently, the adhesive property of hy-compounds react with water to acquire stable low-energy
drated cement paste are mainly due to the formation of States, and the process is accompanied by the release of
the calcium silicate hydrate, it is expected that the ulti- €nergy in the form of heat. In other words, the hydration
mate strength of a high4S portland cement would be ~ reactions of portland cement compounds are exothermic.
lower than a high-gS cement. This, indeed, is confirmed The significance of heat of cement hydration in con-
by the data from many investigations. crete technology is manifold. The heat of hydration can

Second, if the durability of a hardened cement paste sometimes be a hindrance (e.g.,, mass concrete struc-
to acidic and sulfate waters is reduced due to the pres-tures), and at other times a help (e.g., winter concreting
ence of calcium hydroxide, it may be expected that the ce- when ambient temperatures may be too low to provide
ment containing a higher proportion 0bS will be more  the activation energy for hydration reactions). The total
durable in acidic and sulfate environments than the ce- amount of heat liberated and the rates of heat liberation
ment containing a higher proportion 0g8. This obser-  from hydration of the individual compounds can be used
vation is also generally confirmed by laboratory and field as indices of their reactivity. As discussed below, the data
experiences. From the standpoint of durability to chemi- from heat of hydration studies can be used for character-
cal attacks, many standard specifications attempt to limit izing the setting and hardening behavior of cements, and
the maximum permissible{S in cements; some recom-  for predicting the temperature rise.
mend the use of pozzolans in order to remove the excess By using a conduction calorimeter, Lefchecorded
calcium hydroxide from the hydrated cement paste. Third, the rate of heat evolution from cement pastes during the
it can be calculated from the equations above that for com- setting and early hardening period. A typical plot of the
plete hydration,gS and GS require 24% and 21% water, data is shown in Fig. 6-9. In general, on mixing the ce-
respectively. ment with water, a rapid heat evolution (ascending peak

The stoichiometric equations ofsS and GS hydra- A) lasting a few minutes occurs. This probably represents
tion do not tell anything about the reaction rates. From the the heat of solution of aluminates and sulfates. This initial
standpont of structural instability described earlier and the heat evolution ceases quickly (descending peak A) when
heat of hydration data given below, it will be apparent that the solubility of aluminates is depressed in the presence

4w, Lerch,Proceedings Am. Soc. Test. Mall. 46, p. 1252, 1946.
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of sulfate in the solution. The next heat evolution cycle, talline hydration products such as ettringite and the C-S-
culminating in the second peak after about 4 to 8 hours of H, and evaporation causes the paste to stiffen and, finally,
hydration for most portland cements, represents the heatto set and harden.

of formation of ettringite (ascending peak B). Many re- The termsettingimplies solidification of the plastic
sarchers believe that the heat evolution period includes cement paste. The beginning of solidification, calliee
some heat of solution due to38 and heat of formation initial set, marks the point in time when the paste has be-
of C-S-H. The paste of a properly retarded cement will come unworkable. Accordingly, placement, compaction,
retain much of its plasticity before the commencement of and finishing of concrete beyond this stage will be very
this heat cycle and will stiffen and show timétial set (be- difficult. The paste does not solidify suddenly; it requires
ginning of solidification) before reaching the apex at B, considerable time to become fully rigid. The time taken
which corresponds to tH&al set(complete solidification  to solidify completely markshe final set which should
and beginning of hardening). not be too long in order to resume construction activity
From analysis of heat of hydration data on a large within a reasonable time after placement of concrete. Al-
number of cements, Verbeck and Fosteomputed the  most universally, the initial and the final setting times are
individual rates of heat evolution due to the four principal determined by the Vicat apparatus, which measures the
compounds in portland cement (Talt@). Since the heat  resistance of a cement paste of a standard consistency to
of hydration of cement is an additive property, it can be the penetration of a needle under a total load of 300 g. The
predicted from an expression of the type initial set is an arbitrary time in the setting process which
is said to be reached when the needle is no longer able to
pierce the 40-mm-deep pat of the cement paste to within
about 5 to 7 mm from the bottom. The final set is said to
be reached when the needle makes an impression on the
surface of the paste but does not penetrate. ASTM C 150,
Standard Specification for Portland Cemergquires the
initial setting time to be not less than 45 min, and the final
setting time to be not more than 375 min as determined by
the Vicat Needle (ASTM C 191).

A freshly set portland cement paste has little or no

H=aA+bB+cC+dD (6.11)

whereH represents the heat of hydration at a given age
and under given conditiong, B, 4C, and4D are the per-
centage contents ofdS, GS, C3A, and GAF present

in the cement; and, b, ¢, andd are coefficients repre-
senting the contribution of 1% of the corresponding com-
pound to the heat of hydration. The values of the coeffi-
cients will be different for the various ages of hydration.

For a typical portland cement, it appears that approx- ) L
imately 50% of the potential heat is liberated within the strength because it represents only the beginning of the

first 3 day, and 90% within the first 3 months or hydration. hydration of QS, the principal compound prgsent. Oqce
For low-heat portland cements (ASTM Type IV), ASTM the GS hydration starts, the reaction contln_ues _rf_;\pldly
C 150 requires the 7- and 28-day heats of hydration to be O Several weeks. The process of progressive filling of
limited to 60 and 70 callg, respectively. Normal portiand th€ void spaces in the paste with the reaction products

cements, ASTM Type |, generally produce 80 to 90 callg results in a decrease in porosity and permeability, and
in 7 days, and 90 to 100 cal/g in 28 days an increase in strength. In concrete technology the phe-
' ' nomenon of strength gain with time is calledrdening

Fig. 6-10 shows a graphic representation of the relation

6.5 Physical Aspects of the Setting and between the chemistry of the hydration process of a nor-
' . mal portland cement paste and the physical phenomena

Hardening Process of gradual stiffening, setting, and hardening with a corre-

The chemical aspects of the hydration reactions of port- SPONding decrease in porosity and permeability.
land cement compounds have already been discussed. For

application to concrete technology it is desirable to review L.

the physical aspects, such as stiffening, setting, and hard-6.6 Effect of Cement Characteristics on
ening, which are different manifestations of the ongoing Strength and Heat of Hydration
chemical processes.

Stiffeningis the loss of consistency by the plastic ce- Since the rates of reactivity of the individual portland ce-
ment paste, and is associated with the slump loss phe-ment compounds with water vary considerably, it is pos-
nomenon in concrete. It is the free water in a cement sible to change the strength development characteristics
paste that is responsible for its plasticity. The gradual loss of cements simply by altering the compound composition.
of free water from the system due to early hydration re- Forinstance, the early strengths at 3, 7, and 28 days would
actions, physical adsorption at the surface of poorly crys- be high if the cement contains relatively large amounts of

5G.J. Verbeck and C.W. Fostétroceedings Am. Soc. Test. Mafol. 50, p. 1235, 1950.
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C3S and GA; and the early strength would be low if the
cement contains a larger proportion o3& Also, from
theoretical considerations already given 9g), the ulti-
mate strength of the cement high in®€should be greater
than that of a low-@S cement. Laboratory studies con-
firm these expectations (Fig. 6-11a).

Also, since the compound composition of the cement
affects the heat of hydration, it is to be expected that ce-
ments containing high £5 will not only be slow harden-
ing but also less heat producing (Fig. 6-11b).

In addition to compound composition, the rates of
strength development and heat evolution can be readily
controlled by adjusting the fineness of cement. For in-
stance, depending on the specific compound composition,
by making a change in the surface area of the cement from
320 to 450 m/kg Blaine, it is possible to increase the 1-,

3-, and 7-day compressive strengths of the cement mortar

by about 50 to 100, 30 to 60, and 15 to 40%, respectively.
Typical data on the influence of fineness on strength are
shown in Fig. 6-11c. Additional data on the influence of
compound compostion, fineness, and hydration tempera-
ture on heat development are shown in Fig. 6-12.

6.7 Types of Portland Cement

A summary of the main characteristics of the principal
compounds in portland cement is shown in TaB2
From the knowledge of relative rates of reactivity and
products of hydration of the individual compounds it is
possible to design cements with special characteristics
such as high early strength, low heat of hydration, high
sulfate resistance, and moderate heat of hydration or mod-
erate sulfate resistance. Accordingly, ASTM C 1S&n-
dard Specification for Portland Cementovers the fol-
lowing 8 types of portland cement:

e Type I: For use when the special properties spec-
ified for any other type are not required. No lim-
its are imposed on any of the four principal com-
pounds.

Type IA: Air-entraining Type | cement, where
air entrainment is desired (e.g., for making frost-
resisting concrete).

Type Il: For general use, more especially when
moderate sulfate resistance of moderate heat of hy-
dration is desired. Sinces® and GS produce high
heats of hydration, the Specification limits the/C
content of the cement to maximum 8%, and has an
optional limit of maximum 58% on the sum 06

and GA (this limit applies when a moderate heat
of hydration is required and test data for heat of hy-
dration are not available).
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e Type lIA: Air-entraining Type Il cement, where air
entrainment is desired.

Type Il : For use when high early strength is de-
sired. To ensure that the high strength is not due
mainly to the hydration products ofs&, the Spec-
ification limits the GA content of the cement to
maximum 15%.

It may be noted from Fig. 6-11 that generally the
high early strength of the Type Il portland cement
is in part due to the higher specific surface approx-
imately 500 nd/kg Blaine, instead of 330 to 400
m?/kg for Type | portland cement.

Type IV: For use when a low heat of hydration is
desired. Since &S and GA produce high heats
of hydration, but GS produces much less heat, the
Specification calls for maximum limits of 35 and
7% on GS and GA, respectively, and requires a
minimum of 40% GS in the cement.

Type V: For use when high sulfate resistance is de-
sired. The Specification calls for a maximum limit
of 5% on GA which applies when the sulfate ex-
pansion test is not required.

It should be noted that the ultimate product of hy-
dration is cements containing more than 5% po-
tential GA, as calculated by Bogue equations, is
monosulfate hydrate which is unstable when ex-
posed to a sulfate solution; ettringite is the stable
product in sulfate environments, and conversion of
the monosulfate to ettringite is generally associated
with expansion and cracking.

Although ASTM C 150 covers the production and
use of air-entraining portland cements, concrete produc-
ers prefer cements without entrained air because the appli-
cation of air-entraining admixtures during concrete man-
ufacture offers better control for obtaining the desired
amount and distribution of air in the product. Conse-
quently, there is little demand for the air-entrained ce-
ments. Similarly, low heat cement is no longer made in
the United States because the use of mineral admixtures
in concrete offers, in general, a less expensive way to con-
trol the temperature rise. It may be noted that more than
90% of the hydraulic cements produced in the country be-
long to the ASTM Types | and Il portland cements, ap-
proximately 3% to the ASTM Type IIl, and the rest to
special cements such as oil-well cement, which comprises
approximately 5% of the total cement production.

Typical compound compositions of the commonly
available portland cements in the United States are shown
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in Table ??. Important features of thphysical require- The hydraulic calcium silicates,3S andgC,S, continue
ments according to ASTM C 15@ith reference to meth-  to be the primary cementitious constituents; only the alu-
ods of testing, are summarized in TaB® The test meth-  minate and the ferrite phases are suitably altered to obtain

ods and specifications are useful mainly for the purposesthe desired properties.
of quality control of cement; they must not be used to The exception to the blended and modified portland
predict properties of concrete which, among other factors, cements is the calcium aluminate cement, which does
are greatly influenced by the water/cement ratio, curing not derive its cementing property from the presence of
temperature, and cement-admixture interaction when ap-hydraulic calcium silicates. Noteworth special cements,
plicable. For instance, compared to the standard test con-their compositions, and major applications are summa-
ditions, the time of set of a cement will increase with in- rized in Table??. Important features, hydration charac-
creasing water/cement ratios and decrease with increasingeristic, and properties of the cements listed in the table
curing temperatures. are discussed next.
The cement standards in the worlte generally sim-
ilar in principle but vary from one another in minor de-
tails. However, some exceptions may be noted. For ex- 6.8.2. Blended Portland Cements
ample, cement standards do not differentiate between the : -
Cost saving was probably the original reason for the de-
ASTM Types | and Il portland cements. Also, most ce-
velopment of blended portland cements. However, the
ment standards do not favor the ASTM C 151 autoclave . . . )
. L impetus to rapid growth in the production of blended ce-
expansion test and the C 150 soundness specification, be- . : .
. . : ments in many countries of Europe and Asia came as
cause the hydration behavior of portland cement is con- : . . .
) . : o a result of energy-saving potential. Also, in certain re-
siderably distorted under the autoclaving conditions, and
spects, the blended cements perform better than portland

because a correlation has never been demonstrated be- )
: . : . cement. Presently, the production of slag cements repre-
tween the maximum permissible expansion according to

the test and the soundness of cement in sefvicestead, sents nearly one-fourth of .the total cement production of
e o Germany, and the production of pozzolan cements repre-
the Le Clatelier’s test, which involves exposure of a ce-

ment paste to boiling water (not autoclaving conditions) sents about one-third of the total cement produced in Italy.
is pref?arred 9 g " In the United States the production of blended cements is

still in infancy; however, there is a growing interest to use
pozzolanic (e.qg., fly ash) and cementitious materials (e.qg.,
ground blast-furnace slag) as mineral admixtures in con-
crete. The composition and properties of pozzolanic and
cementitious materials are described in Chafter

ASTM C 595, Standard Specification for Blended Hy-
draulic Cements, covers five classes of cements, but com-
Portland cements do not satisfy all the needs of the con- mercial production is limited to portland blast-furnace
crete industry; therefore, special cements have been develslag cement (Type IS), and portland pozzolan cement
oped to meet certain needs. Compared to portland cement(Type IP). According to the Specificatiofiype IS ce-
their volume is small and prices generally higher, but due ment shall consist of an intimate and uniform blend of
to unique characteristics the special cements deserve to bgortland cement and fine granulated blast-furnace slag
better known to the structural engineer. in which the slag constituent is between 25 and 70% of

With one notable exception, the special hydraulic ce- the weight of portland blast-furnace slag cemeBlast-
ments may be considered as modified portland cementsfurnace slagis a nonmetallic product consisting essen-
in the sense that they are made either by altering thetially of silicates and aluminosilicates of calcium and
compound composition of portland cement clinker, or by other basegranulated slags the glassy or noncrystalline
blending certain additives with portland cement, or by do- product which is formed when molten blast-furnace slag
ing both. A clear classification of the special cements is is rapidly chilled, as by immersion in wateFype IP ce-
difficult; however, in the American practice the use of the ment shall consist of an intimate and uniform blend of
termblended portland cementsis confined to blends of  portland cement (or portland blast-furnace slag cement),
portland cements with either rapidly cooled blast-furnace and fine pozzolan in which the pozzolan content is be-
slag or pozzolanic material such as fly ash. Other specialtween 15 and 40% of the weight of the total cement. A
cements are generally classified under the terodified pozzolanis defined as a siliceous or siliceous and alu-
portland cementsbecause they are made by modification minous material which in itself possesses little or no ce-
of the compound composition of portland cement clinker. menting property but will in a finely divided form and in

6.8 Special Hydraulic Cements

6.8.1. Classification and Nomenclature

6p.K. Mehta, ASTM STP 663, 1978, pp. 35-60.



102 CHAPTER 6. HYDRAULIC CEMENTS

the presence of moisture chemically react with calcium cementitious products such agAH13, AF;, and Af,.

hydroxideat ordinary temperatureso form compounds  Properties of Types IP and IS vary widely depending on

possessing cementitious properties. the curing conditions and the proportions as well as the
Compared to pozzolans, finely ground granulated physical-chemical characteristics of the constituent mate-

blast-furnace slag is self-cementing; that is, it does not rials present. The properties given below may therefore

require calcium hydroxide to form cementitious products be considered as indicative of general trends.

such as C-S-H. However, when granulated blast-furnace  Heat of hydration. Figure 6-15 shows the effect if

slag hydrates by itself, the amount of cementitious prod- jncreasing amounts of pozzolan on the heat of hydration
ucts formed and the rates of formation are insufficient for of the portland pozzolan cement. Type IS cements con-

application of the material to structural purposes. When taining 50% slag show comparable results (i.e., 45 to 50
used in combination with portland cement, the hydration ca)/g heat of hydration at 7 days).

of slag is accelerated in the presence of calcium hydrox-
ide and gypsum. During the hydration of Type IS cement,

some calcium hydroxide produced by the portland cement
is consumed by the slag constituent of the cement. In this
respect, and also due to the general similarity of the mi-

crostructure between Type IS and Type IP hydrated ce-
ment pastes, it is desirable to discuss the hydration char-
acteristics and properties of the two types of cement to-

gether.

The pozzolanic reaction and its significance With
respect to the main C-S-H-forming reaction, a comparison
between portland cement and portland pozzolan cement
is useful for the purpose of understanding the reasons for
differences in their behavior:

Strength  development Figure 6-16a shows
strength development rates up to 1 year in cements con-
taining 10, 20, or 30% pozzolan, and Fig. 6-16b shows
similar data for cements containing 40, 50, or 60% gran-
ulated slag. In general, pozzolan cements are somewhat
slower than slag cements in developing strength; whereas
Type IS cements usually make a significant contribution
to the 7-day strength, a Type IP cement containing an
ordinary pozzolan shows considerable strength gain be-
tween the 7- and the 28-day test period. When adequately
reactive materials are used in moderate proportion (e.g.,
15 to 30% pozzolan or 25 to 50% slag), and moist cur-
ing is available for long periods, the ultimate strengths of
Types IP and IS cements are higher than the strength of

Portland Cement the portland cement from which these cements are made.
This is because of the pore refinement associated with the
C3S+H P Cc-S-H+CH (6.12) pozzolanic reactions and increase in the C-S-H and other
hydration products at the expense of calcium hydroxide.
Portland Pozzolan Cement Durability . Compared to portland cement, the su-
slow perior durability of Type IP cement to sulfate and acidic
Pozzolant CH+H — C-S—H (6.13) environments is due to the combined effect of better im-
The reaction between a pozzolan and calcium hydroxide permeability at given water/cement ratio and degree of hy-
is called thepozzolanic reaction The technical signifi-  dration, and reduced calcium hydroxide content in the hy-

cance of pozzolan cements (and also slag cements) is dedrated cement paste (Fig. 6-17a). In one investigation it
rived mainly from three features of the pozzolanic reac- Was found that compared to portland cement the depth of
tion. First, the reaction is slow; therefore, the rates of heat Penetration of water was reduce by about 50% in 1-year-
liberation and strength development will be accordingly ©ld pastes of cements containing 30 weight percent of a
slow. Second, the reaction is lime consuming instead of Greek volcanic ash. Also, compared to 20% calcium hy-
lime producing, which has an important bearing on the droxide in the 1-year-old paste of the reference portland
durability of the hydrated paste to acidic environments. c€ment, there was only 8.4% calcium hydroxide in a sim-
Third, pore size distribution studies of hydrated IP and IS ilarly hydrated paste of the cement containing 30 weight
cements have shown that the reaction products are veryPercent of the Greek pozzolan. It may be noted that due
efficient in filling up large capillary space, thus improving  t0 the dilution effect in the latter case, without the poz-
the strength and impermeability of the system. Pore size zolanic reaction the amount of calcium hydroxide should
distribution data of portland pozzolan cements containing Nave been about 14%.
a Greek pozzolan (Santorini earth) are shown in Fig. 6- Type IS cements behave in a similar manner. Figure
13, and a graphic representation of fhere refinement  6-17b shows the effect of increasing slag content on the
processassociated with the pozzolanic reaction is shown amount of calcium hydroxide in portland blast-furnace
in Fig. 6-14. slag cements at 3 and 28 day after hydration. At about
In addition to reactive silica, slags and pozzolans con- 60% slag content, the amount of calcium hydroxide be-
tribute reactive alumina, which in the presence of cal- comes so low that even slags containing large amounts of
cium hydroxide and sulfate ions in the system, also forms reactive alumina can be used to make sulfate-resisting ce-
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ments. It may be recalled (see Chagigthat the rate of  pansive cements, it is customary to blend a suitable pro-
sulfate attack depends on the permeability and the amountportion of the sulfoaluminate clinker with normal portland
of calcium hydroxide and reactive alumina phases present.cement clinker.
Some high-alumina slags and fly ashes tend to increase  ASTM C 845 covers two other expansive hydraulic
in the hydrated cement paste the amounts of C-A-H and cements which also derive their expansion characteristic
monosulfate, which are vulnerable to sulfate attack. Since from ettringite but are no longer commercially produced
large amounts of calcium hydroxide in the system are nec- in the United States. The cements differ from the Type K
essary for the formation @xpansive ettringiteooth labo- cement and from each other with respect to the source of
ratory and field experience show that IS cements contain- aluminate ions for ettringite formatioffype M expansive
ing 60 to 70% or more slag are highly resistant to sulfate cementis a mixture of portland cement, calcium alumi-
attack irrespective of the4d content of the portland ce-  nate cement (with CA as the principal compound), and
ment and the reactive alumina content of the slag. calcium sulfate. Type S expansive cemestcomposed

In regard to the deleterious expansion associated with of a very high GA portland cement (approximately 20%
the alkali-aggregate reaction, combinations of high-alkali C3A) and large amounts of calcium sulfate. The stoi-
portland cement and pozzolans or slags are generallychiometry of the expansive reactions in the three cements
known to produce durable products (Fig. 6-18). Some- can be expressed as
times the alkali content of pozzolans and slags are high,
but if the alkali-containing mineral is not soluble in the Type K
high-pH environment of portland cement concrete, the

high-alkali content of the blended cement should not _ _ _
cause any problem. C4A3S+ 8CS+ 6CH+ H — 3CsAS3H32 (6.14)

6.8.3. Expansive Cements Type M

Expansive cementre hydraulic cements which, unlike CA + 3CS+ 2CH+ 2CH+ H — CeASH32  (6.15)
portland cement, expand during the early hydration pe-

riod after setting. Large expansion occurring in an unre-
strained cement paste can cause cracking; however, if the
expansion is propertly restrained, its magnitude will be _ .
reduced and a prestress of self-stress will develop. When C3A + 3CS+ H — CgASzH32 (6.16)

the magnitude of expansion is small such that the prestress ] ) ) ]
developed in concrete is on the order of 15 to 100 psi (0.1 ~ The CH in the reaction shown above is provided by
to 0.7 MPa), which is usually adequate to offset the ten- Portland cement hydration, although Type K clinkers gen-
sile stress due to drying shrinkage, the cement is known erally contain some uncombined CaO. Initially developeq
as shrinkage compensatingCements of this type have by he Onoda Cement Company of Japan, the expansive
proved very useful for making crack-free pavements and porthnd cement deriving its expansion from hard-burnt
slabs. When the magnitude of expansion is large enoughCaO is calledlype O expansive cement

to produce prestress levels on the order of 1000 psi (6.9 ~ Compared to portland cements, the ettringite-forming
MPa), the cement is callesklf-stressingind can be used ~ €xpansive cements are quick setting and prone to suffer

for the production of chemically prestressed concrete ele- rapid slump loss. However, they show excellent worka-
ments. bility. These properties can be anticipated from the large

Formation of ettringite and hydration of hard-burnt amounts of ettringite formed and the Water—imbibing char-
CaO are the two phenomena known to cement Chemistsacteristic of ettringite. Other prOpertieS of eXpanSive ce-
that can cause disruptive expansion in concrete (Chap-ment concretes are similar to portland cement concretes
ter 5). Both phenomena have been harnessed to produceexcept of durability to sulfate attack. Type K shrinkage-
expansive cements. Developed originally by Alexander compensating cements made with blending ASTM Type
Klein of the University of California at Berkeley in the Il or Type V portland cement show excellent durability
1960s, the su|foa|uminate-type clinker (WhICh is com- to sulfate attack because they contain little reactive alu-
monly used in the U.S. practice) is a modified portland Mina or monosulfate after hydration. Types M and S

cement clinker containing significant amounts ofAGS cement products usually contain significant amounts of
and CS in addition to the cementitious compounds$C compounds that are vulnerable to sulfate attack and there-

C,S, and GAF). The cement produce by grinding this fore are not recommended for use in sulfate environments.
clinker is calledType K expansive cemerifo achiever a A review of the properties and applications of expansive
better control of the potential expansion in industrial ex- cement concrete is included in Chapiér

Type S
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6.8.4. Rapid Setting and Hardening Cements With the VHE cement GA3S is the main source of alu-
minate for ettringite formation, whereas with HIC cement
both GA3S and GAF provide the aluminate ions. Al-
though there are certain basic differences in their com-
position, both cements exhibit strength development rates
that are suitable for application to precast and prestressed
concrete products. In the precast and prestressed concrete
industry, quick turnover of forms or molds is an economic
necessity. The VHE and HIC cements are still under de-
velopment, but such cements should have a considerable
appeal to the construction industry because under normal
curing temperatures (i.e., without steam curing) they are
capable of developing compressive strengths of 15 MPa
and 25 MPa within 8 and 24 hr, respectively, with about
50 MPa ultimate strength.

It may be noted that ASTM Type Il cement is rapid hard-
ening (high early strength) but not rapid setting because
the initial and final setting times of the cement are gener-
ally similar to Type | portland cement. For applications
such as emergency repair of leaking joints and shotcret-
ing, hydraulic cements are needed that not only are rapid
hardening but rapid setting. This need is frequently ful-
filled by using mixtures of portland cement and plaster of
paris (CaS@ - 1/4H,0) or portland cement and calcium
aluminate cement, which give setting times as low as 10
min. The durability and ultimate strengths of the hardened
products are rather poor.

During the 1970s a new generation of cements were
developed which derive rapid setting and hardening char-
acteristics from ettringite formation. After the initial rapid
hardening period, these cements continue to harden sub- 6.8.5. Qil-Well Cements
sequently at a normal are due to the formation of C-S-H
from hydraulic calcium silicates.

Regulated-set cememtiso calledlet cemenin Japan,
is manufactured under patents issued to the U.S. Port-
land Cement Association. A modified portland cement
clinker containing mainly alite and a calcium fluoroalu-
minate (11Ca&Al,0O3-CaR,) is made. A suitable pro-
portion of the fluoroaluminate clinker is blended with nor-
mal portland cement clinker and calcium sulfate so that
the final cement contains 20 to 25% of the fluoroalumi-
nate compound and about 10 to 15% calcium sulfate. The
cement is generally very fast setting (2 to 5 min setting o To prevent unwanted migration of fluids from one
time) but can be retarded to the desired time of set by formation to another
using citric acid, sodium sulfate, calcium hydroxide, and
other retarder.

The high reactivity of the cement is confirmed by
the high heat of hydration (100 to 110 cal/g at 3 days), ¢

As discussed below, oil-well cements are not used for
making structural concrete. Since approximately 5% of
the total portland cement produced in the United States is
consumed by the petroleum industry, it may be desirable
to know the purpose for which they are used and to have
an idea of the composition and properties required.

Once an oil well (or gas well) has been drilled to the
desired depth, cementing a steel casing to the rock forma-
tion offers the most economic way to achieve the follow-
ing purposes:

To prevent pollution of valuable oil zone

To protect the casing from external pressures that

and over 1000 psi (6.9 MPa) and 4000 psi (28 MPa) may be able to collapse it
compressive strengths (ASTM C 109 mortar) at 1 hour « To protect the casing from possible damage due to
and 3 days after hydration, respectively. The ultimate corrosive gases and water

strength and other physical properties of the cement are

comparable to those of portland cement except that dueFor the purposes of cementing a casing, a high wa-
to the high content of the reactive aluminate, the sul- ter/cement ratio mortar or cement slurry is pumped to

fate resistance is poor. Studies at the concrete laboratorydepths which in some instances may be below 6100 m,
of the U.S. Army Engineer Waterways Experiment Sta- and where the slurry may be exposed to temperatures
tion’ have shown that the high heat of hydration of the above 204C and pressures above 20,000 psi (140 MPa).

regulated-set cement can help produce concretes with adein the Gulf coast region the static bottom hole tempera-

guate strengths even when the concrete is place and curedure increases by.3°F (0.8°C) for every 100 ft (30 m) of

at temperatures as low as°’F5(—9.5°C). well depth. It is desired that the slurry must remain suf-

Very high early strength and high iron cements ficiently fluid under the service conditions for the several
In addition to regulatedset cements, two other modified hours needed to pump it into position, and then harden
portland cementsjery high early strength cemef\{HE) quickly. Oil-well cements are modified portland cements

and high iron cement(HIC), derive their rapid setting that are designed to serve this need.
and hardening characteristics from the formation of large Nine classes of oil-well cements (Classes A to J in
amounts of ettringite during the early hydration period. Table??) that are applicable at different well depths are

7G.C. Hoff, B.J. Houston, and F.H. SaylerS. Army Engineer Waterway Experiment Statiioksburg, Miss., Miscellaneous Paper C-75-5, 1975.
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covered by the APl (American Petroleum Institute) Stan- Since organic retarders are unstable at high temper-
dar 10A. The discovery that thimickening time of ce-  atures, API Class J cement represents a relatively recent
ment slurries at high temperaturezan be increased by developmentin the field of modified portland cements that
reducing the GA content and fineness of ordinary port- can be used for case-cementiagtemperatures above
land cement (i.e., by using coarsely ground cement) led to 300°F (150°C) without the addition of a retarder The

the initial development of oil-well cements. Later it was cement consists mainly gfC,S, is ground to about 200
found that for applications above 82, the cement must  m?/kg Blaine, and contains 40 weight percent silica flour.
be further retarded by addition of lignosulfonates, cellu- It may be noted that slurry thickening times and strength
lose products, or salts of acids containing one or more values for oil-well cements are determined with special
hydroxyl groups (p??). Subsequently, it was also dis- procedures set forth in API RP-10Becommended Prac-
covered that in the case of oil-well temperatures above tice for Testing Oil-Well Cements and Cement Additives
110°C the CaO/SiQ ratio of the cement hydration prod-

uct must be lowered to below 1.3 by the addition of sil-

ica flour in order to achieve high strength after hardening.

These findings became the basis for the development of

numerous cement additives for application to the oil-well 6.8.6. White or Colored Cements

cement industry.

The petroleum industry generally prefers the basic The uniformly gray color of portland cement products
low-C3A, coarse-ground portland cements (API Classes |imits an architect’s opportunity for creating surfaces with
G and H), to which one or more admixtures of the type aesthetic appeal. A white cement, with exposed-aggregate
listed below are added at the site: finish, can be used to create desired aesthetic effects. Fur-

1. Cement retarders to increase the setting time of thermore, by adding appropriate pigments, white cements

cement and allow time for placement of the slurry ~ are used as a basis for producing cements with varying

. . colors.
2. Cement accelerators to reduce the setting time

of cement for early strength development when  White cemenis produced by pulverizing a white port-
needed (i.e., in permafrost zone) land cement clinker. The gray color of ordinary portland

) ) ) o cement clinker is generally due to the presence of iron.
3. Lightweight or heavyweight additives to reduce  1h5 py lowering the iron content of clinker, light-colored
or increase the weight of the column of cement cements can be produced. When the total iron in clinker
slurry as needed corresponds to less than 0.5%Bg, and the iron is held
4. Friction reducers: to allow placement of slurry  inthe reduced Fe state, the clinker is usually white (see
with less frictional pressure (2 to 3% bentonite clay box on this page). These conditions are achieved in ce-
is commonly used for this purpose) ment manufacturing by using iron-free clay and carbon-
ate rock as raw materials, special ball mills with ceramic
liners and balls for grinding the raw mix, and clean fuel
such as oil or gas for production of clinker under a re-
ducing environment in the high-temperature zone of the
6. Strength-retrogression reducers to reduce the  cement rotary kiln. Consequently, white cements are ap-
CaO/SiG ratio of the hydration product at temper- Proximately three times as expensive as normal portland
atures above 12C (i.e., silica flour or pozzolans) cement.

5. Low water-loss additives to retain water in the
slurry when passing permeable zones downhole
(i.e., latex additives)



106 CHAPTER 6. HYDRAULIC CEMENTS

The importance of the reducing environment in making white clinker is underscoredgpy an
experience which one of the authors (PKM) had during a consulting trip to a South gmer-
ican cement plant. The raw mix contained more iron than normally acceptable, agd the
clinker from the kiln was persistently off-white. In order to prolong the reducing envfgon-
ment around the clinker particles by increasing the amount of oil sprayed on hot chhkers
leaving the burning zone, he requested a heat-resisting steel pipe of large diameteg Since
three was none in stock and the cement plants are generally located far away from upan ar-
eas, he was getting nowhere, while the low-iron raw mix specially made for the expefment
was running out fast.

The communication problem added to the difficulty; he could not speak Spanish ad the
foreman did not understand English. To emphasize his point about one pipe with § large
diameter he raised one finger. Suddenly, the foreman waved two fingers in the authofs face.
Somehow, this brought to mind the story of princess Vidyotama in the Sanskrit literfture.
Once a king in ancient India had a very beautiful daughter who refused to marrguntil
she found someone wiser than herself. When many scholarly princes failed to winger in
debates on philosophical and religious issues, they decided to play a practical joke. fdumb
and stupid man was dressed in scholarly robes and presented for debate with the fincess.
When the princess raised one finger the fool, assuming that the princess was threatgning to
poke one of his eyes, raised two fingers. The judges interpreted the one finger to m@an that
God is the only important thing in the universe, and the two to mean that nature revegls the
glory and splendor of God and is important, too, thus giving the victory to the fool.

The foreman really meant that since he did not have a pipe with a large diameter, hegwould
like to install two pipes of a smaller diameter. When the thought of Tilotama's fool ti§ing

to blind him in both eyes came to the author, he yielded without further argumentfl The
foreman installed the two small pipes for spraying oil on hot clinkers; subsequently, the
whitest clinker came out of the kiln.

Colored cementsfall into two groups; most are de-  conditions, and superior durability to sulfate attack. How-
rived from pigment addition to white cement, but some ever, several structural failures due to gradual loss in
are produced from clinkers having the corresponding col- strength associated with concrete containing CAC have
ors. A buff-colored cement marketed in the United States been instrumental in limiting the use of this cement for
under the nam&varm tone cemens produced from the  structural applications. In most countries, now CAC is
clinker made from a portland cement raw mix contain- used mainly for making castable refractory lining for
ing a higher iron content than normal (approximately 5% high-temperature furnaces.

Fe;0O3), and processed under reducing conditions. According to ASTM C 219 definitions;alcium alu-

For producing colored cements by adding pigments minate cementis the product obtained by pulverizing
to white cements, it should be noted that not all the pig- calcium aluminate cement clinker; the clinker is a par-
ments that are used in the paint industry are suitable for tja|ly fused or a completely fused product consisting of
making colored cements. To be suitable, a pigment should hydraulic calcium aluminates. Thus unlike portland and
not be detrimental to the setting, hardening, and durability modified portland cements, in whichs§ and GS are the
characteristics of the cement, and should produce durableprincipal cementing compounds, in CAC the monocal-
color when exposed to light and weather. Red, yellow, cjum aluminate (abbreviated as CA) is the principal ce-
brown, or black cements can be produced by intergrinding menting compound, with GA7, CA, GAS, BC,S, and
5 to 10 weight percent iron oxide pigments of the corre- . as minor compounds. Typically, the chemical anal-
sponding color with a white clinker. Green and blue col- ysis of ordinary CAC corresponds to approximately 40%
ors in cement can be achieved by using chromium oxide a|,03, and some cements contain even high alumina con-
and cobalt blue, respectively. tent (50 to 80%); therefore, the cement is also catliggh-

alumina cemenfHAC).

Bauxite, a hydrated alumina mineral, is the commonly
used source of alumina in raw materials used for the man-
Compared to portland cement, calcium aluminate cement ufacture of CAC. Most bauxite ores contain considerable
(CAC) possesses mamynique propertiessuch as high  amounts of iron as an impurity, which accounts for the 10
early strength, hardening even under low-temperatureto 17% iron (expressed as #®;3) usually present in or-

6.8.7. Calcium Aluminate Cement
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dinary CAC. This is why, unlike portland cement clinker, which causes an increase in porosity (Fig. 6-20a) and a
the CAC clinker containing high iron is in the form of loss in strength associated with the phenomenon (Fig. 6-
completely fused melts which are made in specially de- 20b).
signed furnaces. This is also the reason why in France  Formerly, it was assumed that the strength-loss prob-
and Germany the cement is calleeiment fondandton- lem in concrete could be ignored when low water/cement
erdeschmelz zemenespectively. Products meant to be ratios were used, and the height of a casting was limited
used for making very high-temperature concretes containto reduce the temperature rise due to heat of hydration.
very low iron and silica, and can be made by sintering in The data in Fig. 6-20a show that this may not be the case.
rotary kilns. The real concern is not that the residual strength will be
Like portland cement, the properties of CAC are de- inadequate for structural purposes but that, as a result of
pendent on the hydration characteristics of the cement andincrease in porosity, the resistance to atmospheric carbon-
the microstructure of the hydrated cement paste. The prin-ation and to corrosion of the embedded steel in concrete
cipal compound in cement is CA, which usually amounts would be reduced.
to 50 to 60 weight percent. Although CAC products have From the hydration reaction of CAC, it may be noted
setting times comparable to ordinary portland cement, the that there is no calcium hydroxide in the hydration prod-
rate of strength gain at early ages is quite high mainly due uct; this feature also distinguishes CAC from portland ce-
to the high reactivity of CA. Within 24 hours of hydra- ments and is the main reason why CAC concretes show
tion, the strength of normally cured CAC concretes can excellent resistance to acidic environme(ddute acids,
attain values equal to or exceeding the 7-day strength of4 to 6 pH), seawater, and sulfate waters. As discussed be-
ordinary portland cement (Fig. 6-19a). Also, the strength low, the absence of calcium hydroxide in hydrated CAC
gain characteristic under subzero curing condition (Fig. is also helpful in utilizing the material for making high-
6-19b) is much better than for portland cements; hence temperature concrete.
the material is quite attractive for cold weather applica- In practice, the use of portland cement for concrete
tions. It may be noted that the rate of heat liberation from exposed to high temperature is rather limited to about
a freshly hydrated CAC can be as high as 9 cal/g per hour,500°C, because at higher temperatures the free CaO
which is about three times as high as the rate for high- formed on decomposition of calcium hydroxide would
early-strength portland cement. cause the heated concrete to become unsound on expo-
The composition of the hydration products shows a sure to moist air or water. Not only does CAC not pro-
time-temperature dependency; the low-temperature hy-duce any calcium hydroxide on hydration, but also it is
dration product (CAHb) is thermodynamically unstable, ~ rapid hardening under normal curing temperatures. Also,
especially in warm and humid storage conditions, under at temperatures above 10@) CAC is capable of devel-
which a more stable compounda&Hs, is formed (see  Oping aceramic bondvhich is as strong as the original hy-
the left-hand side of the boxed area below). Labora- draulic bond. The green or the unfired strength of the CAC
tory and field experience with CAC concretes show that concrete drops considerably during the first-heating cy-
on prolonged storage the hexagonal Gatnd GAHg cle due to the CAkp-to-C3AHg conversion phenomenon.
phases tend to convert to the cubigABlg. As aconse- With a high cement content of the concrete, however, the
quence of the CAH—to—GAHg conversiona hardened ~ green strength may be adequate to prevent damage until
CAC paste would show more than 50% reduction in the the strength increases again due to the development of the
volume of solids (see the right-hand side of the box), ceramic bond (Fig. 6-21).

Test Your Knowledge

1. When producing a certain type of portland cement it is important that the oxide composition remains uniform.
Why?

2. In regard to sulfate resistance and rate of strength development, evaluate the properties of the portland cement
which has the following chemical analysis: $i& 20.9%; Al,O3 = 5.4%; FeO3; = 3.6%; CaO= 65.1%; MgO
= 1.8%; and S@ = 2.1%.

3. What do you understand by the following terms: alite, belite, periclase, langbeinite, plaster of paris, tobermorite
gel?

4. Why is GS more reactive, andC,S nonreactive with water at normal temperatures? MgO and CaO have similar
crystal structures, but their reactivities are very different from each other. Explain why.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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. What is the significance of fineness in cement? How is it determined? Can you give some idea of the fineness range

in industrial portland cements?

. Why is gypsum added to the cement clinker? Typically, how much is the amount of added gypsum?

. The presence of high free-lime in portland cement can lead to unsoundness. What is meant by the term, “unsound-

ness”? Which other compound can cause unsoundness in portland cement products?

. Approximately, what is the combined percentage of calcium silicates in portland cement? What are the typical

amounts of GA and GAF in ordinary (ASTM Type I) portland cement?

. Which one of the four major compounds of portland cement contributes most to the strength development during

the first few weeks of hydration? Which compound or compounds are responsible for rapid stiffening and early
setting problems of the cement paste?

Discuss the major differences in the physical and chemical composition between an ordinary (ASTM Type |) and a
high early strength (ASTM Type 1ll) portland cement.

Why do the ASTM Specifications for Type IV cement limit the minimumSXontent to 40% and the maximum
CsA content to 7%7?

Explain which ASTM type cement would your use for:
(a) Cold-weather construction
(b) Construction of a dam
(c) Making reinforced concrete sewer pipes

The aluminate-sulfate balance in solution is at the heart of several abnormal setting problems in concrete technology.
Justify this statement by discussing how the phenomena of quick-set, flash set, and false set occur in freshly hydrated
portland cements.

Assuming the the chemical composition of the calcium silicate hydrate formed on hydratigg® air@S cor-
responds to €;Hs, make calculations to show the proportion of calcium hydroxide in the final products and the
amount of water needed for full hydration.

Define the termdnitial set andfinal set For a normal portland cement draw a typical heat evolution curve for the
setting and early hardening period, label the ascending and descending portions of the curve with the underlying
chemical processes at work, and show the points where the initial set and final set are likely to take place.

Discuss the two methods that the cement industry employs to produce cements having different rates of strength
development or heat of hydration. Explain the principle behind the maximum limit orgthe@tent in the ASTM
C 150 Standard Specification for Type V portland cements.

With the help of the “pozzolanic reaction”, explain why under given conditions, compared to portland cement,
portland pozzolan and portland blast-furnace slag cements are likely to produce concrete with higher ultimate
strengths and superior durability to sulfate attack.

What is the distinction between shrinkage-compensating and self-stressing cements? What are Types K, M, S, and
O expansive cements? Explain how the expansive cements function to make concrete crack-free.

Write short notes on the compositions and special characteristics of the following cements: regulated-set cement,
very high early strength cement, API Class J cement, white cement, and calcium aluminate cement.

Discuss the physical-chemical factors involved in explaining the development of strength in products containing the
following cementitious materials, and explain why portland cement has come to stay as the most commonly used
cements for structural purposes:

(a) lime
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(b) plaster of paris

(c) calcium aluminate cement

Suggestions for Further Study
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Limitations, by A.M. Neuville.

Skalny, J.P. edMaterial Science of Concret&@he American Ceramic Society Inc., 1989; Cement Production and Cement
Quality by V. Johansen; Hydration Mechanisms by E.M. Gartner and J.M. Gaidis; The Microtextures of Concrete by K.L.
Scrivener.
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CHAPTER [

Aggregates

ogy are covered in detail.

SIGNIFICANCE

From Chapter 6 we know that cements consist of

chemical compounds that enter into chemical reactions

Aggregate is relatively inexpensive and does not en- yjth water to produce complex hydration products with
ter into complex chemical reactions with water; it has gdhesive property. Unlike cement, although the aggregate
been customary, therefore, to treat it as an inert filler in jn concrete occupies 60 to 80 percent of the volume, it
concrete. However, due to increasing awareness of thejs frequently looked upon as an inert filler and therefore

role played by aggregates in determining many important not worthy of much attention in regard to its possible in-
properties of concrete, the traditional view of the aggre- fluence on the properties of concrete. The considerable
gate as an inert filler is being seriously questioned. influence that the aggregate can exercise on strength, di-
mensional stability, and durability of concrete has been
described in Chapters 3, 4, and 5, respectively. In addi-
tion to these important properties of hardened concrete,

bution, moisture absorption, shape and surface texture, | | . lein d ining th
crushing strength, elastic modulus, and the type of delete- aggregates a'so play a major role in etermining the cost
' ' nd workability of concrete mixtures (Chapter 9); there-

rlous SL.'bStanC?S present. 'I_'hese characteristics are d_enve?ore’ itis inappropriate to treat them with less respect than
from mineralogical composition of the parent rock (which cements

is affected by geological rock-formation processes), expo-
sure conditions to which the rock has been subjected be-
fore making the aggregate, and the type of operation and
equipment used for producing the aggregate. Therefore,
fundamentals of rock formation, classification and de-

scription of rocks and minerals, and industrial processing
factors that influence aggregate characteristics are briefly
described in this chapter.

PREVIEW

Aggregate characteristics that are significant to con-
crete technology include porosity, grading or size distri-

CLASSIFICATION AND NOMENCLATURE
Classifications of aggregateaccording to particle
size, bulk density, or source have given rise to a special
nomenclature which should be clearly understood. For

instance, the terncoarse aggregatés used to describe
particles larger than 4.75 mm (retained on No. 4 sieve),
Natural mineral aggregates, which comprise over 90 and the ternfine aggregates used for particles smaller
percent of the total aggregates used for making concrete than 4.75 mm; typically, fine aggregates contain particles
are described in more detail. Due to their greater potential in the size range 7am (No. 200 sieve) to 4.75 mm, and
use, the aggregates from industrial by-products such ascoarse aggregates from 4.75 to about 50 mm, except for
blast-furnace slag, fly ash, municipal waste, and recycled mass concrete, which may contain up to 150 mm coarse
concrete are also described. Finally, the principal aggre- aggregate.
gate characteristic that are important to concrete technol-  Most natural mineral aggregates such as sand and

111
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gravel have a bulk density of 95 to 105 I8/i¢1520 to was cooled at the time of rock formation. It may be noted
1680 kg/n¥) and producenormal-weightconcrete with that grain size has a significant effect on the rock charac-
approximately 150 Ib/ft (2400 kg/n?) unit weight. For teristics; rocks having the same chemical composition but
special needs, aggregates with lighter or heavier densitydifferent grain size may behave differently under the same
can be used to make correspondingly lightweight and condition of exposure.

heavyweight concretes. Generally, the aggregates with  Magma intruded at great depths cools at a slow rate
bulk densities less than 70 Ib¥1120 kg/nf) are called  and forms completely crystalline minerals with coarse
lightweight and those weighing more than 130 IB/ft  grains & 5 mm grain size); rocks of this type are called
(2080 kg/n¥) are callecheavyweight intrusive or plutonic However, due to a quicker cooling
For the most part, concrete aggregates are comprisedrate, the rocks formed near the surface of the earth con-
of sand, gravel, and crushed rock derived from natural tain minerals with smaller crystals, are fine-grained (1 to
sources, and are therefore referred tonatural mineral 5 mm grain size), and may contain some glass; they are
aggregatesOn the other hand, thermally processed mate- called shallow-intrusiveor hypabyssal Rapidly cooled
rials such as expanded clay and shale, which are used folmagma, as in the case of volcanic eruptions, contains
making lightweight concrete, are callsginthetic aggre-  mostly noncrystalline or glassy matter; the glass may be

gates Aggregates made from industrial by-products, for dense (quenched lava) or cellular (pumice), and the rock
instance, blast-furace slag and fly ash, also belong to thistype is callecextrusiveor volcanic

category. Municipal wastes and recycled concrete from
demolished buildings and pavements have also been in-
vestigated for use s aggregates, as described below.

Also, a magma may be supersaturated, saturated, or
undersaturated with respect to the amount of silica present
for mineral formation. From an oversaturated magma, the
free or uncombined silica crystallizes out as quartz after
the formation of minerals such as feldspars, mica, and
hornblende. In saturated or unsaturated magma, the silica
content is insufficient to form quartz. This leads to a clas-
sification of igneous rocks base on the total SpPesent;
rocks containing more than 65 percent gi65 to 65 per-
cent SiQ, and less than 55 percent Si@re calledacid,

NATURAL MINERAL AGGREGATES

Natural mineral aggregates form the most important
class of aggregates for making portland cement concrete.
Approximately half of the total coarse aggregate con-
sumed by the concrete industry in the United States con-
Sists of gravels; most Qf the remamde_r Is crushed rock. j,iormediateand basic respectively. Again, the classifi-
Carbonate rocks comprise a_bout FW(.)'th'rdS ofthe crushed cations of igneous rocks on the basis of crystal structure
aggregate; sandstone, granlte_, diorite, gabbro, anq basalgnd silica content are useful because it appears that it is the
make up the rest. Natural silica sand is predominantly combination of the acidic character and the fine-grained

usetd asNﬁrt1e alggregat:a, even V\;'th mos(;[ I'ghté"?'ght corll- or glassy texture of the rock that determines whether an
cretes. Natural mineral aggregates are derived from roc Saggregate would be vulnerable to alkali attack in portland

of several types; most recks are themselves composed.. 1 ant concrete.
of several minerals. Amineral is defined as a natu- . .

rally occurring inorganic substance of more or less defi- Se_d|mentary rockare stratified rocks_that are usu-
nite chemical composition and usually of a specific crys- ally laid down gnder Water.but are, at t'm?S’ accumu-
talline structure. An elementary review of aspects of rock !ated through wind and.gIaC|aI aC“OP- 'The' siliceous sed-
formation and the classification of rocks and minerals is 'me”ta'y rocks are derived from eX|s_t!ng 'gheous roeks.
essential for understanding not only why some materials Depending on the method of deposition and consolida-

are more abundantly used as aggregates than others, b jon, itis copvenient to eubdi\(ide t_hem into three.groups:
also the microstructure-property relations in aggregate. 1) m_echamcally erosned either in an un_consohdatet_j or
physically consolidated state, (2) mechanically deposited

and consolidated usually with chemical cements, and (3)

DESCRIPTION OF ROCKS chemically deposited and consolidated.

Rocks are classified according to origin into three ma- ~ Gravel, sand, siltandclay are the important mem-
jor groups: igneous, sedimentary, and metamorphic; thesebers of the group of unconsolidated sediments. Although
groups are further subdivided according to mineralogical the distinction between these four members is made on the
and chemical composition, texture or grain size, and crys- basis of particle size, a trend in the mineral composition is
tal structure. generally seen. Gravel and coarse sands usually consist of

Igneous rocksare formed on cooling of the magma rock fragments; fine sands and silt consist predominately
(molten rock matter) above, below, or near the earth’s sur- Of mineral grains, and clays consist exclusively of mineral
face. The degree of crystallinity and the grain size of ig- 9rains.
neous rocks, therefore, vary with the rate at which magma  Sandstone, quartziteand graywackebelong to the
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second category. Sandstones and quartzite consist of rockand crushed carbonate rocks - are derived from sedimen-
particles in the sand-size range; if the rock breaks aroundtary rocks. Although some sedimentary deposits are up to
the sand grains, it is calleshndstongif the grains are 13 kilometers thick, over the continental areas the average
largely quartz and the rock breaks through the grains, it is is about 2300 m.

calledquartzite Quartzite may be sedimentary or meta- e .

morphic. The cementing or interstitial materials of sand- Description of Minerals _ o
stone may be opal (silica gel), calcite, dolomite, clay, or ~ ASTM Standard C 294 contains the descriptive
iron hydroxide. Graywackesare a special class of sand- nomenclature which provides a bases for understanding

stones which contain angular and sand-size rock frag-the terms used to designate aggregate constituents. Based
ments in an abundant matrix of clay, shale, or slate. on this standard, a brief description of the constituent min-

erals that commonly occur in natural rocks is given below.
Silicaminerals. Quartzis a very common hard min-
eral composed of crystalline S)OThe hardness of quartz
as well as that of feldspar is due to the framework Si-
O structure, which is very strong. Quartz is present in
acidic-type igneous rocks>( 65 percent Si@), such as
granite and rhyolites. Due to its resistance to weathering,
it is an important constituent of many sand and gravel de-
posits, and of sandstones. Tridymite and cristobalite are
also crystalline silica minerals, but they are metastable at
ordinary temperatures and pressures and are rarely found
in nature except in volcanic rocks. Noncrystalline miner-
als are referred to agass
It should be noted that compared to igneous rocks,  Opalis a hydros (3 or 9 percent water) silica mineral
the aggregates produce from stratified sediments can varyyhich appears non-crystalline by optical microcopy but
widely in characteristics, such as shape, texture, porosity, may show short-order crystalline arrangement by X-ray
strength, and soundness. This is because the conditiongjiffraction analysis. It is usually found in sedimentary
under which they are consolidated vary widely. The rocks rocks, especially in cherts, and is the principal constituent
tend to be porous and weak when formed under relatively of diatomite. Chalcedonyis a porous silica mineral, gen-
low pressures. They are dense and strong if formed un-era|ly containing microscopic fibers of quartz. The prop-
der high pressure. Some limestones and sandstones mayties of chalcedony are intermediate between those of
have less than 100 MPa crushing strength and are therebpa| and quartz.
fore unsuitable for use in high-strength concrete. Also,  gilicate minerals Feldspars, ferromagnesium, mi-
compared to igneous rocks, sedimentary rocks frequentlycaceous, and clay minerals belong to this category. The
contain impuritie.s which at_times jeopardizg their use as minerals of thdeldspar groupare the most abundant rock-
aggregate. For instance, limestone, dolomite, and sand-forming minerals in the earth’s crust and are important
stone may contain opal or clay minerals, which adversely ¢onsgituents of igneous, sedimentary, and metamorphic
affect the behavior of aggregate under certain conditions ;qcks. Almost as hard as quartz, the various members of
of exposure. the group are differentiated by chemical composition and
Metamorphic rocksre igneous or sedimentary rocks crystallographic properties.
that have changed their original texture, crystal structure, Orthoclase, sanidine, and microcline are potassium
or mineralogical composition in response to physical and aluminum silicates, which are frequently referred to as the
chemical conditions below the earth’s surface. Common potash feldsparsThe plagioclaseor soda-lime feldspars
rock types belonging to this group are marble, schist, include sodium aluminum silicates (albite), calcium alu-
phyllites, and gneiss. The rocks are dense but frequently minum silicates (anorthite), or both. The alkali feldspars
foliated. Some phyllites are reactive with the alkalies of containing potassium or sodium occur typically in ig-
portland cement. neous rocks of high silica content, such as granites and
Earth’s crust consists of 95 percent igneous and 5 per-rhyolites, whereas those of higher calcium content are
cent sedimentary rocks. Sedimentary rocks are composedound in igneous rocks of lower silica content. such as
of approximately 4 percent shale, 0.75 percent sandstone diorite, gabbro, and basalt.
and 0.25 percent limestone. Whereas igneous rocks crop  Ferromagnesium mineralsvhich occur in many ig-
out in only 25 percent of the earth’s land area, sedimentary neous and metamorphic rocks, consist of silicates of iron
rocks cover 75 percent of the area. This is why most of the or magnesium or both. Minerals with the amphibole and
natural mineral aggregates used in concrete - sand, gravelpyroxene arrangements of crystal structure are referred to

Chertandflint belong to the third group of siliceous
sedimentary rocks. Chert is usually fine-grained and can
vary from porous to dense. Dense black or gray cherts,
which are quite hard, are called flint. In regard to mineral
composition, chert consists of poorly crystalline quartz,
chalcedony, and opal; often all three are present.

Limestonesare the most widespread of carbonate
rocks. They range from pure limestone, consisting of the
mineral calcite, to purelolomite consisting of the min-
eral dolomite. Usually, they contain both the carbonate
minerals in various proportions and significant amounts
of noncarbonate impurities, such as clay and sand.
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as hornblende and augite, respectively. Olivine is a com- in the production of various types of lightweight con-
mon mineral of this class which occurs in igneous rocks cretes. The light weight is due to the cellular or highly
of relatively low silica content. porous microstructure. It may be noted that cellular or-
Muscovite, biotite, chlorite, and vermiculite, which ganic materials such as wood chips should not be used as
form the group ofmicaceous minerajsalso consist of  aggregate because of lack of durability in the moist alka-
silicates of iron and magnesium, but their internal sheet line environment in portland cement concrete.
structure arrangement is responsible for the tendency to  Natural lightweight aggregates are made by process-
split into thin flakes. The micas are abundant and occur in ing igneous volcanic rocks such as pumice, scoria, or tuff.
all three major rock groups. Synthetic lightweight aggregates can be manufactured by
Theclay mineralgroup covers sheet-structure silicates thermal treatment from a variety of materials, for instance,
less than 2um (0.002 mm) in size. The clay minerals, clays, shale, slate, diatomite, pearlite, vermiculite, blast-
which consist mainly of hydrous aluminum, magnesium, furnace slag, and fly ash.
and iron silicates, are major constituents of clays and Actually, there is a whole spectrum of lightweight ag-
shales. They are soft and disintegrate on wetting; somegregates (Fig. 7-1) weighting from 5 to 55 I5/f(80
clays (know as montmorillonites in the United States and to 900 kg/nf). Very porous aggregates, which are at
smectites in the United Kingdom) undergo large expan- the lighter end of the spectrum, are generally weak and
sions on wetting. Clays and shales are therefore not di- are therefore more suitable for making nonstructural in-
rectly used as concrete aggregates. However, clay miner-sulating concretes. At the other end of the spectrum
als may be present as contaminants in a natural mineralare those lightweight aggregates that are relatively less

aggregate. porous; when the pore structure capable of producing
Carbonate minerals The most common carbonate structural concrete. ASTM has separate specifications
mineral is calcite or calcium carbonate. CaGO The covering lightweight aggregates for use in structural con-

other common mineralolomiteconsists of equimolecu-  crete (ASTM C 330), insulating concrete (ASTM C 332),
lar proportions of calcium carbonate and magnesium car- and concrete for production of masonry units (ASTM C
bonate (corresponding to 54.27 and 45.73 weight percent331). These specifications contain requirements for grad-
CaCQ and MgCQ, respectively). Both carbonate min- ing, undesirable substances, and unit weight of aggregate,

erals are softer than quartz and feldspars. as well as for unit weight, strength, and dying shrink-
Sulfide and sulfate minerals The sulfides of iron age of concrete containing the aggregate. Properties of
(e.g., pyrite, marcasite and pyrrohotite), are frequently lightweight aggregate concrete are described in Chapter

found in natural aggregates. Marcasite, which is found 11.

mainly in sedimentary rocks, readily oxidizes to form sul-

furic acid and hydroxides of iron. The formation of acid is

undesirable, especially from the standpoint of the poten- HEAVYWEIGHT AGGREGATES

tial corrosion of steel in prestressed and reinforced con- ~ Compared to normal-weight aggregate concrete,

cretes. Marcasite and certain forms of pyrite and pyrro- Which typically has a unit weight of 150 Ib#t(2400

hotite are suspected of being responsible for expansivekg/m®), heavyweight concretes weigh from 180 to 380

volume changes in concrete, causing cracks and pop_outslb/ft3, and find application for nuclear radiation shields.
Gypsum(hydrous calcium sulfate) arahhydrite(an- Heavyweight aggregates (i.e., those which have higher

hydrous calcium sulfate) are the most abundant sulfate density than normal-weight aggregates) are used for the

minerals which may be present as impurities in carbon- production of heavy-weight concrete. Natural rocks suit-

ate rocks and shales. Sometimes found as coating on san@ble for making heavyweight aggregates consist predom-

and gravel, both gypsum and anhydrite, when present ininately of two barium minerals, several iron ores, and a

aggregate, increase the chances of sulfate attack in confitanium ore (Table 7-3).

crete. A systhetic product called ferrophosphorus can also
Since the largest amounts of concrete aggregates aréd€ used as heavyweight aggregate. ASTM C 632 and C

derived from sedimentary and igneous rocks, descriptions 637, which cover Standard Specifications and Descriptive

of rock types in each class, principal minerals present, and Nomenclature, respectively, of aggregates for radiation-

characteristics of the aggregates are summarized in Tableshielding concrete warn that ferrophosphorus aggregate
7-1 and 7-2, respectively. when used in portland cement concrete will generate

flammable and possibly toxic gases which can develop

high pressures if confined. Hydrous iron ores and boron

LIGHTWEIGHT AGGREGATES minerals and frits are at times included in the aggregates
Aggregates that weigh less than 70 [B(ft120 kg/nt) for making heavyweight concretes because boron and hy-
are generally considered lightweight, and find application drogen are very effective in neutrons attenuation (cap-
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ture). Steel punchings, sheared iron bars, and iron shotsfragments in which the aggregate is contaminated with
have also been investigated as heavyweight aggregateshydrated cement paste, gypsum, and minor quantities
but generally the tendency of aggregate to segregate inof other substances. The size fraction that corresponds
concrete increases with the density of the aggregate. to fine aggregate contains mostly hydrated cement paste
and gypsum, and it is unsuitable for making fresh con-
crete mixtures. However, the size fraction that corre-
BLAST-FURNACE SLAG AGGREGATES sponds to coarse aggregate, although coated with cement
Slow cooling of blast-furnace slag in ladles, pits, or paste, has been used successfully in several laboratory
iron molds yields a product that can be crushed and gradedand field studies. A review of several studiésdicates
to obtain dense and strong particles suitable for use as agthat compared with concrete containing a natural aggre-
gregate. The properties of the aggregate vary with the gate, the recycled-aggregate concrete would have at least
composition and rate of cooling of slag; acid slags gen- two-thirds of the compressive strength and the modulus of

erally produce a denser aggregate, and basic slags tend te|asticity, and satisfactory workability and durability (Ta-
produce vesicular or honeycombed structure with lower pje 7-4).

apparent specific gravity (2 to 2.8). On the whole the bulk
density of slowly cooled slags, which typically weight ) . .
natural aggregate and structural lightweight aggregate.gate forconcrete_ is the cost OT crushmg,g_radmg,dust con-
The aggregates are widely used for making precast Con_trol, and separation of undesirable constituents. Recycled

crete products, such as masonry blocks, channels, andFoncrete or waste co_ncrete that has been crushed can be
fence posts. an economically feasible source of aggregate where good

The presence of excessive iron sulfide in slag may gggregates are scarce and'when thg cost of waste disposal
cause color and durability problems in concrete products. is included in the economic gnaly5|s. From the Ia_rgest
Under certain conditions sulfide can be converted to sul- ©°"¢"¢t® paveme_nt r_ecyclmg job ever undertabken, it was
fate, which is undesirable from the standpoint of sulfate r_eported by thg Michigan State Depgrtment of_Tr.ansporta-
attack on concrete. British specifications limit the con- tion that recycling rubble frpm crushing an eIX|st|n.g pave-
tent of acid soluble S©and total sulfide sulfur in slag to ment was cheaper than using all new material (Fig. 7-2).

0.7 and 2 percent, respectively. It should be noted that Investigations have also been made to evaluate munic-
blast-furnace slags have also been used for the produc-pal wastes and incinerator residues as possible sources
tion of lightweight aggregates meeting ASTM C 330 or C for concrete aggregates. Glass, paper, metals, and organic
331 requirements. For this purpose, molten slag is treatedmaterials are major constituents of municipal wastes. The
with limited amounts of water or stream, and the product presence of crushed glass in aggregate tends to produce
is calledexpandedr foamed slag unworkable concrete mixtures and, due to the high al-
kali content, affects the long-term durability and strength.
Metals such as aluminum react with alkaline solutions
AGGREGATE FROM FLY ASH and cause excessive expansion. Paper and organic wastes,
Fly ash consists essentially of small spherical particles with or without incineration, cause setting and hardening
of aluminosilicate glass which is produced on combustion problems in portland cement concrete. In general, there-

of pulverized coal in thermal power plants. Since large fore, municipal wastes are not suitable for making aggre-
quantities of the ash remain utilized in many industrial- gates for use in structural concrete.

ized parts of the world, attempts have been made to use the

ash for making lightweight aggregates. In a typical man-

yfacturing process flylash is peIIeti;ed and then sintered PRODUCTION OF AGGREGATES

in a rotary kiln, shaft kiln, or a traveling grate at tempera-

tures in the range 1000 to 120D. Variations in fineness Deposits of coarse-grained soil are a good source of

and carbon content of the fly ash are a major problem in hatural sand and gravelSince soil deposits usually con-

controlling the quality of sintered fly-ash aggregate. Ag- tain varying quantities of silt and clay, which adversely

gregate from fly ash is being commercially produced in affect the properties of both fresh and hardened concrete,

the United Kingdom. these must be removed by washing or dry screening. The
choice of the process between washing and dry screen-
ing of silt and clay will clearly influence the amount of

AGGREGATES FROM RECYCLED CONCRETE deleterious substances in the aggregate; for instance, clay

AND MUNICIPAL WASTES coating may not be as efficiently removed by dry screen-

Rubble from demolished concrete buildings yields ing as by washing.

A major obstacle in the way of using rubble as aggre-

1s.A. Frondistou-Yannas, iRrogress in Concrete Technolg@d. V.M. Malhotra, CANMET, Ottawa, 1980, pp. 639-84.
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Generally, crushing equipment is a part of the aggre- agram illustrating the various interrelations (Fig. 7-4) it
gate production facilities because oversize gravel may beis evident that the aggregate characteristics significant to
crushed and blended suitably with the uncrushed materialconcrete technology are derived from microstructure of
of similar size. Again, the choice of crushing equipment the material, prior exposure conditions, and processing
may determine the shape of particles. With laminated sed- factors.
imentary rocks, jaw and impact-type crushers tend to pro- Generally, aggregate properties are discussed in two
duce flat particles. The importance of proper aggregate parts on the basis of properties affecting (1) mix propor-
grading on cost of concrete is so well established now tions and (2) the behavior of fresh and hardened con-
that modern aggregate plants, whether producting sandcrete. Due to a considerable overlap between the two, it
and gravel or crushed rock, have the necessary equipments more appropriate to divide the properties into the fol-
to carry out operations involving crushing, cleaning, size lowing groups, which are based on microstructural and
separation, and combining two or more fractions to meet processing factors:
customer specifications. A photograph of a modern ag-
gregate processing plant is shown in Fig. 7-3.

Synthetic lightweight aggregatesich as expanded
clays, shales, and slate are produced by heat treatment
of suitable materials. Crushed and sized, or ground and 2. Characteristics dependent on prior exposure
pelletized raw material is exposed to temperatures gener- and processing factors particle size, shape, and
ally of the order of 1000 to 110, such that a portion texture
of the material fuses to provide a viscous melt. Gases
evolved as a result of chemical decomposition of some of
the constituents present in raw materials are entrapped by
the viscous melt, thus expanding the sintered mass. Gen-
erally, carbonaceous matter or carbonate minerals are the ] N .
sources of these gases; alkalies and other impurities inDensity and ApparentSpeCIflq Gr'awty ' '
clay or shale are responsible for the formation of meltat ~ For the purpose of proportioning concrete mixtures it
lower temperature. The heat treatment is generally car- 1S not necessary to determine the true specific gra\_/lty ofan
ried out in a gas or oil-fired rotary kiln similar to those ~aggregate. Natural aggregates are porous; porosity values
used for the manufacture of portiand cement. Many plants UP t0 2 percent are common for intrusive igneous rocks,
vacuum-saturate the product with moisture before deliv- UP t0 5 percent for dense sedimentary rocks, and 10 to 40
ery to the customer to facilitate better control on the con- Percent for very porous sandstones and limestones. For
sistency of fresh concrete. the purpose of mix proportioning, it is desired to know

The properties of aggregate are greatly influenced by the space oqcupied py_the aggregate particles, inclusive_of
the external coating on the aggregate particles and the in_the_pores existing within thc_e.partlclgs. Th.erelfore d_eterml—
ternal void distribution. Modern lightweight aggregate Nation of theapparent specific gravity, which is defined
plants crush, grind, blend, and pelletize materials to ob- S the_ d_enS|ty of the material mt_:l_udlng t_he internal pores,
tain a uniform distribution of fine pores, which is nec- 'S sufficient. The apparent specific gravity for many com-
essary for producing materials possessing high crushingmonly used rocks ranges between 2.6 and 2.7; typical val-
strength. Stable and impervious glassy coatings tend toY€S for granite, sandstone, and dense limestone are 2.69,

reduce the moisture absorption capacity of the aggregate 2-65, and 2.60, respectively.
which affects water demand and soundness. For mix proportioning, in addition to the apparent spe-
cific gravity, data are usually needed bnlk density,

which is defined as the weight of the aggregate fragments

1. Characteristics dependent on porosity density,
moisture absorption, strength, hardness, elastic
modulus, and soundness

3. Characteristics dependent on chemical and min-
eralogical composition strength, hardness, elastic
modulus, and deleterious substances present

AGGREGATE CHARACTERISTICS AND THEIR that would fill a unit volume. The phenomenon of bulk

SIGNIFICANCE density arises because it is not possible to pack aggre-
A knowledge of certain aggregate characteristics (i.e., 9ate fragments together such that there is no void space.

density, grading, and moisture State) is requiredgmr_ The termbulk is used since the volume is OCCUpiEd by

portioning concrete mixture¢Chapter 9). Porosity or ~ bothaggregateson voids The approximate bulk density
density, grading, shape, and surface texture determine the?f aggregates commonly used in normal-weight concrete
properties of plastic concrete mixturesin addition to  ranges from 80 to 110 IbAt(1300 to 1750 kg/).

porosity, the mineralogical composition of aggregate af-

fects its crushing strength, hardness, elastic modulus, andAbsorption and Surface Moisture

soundness, which in turn influence various properties of  Various states of moisture absorption in which an ag-
hardened concrete containing the aggregate. From a di-gregate particle can exist are shown in Fig. 7-5a. When all
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the permeable pores are full and there is no water film on while the maximum crushing strengths for each rock type
the surface, the aggregate is said to be inghirated- were of the order of 35,000 psi (240 MPa), some lime-
surface dry condition (SSD) when the aggregate is sat- stones and sandstones showed as low as 14,00 psi (96
urated and there is also free moisture on the surface, theMPa) and 7000 psi (48 MPa) crushing strengths, respec-
aggregate is in thevet or damp condition. In the oven- tively.

dry condition, all the evaporable water has been driven

off by heating to 100C. Absorption capacity is defined Soundness

as the total amount of moisture required to bring an ag-
gregate from the oven-dry to the SSD conditieffective
absorption is defined as the amount of moisture required
to bring an aggregate from the air-dry to the SSD condi-
tion. The amount of water in excess of the water required

Aggregate is consideredinsound when volume
changes in the aggregate induced by weather, such as al-
ternate cycles of wetting and drying, or freezing and thaw-
ing, result in deterioration of concrete. Unsoundness is
e , shown generally by rocks having a certain characteristic
for the SSD condlt_lon IS refe_rred to as therface mois- pore str%cture. )(llo%/cretes conta?ning some cherts, shales,
ture. The a_bsorpt|on capa<_:|ty, e_szecnve absorption, and limestones, and sandstones have been found susceptible
surface moisture data are invariably needed for correct- to damage by frost and salt crystallization within the ag-
ing the batch water and aggregate proportions in concrete o ate “Although high moisture absorption is often used
mixtures made from stock materials (Chapter 9). As a as an index for unsoundness, many aggregates, such as
first appr'oxi.matior), the absprption capacity of an aggre- umice and expanded clays, c,an absorb large arr;ounts of
gate, Wh.'Ch is easily determined, canbe used as a measurglater but remain sound. Unsoundness is therefore related
of porosity and strength. to pore size distribution rather than to the total porosity

Normally, moisture correction values for intrusive ig-  of aggregate. Pore size distributions that allow aggregate
neous rocks and dense sedimentary rocks are very low, bUtparticIes to get saturated on wetting (or thawing in the
they can be quite high in the case of porous sedimentary case of frost attack), but prevent easy drainage on dry-
rocks, lightweight aggregates, and damp sands. For examing (or freezing), are capable of causing high hydraulic
ple, typically, the effective absorption values of trap rock, pressures within the aggregate. Soundeness of aggregate
porous sandstone, and expanded shale aggregates are 1/g, weathering action is determined by ASTM Method C
5, and 10 percent, respectively. 88, which describes a standard procedure for directly de-

Damp sands may suffer from a phenomenon known termining the resistance of aggregate to disintegration on
asbulking Depending on the amount of moisture and ag- exposure to five wet-dry cycles; saturated sodium or mag-
gregate grading, considerable increase in bulk volume of nesium sulfate solution is used for the wetting cycle.
sand can occur (Fig. 7-5b) because the surface tension |n the case of frost attack, in addition to pore size dis-
in the moisture holds the particles apart. Since most sandstribution and degree of saturation, as described in Chapter
are delivered at the JOb sitein a damp condition, wide vari- 5, there is a critical aggrega‘[e size below which h|gh inter-
ations can occur in batch quantities if the batching is done na| stresses capable of cracking the particle will not occur.
by volume. For this reason, proportioning concrete mix- For most aggregate, this critical aggregate size is greater
ture by weight has become the standard practice in mostthan the normal size of coarse aggregates used in practice;

countries. however, for some poorly consolidated rocks (sandstones,
limestones, cherts, shales), this size is reported to be in
Crushing Strength, Abrasion Resistance, the range 12 to 25 mm.

and Elastic Modulus

Crushing strength, abrasion resistance, and elasticSize and Grading
modulus of aggregate are interrelated properties, which ~ Grading is the distribution of particles of granular
are greatly influenced by porosity. Aggregates form nat- materials among various sizes, usually expressed in terms
ural sources that are commonly used for making normal- of cumulative percentages larger or smaller than each of
weight concretes are generally dense and strong, thereforea series of sizes of sieve openings, or the percentages
are seldom a limiting factor to strength and dynamic elas- between certain ranges of sieve openings. ASTM C 33
tic modulus for most granites, basalts, trap rocks, flints, (Standard Specification for Concrete Aggregates) grading
quartzitic sandstone, and dense limestones are in the rang&equirements for coarse and fine aggregates are shown in
30 to 45x 10° psi (210-310 MPa) and 10 to 13 10° Tables 7-5 and 7-6, respectively.
psi (70-90 GPa), respectively. In regard to sedimentary  There are severakasons for specifying grading lim-
rocks, the porosity varies over a wide range, and so will its and maximum aggregate sjzbe most important be-
their crushing strength and related characteristics. In oneing their influence on workability and cost. For example,
investigation involving 241 limestones and 79 sandstones, very coarse sands produce harsh and unworkable concrete
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mixtures, and very fine sands increase the water require-analysis data by adding the cumulative percentages of ag-
ment (therefore, the cement requirement for a given wa- gregate retained on each of a specified series of sieves, and
ter/cement ratio) and are uneconomical; aggregates thatdividing the sum by 100. The sieves used for determining
do not have a large deficiency or excess of any particular the fineness modulus are: No. 100 (1&®), No. 50 (300
size produce the most workable and economical concretexm), No. 30 (600um), No. 16 (1.18 mm), No. 8 (2.36
mixtures. mm), No. 4 (4.75 mm), 3/8 in. (9.5 mm), 3/4in. (19 mm),
The maximum size of aggregatés conventionally 11/2 in. (37.5) mm), and larger - increasing in'the ratio
designated by the sieve size on which 15 percent or more©f 2 10 1. Examples of the method for determining the
particles are retained. In general, the larger the maxi- fineness modulus of fine aggregates from_thre_e different
mum aggregate size, the smaller will be the surface areaSOUrces are shown by the tabulated data in Fig. 7-7, to-
per unit volume which has to be covered by the cement 9€ther with a typical grading curve. It may be noted that
paste of a given water/cement ratio. Since the price of the higher the fineness modulus, the coarser the aggregate.

cement is usually about 10 times (in some cases even 20

times) as much as the price of aggregate, any action thatShape and Surface Texture

saves cement without redUCing the Strength and workabil- The Shape and surface texture of aggregate partic]es
ity of concrete can result in significant economic benefit. jnfluence the properties of fresh concrete mixtures more
In addition to cost economy, there are other factors that than hardened concrete; compared to smooth and rounded
govern the choice of maximum aggregate size for a con- particles, rough-textured, angular, and elongated particles
crete mixture. According to one rule of thumb used in the require more cement paste to produce workable concrete
construction industry, the maximum aggregate size should mixtures, thus increasing the cost.

not be larger than one-fifth of the narrowest dimension of Shaper refers to geometrical characteristics such as

the form in which the concrete is to be placed; also, it round, angular, elongated, of flaky. Particles shaped
should not be larger than three-fourths of the maximum by attrition tend to becomeounded by losing edges

clear distance between the reinforcing bars. Since large

partlcles tend to produce more microcracks in tI;e transrn?c:avd from seashore or riverbeds, have a generally well-
tion zone between the coarse aggregate and the cemen,nded shape. Crushed intrusive rocks possess well-

p_astg, in high-str_ength concretes the maximum aggregat€yefined edges and corners and are calegular. They
size is generally limited to 19 mm. generally produce equidimensional particles. Laminated
The effect of a variety of sizes in reducing the total limestones, sandstones, and shale tend to produce elon-
volume of voids between aggregates can be demonstratedjated and flaky fragments, especially when jaw crushers
by the method shown in Fig. 7-6a. One beaker is filled are used for processing. Those patrticles in which thick-
with 25-mm particles of relatively uniform size and shape; ness is small relative to two other dimensions are referred
a second beaker is filled with a mixture of 25- and 9-mm to asflat or flaky,while those in which length is con-
particles. Below each beaker is a graduate cylinder hold- siderably larger than the other two dimensions are called
ing the amount of water required to fill the voids in that elongated Another term sometimes used to describe the
beaker. Itis evident that when two agregate sizes are com-shape of coarse aggregatesjhericity, which is defined
bined in one beaker, the void content is decreased. If par-as a ratio of surface area to volume. Spherical or well-
ticles of several more sizes smaller than 9 mm are addedrounded particles have low sphericity, but elongated and
to the combination of 25 mm and 9 mm aggregate, a fur- flaky particles possess high sphericity.
ther reduction is voids will result. In practice, low void Photographs of particles of various shapes are shown
contents can be achieved by using smoothly graded coarsen Fig. 2-3. Aggregates should be relatively free of flat
aggregates with suitable proportions of graded sand (Fig. and elongated particles. Elongated, blade-shaped aggre-
7-6b). The data show that as low as 21 percent void con- gate particles should be avoided or limited to a maximum
tent was obtained when 40 percent sand was mixed with of 15 percent by weight of the total aggregate. This re-
the 3/8- to 1/,1/2 in. (9- to 37-mm) gravel. From the quirement is important not only for coarse aggregate but
Standpoint of Workability of concrete mixtures, it is now also for manufactures sands (made by Crushing Stone),
known that the smallest percentage of voids (greatest dry-which contain elongated grains and produce very harsh
rodded density) with given materials is not the most satis- concrete.
factory; the optimum void content is somewhat more than e cJassification afurface texture, which is defined

the smallest possible. as the degree to which the aggregate surface is smooth or
In practice, an empirical factor called fineness mod- rough, is based on visual judgment. Surface texture of ag-

ulus is often used as an index of the fineness of an ag-gregate depends on the hardness, grain size, and porosity

gregate. Thdineness moduluds computed from screen  of the parent rock and its subsequent exposure to forces of

and corners. Wind-blown sands, as well as sand and
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attrition. Obsidian, flint, and dense slags show a smooth, alkali-aggregate reaction.” A description of the alkali-
glassy texture. Sand, gravels, and chert are smooth in theiraggregate reaction, including a list of the reactive aggre-
natural state. Crushed rocks such as granite, basalt, andjates, is given in Chapter 5.
limestone show a rough texture. Pumice, expanded slag, Iron sulfides, especially marcasite, present as inclu-
and sintered fly ash show a honeycombed texture with vis- sions in certain aggregates have been found to cause an
ible pores. expansive reaction. In the lime-saturated environment of

There is evidence that at least during early ages the portland cement concrete, reactive iron sulfides can oxi-
strength of concrete, particularly the flexural strength, can dize to form ferrous sulfate, which causes sulfate attack
be affected by the aggregate texture; a rougher textureon concrete and corrosion of the embedded steel. Aggre-
seems to help the formation of a stronger physical bond gates contaminated with gypsum or other soluble sulfates,
between the cement paste and aggregate. At later agessuch as magnesium, sodium, or potassium sulfate, also
with a stronger chemical bond between the paste and thepromote sulfate attack.
aggregate, this effect may not be so important. Case of failure of concrete to set were repoﬁ”t&dm
two block-making plants in southern Ireland. The prob-
. lem was attributed to the presence of significant amounts
Deleterious Substances . : : .

of lead and zinc (mostly in the form of sulfides) in cal-

Deleterious substancesire those which are present  ;ite aggregate. Those blocks had failed to set which con-
as minor constituents of either fine or coarse aggregate sined 0.11 percent or more lead compound or 0.15 per-

but are capable of adversely affecting workability, setting ~ant or more zinc compound by weight of concrete. Sol-

and hardening, and durability characteristics of concrete. \,p|e |ead or zinc salts are such powerful retarders of port-

Alist of harmful substances, their possible effects on con- |3nq cement hydration that experimental concretes made

crete, and ASTM C 33 Specification limits on the maxi- yith samples of contaminated aggregate failed to develop

mum perm|.SS|bIe amounts of such substances in aggregat%my strength after 3 days of curing. It should be noted

are shown in Table 7-7. that concrete setting and hardening problems can also be
In addition to the materials listed in Table 7-7, there caused by organic impurities in aggregate, such as de-

are other substances which may have deleterious effectscayed vegetable matter that may be present in the form

involving chemical reactions in concrete. For both fine of organic loam or humus.

and coarse aggregates, ASTM C 33 requires that “aggre-

gate for use in concrete that will be subject to wetting,

extended exposure to humid atmosphere, or contact withMETHODS OF TESTING AGGREGATE CHARAC-

moist ground shall nor contain any materials that are dele- TERISTICS

teriously reactive with the alkalies in the cement in an It is beyond the scope of this text to describe in detail

amount sufficient to cause excessive expansion except thathe test methods used for evaluation of aggregate charac-

if such materials are present in injurious amounts, the ag- teristics. For reference purposes, however, a list of ASTM

gregate may be used with a cement containing less thantest methods for determining various characteristics of ag-

0.6 percent alkalies or with the addition of a material that gregates, including the significance of tests, is given in

has been shown to prevent harmful expansion due to theTable 7-8.

TEST YOUR KNOWLEDGE
1. The aggregate in concrete is looked down upon as an “inert filler”. Explain why this viewpoint is erroneous.

2. What is the distinction between the termsksandmineral® Write a short report on the influence of rock-forming
process on characteristics of aggregates derived from the rock. In particular, explain why:

(a) Basalts, which are generally fine-grained or glassy, are not alkali-reactive.
(b) Limestones tend to form flat aggregate particles.
(c) Pumice is useful for the production of lightweight aggregate.

3. What do you know about the following rocks and minerals: dolomite, graywacke, flint, opal, plagioclase, smectites,
and marcasite?

2Concrete ConstructigrConcrete Construction Publications, Inc., Vol. 22, No. 4, 1977, p. 237.
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. Give typical ranges of aggregate unit weights for making structural lightweight, normal-weight, or heavyweight

concretes. What types of natural and synthetic aggregates are used for making lightweight masonry blocks and
insulating concrete; what types of natural minerals are useful for producing heavyweight aggregates?

. You are the civil engineer in charge of rehabilitating some old concrete pavements in your area. In a brief note to

your superiors, discuss the equipment needed, deleterious constituents to be avoided, and the cost economy of using
the crushed concrete from old pavements as a source of aggregates for the construction of new pavements.

. How are aggregates made from expandable clays, fly ash, and blast-furnace slag? What are some of the interesting

characteristics of the products?

. In concrete technology, what distinction is made between the tepmgr. andbulk densit® With the help of

suitable sketches, explain the following terms and discuss their significance: absorption capacity, saturated-surface-
dry condition, damp condition.

. What is the cause of thHaulkingphenomenon and what role does it play in concrete manufacturing practice?

. List any three characteristics of concrete aggregate and discuss their influence on both the properties of fresh con-

crete and hardened concrete.

Briefly discuss the following propositions:

(a) Specific gravity and absorption capacity are good indicators of aggregate quality.

(b)] The crushing strength of an aggregate can have a large influence on the compressive strength of concrete.

¢) Using natural mineral aggregates, the unit weight of structural quality concrete can be varied between 1600 and

3200 kg/n? (2700 - 5400 Ib.y8).

(d) Pores in aggregate that are smaller than 4 microns can bexriioally saturated.

(a) If the dry-rodded unit weight of an aggregate is 105 (680 kg/n?) and its specific gravity is 2.65, determine

the void content.

(b) A sample of sand weighs 500 g and 480 g in “as received” and oven-dried condition, respectively. If the absorption

capacity of the sand is 2%, calculate the percentage of free moisture.

(c) From the following data on a sample of coarse aggregate, compute the bulk specific gravity on S.S.D. basis:

12.

13.

14.

Weight in S.S. D. conditiora= 5.00 Ib
Weight in oven-dry conditior= 4.96 |b
Weight under wate= 3.15 Ib

Define the termgradingandmaximum aggregate sizas used in concrete technology. What considerations control
the choice of the maximum aggregate size of aggregate in a concrete? Discuss the reason why grading limits are
specified.

Assuming that the workability of concrete is of no consequence, would sand be necessary in concrete mixtures?
What is the significance dineness modul@s Calculate the fineness modulus of sand with the following sieve
analysis:

Weight retained on No. 8 sieve g 30

Weight retained on No. 16 sieve~g70

Weight retained on No. 30 sieve~g125

Weight retained on No. 50 sieveg135

Weight retained on No. 100 sieve=g120

Weight retained on No. 200 sieve=g20

Is this sand suitable for making concrete?

With the help of appropriate sketches, explain the tesptsericity, flat particlesandangular particles Explain
how the surface texture of fine aggregate may influence the properties of concrete.
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15. When present as deleterious substances in concrete aggregates, how can the following materials affect properties of
concrete: clay lumps, silt, zinc sulfide, gypsum, humus?

SUGGESTIONS FOR FURTHER STUDY

Report of ACI Committee 221, “Guide for Use of Normalweight Aggregates in Concrétel,Manual of Concrete
Practice, Part 1 1989.

ASTM, Significance of Tests and Properties of Concrete and Concrete-Making Mat&id#s169-A, 1966, pp. 381-512.
ASTM, Significance of Tests and Properties of Concrete and Concrete-Making Mat&Tds169-B, 1978, pp. 539-761.
Dolar-Mantuani, L.Handbook of Concrete Aggregaté$oyes Publications, 1984.

Orchard, D.F.Properties and Testing of Aggregates, Concrete Technphgy 3, John Wiley & Sons, Inc. (Halstead
Press), New York, 1976.

Popovics, SConcrete-Making MaterialdMcGraw-Hill Book Company, 1979, pp. 157-354.
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CHAPTER 8

Admixtures

admixtrues are used, for example, to increase the plastic-
ity of concrete without increasing the water content, to
reduce bleeding and segregation, to retard or accelerate
PREVIEW the time of set, to accelerate the rates of strength devel-
opment at early ages, to reduce the rate of heat evolution,
The realization that properties of concrete, in both the and to increase the durability of concrete to specific expo-
fresh and hardened states, can be modified by adding cersyre conditions. The realization that important properties
tain materials to concrete mixtures is responsible for the of concrete, in both the freshly made and hardened states,
large growth of the concrete admixtures industry during can be modified to advantage by application of admixtures
the last 40 years. Hundreds of products are being mar- gave such an impetus to the admixture industry that within
keted today, and in some countries it is not uncommon 20 years after the beginning of development of the indus-
that 70 to 80 percent of all the concrete produced containstry in the 1940s, nearly 275 different products were mar-
one or more admixtures; together with their typical appli- keted in England and 340 in GermahyToday, most of
cations and limitations. the concrete produced in some countries contains one or
Admixtures vary in composition from surfactants and more admixtures; it is reported that chemical admixtures
soluble salts and polymers to insoluble minerals. The pur- are added to 88 percent concrete placed in Canada, 85 per-
poses for which they are generally used in concrete in- cent in Australia, and 71 percent in the United States.
clude improvement of workability, acceleration or retar-
dation of setting time, control of strength development,
and enhancement of resistance to frost action, thermalNOMENCLATURE, SPECIFICATIONS, AND
cracking, alkali-aggregate expansion, and acidic and sul- CLASSIFICATIONS
fate solutions. |mp0rtant classes of concrete admixtures, Admixtures vary W|de|y in chemical Composition and
their phySicaI-Chemical characteristics, mechanism of ac- many perform more than one function; therefore, it is
tion, applications, and side effects are described in this gifficult to classify them according to their functions.
chapter. The chemicals used as admixtures can broadly be di-
vided into two types. Some chemicals begin to act on
the cement-water system instantaneously by influencing
SIGNIFICANCE the surface tension of water and by adsorbing on the sur-
ASTM C 125 defines aadmixture as a material other ~ face of cement particles; others break up into their ionic
than water, aggregates, hydraulic cements, and fiber rein-constituents and affect the chemical reactions between ce-
forcement, used as an ingredient of concrete or mortar andment compounds and water from several minutes to sev-
added to the batch immediately before or during mixing. eral hours after the addition. Finely ground insoluble ma-
ACI Committee 212 list 20 important purposes for which  terials, either from natural sources or by-products from

1ACI Committee 212, “Admixtures for ConcreteGoncr. Int, Vol. 3, No. 5, pp. 24-52, 1981.
2R.C. Mielez,Concr. Int, Vol. 6, No. 4, pp. 40-53, 1984.
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some industries, are also used as admixtures. The phys<cherts and shales, tuffs, and volcanic ashes or pumicite,
ical effect of the presence of these admixtures on rheo- and calcined materials such as clays and sh&lkss R
logical behavior of fresh concrete becomes immediately fly ash normally produced from burning anthracite or bi-
apparent, but it takes several days to several months fortuminous coalClass C fly ash normally produced from
the chemical effects to manifest. burning lignite or subbituminous coal (in addition to be-
The soluble salts and polymers, both surface-active N9 Pozzolanic, this fly ash is also cementitious). The
agents and others, are added in concrete in very smalliSPecification sets limits on fineness, water requirement,
amounts mainly for the purposes of entrainment of air, pozzolanic activity, sgundne_ss, gnd chemical ConstlFuents.
plasticization of fresh concrete mixtures, or control of set- AMONg others, a serious objection to ASTM C 618 is the
ting time. By plasticizing concrete it is possible either a/Pitrary chemical requirements, which have no proven
to increase the consistency without increasing the water 'élation to the performance of the mineral admixtures in

content, or to reduce the water content while maintaining ¢oncrete. o

a given consistency. Therefore, in the United States the ASTM C 989,Standard Specification for Ground Iron
plasticizing chemicals are calledater-reducing admix- Blast-Furnace Slag for Use in Concrete and Mortdssa
tures. new standard that is refreshingly free from cumbersome

chemical and physical requirements. Unlike ASTM C
618, this standard takes the approach that when a ma-
terial meets the performance specification, there should
be no further need for prescriptive specifications. At the
heart of ASTM C 989 is a slag activity test with port-
land cement which is intended to grade slags based on
ftheir contribution to the strength of a slag-portland ce-
ment mixture. According to the test method, slag activ-
ity is evaluated by determining the compressive strength
of both portland cement mortars and corresponding mor-
tars made with the same amount of a 50-50 weight com-
bination of slag and portland cement. A strength index
is calculated as the percentage strength between the slag-
portland cement mortar and the portland cement mortar.
The specification covers three strength grades of finely
ground granulated iron blast-furnace slag for use as ce-
mentitious material: Grades 80, 100, and 120 correspond
to a minimum strength index of 75, 95, and 115 percent in

redscmg tagent? IS that, compatred o tt:e freferencre]: C?(T'the 28-day cured mortars. Grades 100 and 120 also have
crete mixture of a given consistency, the former shou a 7-day strength index requirement.

be able to reduce at least 5 percent water and the latter . . . e .
Since there is no single classification covering all the

at least 12 percent water. The specification also sets lim- te admixt for th f i d
its on time of set, compressive and flexural strengths, and Concrete agmixtures, for the purpose of presenting a de-
drvi : tailed description of their composition, mechanism of ac-
rying shrinkage. . L .
. . tion, and applications, they are grouped here into the fol-
Themineral admixturesire usually added to concrete  |owing three categories: (1) surface-active chemicals, (2)

in large amounts. Besides cost reduction and enhance-get-controlling chemicals, and (3) mineral admixtures.
ment of workability of fresh concrete, they can success-

fully be employed to improve the resistance of concrete to

thermal cracking, alkali-aggregate expansion, and sulfate SURFACE-ACTIVE CHEMICALS

attack. Natural pozzolanic materials and industrial by-

products such as fly ash and slag are the commonly usedNomenclature and Composition

mineral admixtures. Again, the ASTM has separate clas-  Surface-active chemicals, also knownsasfactants
sifications covering natural pozzolans and fly ashes on thecover admixtures that are generally used for air entrain-
one hand, and iron blasts-furnace slag on the other. ASTM ment or reduction of water in concrete mixtures. &in

C 618, Standard Specification for Fly Ash and Raw or entraining admixturds defined as a material that is used
Calcined Natural Pozzolan for Use as a Mineral Admix- as an ingredient of concrete for the purpose of entraining
ture in Portland Cement Concreteovers the following air. awater-reducing admixturés an admixture that re-
three classes of mineral admixture€lass N raw or duces the quantity of mixing water required to produce
calcined pozzolans such as diatomaceous earths, opalin€oncrete of a given consistency.

The ASTM has separate specifications for air-
entraining chemicals and for water-reducing and/or set-
controlling chemicals. ASTM C 26C5tandard Specifi-
cation for Air-Entraining Admixtures for Concretsets
limits on the effect that a given admixture under test may
exert on bleeding, time of set, compressive and flexural
strengths, drying shrinkage, and freeze-thaw resistance o
concrete, compared to a reference air-entraining admix-
ture. ASTM C 494,Standard Specification for Chemi-
cal Admixtures for Concretadivides the water-reducing
and/or set-controlling chemicals into the following seven
types: Type A, water-reducingType B, retarding;Type
C, accelerating;Type D, water-reducing and retarding;
Type E, water-reducing and acceleratinfiype F, high-
range water-reducing; ant@lype G, high-range water-
reducing and retarding. The distinction between the nor-
mal (Types, A, D, and E) and the high-range water-
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Surface-active admixtures consist essentially of long- presence of the surfactant a well-dispersed system is not
chain organic molecules, one end of which lhy- attained because, first, the water possesses high surface
drophilic (water-attracting) and the othdrydrophobic tension (hydrogen-bonded molecular structure), and sec-
(water-repelling). The hydrophilic end contains one or ond, the cement particles tend to cluster together or form
more polar groups, such as -COG-SG;, or —Nl—q .In flocs (attractive force exists between positively and neg-
concrete technology, mostly anionic admixtures are used atively charged edges, corners, and surfaces when crys-
either with a nonpolar chain or with a chain containing talline minerals or compounds are finely ground). A dia-
some polar groups. The former serve as air-entraining gram representing such a flocculated system is shown in
and the latter as water-reducing admixtures. As explained Fig. 8-2c.
below, the surfactants become adsorbed at the air-water  When a surfactant with a hydrophilic chain is added
and the cement-water interfaces with an orientation of the to the cement-water system, the polar chain is adsorbed
molecule that determines whether the predominant effectalongside the cement particle, instead of directing a non-
is the entrainment of air or plasticization of the cement- polar end toward water, in this case the surfactant directs
water system. a polar end, thus lowering the surface tension of water

Surfactants used as air-entraining admixtures gener-and making the cement particle hydrophilic (Fig. 8-2b).
ally consist of salts of wood resins, proteinaceous ma- As a result of layers of water dipoles surrounding the hy-
terials and petroleum acids, and some synthetic deter-drophilic cement particles, their flocculation is prevented
gents. Surfactants used as plasticizing admixtures usu-and a well-dispersed system is obtained (Fig. 8-2c).
ally are salts, modifications, and derivatives of lignosul-
fonig acids, hydroxylaf[ed 'carboxylic acids,'and polysap- Applications
charides, or any combinations of the foregoing three, with
or without other subsidiary constituents. Superplasticizers
or high range water-reducing admixtures, which are also
discussed below, consist of sulfonated salts of melamine
or naphthalene formaldehyde condensates.

Air-entraining admixtures. The most important
application of air-entraining admixtures is for concrete
mixtures designed to resist freezing and thawing cycles
(Chapter 5). A side effect from entrained air is the im-
proved workability of concrete mixtures, particularly with
those containing less cement and water, rough-textured
Mechanism of Action aggregates, or lightweight aggregates. Air entrainment

Air-entraining surfactants. The chemical formula is therefore commonly used in making mass concrete
of a typical air-centraining surfactant which consists of a and lightweight mixtures. It may be noted that since
nonpolar hydrocarbon chain with an anionic polar group ajr-entraining surfactants render the cement particles hy-
is shown in Fig. 8-1a, and the mechanism of action is il- drophobic, and overdose of the admixture would cause
lustrated in Fig. 8-1b. Lea describes the mechanisms by an excessive delay in cement hydration. Also, as already
which air is entrained and stabilized when a surfactant is stated, large amounts of entrained air would be accompa-
added to the cement-water system: nied by a corresponding strength loss.

Water-reducing admixtures. The purposes
achieved by the application efater-reducing admixtures
are illustrated by the data in Table 8-1. The reference con-
crete without any admixture (Series A) had a 300 ky/m
cement content and a 0.62 water/cement ratio; the fresh
concrete showed 50-mm slump, and the hardened con-
crete gave 25- and 37-MPa compressive strength at 7 and
28 days, respectively.

With Test Series B the purpose wasiterease the
consistencyf the reference concrete mixture without the
addition of more cement and water. This was easily

Water-reducing surfactants. The formulas ofthree  achieved by incorporation of a given dosage of water-
typical plasticizing surfactants are shown in Fig. 8-2a. It reducing admixture. Such an approach is useful when
may be noted that, in contrast to air-entraining surfactants, concrete is to be place in heavily reinforce sections or by
in the case of plasticizers the anionic polar group is joined pumping.
to a hydrocarbon chain which itself is polar or hydrophilic With Test Series C the object was aghieve higher
(i.e., several OH groups are present in the chain). When acompressive strengthgthout increasing the cement con-
small quantity of water is added to the cement, without the tent or reducing the consistency of the reference concrete

At the air-water interface the polar groups are ori-
ented towards the water phase lowering the surface
tension, promoting bubble formation and counter-
acting the tendency for the dispersed bubbles to co-
alesce. At the solid-water interface where directive
forces exist in the cement surface, the polar groups
become bound to the solid with the nonpolar groups
oriented towards the water, making the cement sur-
face hydrophobic so that air can displace water and
remain attached to the solid particles as bubbles.

SEM. Lea, The Chemistry of Cement and ConcréEemical Publishing Company, Inc., New York, 1971, p. 596.
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mixture. The incorporation of the same dosage of the combination of two or more admixtures.
water-reducing admixture as in Series B made it possible
to reduce the water content by about 10 percent (from 186
to 168 kg/nt) while maintaining the 50-mm slump. As
a result of reduction in the water/cement ratio, the 7-day Superplasticizers, also called high range water-
compressive strength increased from 25 to 34 MPa andreducing admixtures because they are able to reduce three
the 28-day strength from 37- to 46-MPa. This approach to four times water in a given concrete mixture compared
may be needed when job specifications limit the maxi- to normal water-reducing admixtures, were developed in
mum water/cement ratio but require high early strength to the 1970s and have already found a wide acceptance in
develop. the concrete construction industry. They consist of long-

Test Series D demonstrates how the addition of the Chain: high-molecular-weight (20,00 to 30’000)_ anionic
water-reducing admixture made it possible to effect a 10 surfactants W't.h a large number of polar groups m_the hy-
percentcement savingvithout compromising either the drocarbon chain. When adsorbed on cement patrticles, the

consistency or the strength of the reference concrete mix_surfactant Imparts a strqng negative chargg, which helps
yto lower the surface tension of the surrounding water con-

ture. Besides cost economy, such cement savings may . -
be important when reduction of temperature rise in mass siderably and greatly enhances the fluidity of the system.

concrete is the primary goal. Compared to normal water-reducing admixtures, rel-
atively large amounts of superplasticizers, up to 1% by
weight of cement, can be incorporated into concrete mix-
tures without causing excessive bleeding and set retar-
dation, in spite of a consistency on the order of 200- to
250-mm slump. It is probably the colloidal size of the
Theperiod of effectiveness of surfactargsather lim- long-chain particles of the admixture which obstructs the
ited because soon after the onset of hydration reactionshleed-water flow channels in concrete, so that segregation
between portland cement compounds and water, largeis generally not encountered in superplasticized concretes.
amounts of products such as ettringite begin to form. The Excellent dispersion of the cement particles in water (Fig.
cement hydration products engulfs the small quantity of 8-3) seems to accelerate the rate of hydration; therefore,
the surfactant present in the system. Thus the ambientretardation is rarely observed; instead, acceleration of set-
temperature and cement fineness and composition, espeting and hardening is a common occurrence. In fact, the
cially the GA, SOs, and alkali contents, which control  first generation of superplasticizers acquired a bad repu-
the rate of ettringite formation, may have an effect on tation for rapid loss of consistency or slump. Currently
cement-admixture interactions. Obviously, #imaount or available products often contain lignosulfonate or other
concentration of the admixtuia the system will also de-  retarding materials in order to offset the rapid loss of high
termine the effect. Larger amounts of an admixture than consistency achieved immediately after the addition of the
normally needed for the plasticizing or water-reducing ef- admixture.
fect may retard the time of set by preventing the hydration
products to flocculate (form bonds). Thus, depending on
the dosage, most surfactants can serve simultaneously a:
water reducers and set retarders. Industrial water reduc-
ers may contain accelerating agents to offset the retard-

ing tendency when this is unwanted. It seems that except . ; :
erties (i.e., compressive and flexural strength) is gener-

for possible retardation of the time of set, other mechani- . .
: ally commensurate with reduction in the water/cement ra-
cal properties of concrete are not affected by the presence.. :
X o tio. Frequently, due to a greater rate of cement hydration
of water-reducing agents; in fact, early strengths may be . . .
. ) in the well-dispersed system, concretes containing super-
somewhat accelerated due to better dispersion of the ce- - : .
. ) plasticizers show even higher compressive strengths at 1,
ment particles in water. X
3, and 7 days than reference concretes having the same
Also, some water-reducing admixtures, especially water/cement ratio (Table 8-2). This is of special impor-
those derived from lignin products, are known to en- tance in the precast concrete industry, where high early
train considerable air; to overcome this problem commer- strengths are required for faster turnover of the formword.
cial lignin-based admixtures usually contain air-detaining By using higher cement contents and water/cement ratios
agents. Since commercial products may contain many un-much lower than 0.45, it is possible to achieve even more
known ingredients, it is always desirable to make a lab- rapid strength development rates. A description of proper-

oratory investigation before using a new admixture or a ties and some recent applications of superplasticized con-

Superplasticizers

It should be noted from the foregoing description of
benefits resulting from the application of water-reducing
admixtures thaall three benefits were not available at the
same time

Compared to 5 to 10 percent water reduction made
gossible by the application of ordinary plasticizing ad-
mixtures, water reductions in the range 20 to 25 percent
can often be achieved in reference concrete without re-
ducing the consistency. The increase in mechanical prop-
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possible to alter the type and concentration of the ionic
constituents in the solution phase, thus influencing the dis-
solution of the cement compounds according to the fol-

crete are given in Chapter 11.

lowing guidelines proposed by Joisel:

SET-CONTROLLING CHEMICALS

Nomenclature and Composition

Besides certain types of surfactants already described,
there are a large number of chemicals that can be used
as retarding admixtures; on the other hand, there are
chemicals that can accelerate the setting time and rate of
strength development at early ages. Interestingly, some
chemicals act as retarders when used in small amounts
(e.g., 0.3 percent by weight of cement), but in large dosage
(e.g., 1 percent by weight of cement) they behave as ac-
celerators.

Forsert was first in presenting a comprehensive anal-
ysis of the action of chemical admixtures on the setting of
portland cement. He divided retarders into several groups
according to the type of curve obtained when initial set-
ting time was plotted against the concentration of the re-
tarder in the system. A modified version of Forsen’s clas-
sification which covers both retarders and accelerators in
shown in Fig. 8-4. The compositions of commonly used
chemicals under each class are also shown in the figure.

Mechanism of Action

It is generally accepted now that at least the early
reactions of portland cement compounds with water are
through-solution; that is, the compounds first ionize and
then the hydrates form is solution. Due to their limited
solubility the hydration products crystallize out; the stiff-

1. An accelerating admixture must promote the disso-

lution of the cations (calcium ions) and anions from
the cement. Since there are several anions to dis-
solve, the accelerator should promote the dissolving
of that constituent which has the lowest dissolving
rate during the early hydration period (e.g. silicate
ions).

. A retarding admixture must impede the dissolution

of the cement cations (calcium ions) and anions,
preferably that anion which has the highest dissolv-
ing rate during the early hydration period (e.g., alu-
minate ions).

. The presence of monovalent cations in solution

(i.e., Kt or Na") reduces the solubility of Ga&
ions but tends to promote the solubility of silicate
and aluminate ions. In small concentrations, the
former effect is dominant; in large concentrations,
the latter effect becomes dominant.

. The presence of certain monovalent anions in solu-

tion (i.e., CI, NOg, or 864‘) reduces the solubil-
ity of silicates and aluminates but tends to promote
the solubility of calcium ions. In small concentra-
tions, the former effect is dominant; in large con-
centrations, the latter effect becomes dominant.

ening, setting, and hardening phenomena with portland
cement pastes are derived from the progressive crystal-  From the foregoing it can be concluded that the overall
lization of the hydration products. It is therefore reason- outcome when a chemical admixture is added to a port-
able to assume that by adding certain soluble chemicals toland cement-water system will be determinedly a num-
the portland cement-water system, one may be able to in-ber of both complementary and opposing effects, which
fluence either the rate of ionization of cement compounds are dependent on the type and concentration of ions con-
or the rate of crystallization of the hydration products, tributed by the admixture to the system. With small con-
consequently affecting the setting and hardening charac-centrations (e.g. 0.1 to 0.3 percent by weight of cement)
teristics of the cement paste. of the salts of weak bases and strong acids (e.g., §aCl
According to Joisél the action of set-controlling  or strong bases and weak acids (e.xCKx), the retar-
chemicals on portland cement can be attributed mainly to dation of solubility of the calcium and the aluminate ions
dissolving of the anhydrous constituents, rather than the from the cement is the dominant effect rather than the ac-
crystallization of the hydrates. To understand the mecha- celeration of solubility of the silicate ions; hence the over-
nism of acceleration or retardation it is helpful to consider all effect is that of retardation. With larger concentrations
a hydrating portland cement paste as being composed of(e.g., 1 percent or more) of these salts, the accelerating
certain anions (silicate and aluminate) and cations (cal- effects of the ions in solution on the silicate and the alu-
cium), the solubility of each being dependent on the type minate ions of the cement become more dominant than
and concentration of the acid and base ions present in thethe retarding effects; thus it is possible for the same salt
solution. Since most chemical admixtures will ionize in to change its role and become an accelerator instead of a
water, by adding them to the cement-water system it is retarder (Fig. 8-4). It should be noted that Cadl to 3

4L. ForsenProc. Int. Symp. on Chemistry of Cemer@tockholm, 1983, p. 298.
5A. Joisel Admixtures for Cemenpublished by the author, 3 Avenue AgdB5230 Soisy, France, 1973.
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percent by weight of cement, is the most commonly used set-retarding admixtures.

accelerator for plain concrete.

Gypsum (CaS@2H,0) is a salt of a weak base
and a strong acid, but it does not show the retarder-to-

Applications
Accelerating admixtures According to the report

accelerator role-reversal phenomenon on the setting timepy ACI Committee 212:

of cement when the amount of gypsum added to a port-
land cement paste is gradually increased. This is because
the solubility of gypsum in water is low (2 g/liter at 20).
Until the sulfate ions from gypsum go into solution, they
will not be able to accelerate the solubility of calcium
from the cement compounds. With the gradual removal
of sulfate ions from the solution due to the crystalliza-
tion of calcium sulfoaluminate hydrates (mostly ettrin-
gite), more gypsum goes into solution; this has a bene-
ficial effect on the @S hydration and therefore on the rate
of strength development. However, instead of gypsum, if
a large amount of sulfate is introduced in a highly solu-
ble form (e.g., plaster of paris or hemihydrate), both the
setting time and early strengths will be accelerated.

It is expected that low molecular-weight organic acids
and their soluble salts, which are weakly acidic, would
serve as accelerators because of their ability to promote
the solution of calcium ions from the cement compounds.
Actually, calcium formate and formic acid, HCOOH, are
accelerators, but other acids with long hydrocarbon chain
generally act as retarders by counteracting bond forma-

Accelerating admixtures are useful for modifying
the properties of portland cement concrete, partic-
ularly in cold weather, to: (a) expedite the start of
finishing operations and, when necessary, the ap-
plication of insulation for protection; (b) reduce the
time required for proper curing and protection; (c)
increase the rate of early strength development so as
to permit earlier removal of forms and earlier open-
ing of the construction for service; and (d) permit
more efficient plugging of leaks against hydraulic
pressures.

Since calcium chloride is by far the best known
and most widely used accelerator, the effects of gaCl
2H,0 additions in amounts from 0.5 to 2.0 percent by
weight of cement on setting times and relative compres-
sive strengths are shown in Fig. 8-5. Properties of con-
crete as affected by the use of calcium chloride are sum-
marized in Table 8-3.

tions among the hydration products. Triethanolamine, Retarding admixtures. According to ACI Committee

N(CH,—CH,OH)z, is another organic chemical, which in

212, the following applications of retardation of setting

small amounts (0.1 to 0.5 percent) is used as an acceler-2re€ important in the construction practice.

ating ingredient of some water-reducing admixtures be-
cause of its ability to accelerate the hydration ofAC
and the formation of ettringite. However, triethanolamine
tends to retard the 45 hydration and therefore reduces
the rate of strength development. Both organic acceler-
ators play an important part in prestressed and reinforce
concrete applications, where the use of accelerating ad-
mixtures containing chloride is considered to be undesir-
able.

Chemical admixtures listed under Class IV (Fig. 8-
4) act as powerful retarders by mechanisms other than
those discussed above. Surfactants, such as gluconates
and lighosulfonates, act as retarders by delaying the bond
formation among the hydration products; others reduce
the solubility of the anhydrous constituents fromcement
by forming insoluble and impermeable products around
the particles. Sodium salts of phosphoric, boric, oxalic,
and hydrofluoric acid are soluble, but the calcium salts are
highly insoluble and therefore readily form in the vicinity
of hydrating cement particles. Once insoluble and dense
coatings are formed around the cement grains, further hy-

1. Compensation for adverse ambient temperature

conditions particularly in hot weather. Extensive

use is made of retarding admixtures to permit
proper placement and finishing and to overcome
damaging and accelerating effects of high tempera-
tures.

. Control of setting or large structural units to keep

concrete workable throughout the entire placing pe-
riod. This is particularly important for the elim-
ination of cold joints and discontinuities in large
structural units. Also control of setting may prevent
cracking of concrete beams, bridge decks, and com-
posite construction due to form deflection of move-
ment associated with placing of adjacent units. Ad-
justments of the dosage as placement proceeds can
permit various portions of a unit, a large post-
tensioned beam for example, to attain a given level
of early strength at approximately the same time.

Effect of addition of a retarding and water-reducing

dration slows down considerably. Phosphates are com-admixture (Type D, ASTM C 393) on setting time and
monly found to be present as ingredients of commercial strength of concrete, at normal temperature, is shown by

6ACI Committee 212Concr. Int, Vol. 3, No. 5, pp. 24-25, 19981.
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the data in Table 8-4. The effectiveness of the admix- iron blast-furnace slag), whereas others are both cementi-
ture in maintaining concrete in a workable condition for tious and pozzolanic (e.g., high-calcium fly ash). A clas-
longer periods, even at a higher than normal ambient tem- sification of mineral admixtures according to their poz-
perature, is illustrated by the data in Table 8-5. zolanic and/or cementitious characteristics is shown in
Table 8-6. The table also contains a description of min-
eralogical compositions and particle characteristics since
MINERAL ADMIXTURES these two properties, rather than the chemical composi-
tion or the source of the material, determine the effect of a
mineral admixture on the behavior of concrete containing
the admixture.
For the purposes of a detailed description of the im-
portant mineral admixtures given below, the materials are
divided into two groups:

Significance

Mineral admixtures are finely divided siliceous ma-
terials which are added to concrete in relatively large
amounts, generally in the range 20 to 100 percent by
weight of portland cement. Although pozzolans in the raw
state or after thermal activation are being used in some
parts of the world, for economic reasons many industrial 1. Natural materials: those materials which have

by-products are fast becoming the primary source of min- been processed for the sole purpose of producing
eral admixtures in concrete. a pozzolan. Processing usually involves crushing,

Power generation unitaising coal as fuel, and metal- grinding, and size separation; in some cases it may
lurgical furnaces producting cast iron, silicon metal, and also involve thermal activation.

ferrosilicon alloys, are the major source of by-products,
which are being produced at the rate of millions of tons
every year in many industrial countries. Dumping away
these by-products represents a waste of the material and
causes serious environmental pollution problems. Dis-
posal as aggregates for concrete and roadbase construc-
tion is a low-value use which does not utilize the poten-
tial of these pozzolanic and cementitious materials. With Natural Materials

proper quality control, large amounts of many industrial Except for diatomaceous earths, all natural pozzolans
by-products can be incorporated into concrete, either in 5.6 derived from volcanic rocks and minerals. During
the form of blended portland cement or as mineral admix- explosive volcanic eruptions the quick cooling of the
tures. When the pozzolanic and/or cementitious proper- magma, composed mainly of aluminosilicates, results in
ties of a material are such that it can be used as a partialihe formation of glass or vitreous phases with disordered
replacement for portland cement in concrete, this results sirycture. Due to the simultaneous evolution of dissolved
in significant energy and cost savings. . _ gases, the solidified matter frequently acquires a porous
The mechanism by which the pozzolanic reaction ex- textyre with a high surface area which facilitates subse-
ercises a beneficial effect on the properties of concrete qyent chemical attack. Since the aluminosilicates with a

reamins the same, irrespective of whether a pozzolanic gisordered structure will not remain stable on exposure to
material has been added to concrete in the form of a min- 5 |ime solution, this becomes the basis for the pozzolanic

eral admixture or as a component of blended portland ce- properties of the volcanic glasses.
ments. From the description of the pozzolanic reaction = The alteration of the volcanic glass under hy-
and properties of blended cements in Chapter 6 (p. 201)grothermal conditions can lead to formation of ze-
itis clear that the engineering benefits likely to be derived gjite minerals, which are compounds of the type
from the use of mineral admixtures in concrete include (Na,Ca)OAI,03-4Si0; - xH,0. This product, called vol-
improved resistance to thermal cracking because of lower canic tuff, is characterized by a compact texture. Zeolite
heat of hydration, enhancement of ultimate strength and minerals in finely ground tuffs are able to react with lime
impermeability due to pore refinement, and (as a result of py, 5 hase-exchange process.
reduced alkalinity) a better durability to chemical attacks  ~ progressive alteration of the aluminosilicates of a vol-
such as by sulfate water and alkali-aggregate expansion. canic glass is believed to be responsible for the formation
of clay minerals. Clays are not pozzolanic unless the crys-
Classification talline structure of the aluminosilicate minerals in the clay
Some mineral admixtures are pozzolanic (e.g., low- is converted into an amorphous or disordered structure by
calcium fly ash), some are cementitious (e.g., granulated heat treatment.

2. By-product materials: those materials which are
not the primary products of the industry produc-
ing them. Industrial by-products may or may not
require any processing (e.g., drying and pulveriza-
tion) before use as mineral admixtures.

"Power generation furnaces using rice husks as fuel have been developed; under controlled combustion conditions they produce a highly pozzolanic

ash.
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Diatomaceous earths consist of opaline or amorphous mineral admixture for concrete.
hydrated silica derived from the skeletons of diatoms, Diatomaceous earth This group of pozzolans is
which are tiny water plants with cell walls composed of characterized by materials of organogen origin. Diatomite
silica shells. The material is pozzolanic when pure, but js a hydrated amorphous silica which is composed of
is generally found contaminated with clay minerals and skeletal shells from the cell walls of many varieties of
therefore must be thermally activated to enhance the poz-microscopic aquatic algae. The largest known deposit is
zolanic reactivity. in California. Other large deposits are reported in Al-

It is difficult to classify natural pozzolans because the geria, Canada, Germany, and Denmark. Diatomites are
materials seldom contain only one reactive constituent. highly reactive to lime, but their skeletal microstructure
However, based on the principal reactive constituent accounts for a high water requirement, which is harmful
present, a classification can be made into volcanic glassesfor the strength and durability of concrete containing this
volcanic tuffs, calcined clays or shales, and diatomaceouspozzolan. Furthermore, diatomite deposits, such as Moler
earths. A description of their formation processes and rel- of Denmark, generally contain large amounts of clay and
evant characteristics is given below. therefore must be thermally activated before use in order

to enhance the pozzolanic reactivity.

Volcanic glasses Santorini Earth of Greece, Bacoli By-Product Materials

Pozzolan of Italy, and Shirasu Pozzolan of Japan are ex-  Ashes from combustion of coal and some crop
amples of pozzolanic materials which derive their lime- residues, volatilized silica from certain metallurgical op-
reactivity characteristic mainly from unaltered alumi- erations, and granulated slag from both ferrous and non-
nosilicate glass. A photograph of the pozzolan quarry on ferrous metal industries are the major industrial by-
Santorini Island is shown in Fig. 8-6a, and the pumiceous products that are suitable for use as mineral admixtures in
or porous texture that accounts for the high surface areaportland cement concrete. Industrialized countries such
and reactivity is evident from the scanning electron mi- as the United States, Russia, France, Germany, Japan,
crograph shown in Fig. 8-6b. Generally, small amounts of and the United Kingdom, are among the largest produc-
nonreactive crystalline minerals, such as quartz, feldspar,ers of fly ash, volatilized silica, and granulated blast-
and mica, are found embedded in the glassy matrix. furnace slag. In addition to these materials, China and

Volcanic tuffs. Pozzolans of Segni-Latium (ltaly), India have the potential for making large amounts of rice
and trass of Rheinland and Bavaria (Germany), representhusk ash. The production and properties of the important
typical volcanic tuffs. The zeolite tuffs with their compact by-product materials are described below.
texture are fairly strong, possessing compressive strengths  Fly ash. During combustion of powdered coal in
on the order of 100 to 300 kg/&nThe principal zeolite modern power plants, as coal passes through the high-
minerals are reported to be phillipsite and herschelite. Af- temperature zone in the furnace, the volatile matter and
ter the compact mass is ground to a fine particle size, thecarbon are burned off, whereas most of the mineral im-
zeolite minerals show considerable reactivity with lime purities, such as clays, quartz, and feldspar, will melt at
and develop cementitious characteristics similar to those the high temperature. The fused matter is quickly trans-
of pozzolans containing volcanic glass. ported to lower-temperature zones, where it solidifies as

Calcined clays or shales \Volcanic glasses and tuffs spherical particles of glass. Some of the mineral matter
do not require heat treatment to enhance their pozzolanic@gglomerates forming bottom ash, but most of it flies out
property. However, clay and shales will not show appre- with the flue gas stream and is callfig ash(pulverized
ciable reactivity with lime unless the crystal structures of fuélash in U.K.). This ash is subsequently removed from
the clay minerals present are destroyed by heat treatmentthe 9as by electrostatic precipitations.

Temperatures on the order of 600 to 9QGin oil-, gas-, From the standpoint of significant differences in min-
or coal-fired rotary kilns are considered adequate for this eralogical composition and properties, fly ashes can be
purpose. The pozzolanic activity of the product is due divided into two categories which differ from each other
mainly to the formation of an amorphous or disordered mainly in calcium content. The ash in the first category,
aluminosilicate structure as a result of the thermal treat- containing less than 10 percent analytical CaO, is gener-
ment. Surkhj a pozzolan made in India by pulverization ally a product of combustion of anthracite and bituminous
of fired-clay bricks, belongs to this category. It should be coals. The ash in the second category, typically contain-
obvious why heat treatment of clays and shales that con-ing 15 to 35 percent analytical CaO, is generally a product
tain large amounts of quartz and feldspar does not produceof combustion of lignite and subbituminous coals.

good pozzolans. In other words, pulverization of fired- The low-calcium fly ashes, due to the high propor-
clay bricks made from any clay may not yield a suitable tions of silica and alumina, consist principally of alumi-
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nosilicate glasses. In the furnace, when large spheres ofthe rate of strength development in hardened concrete.

molten glass do not get cooled rapidly and uniformly, sil- Blast-furnace slag In the production of cast iron,
limanite (AOs- SiC;) or mullite (3AL0s-2Si0) may  also called pig iron, if the slag is cooled slowly in air,
crystallize as slender needles in the interior of the glassy the chemical components of slag are usually present in
spheres. This kind of partial devitrification of glass in  the form of crystalline melilite (AS-C,MS; solid solu-
low-lime fly ashes accounts for the presence of the crys- tion), which does not react with water at ordinary temper-
talline aluminosilicates. Also, depending on the fineness gtyre. If ground to very fine particles, the material will
to which coal has been ground before combustion, rem- he weakly cementitious and pozzolanic. However, when
nants ofa: quartz are likely to be present in all fly ashes. ne Jiquid slag is rapidly quenched from a high temper-
In fact, X-ray diffraction analyses have confirmed thatthe atyre by either water or a combination of air and water,

principal crystalline minerals in low-calcium fly ashes are  mgst of the lime, magnesia, silica, and alumina are held
quartz, mullite, and hematite or magnetite. Since these jn noncrystalline or glassy state. The water-quenched by
crystalline minerals are nonreactive at ordinary tempera- i and a limited amount of water which is in the form
ture, their presence in large proportions, at the cost of the oy pellets is callecpelletized slag Normally, the former
noncrystalline component or glass in a fly ash, tends to -gntains more glass; however, when ground to 400 to 500
reduce the reactivity of the fly ash. m?/kg Blaine, both products develop satisfactory cemen-

Compared to low-calcium fly ashes, the high-calcium litious properties.
variety is in general more reactive because it contains  Although high-calcium fly ashes are of relatively re-
most of the calcium in the form of reactive crystalline cent origin, and the production and use of granulated
compounds, such as3&, CS, and GA3S; also there is blast-furnace slag is more than 100 years old, there are
evidence that the principal constituent (i.e., the noncrys- similarities in the mineralogical character and reactivity
talline phase) contains enough calcium ions to enhanceof the two materials. Both are essentially noncrystalline,
the reactivity of the aluminosilicate glass. Most fly ashes, and the reactivity of the high-calcium glassy phase in both
whether low-calcium or high-calcium, contain approxi- cases appears to be of a similar order. Compared to low-
mately 60 to 85 percent glass, 10 to 30 percent crystalline calcium fly ash, which usually does not make any signif-
compounds, and up to about 10 percent unburnt carbon.icant contribution to the strength of portland cement con-
Carbon is generally present in the form of cellular parti- crete until after about 4 weeks of hydration, the strength
cles larger than 4xm. Under normal operating condi-  contribution by high-calcium fly ash or granulated iron
tions, modern furnaces do not produce fly ashes contain-blast-furnace slag may become apparent as early as 7 days
ing more than 5 percent carbon (in fact, it is usually less after hydration. It should be noted that although particle
than 2 percent in high-calcium fly ashes); larger amounts size characteristics, composition of glass, and the glass
of carbon in a fly ash that is meant for use as a mineral content are the primary factors determining the activity of
admixture in concrete are considered harmful because thefly ashes and slags, the reactivity of the glass itself varies
cellular particles of carbon tend to increase both the wa- with the thermal history of the material. The glass, chilled
ter requirement for a given consistency and the admixture from a higher temperature and at a faster rate, will have a

requirement for entrainment of a given volume of air. more disordered structure and will therefore be more re-
Micrographic evidence presented in Fig. 8-7 show actlvej. .
that most of the particles in fly ash occursasid spheres Itis generally known that slag particles of less than 10

of glass but sometimes a small number of hollow spheres, #M contribute to early strengths in concrete up to 28 days;
which are calledcenospheregcompletely empty) and particles of 10 to 45.:m contribute to later strengths, but
plerospheregpacked with numerous small spheres) may particles coarser than 4b6m are difficult to hydrate. Since
be present. Typically, the spheres in low-calcium fly ashes the.slag thained after granu_lation is very coarse and also
look cleaner than the spheres in high-calcium fly ash. MOist, it is dr|eq and pulverized to partlcl_e size mostly
Since alkalies and sulfate tend to occur in a relatively large Under 45um, which corresponds to approximately a 500-
proportion in the latter, the deposition of alkali sulfates on m?/kg Blaine surface area.

the surface may account for the dirty appearance of the  Condensed silica fume Condensed silica fume,
spheres in high-calcium fly ash. Particle size distribution also known by other names, such as volatilized silica, mi-
studies show that the particles vary from1um to 100 crosilica, or simply as silica fume, is a by-product of the
um in diameter, with more than 50 percent unden2 induction arc furnaces in the silicon metal and ferrosilicon
(Fig. 8-8). The particle size distribution, morphology, and alloy industries. Reduction of quartz to silicon at temper-
surface characteristics of the fly ash used as a mineral ad-atures up to 200@ produces SiO vapors, which oxidize
mixture exercise a considerable influence on the water re-and condense in the low-temperature zone to tiny spheri-
guirement and workability of freshly made concrete, and cal particles (Fig. 8-9) consisting of noncrystalline silica.
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The material removed by filtering the outgoing gases in The small size and the glassy texture of fly ashes and
bag filters possesses an average diameter on the order oflags make it possible to reduce the amount of water re-
0.1m and surface areas in the range 20 to ZigmCom- quired for a given consistency. In a review pafeon
pared to normal portland cement and typical fly ashes, the use of fly ash in concrete it was reported that in one
condensed silica fume samples show patrticle size distri- case a concrete made by substituting 30 percent of the ce-
butions that are two orders of magnitude finer (Fig. 8-8). ment with a Canadian fly ash required 7 percent less wa-
This is why on the one hand the material is highly poz- ter than the control concrete of equal slump. In another
zolanic, but on the other it creates problems of handling case involving investigation of concrete materials for con-
and increases the water requirement in concrete appreciastruction of the South Saskatchewan River Dam, it was
bly unless water-reducing admixtures are used. The by- found that with the addition of a fly ash the resulting con-
products from the silicon metal and the ferrosilicon alloy cretes, with a lower ratio of water to total cementitious
industries, producing alloys with 75 percent or higher sili- materials (portland cement fly ash), showed improved
con content, contain 85 to 95 percent noncrystalline silica; cohesiveness and workability. Reduction of segregation
the by-product from the production of ferro-silicon alloy and bleeding by the use of mineral admixture is of con-
with 50 percent silicon contains a much lower silica con- siderable importance when concrete is place by pumping.
tent and is less pozzolanic. The improvements in cohesiveness and finishability are
Rice husk ash Rice husks, also called rice hulls, particularly valuable in lean concretes or those made with

are the shells produced during the dehusking operationaggregates deficient in fines.

of paddy rice. Since they are bulky, the husks present |t may be noted that although all mineral admixtures
an enormous disposal problem for centralized rice mills. tend to improve the cohesiveness and workability of fresh
Each ton of paddy rice produces about 200 kg of husks, concrete, many do not possess the water-reducing capabil-
which on combustion yield approximately 40 kg of ash. ity of fly ashes and slags. For a given consistency of con-
The ash formed during open-field burning or uncontrolled crete, the use of very high surface area materials, such as
combustion in industrial furnaces generally contains a pumicite, rich husk ash, and condensed silica fume, tends
large proportion of nonreactive silica minerals, such as to increase the water requirement.

cristobalite and tridymite, and must be ground to a very
fine particle size in order to develop the pozzolanic prop- du
erty. On the other hand, a highly pozzolanic ash can be
produced by controlled combustion when silica is retained
in noncrystalline form and a cellular structure (Fig. 8-9).
Industrially produce samples of this material showed 50
to 60 nt/g surface area by nitrogen adsorptfoEffect of
processing conditions on the characteristics of rice husk
ash and the beneficial effects of amorphous ash on con-
crete properties are described by Mehta.

Durability to thermal cracking. Assuming that

e to heat of hydration the maximum temperature in a
massive structure is reached within a week of concrete
placement, the use of a mineral admixture (i.e., natural
pozzolan, fly ash, or slag) offers the possibility of reduc-
ing the temperature rise almost in a direct proportion to
the amount of portland cement replaced by the admixture.
This is because, under normal conditions, these admix-
tures do not react to a significant degree for several days.
As a rule of thumb, the total heat of hydration produced
by the pozzolanic reactions involving mineral admixtures
Applications is considered to be half as much as the average heat pro-

The significance of the pozzolanic reaction and the duced by the hydration of portland cement.

mechanisms by which properties of concrete are improved  portland cement replacement by fly ash has been prac-
by the use of combinations of portland cement and poz- ticed in the United States since the 1930s. In mass con-
zolanic materials were described in Chapter 6 (p. 209). crete construction, where low cement contents and fly ash
Next, selected applications of mineral admixtures are de- proportions as high as 60 to 100 percent by weight of port-
scribed to illustrate the principles already discussed. land cement are now commonly employed, the first suc-
Improvement in workability .  With fresh concrete  cessful application was in 1948 for building the Hungry,
mixtures that show a tendency to bleed or segregate, it isHorse Dam. Montana. More than 3 million cubic yards
well known that incorporation of finely divided particles (2.3 million m?) of concrete was used; some of the con-
generally improves workability by reducing the size and crete contained 32 percent portland cement replaced by
volume of voids. The finer a mineral admixture, the less fly ash shipped from the Chicago area. More recently, fly
of it will be needed to enhance the cohesiveness and there-ash was used in concrete for the Dworshak Dam, Idaho,
fore the workability of a freshly mixed concrete. which is a 7-million cubic yard (5.4 million /) concrete

8p.K. Mehta and N. PittResource Recovery and ConservatiBisevier Scientific Publishing Company, Amsterdam, Vol. 2, pp. 23-38, 1976.
9P K. Mehta inAdvances in Concrete Technologg. by V.M. Malhotra, CANMET, Ottawa, Canada, 1991.
10g.E. Berry and V.M. Malhotra]. AC|, Proc., Vol. 77, No. 2, pp. 59-73, 1980.
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structure. gregate deposits in many parts of the state contain alkali-

of another advantage from the use of mineral admixtures Made it a standard practice to include pozzolanic admix-
when concrete is to be exposed to considerably highertures in concrete for hydraulic structures. The use of
than normal temperatures, either because of heat of hy_large amounts of mineral admixtures to reduce the alkali-
dration or any other cause. Compared to specimens cure@dgregate expansion is sometimes objectionable from the
in the laboratory, field concretes without the presence of Standpoint of low strengths at early ages. Highly active
mineral admixtures are likely to undergo a strength loss Pozzolans, such as rice husk ash and condensed silica
due to microcracking on cooling, but concretes contain- fume, are effective in amounts as low as 10 percent and
ing mineral admixtures frequently show a strength gain. tend to increase, rather than decrease, the strength at early
Whereas high-temperature exposures can be harmful to@9es. In Iceland, where only high-alkali portland cement
portland cement concretes, concrete containing a mineralis available and the aggregates are generally reactive, it is
admixture may benefit from thermal activation (accelera- customary to blend 7 percent condensed silica fume with
tion of the pozzolanic reaction). For the intake pressure all portland cement.
tunnel of Kurobegowa Power Station in Japan, where the ~ The published literature contains sufficient evidence
concrete is located in hot base rock (100 to °XB)) the that, in general, the incorporation of mineral admixtures
use of 25 percent fly ash as a cement replacement in thento concrete improves the resistance of the material to
concrete mixture showed a favorable effect on strength.  acidic water, sulfate water, and seawater. This is due
Durability to chemical attacks. The permeability mainly to the pozzolanic reaction, which is accompanied

of concrete is fundamental to determining the rate of mass by a.reduction i.n permeability as well as a reduction in the
transfer related to destructive chemical actions such as thecalcmm hydromde content of the hydrated product. How-
alkali-aggregate expansion and attack by acidic and sul- ever, as dlscgssc_ad below, not all p_ortland cgment-slag or
fate solutions (Chapter 5). Since the pozzolanic reaction fly-ash combmatlc_)ns are found satisfactory in combating
involving mineral admixtures is capable of pore refine- the sulfate attack in concrete. ) _

ment, which reduces the permeability of concrete, both _ !N the 1960s and 1970s extensive studies at the U.S.

field and laboratory studies have shown considerable im- Bure?u of Il?gclar]qatmr;] on %oncrztes colnt{;umng 32 pelr-
provement in the chemical durability of concretes contain- cent low-caicium fly ashes showed greatly improved sul-
ing mineral admixtures. fate resistance to a standard sodium sulfate solution; how-

L : . . ever, the use of high-calcium fly ashes generally reduced
Investigations in the 1950s by R.E. Davis at the Uni-

. ) . - the sulfate resistance. The explanation for this behav-
versity of California, Berkeley on the permeability of con- . o rohaply lies in the mineralogical composition of the
crete pipes with or without fly ash showed that the perme- fly ash. In addition to the permeability and the calcium
ability of pipe containing 30 perceritof a low-calcium

f h high 28 d P ) b id hydroxide content of the cement paste, the sulfate re-
y ash was higher at 28 days after casting, but consid- gjgiance js governed by the amount of reactive alumina
erably lower at 6 months. More recent wétkhas con-

firmed that i O present. Fly ashes that contain a large proportion of reac-
Irmed that n cement pastgs _cpntamlng 10 t.o 30 percentyj e alumina in glass or in crystalline constituents would
of a low-calcium fly ash, significant pore refinement oc-

d during the 2 d ) iod: thi q not be expected to reduce the sulfate resistance of con-
curre grlngt e28-10 90', ay curing perio ,t_li;lcause crete. High-calcium fly ashes containing highly reactive
a reduction in the permeability from 11 to 3310~ to

11 . alumina in the form of GA or C4A3S are therefore less
1x 10—+ cm/sec. In the case of cement pastes containing

i .2 suitable than low-calcium fly ashes for improving the sul-
10 to 30 percent of a rice husk ash or a condensed SI|-fate resistance of concrete

ica fume, or 70 percent of a granulated blast-furnace slag,
even at 28 days after hydration the system was found to
be almost impermeable.

The sulfate resistance of portland cement concrete
containing granulated blast-furnace slag depends on the
amount of slag used and the alumina content of slag. The

Depending on the individual characteristics of the fo"owing excerpt from an appendix to the ASTM C 989
mineral admixture used, usually the combinations of a (Standard Specification for Ground Iron Blast-Furnace

hlgh—alkall portland cement with 40 to 65 percent gran- S|ag for Use in Concrete and Mortarexp|ains Why
ulated blast-furnace slag, or 30 to 40 percent low-calcium

fly ash, or 20 to 30 percent natural pozzolans, have been Effect of Ground Slag on Sulfate Resistandée
found to be quite effective in limiting the alkali-aggregate use of ground slag will decrease thg/Ccontent
expansion to acceptable levels. In California, since ag- of the cementing materials and decrease the perme-

11Since mineral admixtures are used in large amounts, it is customary to show their proportion in concrete as a weight percent of the total cementitious
material (i.e., cement admixture).
12p. Manmohan and P.K. Meht&em. Concr. Aggregate¥ol. 3, No. 1, pp. 63-67, 1981.
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ability and calcium hydroxide content of the mor- pozzolanic reaction, causing pore refinement and replac-
tar or concrete. Tests have shown that the alumina ing the weaker component (calcium hydroxide) with the
content of the slag also influences the sulfate re- stronger one (calcium silicate hydrate).

sistance at low slag-replacement percentages. The  |f the elimination of large pores and reduction of
data from these studies of laboratory exposures of calcium hydroxide are necessary elements for produc-
mortars to sodium and magnesium sulfate solutions jng concretes with a high compressive strength, mineral
provide the following general conclusions. admixtures seem well suited for playing a key role in
The combinations of ground slag and portland ce- the production of high-strength concrete, irrespective of
ment, in which the slag content was greater than whether they are used as a cement replacement, fine-
60 to 65%, had high sulfate resistance, always bet- aggregate replacement, or both. According to Malhbtra,
ter than the portland cement alone, irrespective of the development of high-strength concrete for use in tall
the alumina content of the slag. The low alumina buildings in the Chicago area has shown that the use of
(11%) slag tested increased the sulfate resistance in-fly ash is almost mandatory to achieve strengths greater
dependently of the €A content of the cement. To  than 8500 psi (59 MPa) at 56 day<Concrete mixtures
obtain adequate sulfate resistance, higher slag per-containing 850 Ib (386 kg) of portland cement and 100 Ib
centages were necessary with the highgA Ce- (45 kg) of a low-calcium fly ash per cubic yard and a 0.33
ments. The high alumina (18%) slag tested, ad- ratio between water and the cementitious materials gave
versely affected the sulfate resistance of portland approximately 10,500 psi (72 MPa) compressive strength
cements when blended in low percentages (50% or at 56 days. CookK reported similar strength values for
less). Some tests indicated rapid decreases in re-a high-strength concrete used for structural elements of a
sistance for cements in the 8 and 11%ACGanges tall building in Houston, Texas; this concrete contained
with slag percentages as low as 20% or less in the only 667 lb (303 kg) of portland cement and 167 Ib (76
blends. kg) of a high-calcium fly ash per cubic yard. Industrial
applications of 70 to 80 MPa compressive strength con-

a hl r;;ggcarr(]j dteonglegdhls)illiigt:‘n?npoziiciggrsn (I.t?w.z;\tmi/ee:l\jvsr:( ncretes containing rice husk ash or condensed silica fumes
S co €), S even when, 4 water-reducing admixtures have been reported. Using
present in amounts as low as 30 percent these admixture

) ) ; Tondensed silica fume, special aggregates of controlled

ﬁr?j;?;edtzgggi?mgst?ee ;:I?rzccllsj?cgﬁr?e)?edle z;esiaé;gfg]riparticle size, and a superplasticizer, the Aalborg Cement

a?/e excellent not oﬁly for improving thpe resiystance of con- company in Denrr_1ark produced specimens which, Y\.”th
less than a 0.2 ratio between water and the cementitious

crete to amq attack_ but also to sulfate attack. materials, gave over 200 MPa compressive strength.
Production of high-strength concrete Due to eco-

nomic and durability considerations, mineral admixtures

are generally used as a partial replacement for portland CONCLUDING REMARKS

cement in concrete. In the amounts normally used, most

low-calcium fly ashes and natural pozzolans tend to re- For ready reference purposes a summary of the com-

duce the early strengths up to 28 days, but improve the ul- m?”'_y used ponprete gdmixturesz their primary function,
timate strength. Compared to concrete without the admix- Principal active ingredients, applicable ASTM Standard
ture, concretes containing a granulated blast-furnace slagoPecification, and possible side effects is presented in Ta-
or a high-calcium fly ash usually show lower strengths at ble 8-7.
1 and 3 days, but strength gains can be substantial after N the 1940s and 1950s, efforts to promote the intro-
about 7 days of curing. Highly active pozzolans (i.e., rice duction of admixtures in concrete on a large scale met
husk ash and condensed silica fume) are capable of pro-With considerable resistance because there was little un-
ducing high strength in concrete at both early and late derstanding of their mode of action, and this led to many
ages, especia”y when a Water-reducing agent has beemnsatisfactory experiences. Today, the situation is differ-
used to reduce the water requirement. ent; admixtures have become so much an integral part of
On the other hand' when used as a partia| rep|acementconcrete that in the near future the definition for the com-
for fine aggregates, all mineral admixtures are able to in- Position of concrete may have to be revised to include ad-
crease the strengths of concrete at both early and late ageghixtures as one of the components.
The strength gain at early ages is in part due to a slightac-  Problems associated with the misuse of admixtures,
celeration in portland cement hydration; the strength gain however, continue to arise. The genesis of most of the
at later ages, which can be substantial is due mostly to theproblems appears to lie in the incompatibility between

13y,M. Malhotra, Concr. Int, Vol. 6, No. 4, p. 21, 1984.
143.E. Cook(Concr. Int, Vol. 7, pp. 72-80, 1982.
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a particular admixture and a cement composition or be- mended to carry out laboratory tests involving field mate-
tween two or more admixtures that may be present in the rials and conditions before the actual use of admixtures
system. Surfactants such as air-entraining chemicals, lig-in concrete construction, particularly when large projects
nosulfonates, and superplasticizers are especially sensiare undertaken or when the concrete-making materials are
tive to interaction effects among aluminate, sulfate, and subject to significant variations in quality.

alkali ions present in the solution phase at the beginning

of the hydration of cement. Loss of air or proper void Finally, admixtures can certainly enhance the proper-
spacing in concrete containing a superplasticizer or an ex-ties of a concrete but should not be expected to compen-
ceedingly fine mineral admixture is a matter of great con- sate for the poor quality of concrete ingredients or poor

cern in the concrete industry. Therefore itis highly recom- Mix proportioning.

o

TEST YOUR KNOWLEDGE

. Why are plasticizing admixtures calledater reducin@ What is the distinction between normal and high-range

water-reducing admixtures according to the ASTM Standard Specification?

. Canyou list and define the sevipesof chemical admixtures, fowlasse®f mineral admixtures, and thrgeades

of iron blast-furnace slag which are used a admixtures for concrete?

. After reviewing the ASTM C 618 and C 989 Standard Specifications and other published literature, write a critical

note comparing the two standards.

. What are the essential differences in composition and mode of action between the surfactants used for air entrain-

ment and those used for water reduction?

Some manufacturers claim that application of water-reducing admixtures can lower the cement content and increase
the consistency and strength of a reference concrete mixture. Explain why all three benefits may not be available at
the same time.

. Commercial lignin-based admixtures when used as water-reducing agents may exhibit certain side effects. Discuss

the possible side effects and explain how they are corrected.

. In their composition and mechanism of action, how do the superplasticizers differ from the normal water-reducing

admixtures? Addition of 1 to 2 percent of a normal water-reducing agent to a concrete mixture may cause segrega-
tion and severe retardation. These effects do not take place in the superplasticized concrete. Explain why.

(a) When added to portland cement paste in very small amounts, calcium chloride acts as a retarder, but in large

(b)
(©
(d)
(e)

amounts it behaves as an accelerator. Can you explain the phenomenon?

Why doesn't calcium sulfate behave in the same manner as calcium chloride?

As an accelerator why isn’t sodium chloride as effective as calcium chloride?

Mineral acids are accelerators for portland cement, but organic acids do not show a consistent behavior.

Formic acid is an accelerator, while gluconic acid is a retarder. Explain why.

(a) What type of admixtures would you recommend for concreting in: (i) hot weather, (ii) cold weather.

(b)

10.

When used as an accelerator, what effect would calcium chloride have on the mechanical properties, dimensional
stability, and durability of concrete?

State several important reasons why it is desirable to use pozzolanic admixtures in concrete.

(a) Why clays and shales have usually to be heat-treated to make them suitable for use as a pozzolan?

(b)

Name some of the commonly available industrial by-products which show pozzolanic or cementitious property
when used in combination with portland cement.
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12. What do you know about the origin and characteristics of the following mineral admixtures: pumice, zeolitic tuff,
rice husk ash, condensed silica fume?

13. Compare and contrast industrial fly ashes and ground iron blast-furnace slag with respect to mineralogical compo-
sition and particle characteristics.

14. Explain the mechanism by which mineral admixtures are able to improve the pumpability and finishability of
concrete mixtures. In the amounts normally used, some mineral admixtures are water reducing, whereas others are
not. Discuss the subject with the help of examples.

15. Discuss the mechanisms by which mineral admixtures improve the durability of concrete to acidic waters. Why all
fly ash-portland cement or slag-portland cement combinations may not turn out to be sulfate-resisting?

16. What maximum strength levels have been attained in recently developed high-strength concrete mixtures? Explain
the role played by admixtures in the development of these concretes.
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CHAPTER 9

Proportioning Concrete Mixtures

low, this process is considered an art rather than a sci-

ence Although many engineers do not feel comfortable

with matters that cannot be reduced to an exacting set of
Preview numbers, with an understanding of the underlying princi-
ples and with some practice, the art of proportioning con-
crete mixtures can be mastered. Given an opportunity, the
exercise of this art is very rewarding because the effects
of mix proportioning on the cost of concrete and several
important properties of both fresh and hardened concrete
can be clearly seen.

One purpose of mix proportioning is to obtain a prod-

In pursuit of the goal of obtaining concrete with cer-
tain desired performance characteristics, the selection of
component materials is the first step; the next step is a
process callednix proportioningby which one arrives at
the right combination of the components. Although there
are sound technical principles that govern mix proportion-
ing, for several valid reasons the process is not entirely in - g ) :
the realm of science. Nevertheless, since mix proportions Uct that will perform according to certain predetermined

have a great influence on the cost and properties of con-"éduirements, the most essential requirements bitieg
crete, it is important that engineers who are often called Workability of fresh concrete and the strength of hardened
on to develop or approve mix proportions be familiar with CONCrete at a specified ageWorkability, which is dis-

the underlying principles and the commonly used proce- €USSed in more detail in Chapte®, is the property that
dures. determines the ease with which a concrete mixture can

In this chapter the significance and objectives of con- pe placed, compacted, .and finished. Durability is another
crete mix proportioning are given. General considerations importan