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Introduction

CL PAGE and M M PAGE, University of Birmingham, UK

The purpose of this book is to bring together a series of reviews on topics of
current relevance to the durability of concrete and cement-based composites.
One might reasonably ask why such a book is now believed to be needed as
concrete and related materials have been used with outstanding success in major
construction projects for well over two thousand years. Indeed numerous ancient
concrete structures, such as the Pantheon in Rome, and masonry structures with
mortar joints, such as the Pont du Gard Aqueduct near Nimes in southern France
(see Fig. 1.1), have survived to the present day in excellent states of preserva-
tion. These and other examples of Roman construction works incorporating
hydraulic cements made from lime and volcanic earth (or similar vitrified
alumino-silicates, known collectively as pozzolanas, after Pozzuoli near Naples
where a natural source of such material exists) have shown remarkable dur-
ability even where they have been exposed to damp, aggressive environments.
An impressive illustration was provided by Davey (1974) whose photograph of
part of a Roman breakwater that had been exposed to the sea near Naples for two
millennia (reproduced in Fig. 1.2), demonstrates that the mortar joints had
endured far more successfully than the now heavily eroded stone blocks which
they had been connecting.

Whilst the Romans had probably discovered the art of producing durable
pozzolanic hydraulic cements by the end of the third century BC, the com-
positional features and properties of these materials appear to have remained
largely unexplored until about 250 years ago when John Smeaton (see Fig. 1.3),
the first Englishman to describe himself as a civil engineer, carried out
systematic investigations into the behaviour of mortars incorporating limes and
pozzolanas from various sources. This work, performed with the practical
objective of selecting an appropriately durable blend of pozzolanic cement for
use in the construction of the Eddystone Lighthouse (1756-59), produced
important findings that were eventually published (Smeaton, 1791) and this
paved the way for a number of advances in the development of hydraulic cement
binders over the next half century or so. The most significant of these advances
was the invention of ‘Portland cement’, produced by heating together mixtures
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7.7 The Pont du Gard, part of a 50 km aqueduct constructed by the Romans in
the first century AD near Nimes in southern France, with mortar joints containing
pozzolanic cement.

of calcareous (lime-based) and argillaceous (clay-based) substances at suitably
high temperatures. A synthetic cement of this name was patented in 1824,
exactly a century after Smeaton’s birth, by another former inhabitant of Leeds,
Joseph Aspdin, whose contribution (like Smeaton’s) is commemorated by a blue
plaque on one of the city’s buildings (see Fig. 1.4).

Fitting testimony to the durability of Aspdin’s product is provided in Fig. 1.5,
which shows a mortar statuette depicting ‘The Prophet Samuel in Infancy’,
thought to have been made circa 1850 by James Aspdin, Joseph’s elder son. The
statuette was brought to light in 1974, standing in the Yorkshire garden of a great-
great niece of Joseph Aspdin. It had apparently been exposed to the vagaries of
the weather for well over a century and was found covered with moss and lichen.
Further details of the statuette’s provenance are given in a note by Barfoot (1975),
which supplements a longer article by the same author, relating the story of
Joseph Aspdin and his two sons, James and William, both of whom also played a
part in the early development of the cement industry (Barfoot, 1974).

Aspdin’s original 1824 version of ‘Portland cement’ is now thought to have
been fired at temperatures too low to have induced effective vitrification of the
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7.2 A Roman breakwater constructed from ‘opus reticulatum’, with mortar
joints containing a pozzolanic cement. (Reproduced with permission of The
Structural Engineer from the 1974 paper by Davey, to which reference has been
made. The photograph also appeared in a book by the same author: Davey, N
(1961), A History of Building Materials, Phoenix House, London.)




4 Durability of concrete and cement composites

ap AL He e

Endnssrinl
o im

profeaninnel srgineering |

1724=1792

7.3 A blue plaque on a building in Leeds commemorating John Smeaton
(1724-1792).

JOSEPH  ASPDIN
(1775 =1855)
Portland  Cement., one ol snankinds
mostAampoiriant menofaciared
muaterials, wos priented by Uszeph
Aspdini g Leeds Bricklaver on
21O ctober, 824 Aspdin 1ived
10 this yrrd (then called Siip
Inn Yard) and first =old
hix cement In Angel
T YATa.

7.4 A blue plaque on a building in Leeds commemorating Joseph Aspdin
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|

1.5 ‘The Prophet Samuel in Infancy’, a mortar statuette believed to have been
made by James Aspdin, circa 1850.

constituents and the development of mass-produced cements of consistent
quality therefore required several further technological advances to be made
(Blezzard, 1998). By the latter part of the 19th century, however, reliable
Portland cements with mineralogical features that were more similar to those of
present-day varieties of the material were becoming widely available and this
led to massive expansion in the use of concrete for many of the major
infrastructure developments of the Victorian era in Britain. Once again, it is
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7.6 The Glenfinnan Viaduct, a 21-arch concrete railway viaduct constructed in
1897 in the West Highlands of Scotland.

apparent from the number of structures of this period that have survived to the
present day that the durability of Portland cement concrete can be remarkably
good, as exemplified by the excellent condition of the Glenfinnan Viaduct, built
in Scotland in 1897 by Robert McAlpine as part of the Fort William to Mallaig
extension of the West Highland Railway (see Fig. 1.6).

In comparison with the example shown in Fig. 1.6, it must be admitted that
some of our more modern structures have aged rather less gracefully and, on the
basis of contemporary press reports (see Fig. 1.7), one might reasonably con-
clude that the construction industry, in recent times, had not entirely mastered
the art of creating durable and sustainable products from cement-based
materials. As a generalisation, however, this is somewhat harsh because the
vast majority of such products of the 20th century have not actually shown signs
of premature degradation in spite of the fact that, at no previous time in history,
has the industry been forced to adapt so rapidly to the pressures of change
arising from a great variety of causes. What was until quite recently an activity
relying on the availability of suitable local materials and labour, employing
well-established craft-based practices, has been radically transformed in many
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7.7 Some late-20th century press cuttings concerning the performance of
concrete.

parts of the world over a period of just a few decades. Not only has this led to
significant changes in compositional features and properties of many of the
constituents of the family of materials we call concrete and cement composites,
it has also revolutionised the range of fabrication methods applied to them and
thereby greatly extended their range of applications. World production of
cement is continuing to grow at a significant rate and had already amounted to
some 1.9 billion tonnes p.a. by 2003, representing an average annual usage of
concrete of nearly 1 m? per person. Little wonder then that when something does
g0 wrong, it can go wrong on a scale large enough to produce headlines of the
sort illustrated in Fig. 1.7.

Since the pressures that have driven innovation throughout the last century
are now increasingly acute, there is every reason to think that the 21st century
will present even greater challenges for those involved in the applications of
concrete and cement composites. The need to create sustainable construction
products that are expected to fulfil their intended functions, remaining in
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serviceable condition for very long periods with only minimal maintenance
before being recycled efficiently, will lead to many changes in current practices.
This will inevitably raise questions regarding the durability issues concerned
because, in the absence of adequate prior experience of relevant long-term
performance, it becomes increasingly difficult to continue to justify the
prescriptive ‘deemed-to-satisfy’ approach towards specifying durability that has
been a feature of traditional codes and standards.

The holy grail of much of the durability-related research conducted over the
past twenty years or so, has therefore been to provide the underpinning theory
needed to allow the development of quantitative models of degradation
phenomena that may lead in turn to new methods of durability design for
structures and components exposed to stated environmental actions for specified
intended service lives. To become generally acceptable, these new design
methods must be firmly supported by scientific principles that will allow
materials selection to be made on the basis of performance testing, rather than by
prescription, and the performance tests concerned need to satisfy appropriate
criteria of convenience, reliability, and precision. The approach clearly has
much to offer as a means of enabling fair comparisons to be made between
competitor materials and thus of promoting technical innovation of a kind that is
becoming increasingly urgent.

While considerable progress has been made in the above-mentioned areas,
with international organisations such as RILEM playing an influential role, it
must be noted that the way forward has been far from easy for a variety of
reasons which will become apparent in several of the chapters of this book. One
of the major difficulties has undoubtedly been the continuing uncertainty over
key microstructural features of cement-based materials that affect the
development and continuity of the pores of different size ranges within them.
These features in turn influence the evolution of the resistance of the materials to
the processes of mass transport that are involved in degradation phenomena of
different kinds. This has been an area of intensive debate amongst researchers
ever since the classic investigations carried out at the laboratories of the Portland
Cement Association were published more than half a century ago (Powers and
Brownyard, 1948). Equally, and in spite of the important development during
the early 1970s of a viable method for extracting samples of the liquid phase
associated with hardened cements and related materials (Longuet ef al., 1973), it
has proved to be difficult to resolve fully the compositional features of the
aqueous solution phase residing within sub-surface pores of different forms of
concrete subjected to various conditions of exposure. This has also presented a
considerable barrier to understanding of many of the most important degradation
phenomena that affect these materials.

The following chapter of this book therefore presents a state-of-the-art review
of the pore structure and pore solution chemistry of cement-based materials,
setting the scene for subsequent chapters that deal with major specific forms of
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degradation to which concrete and cement composites are potentially
vulnerable. It should be made quite clear, however, that we do not attempt to
suggest that the book can provide a comprehensive treatment of this vast subject
area. There are some omissions of which we are aware, and no doubt others of
which we are not, but we hope that the work as a whole will prove helpful to
those who require a reasonably detailed treatment of some of the many facets of
the durability of the world’s most widely used man-made materials.

Finally, we would like to acknowledge the fact that a book of this kind could
not have been produced without the sustained efforts of many busy individuals
who were cajoled into writing chapters when more immediately pressing
demands were being made on their time. We are grateful to all of them for their
contributions to the work and to the publishers for their patience in dealing with
the delays that inevitably seem to crop up with undertakings such as this.

1.1 References

Barfoot, R J (1974), ‘Joseph, James and William — The Aspdin Jigsaw’, Concrete, 8(8),
18-26.

Barfoot, R J (1975), ‘Found — Aspdin’s missing statuette!’, Concrete, 9(5), 22.

Blezzard, R G (1998), ‘The history of calcareous cements’, Lea’s Chemistry of Cement
and Concrete, Hewlett P C (ed.), Arnold, London, 1-23.

Davey, N (1974), ‘Roman concrete and mortar’, The Structural Engineer, 52(6), 193—
195.

Longuet P, Burglen L, Zelwer A (1973), ‘La phase liquide du ciment hydraté’, Revue des
Mateériaux de Construction, 676, 35-41.

Powers T C, Brownyard T L (1948), ‘Studies of the physical properties of hardened
cement paste’, Bulletin 22, Research Laboratories of the Portland Cement
Association, Chicago.

Smeaton J (1791), 4 narrative of the building and a description of the construction of the
Edystone Lighthouse with stone, H. Hughs, London.
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Physical and chemical characteristics of
cement composites

S DIAMOND, Purdue University, USA

21 Introduction

The aim of this chapter is to provide information on aspects of the internal
characteristics of concrete that relate to concrete durability. Pertinent chemical
and physical characteristics, particularly those involving pore solutions and pore
structures, are discussed in some detail, as these most closely affect most
durability concerns.

Concrete is an unusual engineering material. Unlike most engineering
materials it is held together by a porous binder, specifically a complex of solids
and pores called ‘hydrated cement paste’. The binder is the continuous phase in
the composite; thus the fact that it is porous is critical with respect to movement
of water and chemical substances into or out of the concrete. This is a feature
extremely relevant to the durability of the concrete in service.

A further characteristic that sets concrete apart from most other engineering
materials is that the porous binder is intrinsically Aydrous — that is, except for
any residual unhydrated cement, it is made up of compounds that are all
hydrated solids. These compounds (calcium silicate hydrate or C-S-H, calcium
hydroxide, ettringite, monosulfate, and others) develop spontaneously within the
structure as the result of chemical reactions between water and ground Portland
cement. They are deposited within the particular internal chemical environment
of the specific concrete, and in service they are in at least temporary equilibrium
with that internal environment. It is sometimes not fully appreciated that these
hydrated compounds are subject to reorganization if the local internal chemical
environment is modified — by leaching, by intrusion of dissolved salts, or by
other processes. This is the unfortunate origin of many durability problems.

Yet another distinction sets concrete apart from most other engineering
materials. Not only is the hydrous binder porous, but at least some of the pores
contain a highly concentrated solution of alkali hydroxide. Under some unusual
exposure conditions, the pores within a given concrete structure may be fully
saturated with this solution. Generally they are not; the larger pores may com-
monly be empty, especially those near concrete surfaces that have been exposed



Physical and chemical characteristics of cement composites 11

to evaporation, or within concretes that have been mixed at low enough water:
cement (w:c) ratios that they are subject to self-desiccation. On the other hand,
even prolonged exposure to dry conditions in service does not fully empty the
finest pores.

The actual concentrations of dissolved substances in the solution retained in
the pores of concretes may be significantly affected by leaching, by partial
drying, or by intrusion of ions and other dissolved substances from the outside of
the concrete.

The details of the solid pore structures bordering and defining the pores of the
binder in a given concrete play a significant role in most concrete durability
problems. Since the aggregates used in most concretes have few interconnected
pores, the paste pore structures almost always govern the rates at which water or
ion movements can occur.

In this connection it is often suggested that permeability to water is the single
most important pore structure-related characteristic controlling the potential
durability of a given concrete. Strictly speaking, permeability refers to rate of
mass transfer of a fluid (usually water) as a function of applied hydraulic head.
This actually may be less important in the context of concrete durability than
other related parameters, such as the rates of ion transfer, or rates of internal
water vapor transfer in unsaturated concretes.

Because of these various concerns, the present writer proposes to use a more
general term ‘permeation capacity’ instead of ‘permeability’ in discussing the
durability-related transport characteristics of concretes. It is noted that a
dictionary definition of the verb ‘to permeate’ is ‘to penetrate through the pores,
interstices, etc.’, without any particular permeating substance or mechanism
being specified. It is well known that the permeability of concrete is a strong
function of its water:cement (w:c) ratio, and within concrete of a particular w:c
ratio, of the degree of cement hydration.

Figure 2.1, the classical relationship derived from Powers et al.,! illustrates
the extremely non-linear effect of the w:c ratio on the permeability, in this case
as measured in thin specimens of almost fully hydrated (93% hydrated) cement
pastes. A similar trend in the effect of w:c ratio on permeability is usually
expected with concretes.

It is well understood that permeability of young concretes is initially high and
decreases with degree of hydration. The degree of hydration experienced in most
field concretes is limited, especially in those of low w:c ratios; practically
speaking, concretes almost never actually approach the degree of hydration of
the paste specimens measured by Powers et al.'

Other characteristics of concrete that measure its permeation capacity, such
as ion diffusion coefficients or electrical conductivity values, generally reflect
tendencies similar to those of permeability with respect to variations in w:c and
degree of hydration. However, some of these measurements may be influenced
by factors that do not necessarily affect permeability measurements. For
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2.1 Measured permeabilities of almost fully hydrated (93% hydrated) cement
pastes as a function of w:c ratio. After Powers et al."

example, the chemistry of the particular cement used exerts a major influence on
the concentration of ions in the pore solution of the concrete, and therefore on its
electrical conductivity.

The incorporation of silica fume, fly ash, or other supplementary cementitious

components in concretes exerts a very strong influence in reducing permeation
capacity, although not necessarily to the same extent in different types of
measurements. Similarly, the conditions under which hydration takes place,
especially whether or not the concrete was steam cured, may exert important
effects.
Once placed in a structure, concrete is exposed to in-service conditions that
may alter both pore solution composition and pore structures. Entry of chemical
substances, leaching, repeated wetting and drying, freezing events, carbonation,
etc., all may induce significant internal changes in pore fluid composition and in
pore structure. Some of these alterations may induce specific durability
problems.

Often durability problems such as alkali silica reaction (ASR), steel
corrosion, delayed ettringite formation (DEF), etc., result in expansion-induced
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cracking. Cracking may also result from shrinkage rather than from expansion.
However induced, cracks inevitably increase the effective permeation capacity
compared to that of similar intact concrete. Attempts to predict potential service
life of concrete structures often founder on how to account for the effects of
future crack development on the expected permeation capacity.

The present chapter is designed to provide an overview of internal chemical
and physical characteristics of cement paste binders in concretes, especially
focused on pore solutions and pore structures. Some discussion of permeation
capacity-related measurements that depend on interconnections between pores
and in certain cases on the effects of pore solutions is also provided.

In this chapter the writer has deliberately chosen to confine himself to
findings based on experimental evidence, and has omitted mention of a parallel
literature in which the microstructures and processes considered here are
modeled, rather than investigated.

2.2 Variations among concretes, and ‘archetypical
concrete’

Modern concretes are extremely varied in their characteristics relevant to the
concerns of this chapter. To begin with, concretes designed for different
applications are currently produced at widely different w:c ratios. The writer has
extensive personal experience in the examination of concretes that were placed
at w:c ratios of 0.8, 0.9, or even higher. At the other extreme, modern high
performance concretes are successfully produced at effective water:cementitious
material ratios as low as 0.25. Enormous variations in internal concrete
properties result from this wide variation in w:c ratio.

The chemistry of the Portland cement used in the concrete is another relevant
factor; cements vary considerably in chemical characteristics that affect the
developing pore solution chemistry and to a lesser degree, the paste structure.
The specific content of the minor alkali-bearing components (mostly potassium
sulfates or potassium calcium sulfates) in the specific cement strongly influence
concrete pore solution chemistry. Cement alkali contents, usually expressed as
equivalent % Na,O (= %Na,0 + 0.659% K,0), may vary from a few tenths of a
percent to well over 1%.

Other important variations in Portland cement chemistry often escape notice
in considerations of permeation capacity. A peculiarity of cement chemistry is
that very small differences in analytical CaO contents mark major differences in
the relative proportions of the calcium silicate components C3S and 3-C,S. The
relative proportions of the two calcium silicates exert significant influence on
paste microstructure, not least in terms of the relative amount of calcium
hydroxide that is generated. Similarly, the proportions of the aluminum-bearing
phases C;A and ferrite (nominally ‘C4AF’) in the cement influence the rate and
extent of ettringite production.
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In most countries the addition of small but sometimes potentially significant
proportions of non-Portland cement components (such as ground limestone or
fly ash) is permitted in Portland cement specifications. Furthermore, provision is
also usually made for cements that contain larger proportions of non-Portland
cement components. These additions certainly impact on the internal charac-
teristics of the binders produced, as does incorporation of such materials as silica
fume, fly ash, slag, metakaolin, and similar substances by concrete producers.

Chemical admixtures induce additional sources of variation. While most
chemical admixtures are designed to carry out a particular function in concrete,
their direct or indirect effects on pore solution chemistry and on microstructure
may sometimes be considerable.

The growing importance of precast steam cured concrete elements introduces
still further variations. Steam curing, even at moderate temperatures, strongly
affects the development of both pore solutions and microstructure.

The relatively new category of self-compacting concretes (SCCs) is also
growing in popularity. The combination of viscosity modifiers, dispersants, and
mineral fillers encountered in such concretes has significant effects on pore
solutions and on paste structures, many of which are just beginning to be
understood.

The enormous numbers of different effects that these many variations can
induce, individually and in combination, renders discussion of all of them in this
chapter quite impractical, even if the information were available. However, in
many cases, the effects can be viewed as inducing departures from a typical
pattern that would be observed for ‘ordinary’ concretes. Accordingly, in the
present chapter the writer will generally confine himself to concretes of the
ordinary or typical pattern, with only occasional mention of some of the effects
induced by some of the many possible variations. For brevity, such concretes
will be referred to as ‘archetypical concretes’, an ‘archetype’ being defined in
dictionaries as ‘the original pattern or model after which a thing is made’.

Archetypical concretes are here taken to mean conventional, properly con-
solidated field- or laboratory-mixed Portland cement concretes of w:c ratios of
the order of 0.4 to 0.6, produced from ‘ordinary’ Portland cement with conven-
tional aggregates, hydrated without steam curing, and incorporating either no
other supplementary components or else only minimal contents of supplementary
components and/or modest dosages of conventional chemical admixtures.

2.3 The genesis and chemistry of pore solutions in
archetypical concretes

2.3.1 Introduction

The chemistry of the pore solution resident in the pores of a given concrete may
strongly influence its potential durability. The potential for development of
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ASR, steel corrosion, sulfate attack, ‘sea water attack’ and concrete spalling,
among others, all directly reflect the influence of pore solution chemistry and of
changes that may take place within it. Unfortunately, concrete pore solutions and
their potential changes under different field exposure conditions are not
particularly well understood by many who are concerned with concrete
durability.

In this section the writer hopes to provide a realistic treatment of the origin
and evolution of pore solutions in concretes, and of some of the changes that
may be induced in them by exposures to different external environments.

2.3.2 Genesis and early development of pore solutions

When concrete is mixed, chemical reactions occur immediately after the mix
water is added. The water used is typically specified as ‘potable’ water; these
reactions quickly result in a drastic change in its chemical character. Within a
very few minutes this ‘potable water’ becomes a high ionic strength solution of
greatly altered chemical properties. The chemistry of this solution depends very
much on the chemistry of the particular cement used.

Before setting takes place, this concentrated ‘mix solution’ constitutes the
continuous phase in which aggregate and cement particles are suspended. On
setting, the mix solution is seamlessly carried over to become the ‘pore solution’
contained within the concrete pores.

The composition of this mix solution/pore solution evolves over time, with
major changes occurring especially during the first day. This evolution can be
readily followed in the laboratory. It is possible to separate mix solution for
chemical analysis from freshly-mixed cement paste (or concrete) by gas
pressure-assisted filtration. Repeated sampling can be carried out at intervals
until the approach of setting renders it impractical. After setting and some
strength gain, pore solutions can again be expressed for analysis, for example by
the pore solution expression equipment described by Barneyback and Diamond.?

Table 2.1 provides an illustrative set of the results of analyses of such a series
of mix/pore solutions developed in a Portland cement paste that might be found
in an archetypical concrete. The paste was prepared from a relatively low alkali
Portland cement (0.45% NayOcquiv.), and was mixed at a w:c ratio of 0.5. The
data were taken from the thesis of Penko.’

The ionic species listed in Table 2.1 are universally found in significant
concentrations in the mix/pore solutions developed during the early hydration of
Portland cements. These are K, Na*, Ca?*, SO,>", and OH™. Aluminum, iron,
and silicate ions are present only in concentrations that are orders of magnitude
lower than those of the five listed.

The high concentrations of alkali metal ions and of sulfate ions seen in Table
2.1 are derived from the alkali sulfate ‘impurities’ carried by the cement. Even
with the comparatively low alkali content of the particular cement, the early
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Table 2.7 Changes in pore solution concentrations measured during the
first day of hydration for a w:c 0.50 Portland cement paste

lon concentration in milli-equivalents/liter

Time, hrs K* Na* Ca%* S0,% OH™
1 0.27 0.03 0.07 017 0.15
2 0.27 0.03 0.072 0.17 0.15
3 0.27 0.03 0.06 0.17 0.16
4 0.27 0.03 0.06 0.18 0.15
6 0.28 0.04 0.06 0.20 0.14

12 0.30 0.04 0.06 0.15 0.24

15 0.31 0.04 0.006 0.09 0.29

18 0.31 0.04 0.006 0.05 0.32

24 0.34 0.05 0.005 0.00 0.39

sulfate ion concentration found in solution vastly exceeds that of a saturated
solution of gypsum. More importantly, it also exceeds that of ettringite; and
ettringite will precipitate rapidly as aluminate ions become available following
the dormant period.

For the paste of Table 2.1, the dormant period ended at a little less than three
hours after mixing. Initial set occurred at ca. 3.5 hours, and final set at slightly
over 5 hours. The peak temperature indicative of the maximum rate of hydration
was measured at 8.5 hours. It is seen that almost equal concentrations of
hydroxide and sulfate ions were present throughout the early stage of hydration.
Nevertheless, the presence of the hydroxide ions from the time of earliest
analysis makes it evident that earliest reaction was not confined to dissolution of
alkali sulfates, but included reaction with C3S as well. With respect to the alkali
metal cations, it is seen that the K' concentration vastly exceeds the Na"
concentration at all stages. This is a feature common in modern cements, but not
universally so.

It is seen in Table 2.1 that little change takes place in concentrations of any of
the ions during at least the first six hours, despite the fact that within this period
the dormant period ended and both initial set and final set occurred. This is a
common pattern; neither the onset of active hydration after the dormant period
nor the occurrence of setting produces significant changes in mix/pore solution
ion concentrations.

Some years ago it was established that rapid ettringite formation after the end
of the dormant period quickly removes sulfate from the pore solution, but that
the sulfate lost from solution is continually replaced by progressive dissolution
of the gypsum.* Thus the dissolved sulfate ion concentration is maintained at
least approximately constant as long as some solid gypsum persists, apparently
in response to an equilibrium involving the simultaneous presence of syngenite,
gypsum and ettringite. The dissolution of the last of the solid gypsum marks a
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turning point; subsequent ettringite precipitation progressively reduces the
sulfate concentration of the pore solution — in properly formulated Portland
cements — to very low levels by the end of the first day. For the specific paste of
Table 2.1, the turning point marked by the depletion of the solid gypsum
apparently occurred some time shortly after 6 hours.

A crucial feature of the post-turning point changes in pore solution composition
is that, as the sulfate concentration is depleted, electrical neutrality is maintained
by parallel increases in the OH ™ ion concentration, rather than by reductions in the
alkali cation concentrations. Thus the pH goes up sharply as the sulfate is depleted
from solution. As the pH goes up, the already relatively modest calcium ion
concentration (modest in absolute terms, not in degree of supersaturation) is
reduced to a very low value. The result of these changes is that the pre-existing
mix/pore solution is progressively transformed into a concentrated solution of
potassium and sodium hydroxide. This transformation has highly significant
consequences with respect to possible development of ASR and with respect to the
maintenance of steel passivation in concrete, among other effects.

It appears that this enhancement of pH, while universal in properly for-
mulated Portland cements, is not inevitable. It has been shown? that if sufficient
excess gypsum is added to the cement, the exhaustion of the available aluminate
can end the precipitation of ettringite before the solid gypsum is fully depleted.
Under these circumstances the usual pH transformation can be postponed or
perhaps prevented indefinitely. Conversely, in the absence of gypsum, as, for
example, in laboratory experiments when ground clinker is hydrated without any
inter-ground gypsum, the decline of sulfate ion concentration and the
concomitant pH increase begin almost immediately after mixing, and are
quickly completed.

2.3.3 Long-term status of pore solutions in mortars and
concretes, and effects of exposures to different
environments

In sealed laboratory cement pastes (or in concretes protected against either
leaching or drying effects), the exhaustion of sulfate from the pore solution does
not yet mark the maximum level of alkali hydroxide concentration. Instead, as
hydration proceeds, the limited content of solvent water is progressively
depleted, and the concentration of alkali hydroxide in the remaining volume of
pore solution progressively increases.

The eventual concentration of the hydroxide ions found in the pore solution
in sealed pastes and mortars of a given w:c ratio is closely related to the alkali
content of the cement used. Some years ago the writer’ collected and published a
set of analyses from various literature sources for solutions expressed from w:c
0.50 pastes or mortars. All of these were hydrated at room temperature for the
traditional 28-day period, and the chemical compositions of all of the cements
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used were reported in the original publications. The reported OH™ ion
concentrations were plotted against the alkali contents of the cements used,
and a quite good linear relationship was found, especially considering the
disparity of the data sources. It was found that the 28-day OH ™ ion concentration
(expressed in mol/l) was in each case about 0.7 times the % Na,O equivalent of
the cement. Thus in archetypical concretes, particularly high alkali cements can
be expected to produce alkali hydroxide concentrations approaching or even
exceeding 1 mol/l, i.e. pH values of the order of 14.

It was calculated that globally, about 80% of the alkali present in the various
cements was found in the pore solutions of sealed specimens at 28 days.’
Presumably some portion of alkali remained fixed in clinker minerals that had
not yet hydrated, and some of the alkali hydroxide that had been in solution had
been adsorbed by the solid components of the cement paste, primarily by C-S-H.

Much more detailed treatments of these phenomena have since been pre-
sented by several authors. The development of alkali concentrations in pore
solutions of hydrating cements has been modeled by Brouwers and van Eijk® in
terms of calculated rates of release of alkalis from cements and calculated
binding coefficients of the ions into hydration products. Rothstein et al.” have
treated the development of pore solutions in terms of saturation indexes, that is,
the degree of undersaturation or supersaturation with respect to the solids
calculated to be present at each stage based on hydration equilibrium equations
derived originally by Taylor.®

Concentrated alkali hydroxide pore solutions have high electrical conductivi-
ties. As will be discussed later, electrical methods of assessing permeance in
cement paste are influenced by these pore solution conductivity values. Snyder
et al® proposed a method of calculating the electrical conductivity of pore
solutions from the specific potassium and sodium hydroxide concentrations.
This is useful, since sufficient pore solution can generally be expressed from
sealed samples for chemical analysis, but not necessarily sufficient for the
measurement of electrical conductivity.

As mentioned previously, many modern concretes contain various added
solid components besides the Portland cement used. The effects are generally to
reduce the alkali hydroxide concentrations produced, but not always.

Most low-calcium fly ashes tend to reduce the pore solution alkali hydroxide
concentrations'®'"; however, the reverse effect is often found for very high
calcium fly ashes'*'? or fly ashes that carry significant contents of available
alkali.”> A summary of these effects was provided by Shehata er al.'?

The influence of silica fume on alkali hydroxide concentration of pore
solutions also appears to be complicated. Many years ago the present writer'*
found that incorporation of a silica fume resulted in slightly increased sodium
hydroxide concentrations at very early ages, but that after some hours, further
reaction reduced alkali hydroxide concentrations to much lower levels. Similar
reduced alkali hydroxide levels have been observed by many authors, for
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example Kawamura et al.'> However the effect may not necessarily be per-
manent. Both Duchesne and Bérubé'® and Shehata and Thomas'’ found that
after some weeks of sealed storage the alkali hydroxide concentrations started to
increase again, and the secondary increases observed were substantial. This
secondary increase in alkali hydroxide concentration may have unexpected
consequences with respect to long-term durability. The effect was not found
when both silica fume and fly ash were simultaneously incorporated.'’

Incorporation of slag reduces the alkali hydroxide content significantly,'” an
especially important effect since the proportion of slag usually added is
substantial. Incorporation of ground limestone probably has little effect except
that due to dilution of the cement.

Somewhat surprisingly, the incorporation of certain alkali-metal bearing
admixtures such as sodium-neutralized naphthalene sulfonate may add signifi-
cantly to the alkali hydroxide content of the pore solution.'®

The alkali hydroxide concentrations and the changes in them referred to
above reflect sealed storage exposures, i.e. environments where neither water
nor dissolved substances are interchanged with the external environment. In
real-world exposures, concrete pore solutions can undergo significant changes in
water content, in contents of dissolved components, or in both.

Concretes may be exposed to leaching, either by virtue of being underwater
or through long-continued rainfall. The pores in such concretes will become
water solution-saturated if not previously so saturated, and prolonged wet
exposures can induce significant loss of the alkali hydroxide leached from the
pore solution. A similar leaching effect is often noticed in casual handling of
small specimens exposed to laboratory fog-room conditions; an unpleasant
‘soapy’ feel is induced by contact of the skin with the leached alkali hydroxide.

Unexpectedly, it has been found that prolonged partial drying to moderately
low RH values, especially when accompanied by some carbonation, ‘fixes’
much of the pore solution alkali hydroxide in the hydrated cement, significantly
reducing the effective concentration found in expressed pore solutions.'>** Once
fixed by such exposure, it is extremely difficult for subsequent re-saturation to
redissolve the alkali hydroxide and bring the pore solution concentration back to
its original value. This phenomenon may at least partly explain the highly
beneficial effects of drying in mitigating the effects of ongoing ASR.

Some field concretes are exposed to salt (NaCl), either by deliberate
applications of de-icing salts or by contact with sea water or salt spray. Some of
the sodium chloride in such salt solutions may penetrate into pore solutions of
the outer layers of the concrete, and appear as additional sodium hydroxide in
them.?'*> Conversion of the sodium chloride to sodium hydroxide is usually a
consequence of the binding of the chloride ions as Friedel’s salt. While the
increased hydroxide ion concentration is favorable toward maintaining steel
passivation, any significant entry of unbound chloride ions has the opposite
effect. Pitting corrosion, as described for example in Ref. 23 may readily result.
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Less widely appreciated, but equally important, is the influence of dissolved
chloride in augmenting the harmful effects of ASR.?%42°

2.4 Pore structures in hardened concrete
2.41 Introduction

In the previous section it was rather cavalierly remarked that at setting, ‘the mix
solution is seamlessly carried over to become the pore solution’ of the hardened
cement paste in concrete. The development and characteristics of the pores into
which the pore solution is ‘carried over’ is an important and complicated feature
of the internal structure of concrete binders. A completely realistic under-
standing of the developing pore structures in concretes is not available, despite
many years of active research and literally thousands of research publications.

The usual division of pores in the binder of Portland concrete given in
textbooks and even in most current research papers is overly simplistic. Pores
are generally considered to be either capillary pores or gel pores after the classic
proposal by Powers and Brownyard.”® As will be seen subsequently, such a
division seems to be far from an adequate classification. A more detailed and a
perhaps more realistic picture of various types of pores to be found in arche-
typical concretes is presented in this section, along with some limited insight
into how these pore structures evolve with time.

In this treatment the pore structure of aggregates in concrete is generally
ignored, as it usually is. However, most aggregates have some pores, some
aggregates have substantial contents of pores, and lightweight aggregates in
particular have very extensive pore structures. Thus in at least some cases
aggregate pores may play a significant role in fluid or ion transport, and in such
cases these effects need to be considered.

It is also necessary to consider the possible contribution to permeation
capacity of air voids, especially in heavily air-entrained concretes. Air voids
occupy an ambiguous status in the literature; sometimes they are recognized as
pores in the context of pastes in concretes; sometimes they are considered, but
only as an afterthought; in many treatments of pore structures in concrete their
existence is ignored entirely. Air voids are always present in archetypical
concretes (and also in laboratory-mixed cement pastes), whether or not they
have been deliberately air entrained. The only exception might be for concretes
or cement pastes purposely mixed under vacuum.

2.4.2 The genesis of ‘capillary pores’ in concretes

The usual pattern of cement hydration involves rapid reactions of cement
components exposed on the fractured surfaces of the individual ground clinker
grains. It is commonly accepted that these fast reactions generate surface
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hydration products (presumably mostly ettringite or ettringite-like), and that
these products serve to temporarily isolate the underlying cement grains from
effective contact with the mix solution, inducing the so-called dormant period of
restricted hydration. Some hours later the barrier to further hydration is
broached, and rapid autocatalytic hydration follows. Other explanations of the
dormant period are sometimes advanced.

In any event, a few hours after rapid hydration recommences, sufficient
hydration product is generated to induce setting, marking a conversion from
fresh concrete (a dense suspension) to newly-hardened concrete (a porous
viscoelastic solid). Except for air voids, the pores in the newly-hardened
concrete are generally full or nearly full of solution, except in the case of low
w:c concretes that undergo self-desiccation.

Some insight into the spatial arrangement of cement grains in fresh concrete
can be derived from Fig. 2.2, kindly supplied by K.O. Kjellsen.?’ Figure 2.2 is a
backscatter-mode SEM produced from a thin area of freshly-mixed w:c 0.40 fly
ash-bearing mortar which was quick-frozen in liquid nitrogen shortly after being
mixed. The quick-frozen specimen was sublimed to remove the frozen water,
and then impregnated with epoxy resin to fill the space left by the water. The
epoxy resin-stabilized preparation was then carefully polished and carbon coated
for examination in backscatter SEM.

The smooth gray areas in Fig. 2.2 are sand grains. The spaces between them
contain bright white unhydrated cement grains, some fly ash particles of varying
gray levels, and black epoxy resin occupying the spaces originally filled with
water. To the extent that the pre-existing grain assemblage was not perturbed,
the black areas constitute the immediate ‘ancestors’ of most of the larger pores
that will be present in the hardened mortar once it has set. As will be discussed
later, the word ‘most’ is used deliberately. Unknown to Powers and
Brownyard,?® a substantial proportion of the larger pores in many concretes
arise from space originally within certain cement grains, rather than from the
originally water-filled space between them.

2.2 Backscatter SEM image of a freshly-mixed mortar, prepared by quick-
freezing in liquid nitrogen, subliming off the frozen water, and impregnating
with epoxy resin. The gray areas are sand, the white areas are cement grains,
and the black areas are epoxy-filled spaces that were occupied by water in the
fresh mortar. Figure kindly supplied by K. O. Kjellsen.?”
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Cement is usually ground to particle sizes ranging from ca. 80 um down to
ca. 1 or 2 um. The particle sizes of the white cement grains seen in Fig. 2.2 are
consistent with this expected range. The thickness of the black spaces separating
them — which might be considered in the Powers-Brownyard®® treatment as
‘capillary pores to be’ — range downward from ca. 20-30 pm.

Within concrete, once setting fixes the cement particles in place, the newly
created and highly interconnected pores are also fixed in place. Subsequent
hydration and deposition of cement hydration products progressively reduce the
sizes and change the connections between the larger pores. These processes turn
out to be complex geometrically as well as chemically and, contrary to the
traditional assumption, they do not result in straightforward subdivision of the
pore spaces.

2.4.3 Hydration modes and their consequences for pore
structures

SEM examinations reveal that two distinct patterns of cement hydration may
occur simultaneously in different cement grains near each other in the same
concrete, leading to different consequences with respect to pore structure.

It is well established that the larger cement grains tend to hydrate inward
from their outer boundaries, forming relatively dense ‘inner products’ of
hydration.® These inner products were so designated because they are produced
within the space marked by the original boundaries of the individual cement
grains; the nomenclature was originally suggested by Taplin.?® The inner
products are primarily C-S-H. They can be readily recognized in backscatter
SEM examination, and appear initially as thin gray layers around cores of white
residual cement grains. As hydration proceeds, these thin layers become thicker
and progress inward, sometimes irregularly in response to the varying internal
arrangements of the different cement components within a particular cement
grain. The residual unhydrated cement cores simultaneously shrink. In some
cement grains the cores may eventually disappear entirely, except that often
small bright ‘shards’ of C4AF within them tend to resist hydration and may be
preserved indefinitely. Within the same concrete, other residual cement cores
may persist indefinitely, especially where local areas exist of high concentration
of cement grains.

An example of a backscatter SEM showing these features is provided as Fig.
2.3. Figure 2.3 was taken in a relatively porous local area within a w:c 0.30
Portland cement paste hydrated for more than three months under sealed
conditions. Examples of an inner product hydration shell, a residual unhydrated
cement core, and a fully hydrated cement grain are indicated by arrows. It
should be understood that the ‘fully hydrated cement grain’ is known to be fully
hydrated only on the plane of observation; it may have had a residual core above
or below the plane. In Fig. 2.3 about a dozen examples can be seen of residual
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2.3 Backscatter SEM image of an area in a w:c 0.30 cement paste, illustrating
inner product hydration of large cement grains and the porous groundmass
surrounding them.

cores and their surrounding gray inner product hydration shells, and a number of
apparently fully hydrated cement grains without cores can be seen.

How do these features impact on considerations of pore structure?

The original Portland cement grains are usually mostly non-porous clinker
grains composed primarily of calcium silicates and aluminates. Hydration within
the original cement grain boundaries — i.e. local conversion of the cement
components to hydrated C-S-H within the grains — necessarily requires
penetration of water into them. It also requires the development of internal
space so as to accommodate the C-S-H product, which is much less dense than
the cement components from which it is generated. Such space must have been
produced by dissolution and removal of some portion of the cement substance
within the zone that becomes the inner product shell.

Cement components so dissolved and removed from within this hydrated
zone are precipitated as hydration products elsewhere, mostly (but probably not
entirely) in the adjacent water-filled space. These deposits constitute the so-
called ‘outer products’ of hydration;*?® they form a groundmass of smaller
particles surrounding the larger cement grains and occupying the formerly
water-filled space between them. These outer products can be seen in Fig. 2.3 as
small particles of varying shades of gray. They contain mostly C-S-H, but also
usually a significant content of calcium hydroxide, and some ettringite and
monosulfate.

In Fig. 2.3 it can be seen that the groundmass areas are far from being entirely
filled with deposited solids; many individual black epoxy-filled pores a few pum in
size can be distinguished. The generally dark tone of much of the groundmass area
reflects the presence in it of innumerable unresolved sub-um-sized pore spaces.

The extent to which the groundmass space is filled with outer product
deposits depends very much on the w:c ratio, which controls how much space
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there is to fill, and on the progress of hydration. In low w:c concretes the
expectation is that such deposits will eventually almost fill the space. The
converse is true for high w:c concretes, in which the wider groundmass areas
surrounding the large cement grains are expected to always retain significant
pore space in large sizes.

Figure 2.3 was taken at a relatively low magnification, so as to show an area
large enough to illustrate the various features present. One detail that cannot be
seen in Fig. 2.3 is that the perimeters of the inner product grains and some of the
particles within the groundmass have spiny protuberances. These spines were
the ‘Type I C-S-H’ particles recorded in secondary electron images of fracture
surfaces in the early days of SEM investigations. They can be seen in
backscatter SEM, but require higher than normal resolution to resolve them.

Figure 2.4 was taken using a field emission backscatter SEM operated at low
voltage® and, as such, is a higher-than-normal resolution image. The specimen
was a w:c 0.40 paste hydrated for 28 days. In Fig. 2.4, ‘A’ marks the unhydrated
core, ‘B’ the inner hydration product, ‘C’ the groundmass incorporating the
outer hydration products and residual unoccupied space, and ‘D’ a monosulfate
deposit within the groundmass. It is seen here that at high resolution the inner
product is not as uniform as it appears, for example, in Fig. 2.3. The ‘spiny’
morphology is not well resolved around the inner product boundary, but it is
clearly evident within the groundmass. Significant pore space is retained in the
groundmass; within the small area depicted, there is one ca. 5 um pore (con-
taining a spiny C-S-H deposit within it), four or five less distinct pores of ca.
0.5 pum sizes, and innumerable ill-resolved smaller spaces.

The resolution of Fig. 2.4 is sufficient to hint at the existence of finely
divided internal porosity within the inner product, but not to resolve the pores.
The results of TEM examinations reported by Richardson®® indicate that such

2.4 FE-SEM backscatter image of an hcp specimen showing an area around a
single hydrating cement grain. ‘A’ is the residual unhydrated core, ‘B’ the inner
product, ‘C’ the surrounding groundmass, and ‘D’ a deposit of monosulfate
within the groundmass.
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inner products typically contain extremely fine pores of diameters of the order of
10 nm. Such pores are far too small to resolve in backscatter SEM examination.

Thus at least two pore families of different origin exist: pores varying in size
downward from multi-um levels within the groundmass, and extremely fine (ca.
10nm) pores within the inner product. The former is necessarily involved in
water and ion movement through the paste; the latter almost certainly is not.

A further set of complications now needs to be considered. In contrast to the
‘inner product’ hydration pattern illustrated and described above, an entirely
different local hydration pattern takes place for many smaller cement grains. The
dividing line seems to be typically around 15 pum or so. With these smaller
cement grains, a thin shell of hydration product is quickly deposited around the
grains, but the shell does not get progressively thicker. Rather, the core within it
proceeds to hollow out by progressive dissolution. The result is the production of
partly or completely emptied out ‘hollow shell grains’, the so-called ‘Hadley
grains’.>'? These hollow shells enclose a class of pores in cement paste not
known to Powers and Brownyard.?

The internal structure of these hollow grains can best be illustrated in high
magnification secondary electron images of fracture surfaces, such as that of Fig.
2.5, which was taken many years ago by D.W. Hadley.®' The particular hollow
cement grain shell, about 10 um in length, was adventitiously fractured in
preparing the fracture surface specimen, thus permitting observation of the
separation that has opened up between the shell and the core of unhydrated
cement. The spiny feature of the outer C-S-H shell has been mentioned previously.

Figure 2.6, taken at relatively low magnification in backscatter SEM, illus-
trates the common occurrence of such hollow shells in archetypical concretes.

2.5 Secondary electron SEM image of an early-stage hollow shell grain. The
shell was fractured adventitiously in preparing the fracture surface specimen.
From Hadley.3?
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2.6 Backscatter SEM image from a porous area in a 3-day old w:c 0.45
concrete showing the local prevalence of hollow shell grains.

The specimen was a w:c 0.45 laboratory-mixed concrete hydrated for three days;
the area imaged was relatively porous. White arrows point to some of the grains
that are in the process of hollowing out, and to other, mostly finer grains, that are
completely hollowed out.

These empty spaces within hollow shells constitute a class of pores of
substantial sizes, ranging upward to ca. 15 um. While the shells surrounding
them may impede fluid and ion transport across these spaces, the shells must be
presumed to be ‘leaky’ since they permit the transfer of dissolved cement
components into the surrounding space during the hollowing out process.

The two modes of hydration, i.e. ‘inner product’ and ‘hollow shell’, are not
necessarily entirely mutually incompatible. Indeed, Scrivener®® considered that
within large grains hydrating in the inner product mode, a solution-filled annulus
of appreciable thickness separates the advancing layer of inner hydrated product
from the retreating solid core. The present writer has not seen evidence for this
concept in his own examinations.

Hollow shell pores are not confined to cement pastes or archetypical con-
cretes. As indicated by Kjellsen and Helsing Atlassi** multi-pm-sized hollow
shells are prominent in silica fume-bearing high performance concretes, often
constituting the only pore space visible in an otherwise extremely dense
microstructure.

A further peculiarity with respect to hollow shell pores is that some of them
may be considered as only temporary pores. Deposition of secondary C-S-H
may take place within some of them even at relatively young ages. Furthermore,
as available and accessible open spaces, they are inevitably subject to
subsequent deposition of later hydration products. Secondary deposits of C-S-
H may eventually fill some of them up and, as shown by Kjellsen and Helsing
Atlassi,** some hollow-shells may be eventually filled with CH deposits.

Figure 2.6 was taken in a relatively porous local area to facilitate presentation
of the morphological features of the pore spaces. Cement pastes in archetypical
concretes often contain such porous open areas, but also may contain relatively
dense areas as well. An example is shown as Fig. 2.7, taken in a 28-day-old w:c
0.45 laboratory-mixed concrete. The groundmass is still definitely porous and
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2.7 Backscatter SEM image showing a relatively dense groundmass area in a
28-day old w:c 0.45 concrete. Fine hollow shell grains and other pores are still
visible.

hollow shell grains can still be picked out, but the general infilling of hydration
products has reduced the sizes of the pores and the pore content significantly.
This process continues as long as hydration proceeds; concretes permitted to
hydrate indefinitely by continued availability of water may show very dense
groundmass structures with still further reduced porosity, at least in some areas.
The key clause in the preceding sentence was ‘in some areas’. In many
concretes, such dense areas of very limited porosity may border adjacent areas
which display relatively large open pores and hollow shell grains. This irregular
‘patchy’ structure will be discussed in a subsequent section.

2.5 The question of gel pores

Pore structures surveyed so far include (1) air voids, typically tens or hundreds
of pum in size; (2) hollow shell pores, usually roughly 3 to 15 um in size,
sometimes smaller; (3) groundmass spaces (‘capillary pores’) ranging from
multi-pm sizes to sizes well below the resolution of backscatter SEM, and (4)
extremely fine, ca. 10 nm-sized pores within inner hydration products. In this
section a discussion is provided of presumably even finer ‘gel/ pores’ that have
long been considered to be present in hardened cement pastes.

The existence of gel pores in cement pastes was postulated by Powers and
Brownyard®® primarily on the basis of water vapor adsorption isotherms
measured after drying thin paste specimens over hydrated magnesium per-
chlorate (‘P-drying”); in each case they calculated BET surface areas from the
adsorption isotherms. These experiments were carried out for cement pastes of
different w:c ratios and of various degrees of hydration. Their results led Powers
and Brownyard to infer that the product of hydration was a characteristic
‘cement gel’ of high surface area. The volume of water absorbed by this cement
gel at high RH values was always found to be at least equivalent to four surface
monolayers of condensed water. The spaces into which this 4-monolayer thick-
ness of water was adsorbed were considered to constitute a set of characteristic
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‘gel pores’ inherent in all normally cured (not steam cured) cement hydration
products.

Water adsorbed in excess of four monolayers was believed to occupy empty
space outside the boundary of the cement gel, and was termed ‘capillary water’;
the space occupied was termed ‘capillary pore space’. Powers and Brownyard
went on to provide the classic gel pore/capillary pore model that has been almost
universally employed ever since. These authors estimated gel pores to be ca.
1 nm in size, based on hydraulic radius considerations; they considered that such
pores occupy ca. 28% of the volume of the cement gel. Gel pore sizes have been
re-assigned variously by succeeding authors.

Some years later Feldman and Sereda®>>® carried out extensive water vapor
sorption studies in compacts of dry cement which had been hydrated after being
pressed together. Rather than drying their specimens first, they initially
established desorption isotherms from the wet state, drying to various end points
before beginning adsorption measurement. Various drying and wetting scanning
loops were measured, and simultaneously these authors measured a number of
physical and dimensional changes taking place in the hydrated compacts.

Their results led them to the conclusion that the ultimate structure of the C-S-
H hydration products formed in cement hydration contained deformed nano-
meter-scale layer structures with interlayer spaces initially occupied by water.
The interlayer spaces were thought to be only one or at most a few water
monolayers thick. Water vapor could desorb from these deformed layer structures
readily, but the structures were said to collapse when dried below 11% RH, i.e. as
had been done as a preliminary step in the studies of Powers and Brownyard.*®
The collapsed layer structures were considered to be difficult or impossible to
reopen in subsequent adsorption cycles, and Feldman and Sereda considered that
water vapor surface areas measured by water vapor adsorption measurements
after drying were incorrect.

These concepts would seem to negate those of Powers and Brownyard,*® and
indeed in their various publications Feldman and Sereda systematically declined
to use the term ‘gel pores’; the collapsible interlayer spaces were not really
considered by them to be ‘pores’ at all.

Nevertheless, subsequent authors somehow have succeeded in fusing the two
concepts. The cartoon originally published by Feldman and Sereda®® to illustrate
their concepts has been republished ad infinitum, but usually with the Powers
and Brownyard model and its associated calculation of gel porosity also invoked
in the same treatment.

It should also be remarked that these gel pores or collapsible interlayer
structures, both thought to be 1 nm or less in size, are an order of magnitude
smaller than the ca. 10 nm pores reported within inner hydration product by
Richardson.*® Whatever the ultimate resolution, it seems that neither gel pores,
nor alternatively, deformed nanometer-scale layer structures, are likely to be
significantly involved in fluid transmission in concrete.
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2.6 Assessments of pore size distributions

It is evident from the current literature that mercury intrusion porosimetry (MIP)
continues to be by far the most widely used method to evaluate the size
distributions of pores in cement pastes and concretes.

It is most unfortunate that the MIP procedure, which is a simple, straight-
forward, highly reproducible experimental method, gives size distributions for
hydrated cement materials that are badly flawed. Indeed, they are so badly
flawed that the results obtained do not in any real sense reflect the actual sizes of
the pores present.

Results of comparative examinations of the same cement pastes by MIP and
by backscatter SEM image analysis®’ were published some years ago. For 28-
day old w:c 0.40 pastes, substantial contents of pores were found in sizes
between ca.10 ym and the lower measurement limit of 0.8 ym, corresponding to
the pores seen directly in visual SEM examinations of the same specimens. MIP
tallied the same pores, but in sizes almost entirely smaller than ca. 200 nm. Air
voids, deliberately entrained in some of the pastes, were also tallied below
200 nm in the MIP results.

The problem with MIP, as indicated again in a more recent paper,*® is that it
is necessary for mercury intruding from the outside of a specimen to succes-
sively penetrate dozens (or hundreds) of restricted interstices on its inward path
in order to reach the larger pores in the bulk of the interior of the specimen.

Figure 2.8 illustrates the concept of such restricted interstices along a flow
path. The figure was originally published some years ago by Hearn et al.*° to
illustrate the effect of such interstices on water vapor transport, but it can just
as well be applied to mercury intrusion penetration, with the understanding
that MIP specimens are dried and the condensed water in the interstices has
been evaporated. General penetration of mercury through a series of
successive ‘choke points’, such as those shown in Fig. 2.8, will not occur
until the necessary pressure is reached that corresponds to their size range.
Once this ‘threshold pressure’ is reached, interior pores of all sizes (including
air voids, as shown in Ref. 37) can be reached by mercury, and are filled
indiscriminately as they are encountered by the incoming mercury front. In the
MIP tally, they appear as sizes slightly smaller than the threshold diameter.

Cagsllary pane

2.8 Cartoon illustrating the concept of restricted interstices or ‘choke points’
along a flow path for water vapor diffusive flow, from Hearn et a/.>°
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2.9 Comparison of pore size distribution obtained by backscatter SEM image
analysis with MIP pore size distribution obtained on the same paste, from
Ye.*° The specimen was a w:c 0.40 paste hydrated for 14 days.

Some years passed before the experiments described in Ref. 37 were
independently repeated.

Recently, Ye** conducted similar comparisons of MIP and image analysis
pore size distributions at the Technical University of Delft. His findings fully
confirmed the earlier results of Diamond and Leeman.>’ An example of Ye’s
results comparing pore size distributions measured by the two techniques for a
14-day old w:c 0.40 paste is given as Fig. 2.9.

These results confirm and emphasize that continued reliance on MIP for
measurement of pore size distribution in cement pastes and concretes is not
justified, as the sizes obtained by MIP are not even approximately correct.

MIP results do, however, provide two useful parameters. The value of the
threshold diameter found in a given concrete provides a measure of the degree of
restriction of access by mercury to the interior of the specimen. Assuming that
the same restrictions also influence the movement of water and ions, the
threshold diameter can provide a useful comparative measure of permeation
capacity. Furthermore, the total pore space intruded by mercury at maximum
pressure provides a useful comparative, albeit incomplete, indication of the total
porosity of the specimen.

2.7 Spatial distribution of pores in concretes: the ITZ

Pores, especially the larger pores visible in backscatter SEM, are not distributed
entirely uniformly within cement paste in concrete. One commonly discussed
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aspect of this non-uniformity relates to the interfacial transition zone or ITZ; i.e.
the local region of cement paste surrounding (and in contact with) sand and
coarse aggregate grains.

Cement paste in concrete has been looked on by many authors as consisting
of two distinct entities: ‘bulk’ cement paste removed from the local influence of
sand or aggregates, and ‘ITZ cement paste’ close enough to the nearest aggre-
gate to be affected by its presence. ‘Close enough’ has been frequently
redefined, but it is generally taken as within 35 um of the nearest aggregate.
While various differences between the two ‘cement pastes’ can be detected by
image analysis — especially in the contents of residual unhydrated cement — the
important difference usually is considered to be the pore content, specifically the
content of pores large enough to be tallied in backscatter SEM.

Scrivener*' reported spatially-related backscatter SEM image analysis porosity
data derived from Crumbie,** for a w:c 0.40 concrete evaluated at several ages.
The average detectable pore content found in ‘bulk’ paste in the mature concrete
was ca. 10%. Average pore contents reported for successive ITZ ‘slices’ taken
progressively inward from the bulk paste to the aggregate interface itself were
progressively larger as the aggregate was approached, and jumped remarkably for
the innermost 5 pm-wide slice. This innermost slice adjacent to the aggregate was
indicated as retaining as much as ca. 26% of SEM-detectable pores at 1 year.

Diamond and Huang,* studying a set of w:c 0.50 concretes, found slightly
smaller average values for the ‘bulk’ paste porosity, and recorded much more
modest increases as the aggregate surfaces were approached. Since the width of
their slices was 10 um as compared to the 5 um slices in the data reported by
Scrivener*! no direct comparison for the innermost 5 um slice was possible.
However, extensive visual examinations of the areas immediately adjacent to the
aggregates reported by Diamond and Huang™® for their specimens showed only a
limited content of detectable pores, and were not at all commensurate with the
very high values reported by Scrivener.*! Indeed, it was found that a significant
portion of the areas immediately bordering aggregates were entirely blocked by
Ca(OH), layers deposited directly on the aggregate surface, and commonly
extending 5 pm or more into the surrounding paste.

Elsharief et al.** recently reported average pore contents for a w:c 0.40
mortar (not a concrete) to be about 8% at maturity (180 days); the average pore
content found for the innermost segments adjacent to the aggregates was ca.15%
at maturity, higher than those reported by Diamond and Huang,** but very much
lower than those reported by Scrivener.*'

Diamond and Huang™® called specific attention to the fact that whatever the
average values, compilation of averages masked large variations in porosity
among adjacent sampling units. Some adjacent segments at a given distance
from the aggregate were highly porous; others were almost lacking in detectable
pores. The general inhomogeneity of the interfacial zone ITZ has also been
stressed by Scrivener*' and others.
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The possible effects of the existence of a more porous ITZ on various proper-
ties of concrete have been explored by a number of authors. A representative
result was that of Delagrave et al.,*> who found that the numerous ITZs in the
mortar they studied had no measurable effect on the kinetics of leaching of
calcium hydroxide. Many studies aimed at elucidating the effects of ITZs on
permeation capacity-related properties similarly showed little or no effect.
Summarizing some of them, Scrivener®' concluded that, while the higher
porosity in the ITZ might be expected to increase permeability, the presence of
impermeable aggregate particles, around which the ITZs form, combined with
the lower local w:c induced in the ‘bulk’ paste will work in the opposite sense;
thus the increased porosity of the ITZ is of minor importance compared to other
factors.

2.8 Spatial distribution of pores in concretes: local
porous patches

The present writer has recently attempted to call attention to a feature observed
in the microstructure of many concretes that appears to have been generally
overlooked,**™® although it had been mentioned previously.*> Some of the
cement paste in many archetypical concretes consists of distinct patches or local
areas that are visibly highly porous and contain few if any large cement grains;
these are intermingled with other areas locally rich in large cement grains and
exhibiting only limited pore space. An example is provided as Fig. 2.10, taken
from a 28-day old laboratory mixed w:c 0.45 concrete.

Such areas (or ‘patches’) of sharply differing local porosity were found by the
writer*® in laboratory mortars prepared so as to duplicate those studied by
Winslow et al.,* but not examined microscopically by them. MIP results from
these mortars had previously been interpreted as indicating percolation of ITZs
for mortars of high sand content. The present writer*® suggested that in fact
percolation of porous patches, rather than of ITZs, might explain the earlier MIP
results.

The sizes of the individual porous patches vary, but are often of the order of
200 pm across; a roughly spherical patch of such dimensions in concrete would
incorporate a paste volume of ca. 4 x 10° um®.

In many cases the boundaries between adjacent dense and porous patches are
seen to be surprisingly sharp. Figure 2.11 shows such a boundary, in a mortar
specimen hydrated in limewater for about 7 years. The mortar depicted was
actually one of those originally prepared by Winslow et al.;** part of it was
sampled at 28 days for examination in MIP, and the remainder was stored in
limewater. In 2003 the mortar was again sampled and examined in SEM.* It is
seen that, while long-term hydration products have infilled the dense area to the
right leaving few visible pores, the porous patch to the left has remained very
noticeably porous despite the long underwater storage.
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2.10 Example of porous and dense patches in a 28-day-old w:c 0.45 concrete.

While no quantitative study has been made, in the writer’s experience the
proportion of the porous patches is clearly higher for concretes with higher w:c
ratios. For concretes of w:c ratios around 0.4, i.e. at the lower end of the
archetypical concrete w:c ratio range, porous patches are relatively few in
number and tend to be generally isolated from each other. In contrast, in many
very high w:c ratio concretes examined by the writer, porous areas tend to
predominate and appear to ‘percolate’; local areas of dense paste, similar in
appearance to the dense area in the right side of Fig. 2.11, are also found, but
appear to be isolated from each other.

2.117 Sharp boundary between porous and dense areas in a w:c 0.45 mortar
hydrated in limewater for approximately 7 years. Note the essentially complete
filling of the pores in the dense paste to the right of the boundary.
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Especially in lower w:c ratio concretes, many of the porous patches border on
sand grains, as in the example shown in Fig. 2.10; however some apparently do
not. Porous patches that border on sand grains extend far beyond even the widest
estimate of the extension of conventional ITZs. It should be noted that sizes of
such porous patches are of the same general order of magnitude as the spacings
between many sand grains in concretes.

It should be mentioned that recently Wong and Buenfeld®® questioned the
existence of dense and porous patches, attributing their appearance in back-
scatter SEM to an artifact associated with incomplete penetration of the epoxy
resin used in backscatter SEM. The present writer’' and Diamond and
Thaulow™? have demonstrated that this suggestion was incorrect. While the
existence of complementary porous and dense patches have been observed by
the present writer primarily in backscatter SEM, they are also readily observable
in secondary electron SEM examination of polished surfaces, and in fluorescent
optical microscopy of thin sections.

Furthermore, several years ago, Landis>® prepared a conventionally mixed
w:c 0.6 mortar using a fine concrete sand (maximum size of about 0.4 mm). A
portion of the mortar was cast as a 4 mm diameter cylinder and moist cured for
about 30 days, and then air-dried for a like period. A small chip was broken off
and exposed to a synchrotron beam line at the National Synchrotron Light
Source at Brookhaven National Laboratory, so as to generate data for computed
tomography imaging. The results were kindly provided to the present writer in
the form of a series of approximately 500 successive resolved images, each
1.2 ym apart. The in-plane resolution was also 1.2 um per pixel.

Figure 2.12 shows one of these slices. The larger, mostly uniform gray
features are sand grains. The individual smaller white particles are clearly
residual unhydrated cement cores, surrounded by groundmass. It is seen that the
lower left corner of the mortar chip (marked ‘A’) constitutes a dense patch

2.72 Computed tomographic image of a plane from a three-dimensional image
of an air dried w:c 0.45 mortar, provided by Landis.®® The lower left corner area
("A") constitutes a dense patch, with a porous patch (‘B’) separating it from the
sand grain above it.
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containing closely-spaced unhydrated cement grain cores. Above and slightly to
the right of this patch, and sharply delineated from it, is a region of more visibly
porous paste containing almost no unhydrated cement. This delineation of a
dense patch — porous patch structure in Landis’s mortar specimen is of particular
interest since the examination involved no specimen preparation, and thus no
specimen preparation artifacts are possible.

So far as the writer knows, perhaps the first clear published recognition of the
existence and potential importance of such local patches in field concrete was
provided by Idorn,>* on the basis of observations made in fluorescent thin
section examinations of a deteriorating marine concrete. The concrete appeared
to have an overall w:c ratio of ca. 0.45, but Idorn observed distinct porous and
dense patches of wildly different apparent local w:c ratios, as indicated by local
intensity of the fluorescence. He estimated that the porous patches exhibited
local w:c ratios tending toward 1.0; in contrast, the dense patches appeared to
exhibit local w:c ratios of only about 0.20.

Idorn®* considered that the patchy structure derived from porous and dense
‘micropatches’ that had previously existed in the fresh concrete. Close
examination of backscatter SEM images of the freshly mixed mortars prepared
by Kjellsen,27 one of which was shown as Fig. 2.2, appears to support this idea.
Examination of Fig. 2.2 suggests the grouping of large cement grains into local
areas, leaving what appear to be other areas of higher local water content that are
almost devoid of such cement grains.

Such considerations imply the possibility that the local patches may simply
be due to inadequate mixing. However, in a trial to specifically investigate this
hypothesis, it was found*® that long-continued mixing of fresh concrete in an
efficient pan mixer apparently did not succeed in eliminating the local patches.
Furthermore, a recent trial®> indicated that, surprisingly, complete dispersion of
fresh concrete induced by an extremely heavy dose of superplasticizer did not
eliminate them either.

The possible implications of these findings with respect to concrete permea-
tion capacity and durability concerns remain to be established. Idorn®* specific-
ally attributed the deterioration of the marine concrete he examined to the easy
entry of external ions through the porous patches. The degree to which local
porous patches exist and might connect in the three dimensional structure of
ordinary concretes is certainly worth exploring.

2.9 Measurement of permeation capacity-related
parameters in archetypical concretes

2.9.1 Introduction

The general notion of permeation capacity and its importance with respect to
concrete durability has been introduced previously. In this section, some of the
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several measurements employed to quantify different aspects of permeation
capacity in concretes are briefly discussed.

These various techniques quantify the ability of a given concrete to transmit
liquid water, water vapor, electrical current, or ions primarily through the pores
within the concrete binder. Obviously this ability depends on the sizes of the
pores, and on the degree to which the larger pores are effectively interconnected.
A high degree of interconnectedness between the large pores is often referred to
in the literature as ‘percolation’; its gradual elimination by progressive hydration
constitutes ‘depercolation’. It is often suggested that in depercolation the larger
pores are effectively isolated so that the only remaining connections between
them are through ‘gel pores’. The present writer considers this most unlikely, in
the light of his prior discussion of the concept of gel pores. The idea of
progressively narrower ‘restricted interstices’, as diagrammed in Fig. 2.8, seems
much more reasonable.

2.9.2 Permeation capacity as measured by water permeability

The classical measure of permeation capacity in concrete is permeability, i.e. the
measure of the rate of mass transfer of water under a given pressure head, once
steady-state flow has been established. The concept is straightforward, but
experimental measurement is difficult for most concretes. The disparity of values
found in replicate measurements is often appreciable, and the general scatter of
the results is unfortunately very high.** The usual range in values for reasonably
mature archetypical concretes is of the order of 10~ '2-10~"*m/s; lower values
are obtained for concretes with supplementary cementing components.

Permeability values generally decrease with increasing hydration, as would
be expected; they are also reported to show reductions with time during a
particular test,>® which is somewhat disconcerting.

2.9.3 Permeation capacity as measured by DC electrical
conductivity

Several different measures of permeation capacity involve the ability of concrete
specimens to transmit direct current.

Of these methods, the so-called ‘chloride permeability’ measurement is by far
the most widely used, and is generally familiar to concrete researchers and
technologists in North America and elsewhere. Standardized as ASTM Method
C1202-97,°° the measurement quantifies the total passage of current (in
coulombs) during a six-hour period across a 50 mm-thick slice of saturated
concrete in contact with NaCl and NaOH electrode solutions; the voltage is
maintained throughout the test at 60 volts DC. The range of values for
archetypical concretes (as measured at the 28 days specified in the standard) is
between ca. 6000 coulombs and ca. 1500 coulombs, depending mostly on w:c
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ratio. Like water permeability, the measured coulomb values are smaller for
concretes of lower w:c ratios, and smaller yet for concretes incorporating
supplementary cementing components. Concretes tested periodically as
hydration proceeds show progressive reductions in the coulomb values measured.

The method is rapid and fairly reproducible, but the high voltage used
produces heating effects in the more permeable concretes that lead to com-
plications. The procedure was originally developed to provide a means to rank
the effectiveness of different treatments designed to prolong the service life of
bridge deck concretes against steel corrosion; it was not specifically designed to
measure either electrical conductivity or chloride diffusivity per se.

More fundamental electrical measurements of permeation capacity in con-
cretes have been developed over the last 25 years. Early work by Whittington
et al® provided a basis for understanding the principles of electrical
conduction in concrete. It was shown that electrical conductivity was almost
entirely dependent on the conductivity of the cement paste binder and, as
expected, was found to be higher for higher w:c ratio concretes; conductivity
decreased with time as the binder became more impermeable with continued
hydration.

Christensen ef al.*® later summarized the principles involved in the conduc-
tion of current through the cement paste binder phase. ‘Bulk’ paste conductivity
was generally found to be several orders of magnitude smaller than the
conductivity of the alkali hydroxide pore solution within it. The governing
relationships were expressed as the joint product of three factors: the con-
ductivity of the pore solution; the effective volume fraction of current-carrying
‘capillary pores’ in the paste; and a ‘g factor’, which constitutes an inverse
measure of the tortuosity of these current-carrying channels. While the
conductivity of the expressed pore solution may increase slightly as hydration
proceeds, this is outweighed by the reduction in the effective volume of pores
through which ions carrying the current can pass, and especially by the increase
in the tortuosity of the flow path (reducing °3”). The net result is that electrical
conductivity progressively reduces with hydration, paralleling the reduction
shown in other methods of measuring permeation capacity.

DC conductivity thus can serve as a convenient index of permeation capacity
of a concrete, especially if its pore solution conductivity can be established or
estimated.

These ideas have been recently applied by Nokken and Hooton> to formulate
a procedure for the routine measurement of permeation capacity by measuring
DC conductivity, with the goal of providing a basis for concrete durability
specifications. Their procedure used the widely available ASTM C1202-97
apparatus and specimen configuration, but details of the measurement differed
significantly from those of the ASTM procedure. To avoid heating effects, the
voltage was reduced to 15 volts and the measurement time to 15 minutes; and
0.3M NaOH was used to provide electrical contact at both concrete faces. Bulk
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electrical conductivity values measured this way for archetypical concretes
ranged from roughly 800 mS/cm for permeable concretes to ca.100 mS/cm for
impermeable ones. Values for silica fume and fly ash-bearing concretes were
lower.

Concrete pore solutions were expressed and analyzed by Nokken and
Hooton,® and solution conductivities were calculated for them by the method of
Snyder et al.’ It was found that, while the pore solution conductivities were
several orders higher than the bulk conductivities, normalizing the latter values
(i.e. them dividing by the solution conductivity) provided only slightly better
correlation with water permeability and other measures of permeation capacity
than did the raw bulk conductivity values.

2.9.4 Permeation capacity measurements derived from AC
complex impedance spectra

Much of the focus of research on electrical property measurements of concretes
(or more commonly, cement pastes) has involved the development and inter-
pretation of AC complex impedance spectroscopy (‘ASIC’) procedures. These
developments were summarized by Christensen et al.”® Such methods provide
much more sophisticated assessments of electrical conductivity for cement
pastes, and shed light on various related factors such as dielectric behavior and
properties linked to ion diffusivities. Recent treatments of the subject and its
relationship to pore parameters in concrete have been provided by McCarter et
al.®® and by Beaudoin and Marchand.®'

2.9.5 Permeation capacity as measured by water vapor
transport

Measurements of water vapor transport through concrete has been mentioned
briefly in the introduction of the concept of permeation capacity, and the
peculiarity inherent in the transport of water vapor through partly dry specimens
was illustrated in Fig. 2.8.

An ASTM standard test method for water vapor transmission of materials
(ASTM E96-00)** specifies a method to measure the rate of water vapor
transmission across a unit thickness of material as driven by vapor pressure
differences maintained between the two surfaces of the material. The method is
not specifically designed for concrete, and does not consider the degree of
saturation of the specimen itself; this is obviously a controlling factor with partly
dry concrete. A somewhat similar but more flexible ISO specification® was
designed for building materials in general. It provides for water vapor transport
measurements under several different boundary conditions, and it further
specifies that the specimen be conditioned to 50%RH.



Physical and chemical characteristics of cement composites 39

Using a variant of one of the ISO methods, Nilsson®® has measured long-term
water vapor diffusion coefficients for very mature concretes, but only between
boundary conditions of 65% RH and 100% RH. Moisture diffusion coefficients
showed the expected dependency on w:c ratio. As expected, moisture diffusion
coefficients were found to be substantially lower for concretes with silica fume,
and were especially low for concretes containing both silica fume and fly ash.

Somewhat similar studies were carried out by Jooss and Reinhardt,®® but in
this case the study was focused on effects of increasing temperatures. Higher
temperatures were found to increase diffusion coefficients substantially. In their
analyses, Jooss and Reinhardt®® formally recognized the separate contributions to
the observed diffusion coefficients by diffusion through the unfilled pores and by
liquid transport through the filled ‘choke points’ such as was illustrated in Fig.
2.8, but were unable to break down the overall flow into the separate components.
This is a fundamental problem that apparently remains to be solved.

2.9.6 Permeation capacities as measured by ion diffusivities

Another important (albeit extremely complex) aspect of permeation capacity in
concrete involves measurement of ion diffusivities. Diffusion coefficients of
specific ions, principally Cl™ ions, have been studied for many years, primarily
in connection with estimating the time that a given concrete cover will protect
reinforcing steel against chloride-induced corrosion (as discussed in further
detail in Chapter 5). Typical values quoted for Cl™ ion apparent diffusion
coefficients in archetypical concretes are of the order of ca. 2 x 107!? to ca.
10 x 1072 m?/5.> As might be expected, diffusion coefficients are lower for
lower w:c ratio concretes, and again, still lower values are typically found for
concretes with substantial contents of fly ash, silica fume, or slag.

As pointed out by Delagrave er al.,° the specific ion diffusion coefficient
values obtained depend very much on the particular method of measurement and
calculation procedure used. However, each of the methods surveyed by these
authors is sensitive to differences in concrete microstructure, and it was
suggested that any of them could serve as a measure of permeation capacity in
the sense used in this chapter.

It was pointed out by these authors, however, that ions do not diffuse
independently; interactions occur between different types of ions diffusing
simultaneously, as well as with the microstructure. As might be expected,
interactions with the microstructure are more severe at low w:c ratios, and when
components such as silica fume are present.

Much current effort is underway to mathematically describe ion migration as
part of the more general processes of ionic transport. A general method for doing
so for all ions, based on migration test results, was recently provided by Samson
et al.®’
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210 Future trends

As mentioned in the introduction, in the present chapter the writer has deliberately
confined himself to findings based on experimental evidence, rather than on
modeling. The bases of at least some of the current models seem to him overly
unrealistic in terms of their representations of the features found in concrete.

However, he sees as a future trend a progressive development of more
realistic models, based on keener appreciations of actual microstructures in
concrete, and of how the microstructural features actually control the transport
processes involved in permeating water, ions, etc. through them. Anticipated
further increases in computer power and speed would presumably be helpful in
facilitating such developments.

Another future trend that may be realized is the ability to visualize the actual,
three-dimensional structure of cement paste — including pores — in concretes, by
computed tomographic methods at a resolution fine enough to be definitive. As
was indicated earlier, computed tomography renderings can currently be pro-
duced at voxel sizes close to 1um, and at dynamic ranges adequate to
distinguish cement grains and at least the coarser pores. Potential improvements
in resolution (and dynamic range) for computed tomography could provide three
dimensional information with much the same level of detail as is provided by
current backscatter SEM. Meanwhile, improvements in SEM instrumentation
should certainly provide the facility for more detailed two-dimensional study of
pores and other microstructural features.

In particular, it is hoped that some combination of computed tomography,
higher resolution SEM capability, and realistic modeling will clarify details that
govern permeation in actual concretes.

211 Sources of further information and advice

A useful but somewhat dated review covering permeability and many of the
permeation capacity-related processes considered here was provided by Hearn et
al®

In general, however, references relating to the structures and properties
discussed in this chapter are unfortunately widely dispersed in the journal and
conference proceedings literature. Much of the journal literature is becoming
available via on-line access, but unfortunately that is not generally true of
conference proceedings, which are often difficult to obtain.

The relevant technical journals include Cement and Concrete Research,
Cement and Concrete Composites, Materials and Structures, and others less
commonly cited.

The use of backscatter SEM to characterize the microstructures of concretes
was featured in a recently published special issue of the journal Cement and
Concrete Composites.®®
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Dimensional stability and cracking
processes in concrete

J J BROOKS, formerly University of Leeds, UK

3.1 Introduction

To calculate the long-term deformation and deflection of structural concrete
members for their design life, the relations between stress, strain, time and
temperature are required. In common with other engineering materials, concrete
deforms almost elastically when a load is first applied, but under sustained load,
the deformation increases with time at a gradually reducing rate under normal
environmental conditions. Timber behaves in a similar manner, whereas steel
only creeps under very high stress at normal temperature or under low stress at
very high temperature. With all engineering materials, dimensional instability
can occur at high loads in the form of a time-dependent failure or creep rupture,
but this can be avoided with concrete if stresses are kept below approximately
60% of the short-term strength. Elasticity and creep are considered in Sections
3.2.1 and 3.2.4, respectively.

In addition to deformation caused by the applied stress, time-dependent
volume changes due to shrinkage (or swelling) and temperature variation of
concrete are of considerable importance because they can contribute signifi-
cantly to elasticity and creep of concrete members in assessing the total time-
dependent deformation. There are different types of shrinkage, the most com-
mon being drying shrinkage, the rate of which gradually reduces with time. Like
creep, drying shrinkage is associated with the movement of gel water within and
from the hardened cement paste. Shrinkage and temperature movement are
discussed in Sections 3.2.3 and 3.2.5, respectively.

In other practical cases, movements are often partly or wholly restrained
thereby inducing tensile stress, the level of which needs to be minimised to
avoid cracking. Concrete is of course very weak in tension so that cracks must
be avoided or controlled as they can impair durability as well as structural
integrity, besides being aesthetically undesirable. The subject of non-structural
or intrinsic cracking processes, as opposed to structural cracking associated with
external loading, is dealt with in Section 3.3. First, the different types of cracks
are described (3.3.1) then plastic shrinkage cracking (3.3.2), followed by early-
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age thermal cracking (3.3.3), types of restraint (3.3.4 and 3.3.5) and drying
shrinkage cracking (3.3.6). Theoretical aspects of cracking are summarised
under fracture mechanics in Section 3.3.7, which precedes Future trends and
suggested further information (3.4), and finally References (3.5).

3.2 Dimensional stability

Short- and long-term deformations of concrete are influenced by many factors
and the following sections consider the main ones related to four types of
deformations: elastic strain, creep, shrinkage and thermal movement. The
deformations are treated independently of each other, which may not be
fundamentally correct but that approach has been used historically and is the
basis on which prediction methods in Codes of Practice have been developed.

3.2.1 Elasticity

The definition of pure elasticity is that strains appear and disappear on
application and removal of stress. The elastic properties of engineering materials
fall into four categories, as illustrated in Fig. 3.1, which show two categories of
pure elasticity: (a) linear and elastic and (b) non-linear and elastic. In both cases,
the ascending curve coincides with the descending curve. The other two
categories are: (¢) linear and non-elastic and (d) non-linear and non-elastic,
where the ascending and descending curves are separate so that after removal of
load there is a permanent strain or deformation. The area enclosed by the two
curves is termed hysteresis, which represents the energy absorbed by the
material due to the damage caused by loading. In the case of concrete, the
hysteresis is due mainly to microcracking at the aggregate-cement paste inter-
face and irreversible creep, its magnitude depending on the age of the concrete
and especially the rate of loading. An increase in age or maturity reduces the
hysteresis, while very rapid loading reduces the curvature of the stress-strain
behaviour and hysteresis considerably.

The slope of the stress-strain curve gives the modulus of elasticity, known
generally as Young’s modulus. Whereas for steel the slope is constant, for
concrete it can be seen that the modulus varies according to the level of stress (as
well as rate of loading and age) and whether the load is increasing or decreasing.
The various types of modulus used to describe the elastic behaviour of concrete
are fully detailed elsewhere (Neville, 1995; Neville and Brooks, 2002). When the
load is applied for the first time to a particular level, the secant modulus yields the
strain response and the starting point for creep, if the load is subsequently
sustained. In a creep test, the strain on application of load is termed the elastic
strain at loading and the time of application of load should always be stated.

Repeating the cycles of loading and unloading reduces the hysteresis so that
the ascending and descending stress-strain curves eventually coincide and
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3.7 Categories of elasticity for engineering materials (Neville and Brooks,
2002. From Concrete Technology, Fig. 12.1, published by Pearson Education
Ltd).

become approximately linear. This procedure is the basis of standard methods of
test for the determination of the static modulus of elasticity such as ASTM C469-
94 and BS 1881: Part 121:1983. The modulus of elasticity generally follows the
pattern of strength, although not always. For example, wet concrete tends to have
a greater modulus than dry concrete, while strength varies in the opposite sense.
The type of aggregate can also be different in its effect on modulus and strength.
However, for design purposes, most Codes of Practice give empirical
relationships between modulus and strength. Generally, with normal weight
concrete of density, p = 2320 kg/m3 , the static modulus, E. (GPa), can be related
to the cube compressive strength, f;, (MPa), by the expression:

E.=9.1f.," 3.1

When the density is between 1400 and 2320kg/m>, the expression for static
modulus is:

E.=1.7p a2 x107° 3.2

Alternative expressions are given by BS 8110: Part 2: 1985.
ACT 318-95 (1996) gives the following expression for the static modulus of
normal weight concrete:

E.=47f o™ 3.3

where f.,; = cylinder compressive strength (MPa).
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When the density is between 1500 and 2400 kg/m>, the modulus is given by:
E. = 43p"f " x 107° 3.4

The influence of aggregate on modulus of elasticity of concrete has already
been mentioned, the two-fold effect arising from the stiffness (modulus) of the
aggregate and its volumetric proportion in concrete. The stiffer the aggregate,
the greater the modulus of concrete and, for aggregate having a greater modulus
than hardened cement paste, the greater the volume of aggregate the greater the
modulus of concrete. The modulus of elasticity of lightweight aggregate con-
crete is usually between 40 and 80% of the modulus of normal weight concrete
of the same strength, the mix proportions having little influence.

The relationships between modulus of elasticity and compressive strength
(equations 3.1-3.4) are not appreciably different when either chemical or
mineral admixtures are used to make concrete (Brooks, 1999).

3.2.2 Poisson’s ratio

The design and analysis of some types of structure require the knowledge of
volume changes in concrete members subjected to external load. In this case,
Poisson’s ratio is required, viz. the ratio of lateral strain to the axial strain
resulting from an axial load. Figure 3.2 shows the trends of lateral, axial and
volumetric strains as the level of stress is increased up to failure. At low levels of
stress, there is a lateral extension and an axial contraction so that Poisson’s ratio
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3.2 Axial, lateral and volumetric strains in concrete cylinder under an increasing
axial compressive stress (Neville, 1995. From Properties of Concrete, Fig. 9.6,
published by Pearson Education Ltd).
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is approximately constant and negative, but this sign is ignored in concrete
technology. As the stress approaches failure, the Poisson’s ratio increases
rapidly due to vertical cracking and the volumetric strain changes from a
contraction to an extension.

In general, for practical levels of stress, Poisson’s ratio lies in the range of
0.15 to 0.20 when determined from strain measurements in a static modulus of
elasticity test. An alternative method is to determine Poisson’s ratio by dynamic
means using ultrasonic and resonant frequency tests (Neville, 1995; Neville and
Brooks, 2002). In the latter case, the dynamic Poisson’s ratio is greater than that
from a static test, typically ranging from 0.2 to 0.24.

With both the static and dynamic methods, the measured Poisson’s ratios are
elastic values. Under a sustained load, the term creep Poisson’s ratio strictly
applies, but for stresses less than approximately 0.5 of the short-term strength, creep
Poisson’s ratio can be assumed to be similar to the elastic value (Neville, 1995).

3.2.3 Shrinkage and swelling

Shrinkage of concrete is caused by loss of water by evaporation or by hydration
of cement, and also by carbonation. The resulting reduction in volume as a
fraction of the original volume, i.e. volumetric strain, is equal to three times the
linear strain, so in practice shrinkage is simply measured as a linear strain. The
units are mm per mm, usually expressed as microstrain (10~°).

When freshly laid and before setting, concrete can undergo plastic shrinkage
due to the loss of water from the surface or by suction by dry concrete below, a
situation that can lead to plastic cracking (see Section 3.3.2). Plastic shrinkage is
greater the larger the cement content of the mix and it can be minimised by
complete prevention of evaporation immediately after casting.

Even when no moisture movement to or from the set concrete is possible
autogenous shrinkage occurs, which is caused by loss of water used by the
hydrating cement. Except in large volume pours (mass concrete), autogenous
shrinkage is not distinguished from shrinkage of hardened concrete due to loss
of water to a dry surrounding environment. In normal strength concrete, auto-
genous shrinkage is small (50 to 100 x 107°), but can be large in high
performance concrete, i.e. high durability and high strength concrete. Such
concrete usually contains a high cementitious materials content consisting of
cement and a mineral admixture, such as silica fume or fly ash. In addition, the
mix has a low water/cementitious materials ratio so that a superplasticising
chemical admixture is required to make the mix workable. Such composition
yields a finer pore structure than normal strength concrete, which causes high
early autogenous shrinkage when measured from initial set but, when measured
from the age of 28 days, it is small.

If concrete is stored continuously in water during hydration, the concrete
expands due to absorption of water by the cement paste, a process known as
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3.3 Reversible and irreversible drying shrinkage of concrete initially stored in
water until exposure to drying, compared with swelling of concrete
continuously stored in water (Neville and Brooks, 2002).
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swelling. In concrete made with normal weight aggregate, swelling is 5-10% of
shrinkage of hardened concrete. On the other hand, swelling of lightweight
aggregate concrete can be much greater, viz. 25-80% of shrinkage after 30 years
(Brooks, 2005).

The loss of water from hardened concrete stored in dry air causes drying
shrinkage. To some extent the process is reversible, i.e. re-absorption of water
will cause expansion of the concrete, but not back to its original volume (see
Fig. 3.3(a)). In normal concretes, reversible shrinkage is between 40 and 70% of
the drying shrinkage depending upon the age of the concrete when first drying
occurs. If the concrete is cured so that it is fully hydrated at the time of exposure,
more of the drying shrinkage is reversible but, if drying is accompanied by
hydration and carbonation, the porosity of the cement paste will decrease, thus
preventing some ingress of water (Neville and Brooks, 2002).

Another type of shrinkage that occurs in concrete is carbonation shrinkage,
which normally accompanies drying shrinkage, although it is different in nature.
Carbonation, which is known to be a potential cause of corrosion of steel in
reinforced concrete, describes the reaction of calcium hydroxide with the carbon
dioxide of the atmosphere in the presence of moisture. The carbon dioxide first
dissolves in moisture and then reacts with calcium hydroxide to form calcium
carbonate, the process resulting in a volume contraction known as carbonation
shrinkage. The rate of carbonation depends upon the permeability of the
concrete, the moisture content and the relative humidity of the environment, the
severest conditions for high carbonation shrinkage being 55% relative humidity
and high water/cement ratio (Neville, 1995). The effect of carbonation shrinkage
in concrete is normally small as it is restricted to the outer layers, but can cause
warping of thin panels. A practical benefit is in the manufacture of porous
concrete blocks where curing in an atmosphere of carbon dioxide results in the
calcium carbonate products being deposited in the pores. This restricts moisture
movement (reversible shrinkage) and enhances strength.

The pattern of concrete subjected to cycles of drying and wetting, simulating
daily weather changes in practice, is illustrated in Fig. 3.3(b). The magnitude of
the cyclic change depends upon the duration of periods, the ambient humidity
and the composition of the concrete, but it is important to note that drying is
slower than wetting. Consequently, shrinkage resulting from a prolonged dry
weather can be reversed by a short period of rain. Generally, shrinkage of
lightweight aggregate concrete is more reversible than that of normal weight
concrete.

Three mechanisms are thought to be responsible for reversible drying shrink-
age: capillary tension, disjoining pressure and changes in surface energy
(Mindess and Young, 1981). Removal of water from larger capillaries of the
cement paste to the drier outside air causes little shrinkage, but this disturbs the
internal equilibrium so that water is transferred from smaller capillaries to larger
ones. When capillaries empty, a meniscus forms and a surface tension is
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developed. This induces a balancing compressive stress in the calcium silicate
hydrate (C-S-H) and results in a volume contraction or shrinkage. Stresses are
higher in smaller capillaries and when the humidity is low due to the increasing
curvature of menisci, but at very low humidity capillary stresses do not exist
because the menisci are no longer stable.

With the disjoining pressure theory, the adsorption of water on the C-S-H
particles affects the Van der Waals surface forces of attraction between adjacent
particles in areas of hindered adsorption. The adsorbed water creates a disjoining
pressure, which increases with the thickness of the adsorbed water. When the
disjoining pressure exceeds the Van der Waals forces the particles are forced
apart and swelling occurs. Conversely, as the pressure decreases due to a
reduction in relative humidity, the particles are drawn together and drying
shrinkage occurs.

The change in surface energy is thought to be responsible for drying
shrinkage occurring at very low humidity (below 40%) when capillary stress and
disjoining pressure are no longer present. Solid particles are subjected to a
pressure due to surface energy and the pressure is decreased by water adsorbed
on the surface. Loss of water will allow the surface energy pressure to increase,
resulting in further shrinkage.

A significant part of the initial drying shrinkage is irreversible and this is
explained by the changes that take place in the C-S-H. When adsorbed water is
removed on first drying, additional physical and chemical bonds are formed as
the particles become more closely packed. Moreover, additional bonds can occur
due to hydration and carbonation (see later). Consequently, the porosity and
connectivity of the pore system of the C-S-H change with drying, which reduces
ingress of water on re-wetting.

Drying shrinkage of concrete is affected by several factors, the main ones as
recognised by Codes of Practice being: water/cement ratio, aggregate, relative
humidity, size of member and time. Figure 3.4 demonstrates that, for a constant
volume of aggregate, drying shrinkage increases as the water/cement ratio
increases and, for a constant water/cement ratio, drying shrinkage increases as the
volume of the aggregate decreases. The influence of the aggregate is to restrain
the shrinkage of the cement paste. Aggregates of low stiffness (low modulus of
elasticity) provide less restraint and result in more drying shrinkage than non-
shrinking good quality aggregates. Thus, lightweight aggregate concrete has a
higher drying shrinkage than normal weight aggregate concrete as shown in Fig.
3.5. The size of aggregate hardly affects shrinkage but, at a constant water/
cement ratio, larger aggregate allows the use of a leaner mix (more aggregate by
volume) to achieve the same workability, which results in less shrinkage. Most
aggregates are dimensionally stable; however, there are exceptions and the use of
aggregates having high drying shrinkage should be avoided.

As already mentioned, the relative humidity of the air surrounding the
concrete is a main factor and the lower the humidity the greater the loss of water
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3.4 Influence of water/cementratio and aggregate content on drying shrinkage
(Odman, 1968. From 'Effects of variations in volume, surface area exposed to
drying, and composition of concrete on shrinkage’, Figs. 3 and 4, published in

the Proceedings of Int. Colloquium on the Shrinkage of Hydraulic Concretes,
RILEM/CEMBUREAU, Madrid. Courtesy RILEM).

and drying shrinkage. Similarly, an important factor is the size of member.
Drying shrinkage of a large member is less than that of a small member because
it is more difficult for water to escape from the former, which has a longer
drying path The effect of size is expressed as the volume/surface area ratio
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3.5 Effect of modulus of elasticity of aggregate on drying shrinkage (Mindess
and Young, 1981. From Concrete, Fig. 18.16, reprinted by permission of
Pearson Education, Inc., Upper Saddle River, NJ).
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3.6 Relation between ultimate drying shrinkage and size of member (Hanson
and Mattock, 1966. Adapted from "The Influence of Size and Shape of Member
on the Shrinkage and Creep of Concrete’, Figs. 4 and 5, AC/ Journal
Proceedings, Vol. 63, pp. 267-290.).

(V/S) or effective thickness (= 2V/S), the surface area being that exposed to
drying (see Fig. 3.6). There is a secondary influence of shape of member on
drying shrinkage that is normally neglected.

Drying shrinkage occurs over a long period of time with a high initial rate
after exposure to drying, which then gradually decreases to a very low rate after
several years. It is believed that shrinkage does not have an ultimate value,
although for design purposes, a final value after a time of 50 years is often
assumed. Typically, a shrinkage-time characteristic would be 20% of 20-year
shrinkage occurring in two weeks, 60% occurring in three months and 75%
occurring in one year (Neville and Brooks, 2002).

Accelerators, retarders and other chemical admixtures that affect the rate of
strength development of concrete will also affect the rate of drying shrinkage;
however, the long-term shrinkage is not affected to a great extent. With water-
reducing admixtures (plasticisers and superplasticisers) there is a general
increase in drying shrinkage of 20% due to the presence of the admixture itself,
e.g. as in the case of flowing concrete (Brooks, 1999) but, when used as a water
reducer, shrinkage is affected by the change in mix proportions as well as the
admixture. Nowadays, shrinkage-reducing chemical admixtures are available,
which appear to reduce shrinkage by suppressing hydration of cement. Any
reduction in strength can be offset by decreasing the water/cement ratio, thus
reducing shrinkage even more.
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When the mix proportions are unchanged, the use of certain mineral admix-
tures (fly ash, blast-furnace slag) as partial replacement of cement do not affect
long-term drying shrinkage appreciably (Brooks, 1999). On the other hand, for a
constant water/cementitious materials ratio, increasing the level of cement
replacement by silica fume and metakaolin reduces both autogenous and drying
shrinkage of high performance concrete. For example, drying shrinkage is
reduced by approximately 25% for a 10% replacement of cement (Brooks and
Megat Johari, 2001).

Drying shrinkage causes loss of prestress in prestressed concrete, increases
deflections of asymmetrically reinforced concrete and, together with differential
temperature, contributes to the warping of thin slabs. As discussed in Section
3.3.6, restraint of shrinkage often leads to cracking.

Several methods are available for estimating drying shrinkage and swelling
for design purposes and these are considered together with creep in Section
3.2.4.

3.2.4 Creep

Creep is defined as the gradual increase in strain with time for a constant applied
stress after accounting for other time-dependent deformations not associated
with stress, namely, shrinkage or swelling and thermal strain. Hence, creep is
reckoned from the elastic strain at loading, which depends upon the rate of
application of stress (see Section 3.2) so that the time taken to apply the load
should be quoted. Also, since the secant modulus of elasticity increases with
time, the elastic strain decreases so that creep should be taken as the strain in
excess of the elastic strain at the time in question. However, the change in elastic
strain is usually small and creep is reckoned from the elastic strain on first
application of load.

Like other engineering materials, concrete can suffer a time-dependent
failure, which is known as creep rupture or static fatigue. Figure 3.7 represents
the general strain-time history of such a material. Initially, there is a high rate of
primary creep and then a steady rate of secondary creep before failure occurs
after the tertiary creep stage, as characterised by the rapid development of strain.
In the case of concrete, the stress needs to exceed approximately 0.6 to 0.8 of the
short-term strength for creep rupture to occur in either compression or tension.
Concrete is often described as a brittle material since it readily cracks under
small strains, but in the case of creep rupture it can develop large strains prior to
failure, providing an advantage of early warning in the case of sudden and
catastrophic failure.

Figure 3.8 illustrates the pattern of stress and strain for varying rate of loading
and level of sustained stress leading to creep rupture; actual experimental results
for compression were obtained by Rusch (1960) and for tension by Domone
(1974). Very high rate of loading produces a near linear stress-strain curve with
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3.7 General strain-time characteristic of a material loaded at age ¢, and failing
by creep rupture at age t (Neville and Brooks, 2002. From Concrete Technology,
Fig. 11.7, published by Pearson Education Ltd).

a higher strength than in the usual standard test (Fig. 3.8(a)), but decreasing the
rate of loading or increasing the test duration produces non-linear curves due to
creep and microcracking with a lower strength (creep rupture). The creep
rupture envelope tends to a constant limit of between 0.6 and 0.8 of the usual
short-term strength, depending on the type of concrete and mode of loading.

With sustained stresses below approximately 0.6 of short-term strength, creep
rupture is avoided and time-dependent strain due to primary and some secondary
creep takes place for several years. Depending on the type of mix and other
factors, creep of dry-stored concrete can be between two and nine times the
elastic strain at loading, with around 70% occurring after one year under load
(Brooks, 2005).

As stated earlier, the definition of creep is the increase in strain for a constant
sustained stress and is determined from concrete specimens after deducting any
drying shrinkage (measured on a separate specimen) and the initial elastic
strain. Figure 3.9(a) shows the components of strain involved. In the case of
sealed concrete, which represents mass or large-volume concrete where little or
no moisture is lost, only basic creep occurs, but when the concrete is allowed to
dry additional drying creep occurs even though drying shrinkage has been
deducted from the measured strain; the sum of basic and drying creep is
sometimes called fotal creep. Creep is a partly reversible phenomenon. When
the load is removed, there is an immediate, almost full, elastic recovery of the
initial elastic strain, followed by a gradual decrease of strain called the creep
recovery (Fig. 3.9(b)). The recovery quickly reaches a maximum and is only
small, e.g. 1-25% of the 30-year creep (Brooks, 2005). Consequently, creep is
mostly irreversible in nature.
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3.8 Influence of rate of loading and level of sustained stress on stress-strain
curves leading to time-dependent creep rupture of concrete (Rusch, 1960.
Adapted from ‘Researches Toward a General Flexural Theory for Structural
Concrete’, Fig. 14, AC/ Journal Proceedings, Vol 75, No 1, pp. 1-28).

Like shrinkage, creep can be expressed in units of microstrain (10~°), but
because of the dependency on stress, specific creep (Cy) is often used with units
of 107° per MPa. Other terms are creep coefficient (¢), sometimes called the
creep factor, and creep compliance (®). The creep coefficient is defined as the
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load to drying concrete and (b) removal of load.
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ratio of creep to the elastic strain on loading and for a unit stress:

¢ = G = CE x 10° 3.5
1

E x 103

where £ = modulus of elasticity at the age of loading (GPa).
The creep compliance is the total load strain per unit of stress (10 per MPa)
i.e. the sum of the elastic strain per unit of stress and specific creep so that:

1

®:E—><103+C3:E—x103(1+¢) 3.6

The effects of creep can be realised from another viewpoint. When a concrete
specimen is loaded and then prevented from deforming, then creep will manifest
itself as a gradual decrease or relaxation of stress with time, as illustrated in Fig.
3.10. Relaxation is of interest in connection with loss of prestress in prestressed
and post-tensioned concrete and cracking processes (see Section 3.3).

Apparatus for the determination of creep of any type of concrete is
recommended in ASTM C512 (1987) and for prefabricated aerated or
lightweight concrete by BS EN 1355 (1997). Alternative methods are described
in Neville ef al. (1983) and Newman and Choo (2003).

There have been many theories proposed to explain the creep of hardened
cement paste and concrete, which are too numerous to include within the scope
of this chapter. Most agree that creep at normal stresses is caused by the internal
movement of water adsorbed or held within the C-S-H, since concrete from
which all the evaporable water has been removed exhibits little or no creep
unless high temperatures are involved. Movement of water to the outside
environment is required for drying creep to occur. Although basic creep is
associated with sealed or mass concrete, it is thought that internal movement of
water occurs because all the pores do not remain full of water. The dependency
of basic creep on strength is indirect evidence that empty or part-empty pores are
a main factor. Creep also occurs at high temperatures when non-evaporable
water is removed and this is thought to be due to movement of interlayer or
zeolitic water, viscous flow or sliding between gel particles (Illston et al., 1979;
Mindess and Young, 1981; Neville et al., 1983; Bazant, 1988; Brooks, 2001).

The source of creep of concrete is the hydrated cement paste and not normal
weight aggregate of good quality. Some light aggregates may exhibit creep.
However, like shrinkage, the role of aggregate is an important factor in creep due
to the restraining influence on the cement paste through its stiffness or modulus
of elasticity and volume concentration. The relationship between modulus of
elasticity of aggregate and relative creep of concrete is shown in Fig. 3.11.

For a constant water/cement ratio, the volume of cement paste or total
aggregate in concrete has a significant effect on creep (Neville and Brooks,
2002). However, in practice, concretes with similar workability normally have
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3.70 Definition of relaxation of concrete after time t — ¢y subjected initially to

stress po and elastic strain e at age tp, and then maintained constant at egp;
E = modulus of elasticity.

similar cement paste contents and so the differences in creep are not large. For
example, in normal weight concretes having aggregate/cement ratios of 9, 6 and
4.5, and corresponding water/cement ratios of 0.75, 0.55 and 0.40, the cement
paste contents are 24, 27 and 29%, respectively. On the other hand, when the
cement paste content is constant, an increase in water/cement ratio increases
creep as shown in Fig. 3.12.
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3.77 Effect of modulus of elasticity of aggregate on relative creep of concrete
(=1 for an aggregate modulus = 60 GPa) (based on Kordina, 1960. From
‘Experiments on the influence of the mineralogical character of aggregate on
creep of concrete’, Figs. 3.11, published in RILEM Bulletin 6. Courtesy
RILEM).

Since creep is related to the water/cement ratio it can be expected to be
related to strength. Indeed, it has been found that over a wide range of mixes
made with similar materials, creep is approximately inversely proportional to the
strength of the concrete at the age of application of load. Moreover, for stresses
less than approximately 0.6 of the short-term strength, creep is proportional to
the applied stress, so that combining the dual influences leads to the stress/
strength ratio rule, namely, that creep is approximately proportional to the stress/
strength ratio (Neville ef al., 1983). Consequently, since the strength increases
with age, creep can be expected to decrease as the age at loading increases (Fig.
3.13).

Experimental work on saturated concrete specimens exposed to the
atmosphere at different relative humidities shows that the drier the atmosphere
the higher the creep. Figure 3.14 demonstrates that trend, the 100% curve
approximating to that of basic creep so that the additional creep for 75 and 50%
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3.13 Influence of age at application of load on relative creep (= 1 for age =7
days) (L'Hermite, 1959. From "What do we know about the plastic deformation
of concrete?’, Figs 3 and 13, published in RILEM Bulletin 1. Courtesy RILEM).
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3.74 Creep of concrete cured in fog for 28 days, then loaded and stored at
different relative humidity (Troxell et a/., 1958. From "Long-time creep and
shrinkage tests of plain and reinforced concrete’, Proc. ASTM, 58,1101-1120).

relative humidities is drying creep. If the concrete is allowed to dry out prior to
application of load then creep is much less. However, it is ill-advised to allow
concrete to dry out prematurely in order to reduce creep because of the risk of
inadequate curing and cracking due to restrained or differential drying shrinkage
(see Section 3.3.6).

Creep of concrete is affected by size of member in a similar manner to drying
shrinkage (see Fig. 3.6). Expressing size as the volume/exposed surface area
ratio (V/S) or effective thickness (= 2V/S), which represents the average drying
path length, total creep decreases as the volume/surface ratio or size increases
(Fig. 3.15). Of course, it is the drying creep component that is influenced since
basic creep is unaffected by size. This can be seen when the size of the member
is large (mass concrete) when no moisture transfer to the environment takes
place and basic creep occurs. It is also apparent from Fig. 3.15 that the influence
of shape of concrete member is a secondary factor in creep and can be neglected.

The influence of temperature on creep is complex and not fully understood,
as it depends upon the time when the temperature of the concrete rises relative to
the time of application of load (Neville ef al., 1983). Figure 3.16 demonstrates
different experimental results for concrete stored at elevated temperature in
water (basic creep). Compared with normal-temperature creep, heating just prior
to loading accelerates creep, and heating just after loading produces an
additional component termed transitional thermal creep. In the case of drying
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3.76 Influence of temperature on basic creep of concrete (Brooks, 2001. From
‘A theory for drying creep of concrete’, Magazine of Concrete Research, 53, 1,
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concrete (total creep), elevated temperature causes increases in creep in a similar
manner, but when the evaporable water has been removed (between
approximately 80 and 120°C) there is a decrease in creep before increasing
again (Neville et al., 1983). At very high temperatures, such as in fire, very high
creep occurs, termed transient thermal strain (Khoury et al., 1985).

The type of cement will affect creep if the strength changes at the time of
application of load. When the stress/strength ratio at the age of loading is the
same, most Portland cements lead to approximately the same creep, but the
strength development under load is a factor, e.g. creep will be lower for a greater
strength development (Neville and Brooks, 2002).

The latter influence is apparent when certain mineral admixtures, such as fly
ash and ground granulated blast-furnace slag, are used as partial replacements
for Portland cement. The resulting slower pozzolanic reaction often leads to a
later strength development than in the case of Portland cement. Figure 3.17
shows the general trends for fly ash, blast-furnace slag, silica fume and meta-
kaolin, which are mainly based on the analysis of results of previously published
data (Brooks, 2000). That analysis accounted for any changes in aggregate
content and water/cementitious materials ratio on creep by considering the
relative stress/strength ratio so that the effect of just the mineral admixture could
be assessed. Although there is a large variation, it can be seen that fly ash and
slag can lead to significant reductions in creep. In the case of the finer mineral
admixtures: silica fume and metakaolin, there are larger reductions in creep for
replacement levels of up to 15%, but then for silica fume creep increases as the
replacement level increases.

Generally, the addition of chemical admixtures, plasticisers and super-
plasticisers, to make flowing concrete causes a 20% reduction in creep at a
constant stress/strength ratio, although the effects do vary widely (Brooks,
2000). When the same admixtures are used as workability aids or water
reducers, creep will be less due to the lower water content. As well as reducing
shrinkage (see Section 3.3), the use of a shrinkage-reducing admixture appears
to reduce drying creep, although experimental verification is limited.

For design purposes, estimation of elastic deformation, creep and drying
shrinkage are considered together in Codes of Practice. From only a knowledge
of strength, mix composition and physical conditions, BS 8110: Part 2 (1985)
gives creep and shrinkage after 6 months and 30 years, depending upon the
relative humidity and size of member. ACI 209 (1992) and CEB-FIP (1999)
methods express creep and shrinkage as functions of time and allow for all the
main influencing factors that have been discussed earlier. Alternative models are
available by Bazant and Baweja (1995) and Gardner and Lockman (2001).
Creep and drying shrinkage estimates by all methods are not particularly
accurate (£30% at best) mainly because they fail to account for the type of
aggregate (Brooks, 2005). For more accurate estimates and for high performance
concretes containing several admixtures, short-term tests are recommended. The
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3.77 General trends of creep as affected by mineral admixtures; relative creep is that at a constant stress/strength ratio of the admixture
concrete relative to the admixture-free concrete.
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test duration should be of at least 28 days using small laboratory specimens
made from the actual concrete mix and then measured creep and shrinkage-time
data extrapolated to obtain long-term values, which are then adjusted according
to the required member size and the average relative humidity of the storage
conditions (Brooks and Al-Quarra, 1999). All methods of prediction give an
estimate of the creep function (equation 3.6) and drying shrinkage, the total
strain, £(¢,1,), at age ¢ when determined from age ¢, being given by:

&(t,t,) = U(to){ﬁ 146z, to)]} +8(t, 1) + aAT(1,1,) 3.7
o

where o(t,) = stress applied at age f,, E(f,) = modulus of elasticity at ¢,,

¢(t,) = creep coefficient, S(¢,#,) = drying shrinkage or swelling, a,. = coeffi-

cient of thermal expansion and AT = change in temperature (see Section 3.2.5).

It should be noted that equation 3.7 applies for a constant stress and, if the
stress or strain varies with time, calculation of the resulting strain or stress can
be made by the age adjusted effective modulus or other methods (Neville et al.,
1983).

The importance of creep in structural concrete lies mainly in the fact that, in
the long term, it can be several times the elastic deformation when first loaded.
Consequently, the designer has to assess creep in order to comply with the
serviceability requirement of deflection in particular. There are other effects of
creep, most of which are detrimental, such as loss of prestress in prestressed
concrete and differential movements in tall buildings, but creep can be beneficial
when relieving stress induced by restraint of deformations.

3.2.5 Thermal movement

As shown in the last term of equation 3.7, thermal strain is the product of the
coefficient of thermal expansion and temperature change, which is usually
within the range of —22 to 65°C. Since cement paste and aggregate have
dissimilar thermal coefficients, the coefficient for concrete depends upon its
composition and also the moisture condition at the time of temperature change.
The role of aggregate is similar to that in shrinkage and creep, namely, the
aggregate restrains the thermal movement of the cement paste since the latter
has a higher thermal coefficient. The coefficient of thermal expansion for

concrete is related to thermal coefficients of cement paste and aggregate as
follows (Hobbs, 1971):

2 _
Qe = Qp — kg(ap ag)k 3.8
1 +—"+g[1 ——”}
kg kg

where g = volumetric content of aggregate, k,/k, = stiffness ratio of cement
paste to aggregate ~ elastic modulus ratio = E, /E,.
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The range of values of coefficient of thermal expansion for air-cured concrete
is 7.4 to 13.1 x 107° per °C and, for water-cured concrete, 6.1 to 12.2 x 107
per °C, a typical average being taken as 10 x 10~ per °C.

3.3 Cracking processes

The design of reinforced concrete structures is based on the assumption that
concrete does not withstand tension stresses induced by bending, and steel
reinforcement is provided to resist these stresses. The concrete in the tension
zone will crack and measures are taken to provide sufficient reinforcement to
ensure that if cracks do occur they are acceptable both functionally and visually.
This type of cracking, along with any cracking due to external loading, is called
structural cracking.

Concrete is also liable to crack due to internal tensile stresses induced by
some form of restraint to free movement. The heterogeneous composite nature
of concrete induces differential stresses and strains due to differing properties of
the ingredients, as well as when there are moisture and thermal gradients
present. Since concrete is weak in tension, induced tensile stress can often lead
to cracking but the problem is compounded by creep. Such cracks are known as
intrinsic cracks or non-structural cracks. The types of cracks are wide-ranging
and their diagnosis is often difficult so that the decisions as to what remedial
action to take and when to apply it are correspondingly difficult.

The causes and remedies of common types of intrinsic cracks occurring in
concrete construction are discussed in this chapter together with the study of
stress and strain in the vicinity of cracks, viz. fracture mechanics. Techniques for
the repair of cracks and materials used are specialised subjects; this topic is dealt
with in detail elsewhere: Concrete Society Technical Report No. 22, 1992 and
ACI 224R, 1996.

3.3.1 Types of cracks

Figure 3.18 lists the main types of crack that can occur in concrete both before
hardening and after hardening. Included in the types that occur before hardening
are plastic shrinkage cracks and plastic settlement cracks, which are highlighted
because they will be discussed in detail later. As Fig. 3.18 shows, three categories
of intrinsic cracks can occur after hardening: physical, chemical and thermal, as
well as structural cracks. Drying shrinkage cracks and early-age thermal
contraction cracks, which are also highlighted, will be discussed later. Table 3.1
lists the locations, causes, remedies and times of occurrence of intrinsic cracks,
while examples are shown in a hypothetical structure in Fig. 3.19.

It is convenient to consider the various types of intrinsic cracks as a group so
as to aid diagnosis. One basis for classification is the time of occurrence, for
example plastic shrinkage cracks occur during the first few hours of placing,
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3.78 Types of crack (Concrete Society, 1992. Adapted from ‘Non-structural
cracks in concrete’, Technical Report No. 22, Third Edition, Slough, UK, The
Concrete Society).

early-age thermal cracks occur between one day and three weeks, and drying
shrinkage cracks occur after several weeks.

Some cracks are not necessarily dependent on time, for example crazing,
while other types are related to particular conditions that may be looked upon as
malpractice in the light of current knowledge, namely cracking due to alkali-
silica reaction or excessive use of calcium chloride leading to corrosion of steel
reinforcement.



Table 3.1 Classification of intrinsic cracks (Concrete Society, 1992)

Type of cracking ~ Subdivision Most common Primary cause Secondary cause  Remedy” Time of
location (excluding or factor appearance
restraint)
Plastic settlement Over Deep sections Excess bleeding Rapid early Reduce Ten min. to three
reinforcement drying bleeding/air hours
. entrainment or
Arching Top of columns revibrate
Change of depth  Trough and
waffle slabs
Plastic shrinkage  Diagonal Roads and slabs  Rapid early Low rate of Improve early 30 min. to six
drying bleeding curing hours
Random Reinforced slabs
Over Reinforced slabs  Ditto plus steel
reinforcement near surface
Early thermal External restraint  Thick walls Excess heat Rapid cooling Reduce heat One day to two
contraction generation and/or insulate or three weeks
Internal restraint  Thick slabs Excess temp.

gradients




Long-term drying

Thin slabs and

Inefficient joints

Excess shrinkage;

Reduce water

Several weeks or

shrinkage walls inefficient curing  content; improve  months
curing
Crazing Against ‘Fair faced’ Impermeable Rich mixes; poor  Improve curing One to seven
formwork concrete formwork curing and finishing days, or even
later
Floated concrete  Slabs Over-trowelling

Corrosion of steel
reinforcement

Natural

Calcium chloride

Columns and
beams

Precast concrete

Lack of cover

Excess calcium
chloride

Poor quality
concrete

Eliminate causes
listed

More than two
years

Alkali-silica
reaction

Damp locations

Reactive aggregate plus high alkali

cement

Eliminate causes
listed

More than two
years

* Assuming basic redesign is impossible. In all cases reduce restraint.
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3.79 Examples of intrinsic cracks in a schematic concrete structure (Concrete Society, 1992. Adapted from "Non-structural cracks in
concrete’, Technical Report No. 22, Third Edition, Slough, UK, The Concrete Society).



Dimensional stability and cracking processes in concrete 73

3.3.2 Plastic cracking

The two types, plastic settlement and plastic shrinkage cracks, both occur
between one and eight hours after placing of the concrete due to the process of
bleeding, namely the action of water rising to the surface shortly after
compaction.

Bleeding is caused by the water being forced upwards when heavier solid
particles settle downwards. Bleed water is only seen at the surface when the rate
of evaporation is less than the rate of bleeding and should be distinguished from
laitance, which is a mixture of water, cement and very fine particles. A wet mix
will bleed more than a dry one, so excessive water contents should be avoided.

Plastic settlement cracking

This type of cracking occurs when there is a large amount of bleeding and
settlement, and there is some form of restraint or obstruction to free settlement
As illustrated in Fig. 3.19, cracks occur mainly at a change in section, in narrow
columns and walls due to arching, and in trough or waffle slabs; other locations
are formwork tie bolts and fixed reinforcement near the top of the concrete
where voids can form underneath the reinforcement. Plastic settlement cracks
can be prevented by reducing the bleeding using air entrainment or by incor-
porating fibre reinforcement. If possible, a reduction of restraint and re-vibration
of the concrete are also other ways to avoid or eliminate plastic settlement
cracks.

Plastic shrinkage cracking

Plastic shrinkage is caused by the loss of water by evaporation from the surface
of newly laid concrete or by suction of dry concrete underneath. At the surface,
plastic shrinkage occurs when the rate of evaporation exceeds the rate of
bleeding. Contraction induces tensile stress in the surface layers because they
are restrained by the non-shrinking inner concrete. Since concrete has a low
tensile strength or low strain capacity in its plastic state, cracking can readily
occur.

Plastic shrinkage cracks are most common in slabs, occurring randomly,
diagonally and over reinforcement (see Fig. 3.19). Prevention of plastic shrink-
age cracking is achieved by covering the surface of the concrete as early as
possible and protecting it from the effects of drying winds. Spraying of resin-
based curing compounds (unless in emulsion form) cannot be done effectively
until the free water has evaporated. It is therefore difficult to ensure that the
compound is applied before plastic shrinkage cracks have begun to form.
Covering with polythene sheet is the most effective solution. On concrete roads
and other surfaces, where the finished texture is vital, the covering must be
suspended clear of the surface. The risk of cracking is also reduced by the use of
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fibre reinforcement, which significantly increases the tensile strain capacity of
concrete in its plastic state. In some cases, cracks can be eliminated by re-
vibration of the concrete or by power floating and trowelling of flat surfaces.

3.3.3 Early-age thermal cracking

In large elements of concrete, the rate of heat development due to hydration of
cement in the first one to three days after casting is likely to exceed the rate of
heat loss to the atmosphere, causing the temperature in the concrete to rise.
Thermal expansion thus occurs, which is followed by thermal contraction later
as the concrete cools. Typical early age temperature histories are shown in Fig.
3.20, where the influences of both an increase in cement content and in section
size of the element are seen to increase the peak temperature.

Internal stress will be set up in the concrete due to restraints of thermal
movement as it is virtually impossible to construct large concrete mass without
restraints. They take the forms of internal restraint due to the different rates of
heating and cooling between the core and surface of the concrete section, and
external restraint caused by casting on, or adjacent to, previously hardened
concrete. The presence of steel reinforcement also provides restraint, but this can
be beneficial rather than detrimental. Reinforcement that is uniformly
distributed and situated near the surface of the concrete can be utilised to
control the width and number of cracks.
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3.20 Effect of cement content and section size on the early age temperature
history of concrete (Concrete Society, 1992. Adapted from ‘Non-structural
cracks in concrete’, Technical Report No. 22, Third Edition, Slough, UK, The
Concrete Society).
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3.3.4 Internal restraint

Figure 3.21 illustrates the stress induced when concrete is subjected to early-age
temperature history. After placing a large mass of concrete, the temperature rise
due to the heat of hydration generated causes the interior of the concrete to
become hotter than the surface layers, where heat is lost to the atmosphere
unless the mass is completely insulated. The consequent differential expansion
results in the interior section being restrained by the outer section generating
compressive stresses in the interior and tensile stresses in the surface section.
These stresses are relieved to a significant extent by creep, as illustrated in Fig.
3.22, since at this stage creep is large because the concrete is young and of low
maturity. At peak temperature, the interior section will be in relieved
compression, while the surface could crack if the relieved tensile stress exceeds
the tensile strength of the young concrete (Fig. 3.22).

As the concrete starts to cool, the inner section now tends to contract more
than the outer section so the effect of this internal restraint is to reduce the
compression in the inner section and reduce the tension or close any cracks in
the outer section. Creep will again relieve the stresses but to a lesser extent than
during the heating cycle because the concrete is now more mature. Eventually,
as the temperature of the concrete approaches the ambient temperature, the
stress in the inner section could change from compression to tension, with a risk
of cracking, while the outer section will be in compression.

In the foregoing situation, it is apparent that creep could be a cause of
potential cracking because of too much early relief of compressive stress during
the heating cycle compared with tensile stress relief during the cooling cycle.

Internal restraint may be quantified in terms of the restraint factor, R, which
is defined as:

_Y ¢
= =
where ¢, = free thermal strain and ¢, = actual strain. Thus for no restraint,
R = 0 as the actual strain is equal to the free strain, and full restraint is when the
actual strain is zero, i.e. R = 1.

Generally, cracking due to internal restraint in a large concrete mass will
occur if:

R 3.9

o,=a-AT-R-E, >, 3.10

where o, = tensile stress, a = coefficient of thermal expansion, AT = tempera-
ture differential across the section, f;, = tensile creep rupture strength and £, =
effective or reduced modulus due to creep, viz.
o Ot . EU[ o E

e, +C o0,+EC 1+EC;
where e, = elastic strain at loading, C = creep, £ = modulus of elasticity and
C, = specific creep.

3.11

e
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3.22 Schematic pattern of crack development when tensile stress induced by
restrained movement is relieved by creep (Neville and Brooks, 2002. From
Concrete Technology, Fig. 13.13, published by Pearson Education Ltd).

It is important to note that the tensile creep rupture strength, f., which
determines the condition for cracking in the cases of early age thermal cracking
and restrained drying shrinkage cracking, is less than the value determined in the
laboratory under short-term loading and typically it is taken as 60% of the short-
term strength (see Section 3.2.4).

3.3.5 External restraint

It may be possible to avoid external restraint by the provision of movement
joints, but in most structures it is necessary to cast subsequent pours against
hardened concrete in order to satisfy the requirements of continuity in the
structural design. The risk of thermal cracking is particularly great in canti-
levered retaining walls for reservoirs, basements, bridge abutments, etc. When a
vertical section of a wall is being cast, the restraint provided by the base of the
wall and by adjoining sections is considerable. Cracks are likely to occur unless
precautions are taken. The spacing of joints and the sequence and timing of
concrete pours must be carefully planned.

If the whole concrete mass is insulated so as to eliminate internal restraint,
there will be no cracking provided also there is no external restraint. When the
latter is not possible, the risk of cracking can be minimised in several ways by
considering the conditions for cracking to occur, namely:

o=a-(T,—T,) - R-E,> [y 3.12

where (7, — T,) = the difference between peak and ambient temperatures.
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Thus, the induced tensile stress will be minimised by reducing the terms of
equations 3.10 and 3.12 namely:

o The coefficient of thermal expansion can be reduced by selecting the concrete
mix ingredients carefully. For example, lightweight aggregate has a lower
thermal coefficient as well as a lower effective modulus (more creep). Other
types of aggregate (notably limestone) have low coefficients of thermal
expansion (BS 8110: Part 2, 1985).

o The difference between peak and ambient temperature (7, — 7,) is reduced
by cooling the mix ingredients. For example, when the ambient temperature
is around 20°C, cooling the mixing ingredients to approximately 7°C will
reduce the peak temperature, 7, by a corresponding amount. Compared with
cooling the cement and aggregate, it is often more convenient and effective to
cool the mixing water with the addition of ice, which uses the heat from the
other ingredients to provide the latent heat of fusion.

e The peak temperature can also be minimised by choosing a low-heat type of
cement, such as blended cement with fly ash (pulverised fuel ash) or ground
granulated blastfurnace slag, which will reduce the rate of temperature rise as
well as the peak temperature.

e The restraint factor, R, can be reduced by insulating formwork for thick
sections (> 500 mm) and by having longer formwork striking times. Timber
formwork provides better insulation than steel or glass reinforced plastic.

3.3.6 Drying shrinkage cracking

Long-term drying shrinkage cracks are formed when drying shrinkage is
restrained and typical locations are thin slabs and walls, as illustrated in Fig.
3.19. The main causes of shrinkage cracking are inefficient or insufficient joints,
inadequate reinforcement, poor curing and too high a water content in the
original concrete mix. Remedies are to address those causes at the design stage
and to consider the use of a shrinkage reducing admixture as well as the factors
affecting drying shrinkage discussed in Section 3.2.3.

As in the case of early-age thermal cracking, the form of restraint can either
be internal or external. An example of external restraint is that of an
unreinforced concrete built-in slab drying from the surface as shown in Fig.
3.23. If, after being relieved by creep, the induced tensile stress exceeds the
strength, the result would be a single crack through the slab. For cracking to
occur, the tensile stress is given by:

0, =S-R-E, >f, 3.13

where S = drying shrinkage.
Since the slab is fully restrained, R = 1 and therefore:

Ut:S'Ee chr 3.14
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3.23 Example of full restraint of drying shrinkage in a concrete slab.

Of course, in practice, steel reinforcement would be provided for structural
reasons. Reinforcement does not prevent cracking but instead of a single crack,
much smaller cracks are produced that are distributed over the surface of the
slab according to the amount and spacing of the reinforcement (Beeby, 1979;
Carino and Clifton, 1995).

In concrete members having thicker sections, drying from the surface results
in a moisture gradient since the inner layers have a greater moisture content than
the surface layers. This moisture gradient causes internal restraint and can also
lead to surface cracking. In fact, drying shrinkage is not a ‘true’ shrinkage in the
sense that it is simply proportional to the loss of water but is the combination of
‘true’ shrinkage and strain induced by the moisture gradient. ‘True’ shrinkage
cannot really be measured although researchers have attempted to determine it
using very thin cement paste sections. Figure 3.24 demonstrates what would
happen in the case of a long member drying from the surface whose end is
sealed. ‘True’ shrinkage would result in the end developing a parabolic shape
(Fig. 3.24(b)) but, because of the moisture gradient, the contracting surface
layers are restrained by the inner layers so that tension develops in the surface
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3.24 Example of partial restraint of drying shrinkage of concrete by a moisture
gradient.

and this is balanced by compression in the interior (Fig. 3.24(c)). The net result
is a restrained (observed) shrinkage (Fig. 3.24(d)) and the induced tensile stress
at the surface is responsible for potential drying shrinkage cracks. The condition
for cracking is:

Ut:St'R'EeZ_fcr 3.15

where S; = true shrinkage, R = (S, — S)/S, and S = actual or restrained
shrinkage.
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3.3.7 Fracture mechanics

Linear elastic fracture mechanics is concerned with predicting conditions that give
rise to rapid crack propagation in brittle materials that are considered to be elastic,
homogeneous and isotropic at the onset of fracture; it involves the study of stress
and displacement at the microscopic level in the region of a crack tip (Mindess and
Young, 1981). The field developed from the pioneering work of Griffith (1920)
who proposed criteria for the fracture of brittle solids that explained the
discrepancy between their low observed bulk strengths and their much higher
theoretical strengths (estimated for perfect crystals to be ~ E/10) by postulating the
existence of microscopic flaws, which serve as stress concentrators. As illustrated
in Figure 3.25, for an elliptical crack with dimensions as indicated, the maximum
tensile stress near the crack tip is intensified by a factor that depends on the crack
length and end radius according to the relationship:

U—’”:z(f)o's 3.16

o r
Hence the local tensile stresses at the tips of very sharp cracks can reach values
(~E/10) high enough to break the bonds between atoms at relatively low nominal
stresses; crack propagation is then liable to become progressive because as the
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3.25 Stress concentration at the tip of a crack in a brittle material subjected to a
tensile stress (Neville and Brooks, 2002. From Concrete Technology, Fig. 6.1,
published by Pearson Education Ltd).
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crack length increases the maximum stress at the tip increases (equation 3.16)
while the theoretical stress required to induce energetically favoured crack
growth in a brittle material, oy, decreases in accordance with the following
expression (Illston et al., 1979):

2 B\ 05
O‘f=< 7 ) 3.17

T-C

where v = surface energy required to cause fracture and E = modulus of
elasticity.

Similar reasoning has been used to explain the failure of concrete (Kaplan,
1961), which is generally regarded as being brittle with failure occurring at low
strains due to linking of existing and newly-formed microcracks.

Strictly speaking, however, concrete exhibits some plasticity (non-linear
stress-strain behaviour) prior to failure. It is also evidently heterogeneous as the
properties of its constituents are not all identical and it develops a relatively
large fracture zone due to microcracking which causes progressive softening of
the material prior to complete failure. Various ways of incorporating the above
effects into models of the fracture of concrete specimens of different sizes and
shapes under different states of applied stress have been proposed and the
application of non-linear fracture mechanics is believed to provide a more
representative means of describing the fracture behaviour and ultimate capacity
of concrete structures. Further consideration of this field is beyond the scope of
the present chapter and readers who require more a detailed treatment are
referred to specialist works such as the following (ACI SP-118, 1989; ACI
Committee 446, 1991; Karihaloo, 1995; Shah et al., 1995).

3.4 Conclusions

The knowledge of movements and cracking processes presented in this chapter
has been developed from theories, research and technical field data published
over many years for conventional types of concrete, namely low-strength mixes
using natural aggregates. Although the principles are not expected to change, in
the future design methods given in Codes of Practice will be continuously
amended to account for the use of more sophisticated concreting materials, such
as high performance concrete, which refers to both high durability (low
permeability) and/or high strength concrete. In some cases, the high strength is
required to design smaller concrete elements or low deflections through a
corresponding high modulus of elasticity, low creep and low shrinkage. Such
concrete tends to be more brittle and prone to cracking so that ductility needs to
added, say, in the form of fibre reinforcement. High performance is achieved by
the combined use of chemical and mineral admixtures: high range water-
reducers (superplasticisers) and fine cement replacement materials to replace
part of cement, e.g. silica fume.
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On the other hand, admixtures designed to reduce shrinkage, creep and the
risk of cracking are likely to be used more frequently in conjunction with, say,
superplasticisers to offset any reduction in strength. Little is known about the
long-term behaviour of concretes made with cocktails of different admixtures
and the possible interactions between supplementary cementing materials (or
mineral admixtures) and multi-functional chemical admixtures need to be
assessed. Advanced methodologies may have to be developed for evaluating the
early age cracking characteristics of some of the newer formulations being
considered for use in high strength applications and repair situations (Bentur and
Kovler, 2003). The increased usage of recycled concrete and other waste
materials to replace or augment natural aggregates in concrete has also to be
considered in the context of prediction models and design documents.

It should be emphasised that it has been only possible to present brief details
of movements and cracking processes experienced by concrete in this chapter,
there being a huge amount of research and technical literature available. From
the references given in Section 3.5, further background information is
recommended as follows:

e Movements in plain and reinforced concrete: Illston et al., 1979; Mindess and
Young, 1981; Neville et al.,, 1983; Bazant, 1988; Gilbert, 1988; Neville,
1995; Neville and Brooks, 2002.

e Non-structural cracking: Harrison, 1981; Concrete Society, 1992; ACI 224R-
90, 1996.

e Fracture mechanics: Mindess and Young, 1981; ACI SP-118, 1989; ACI
Committee 446, 1991; Karihaloo B I, 1995; Shah et al., 1995.
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41 Introduction

Chemical attack on concrete is a rather complicated subject since the chemistry
of concrete itself is complex and the material is used in a very wide variety of
environments. Of the types of degradation that are associated primarily with
chemical changes occurring within the hydrated cement matrix, sulfate attack in
its various guises is probably the most widespread threat to concrete durability,
but acid attack can also take place in concrete sewers, silos, dairies, etc. and
bacteria can mediate sulfate and acid attack in various environments. This
chapter presents a brief overview of these important forms of degradation.

Acid attack on Portland cement concrete is not unexpected, since all of the
phases in cement paste are basic, and many of them (for example, calcium
hydroxide) are readily dissolved by acids. Typically, acid attack leads to loss of
binder and strength in concrete and eventually to loss of section. Unlike acid
attack, sulfate attack commonly involves expansive reactions which fracture the
concrete leading to ongoing degradation, loss of strength and function. Several
different processes may be involved and the literature on this subject has grown
remarkably in recent years, prompting one reviewer to describe the current
situation as more than a little confused (Neville, 2004). Notwithstanding the
confusion, the topic is of evident interest and, while recognising that overlaps
exist and that other classifications might be preferred by some workers in this
diverse field, we shall attempt to provide a simplified account here of the
following three categories:

e sulfate attack involving expansive ettringite formation along with other
reactions, in which the sulfate is introduced principally from the external
environment

o thaumasite sulfate attack (TSA), a combined attack requiring both sulfate and
carbonate sources

o delayed ettringite formation (DEF), sulfate attack arising from vigorous heat
curing, in which the source of sulfate is internal to the concrete.
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Apart from TSA, the usual mechanisms of sulfate attack have generally been
thought to involve changes in the chemistry of the hydrated aluminate phases in
the concrete (accompanied by other processes that are dependent on the nature
of the cations introduced with the sulfate anions). TSA is the exception in
attacking the calcium silicate hydrate (C-S-H). Thus many instances of sulfate
attack might be mitigated in principle by the use of a siliceous cement (based
on alite and belite) in which aluminate phases are not present. Such a cement,
however, would be very expensive to manufacture since the aluminates and
ferrites act as fluxes in the kiln, significantly lowering the cement burning
temperature and time. Aluminates are also naturally present in most large scale
silicate sources. Sulfate Resisting Portland Cements (SRPC) (BS 4027, 1996)
with low aluminate levels are obtainable (for a small price premium) and resist
sulfate attack on the hydrated aluminate phases, although they remain
vulnerable to TSA and may be subject to attack by salts such as magnesium
sulfate which can interact deleteriously not only with aluminates but also with
other hydration products such as CH and C-S-H. Since the sulfate exposure
conditions in different countries differ, selection of SRPC is a trade-off between
performance and cost, and specifications remain as national standards, having
not yet been incorporated into the common European cement standard (BS EN
197-1, 2000).

For a general introduction to cement chemistry the reader is referred to
standard textbooks on concrete (Neville, 1995; Mindess et al., 2002) or cement
(Bensted and Barnes, 2002; Bye, 1999; Hewlett, 1998; Taylor, 1997; Lea, 1970).
Only the barest outline is given here. Cement clinker coming out of the kiln
consists of:

e calcium silicates
o alite (impure C5S)
o belite (impure C,S)
e calcium aluminates
o impure C3A
o various ferrite phases approximated by C4AF but with a wide range of
compositions and with extensive substitution.

All of these phases react with water at varying rates to form a range of hydrated
silicates and aluminates along with calcium hydroxide. The C5A, when present
at appreciably high levels, tends to cause flash set (i.e., rapid heat evolution and
initial stiffening but suppression of subsequent hardening) unless low levels of
sulfate are added to the cement to modify its hydration so avoiding this potential
problem. Traditionally gypsum was added, which often partially dehydrated
during grinding, and its role in set regulation of Portland cement-based systems
has been considered elsewhere (Bensted, 2002a); now iron (II) sulfate is
commonly used instead to reduce Cr(VI) in order to comply with EU directive
2003/53/EC (British Cement Association, 2005).
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Table 4.1 describes the shorthand system often used to represent the oxides in
cement chemistry and lists the various phases discussed in this chapter. For the
purposes of discussion of sulfate attack, and assuming gypsum to be the sulfate
source, we can simplify the hydration of the aluminate phase as follows at early
ages when ettringite, CgAs3Hs,, is formed:

C3A + 26H + 3CSH2 = C6AS3H32 4.1

To some extent the aluminium in ettringite is partially substituted by iron and
the impure form is referred to as AFt, the ‘A’ and ‘F’ denoting the presence of
aluminium and iron and the ‘t’ indicating ‘trisulfate’.

At later stages of cement hydration, the gypsum runs out, and additional
aluminate reacts with the ettringite to form C4AsH;, or AFm phases in which
‘m’ denotes ‘monosulfate’ (reaction 4.2). In addition to sulfate-bearing AFm,
hydroxy (and carbonate) AFm phases such as C4(A,F)H;3, hydrocalumite, may
also be formed depending on the available anions. These can enter into solid
solutions with the sulfate AFm phases.

Table 4.1 Cement chemical nomenclature system (CCNS)

In cement science a shorthand system uses capital letters to represent the nominal
constituent oxides of cement minerals:

A—A|203 C-CaOl F—FeZO3 H—H20 M—MgO S—SI02 T—TIOz

If the same initial letter is used for different oxides, then the other oxide either has a
bar across the top to avoid confusion or (increasingly now) a small case letter is used
instead:

c-CO, f-FeO s-SO;

C-S-H is hyphenated to represent a variable (nonstoichiometric) entity without a
precise chemical composition.

Examples given in the text are set out below:

CCNS Oxide content Chemical composition

Portland cements

C3S 3CHOSI02 Ca3$i05

Czs ZCGOSIOZ Cazsi04

C3A 3C80A|203 Ca3AI206
C4AF 4C60.A|203.F9203 C62A|F605
C332H3 3C6028|023H20 Ca3Si2073H20
CsH, Ca0.503.2H,0 CaS0,42H,0
CH Ca0.H,0 Ca(OH),

C6A53H32 6C80A|203380332H20 [Ca3AI(OH)612H20]2(SO4)32H20
C4ASH12 4C60A|203 80312H20 [CazAI(OH)62H20:|28042H20
C4AH13 4C30A|20313H20 CazAI(OH)73H20
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2C3A + C6AS3H32 + 4H = 3C4ASH12 4.2

The hydration of the calcium silicates can be represented approximately by
reaction 4.3 below. The calcium silicate hydrate (C-S-H) that forms is actually
non-stoichiometric and of variable composition depending on the conditions
under which it is formed; we represent it here as C5S,H; but the true Ca0O/SiO,
ratio is usually closer to 1.7 (Taylor 1997):

2C5S 4 6H = C;35,H; + 3CH 43

C,S reacts similarly to C;S but less calcium hydroxide is formed. Many types of
cement now also contain blended pozzolanic or latently hydraulic compounds
such as fly ash, ground granulated blast furnace slag, microsilica or metakaolin,
which hydrate alongside the cement phases to give a modified chemistry and
microstructure. Most provide additional silica, reducing the amounts of free
calcium hydroxide formed, and some also provide additional reactive alumina.
In some cases (provided they have had sufficient curing to react) such blending
agents can confer additional chemical durability, and this is discussed below for
the different forms of chemical attack on concrete.

4.2 External sulfate attack involving expansive
ettringite formation

4,21 Basic phenomena

The expansive ettringite form of sulfate attack in concrete exposed to aggressive
ground is probably the most familiar type that occurs in the field (Bensted,
1981a,b) and was at one time regarded as the only serious phenomenon
involved. Indeed sulfate attack was given a formal definition by the American
Society of Testing and Materials (ASTM) in the 1970s as follows: ‘Sulfate
attack can be defined as a chemical or physical reaction, or both, between
sulfates usually in soil or ground water and concrete or mortar, primarily with
calcium aluminate hydrates in the cement paste matrix, often causing
deterioration’ (Bensted, 1981a). Although thaumasite sulfate attack has come
into increased prominence recently (see Section 4.3) and involves the silicate as
well as the aluminate phases, this does not render the above definition
inappropriate insofar as what is now regarded as the conventional form of sulfate
attack is concerned.

Sulfate attack has attracted increasing interest over the years as its
complexities have become more apparent. There have been a number of recent
review articles (Skalny and Marchand, 2001; Santhanam et al., 2001; Bensted,
2002b; Neville, 2004) and even books on the subject (Marchand and Skalny,
1999; Skalny et al., 2002). Ettringite formation features prominently in many
situations but there are several other processes, such as the conversion of
portlandite to gypsum and reversible hydration/dehydration reactions of sulfate
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salts, such as the Na,SO, (thenardite) «» Na,SO,4.10H,O (mirabilite) system,
that have also been implicated. In this context it may be noted that there has
been disagreement over the terminology used to classify these various pheno-
mena and some authors consider processes such as the thenardite/mirabilite
transformation to be purely physical phenomena, as distinct from chemical
forms of attack. It is generally agreed that sulfate attack needs the presence of
moisture and it is believed to involve ‘through-solution’ mechanisms, with
transport of sulfate ions through the surface of the concrete or mortar. Normally
such transmission is of extraneous sulfate ions, but internal sulfates within the
structure can also contribute if the amounts contained in the concrete mix
materials are not controlled within acceptable limits (Skalny et al., 2002). An
example of the sort of degradation that may be produced is illustrated in Fig. 4.1.

4.7 Conventional sulfate attack associated with expansive ettringite formation
in a concrete prism (RHS) and non-degraded control prism (LHS). Photograph
reproduced from CEB Design Guide, Durable Concrete Structures, London,
Thomas Telford, 1989.
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In its initial stages, sulfate attack may result in a general hardening of the
cement matrix. This usually arises from the pores and voids present becoming
filled, through the ingress of SO,>~ ions, by crystals of gypsum and/or ettringite,
which tend to increase the overall density of the concrete or mortar. These
crystals, which are formed in the pores and voids, may cause expansion directly
by anisotropic growth or indirectly by increasing the pore water pressure, giving
rise to internal stresses that might ultimately, in specific instances, destroy the
concrete or mortar. For instance, in transforming one mole of calcium hydroxide
CH to gypsum CsH,, the volume of solids is more than doubled (from 33.2 cm®
to 74.3 cm®) and the transformation of calcium aluminate hydrate and gypsum to
ettringite also involves more than doubling of the volume of solids (Bensted,
1981a; Lea, 1970; Eglinton, 1998).

4.2.2 Exposure conditions

Groundwaters and soils containing sulfate salts may be liable to cause expansive
sulfate attack. Sulfuric acid can also occur naturally in groundwaters and soils as
a consequence of oxidative weathering of sulfide minerals such as pyrite and
marcasite, both of which have the chemical formula FeS,. Oxidation to ferrous
sulfate and sulfuric acid may arise in the presence of oxygen and moisture:

2FeS; + 70, + 2H,0 — 2FeSO,4 + 2H,S04 4.4

The reaction commonly stops here unless certain aerobic bacteria are present to
produce further oxidation cycles (see Section 4.7). In undisturbed soils, the
position of the water table is of great importance for determining access of air
and therefore the extent to which oxidation can take place. If the pyrite is always
below the water level, no oxidation occurs, whilst in areas of fluctuating water
levels that permit replenishment of oxygen to the soil, the reaction proceeds
readily. If there is sufficient calcium carbonate or other basic minerals in the
soil, the sulfuric acid is neutralised as gypsum is formed. If not, as in some
instances where sulfuric acid production is marked, the acid may persist in the
groundwater (Eglinton, 1998).

Disturbance of natural ground conditions by excavation or drainage is a
common cause of pyrite oxidation by providing access for air. Rapid oxidation has
been reported when compressed air has been employed to keep back water during
underground work, as in tunnel construction (Lea, 1970). This can result in large
increases of acidity and in the sulfate content of groundwater. The oxidation of
pyrite can be followed by other reactions that cause expansion, such as production
of gypsum from any calcite present, which gives a solid volume increase of 103%,
and the reaction of gypsum with the monosulfate-hydrocalumite solid solution in
hardened concrete to re-form ettringite. The free sulfuric acid can also attack clay
minerals like illite to form jarosite KFe;(SO4),(OH)s, a hydrated potassium iron
(IIT) sulfate that produces a volume 115% greater than that of pyrite. Ground



92 Durability of concrete and cement composites

heave can be caused adjacent to buried concrete structures by production of
gypsum and other hydrated sulfates (Hawkins and Pinches, 1997; Cripps and
Edwards, 1997). All these reactions can give rise to expansive forces within the
concrete, which lower the long-term durability (Bensted, 1981a,b; Eglinton,
1998).

Ettringite is sometimes associated with thaumasite in aggressive ground when
the temperatures are low (normally below ca. 15°C) and either or both may be
associated with expansion of the concrete if it arises (see Section 4.3). However,
the mere presence of ettringite in a hardened concrete is not per se proof that it
has produced expansion of the concrete. For instance, the ettringite which forms
during the early stages of hydration of Portland cement does not cause expansion
as it is not rigidly packed. Often, this ettringite is only partially converted to
monosulfate-hydrocalumite solid solution (AFm) during the subsequent stages
of cement hydration (Bensted, 2002c). Thus observation of ettringite,
particularly by techniques such as SEM/EDXA spot analysis that sample only
minute volumes within the specimens of concrete examined, clearly does not
provide conclusive evidence of sulfate attack, as has been noted elsewhere
(Bensted, 2002b; Neville, 2004).

Only a minority of the sulfate from the original gypsum ground in with the
Portland cement clinker during manufacture ends up as ettringite, and most of its
formation happens during the first day of hydration at normal ambient tempera-
tures (Bensted, 1983). A substantial part of the sulfate derived from the gypsum
actually ends up in the calcium silicate hydrate (C-S-H phase) either sorbed or in
solid solution. Expansion of concrete takes place when the hardened mono-
sulfate-hydrocalumite solid solution reacts with gypsum (either from external
sources or still present in unhydrated parts of the cement along with unhydrated
clinker minerals) to produce ettringite.

4.2.3 Preventative measures

For concrete in contact with aggressive ground, it is obviously desirable that
cement with a good record of sulfate resistance is used, e.g. a suitable extended
cement containing ground granulated blastfurnace slag (ggbs) or pulverised fuel
ash (pfa) which has been adequately cured prior to exposure. The concrete
should be of low penetrability, having an appropriately low water/cement ratio,
achieved through the use of admixtures where necessary, to minimise the rate of
ingress of extraneous sulfates from the environment into the material. Detailed
guidance applicable to UK exposure conditions has been given in BRE Special
Digest 1, which has already undergone significant revisions since it was first
introduced in 2001 and is currently in its 3rd edition (Building Research
Establishment, 2005), as discussed in Section 4.5.

One of the many difficulties in formulating simple guidance rules stems from
the fact that the conditions to which concrete is exposed prior to coming in
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contact with sulfate-bearing groundwater can have a marked influence on the
severity of sulfate attack. Thus even mild atmospheric carbonation can play a
significant role in modifying the surface pore structure of the material, thereby
reducing its penetrability. Current guidance recognises this effect in providing
protection to precast products which are exposed to non-acidic sulfate-bearing
environments (Building Research Establishment, 2005).

As already mentioned, a recent review has highlighted several other features
that contribute to the confused state of knowledge of sulfate attack (Neville,
2004). Amongst these is the influence of the cation, with sodium, calcium and
magnesium sulfates all having different effects. Sulfate-resisting Portland
cement (ASTM Type V cement), which was developed to minimise reaction
with hydration products of the C;A (aluminate) phase does not offer special
protection against attack upon C-S-H or CH and the combined presence of Mg*"
and SO4*~ ions can result in the conversion of these hydrates to magnesium
hydroxide (brucite), silica gel and gypsum. The concomitant lowering of the
pore solution pH, due to the low solubility product of brucite (for which a
saturated solution has an equilibrium pH of ~10.5), destabilises the C-S-H and
accounts for the fact that magnesium sulfate is more aggressive than sodium
sulfate or calcium sulfate. If the pH is maintained at an artificially high level,
however, as in some laboratory tests involving magnesium sulfate, unrealistic
results may be obtained because brucite can sometimes form an insoluble
protective layer upon concrete unless it becomes mechanically damaged.

Altogether the state of current knowledge of external sulfate attack under
field conditions remains inadequate and although the problem is generally
avoidable by following prescriptive guidance of the kind given in BRE Digest 1
(Building Research Establishment, 2005) it is difficult to devise appropriate
laboratory tests for assessing the resistance of different types of concrete subject
to different exposures; this problem with performance tests is discussed in
further detail in chapter 9 of the book by Skalny et al. (2002). Various attempts
to devise mathematical models that might serve as aids in predicting per-
formance have been made by researchers in this field and a recent review of the
work appears in chapter 7 of the book by Skalny ef al. (2002) — see also Section
4.6.4 of the present chapter. Unsurprisingly, however, it is fair to say that
progress to date has been rather limited.

4.3 Thaumasite form of sulfate attack
4.3.1 Background

Although thaumasite had been known as a rare calcium carbonate-silicate-
sulfate hydrate of the composition CaCO3.CaSi0O;.CaSQ,4.15H,0 since 1878, it
was not until the 1960s that it first became more generally known as a
deterioration product of cement and concrete. The first major report that clearly
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documented thaumasite as a concrete deterioration product was published in the
Highway Research Record in the United States (Erlin and Stark, 1965). This
article mentioned occurrences in two sewer pipes, in a grout and in a pavement
core base. For example, in the sewer pipes, the deteriorated areas contained
brucite, calcite, gypsum and thaumasite. The presence of thaumasite, frequently
in association with ettringite, appeared to represent situations involving attack
by sulfate solutions over a number of years. No technical investigation on how
the thaumasite had been formed had been undertaken at the time.

The first known occurrence of thaumasite sulfate attack in Europe occurred in
the UK in February 1969 in a mortar containing a Portland masonry cement
inside some new houses being constructed at Stoke-on-Trent during wintertime.
The masonry cement, which contained a limestone filler and an air-entraining
admixture, had been applied to the internal walls of these houses as a rendering
and been covered with gypsum plaster as a finish. Where the mix had been
improperly dispersed and applied under cold damp conditions, blistering arose
within six to eight weeks with the cold damp conditions remaining prevalent.
The blisters were sometimes up to 3 cm in diameter and contained both ettringite
and thaumasite that had clearly arisen as a result of sulfate attack. The
thaumasite was in a very poor crystalline form and the limestone filler had
entered into some chemical reaction (Bensted, 1977a, 2000).

Some of the thaumasite crystals formed here appeared to produce over-
growths on some of the ettringite crystals. However, there was no evidence for
any extensive degree of solid solution between these two minerals. The lack of
expansive reaction at the plaster-cement interface with the properly dispersed
mix under ordinary conditions was attributed to low porosity, limiting the
ingress of sulfate ions, which requires continuous moisture-filled pores to be
available. The expansive effects were not observed when the masonry cement
containing limestone filler had been properly rendered and coated with plaster
under conditions that had not been cold and damp (Bensted, 1977a).

An extensive search of the technical literature at the time revealed no
experimental work explaining how thaumasite can form. As a result, a detailed
study was undertaken to synthesise thaumasite. More than 200 small-scale
experiments were carried out for up to four years at 1-4°C in air with excess
water present. Thaumasite was found to form generally under these conditions,
when there were carbonate (including atmospheric CO, in some of the
experiments), silicate and sulfate ions with sufficient calcium ions and excess
water available (Varma and Bensted, 1973; Bensted and Varma, 1973a). Under
these cold, damp conditions, samples of Portland cement (including Sulfate
Resisting Portland cement) and Portland masonry cement formed some
thaumasite. No thaumasite was formed in any experiments undertaken at
ambient temperature (ca. 20°C). During the early 1970s, examples of thaumasite
in deteriorated building materials were reported in the technical literature
(Leifeld et al., 1970; Fleurence et al., 1972).
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What is serious about thaumasite sulfate attack is that the main binding
constituent of hardened cement, C-S-H, becomes converted into thaumasite,
which is a non-binding powdery material having no inherent compressive
strength. The key question that had been raised was: why was thaumasite
formation facilitated at low temperatures? The answer to this question became
apparent from a wide range of instrumental investigations involving X-ray
crystallography (Lafaille and Protas, 1970; Edge and Taylor, 1969, 1971),
infrared spectroscopy (Bensted and Varma, 1973a; Moenke, 1964; Bensted,
1977b, 1994) and laser Raman spectroscopy (Varma and Bensted, 1973;
Bensted, 1988, 1999), which demonstrated that the thaumasite structure contains
silicon surrounded by six hydroxyl groups and not the more usual number of
four. Six-co-ordination of silicon by hydroxyl (OH groups) or directly by
oxygen is very rare (Bensted and Varma, 1973b) and normally needs high
pressure or low temperature to facilitate such a molecular arrangement. An
important characteristic of thaumasite is that, once formed, it is stable up to ca.
110°C, when it decomposes sharply to a disordered structure known as thauma-
site glass (Bensted and Varma, 1973a); it is actually more stable to temperature
changes associated with gentle heating than is ettringite, which starts to
decompose below 100°C.

With the benefit of hindsight it is apparent that, in the past, thaumasite was
often confused with carbonated ettringite because of discrepancies in data
reported in the older technical literature for DTA, optical microscopy and infra-
red spectroscopy. X-ray diffraction is normally the best technique to employ for
characterising thaumasite, because the main crystal lattice d-spacings for
thaumasite and ettringite are sufficiently far apart to enable independent
identification of both these minerals to be clearly made (Bensted, 1977b). Since
then, instrumental techniques have improved and such identification is now
easier. Not surprisingly, thaumasite has now been identified in many countries as
a deterioration product (Macphee and Diamond, 2003).

De Ceukelaire, at the University of Ghent, Belgium, made the important
discovery that the expansive capability of thaumasite formed from ettringite via
the woodfordite route (Bensted, 2003a) — as explained below in Section 4.3.2 —
is much less than the volumetric expansion of ettringite. He found that
thaumasite only occupies about 45% of the volume of ettringite from which it
has been derived (De Ceukelaire, 1989, 1990).

4 3.2 Main mechanisms of thaumasite sulfate attack

Thaumasite can be formed below 15°C (ideally at 0-5°C) by two sets of
reactions that are very slow to get going. These reactions are known as the direct
route and the woodfordite route (Bensted, 2003a). Note: Woodfordite is the
mineral name for the partial solid solution that can arise between ettringite and
thaumasite.
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In the direct route, there is a general reaction of sulfate with carbonate,
silicate (from the main cementitious binder C-S-H) and excess water in the
presence of calcium ions. The reaction is very slow and normally takes several
months to obtain a significant yield. Both the alite and belite phases provide the
binder, C-S-H, by normal hydration, which can then react with the other
ingredients to form the non-binder, thaumasite. This reaction may be represented
in a very simplified way as follows:

C3S,H; + 2CsH, + 2Cc + 24H — 2[Cc.CS.Cs.H,s] + CH 45

C-S-H gypsum calcite  water thaumasite portlandite

The portlandite formed would be expected to carbonate, reacting with atmos-
pheric CO, dissolved in the water to form more calcite and water, which in turn
could serve as reactants for producing more thaumasite:

CH+c¢— Cc+H 4.6

In the woodfordite route, the aluminate C;A and ferrite phase C4AF also
participate. The name woodfordite refers to the partial solid solution whose end
members are ettringite and woodfordite (Ramdohr and Strunz, 1967). A simpli-
fied representation of the woodfordite route is as follows:

C3A.3CS.H32 + C3SzH3 + Cc +c+xH— 2[CCCSCSH15] + CSH2 -+ 1AHX -+ 3CH 4.7
ettringite carbon thaumasite alumina
dioxide gel

The woodfordite route is also slow, but somewhat quicker than the direct route.
This situation arises because there is already an octahedral arrangement for Al
(and Fe) in ettringite, into which Si from the C-S-H can displace Al (and Fe)
initially by solid solution to form woodfordite and then to ‘overwhelm’ the Al
(and Fe) by exsolving of the latter. The portlandite formed readily carbonates to
give calcite Cc, which can serve as a reactant for producing more thaumasite.

Sulfate Resisting Portland cements, although discouraging ordinary sulfate
attack, associated with expansive ettringite formation, are no better than
Ordinary Portland cements when subjected to thaumasite sulfate attack because
the main cement binder, C-S-H, is a reactant for producing the non-binder,
thaumasite. As an illustration of this and a demonstration of the influence of
temperature on thaumasite formation, the effects of exposing hydrated
specimens of high w/c made from 50% SRPC/50% limestone powder to
MgSOy, solution (18000 mg/l with respect to SO,4) for 100 days at 5°C and 20°C
are shown in Fig. 4.2 (Francis, 1999). Magnesium sulfate attack reinforces
thaumasite sulfate attack and makes the overall deterioration worse. Both the
direct and the woodfordite routes are involved, with thaumasite and brucite
(MH) being formed as products (Bensted, 2003a).

Thaumasite is not just a form of sulfate attack, but of carbonate attack, too.
Some interesting studies have been made of the role of carbon dioxide in the
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4.2 Thaumasite sulfate attack in SRPC/powdered limestone paste specimen
exposed to MgSQy, solution for 100 days at 5°C (LHS) and absence of attack
on similar specimen exposed at 20°C (RHS).

formation of thaumasite (Collett er al., 2004). The authors have stated that
relatively high pH values, generally > 10.5, are needed for thaumasite formation
and these conditions are maintained by the continual dissolution of portlandite
from the cement hydration products in the presence of aggressive CO, and
bicarbonate ions dissolved in groundwater, suggesting a requirement for
portlandite to be present as a reactant. This, however, overlooks the fact that
other cement hydrates, such as C-S-H, also buffer the pore solution at pH values
> 10.5 so thaumasite can be expected to form without portlandite per se being
present as an initial reactant. The influence of stereochemistry seems to play a
crucial role in governing the reaction kinetics as it would appear that thaumasite
is not produced until a stable transition state intermediate can form, having six
OH ™~ groups around a highly polarising Si** cation with nearby carbonate groups
to assist in charge delocalisation away from the silicon cation, in order to give a
stable thaumasite structure.

4.3.3 Possibility of thaumasite formation under pressure at
ambient and higher temperatures

Thaumasite is normally formed at temperatures below ca. 15°C and preferably at
0-5°C, which seems to be the optimal temperature range because the solubility of
silicate, though very small (in ppm levels), is relatively greater within this tem-
perature range. A through-solution mechanism is more likely to arise under such
conditions and its existence would explain the general slowness of the thaumasite-
forming reaction, especially in the first few weeks and months. However, there is
circumstantial evidence that, in some instances, thaumasite might actually be
produced when the temperatures are above ca. 15°C (Bensted, 2001).

The possibility of thaumasite appearing at more elevated temperatures had not
been definitively proven (Luke, 1998; Bensted, 2001), but could (theoretically at
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least) arise at higher temperatures under pressure, when an arrangement of
[Si(OH)s]*~ groups might be sufficiently stable to promote formation of
thaumasite. Such a situation would be most likely to be facilitated if crystal-
lisation pressures were sufficiently high to enhance the stability of a transition
state intermediate of six OH™ ions surrounding the highly polarising Si*" cations
for sufficient time to allow thaumasite to emerge as a deterioration product.

Surveys of thaumasite sulfate attack (Diamond, 2003; Sims and Huntley,
2004) suggested that thaumasite sulfate attack might occur at temperatures
above 15°C but there was no definitive evidence given by them. The first
conclusive evidence for thaumasite forming above 15°C revealed that small
quantities of thaumasite had been produced after 720 days at 20°C by the direct
route. This was contrasted with the analagous situation at 5°C when extensive
formation of thaumasite had been observed (Malolepsy and Mrdz, 2006).This
was in accord with an earlier prediction (Bensted, 2001).

4.3.4 Means of alleviating formation of thaumasite

Notwithstanding the uncertainties regarding aspects of the mechanism of
formation of thaumasite, several measures have been suggested to minimise the
risks of TSA (Bensted, 1998), namely:

e Lower water/cement ratio as far as is practically possible coincident with
good concrete (or mortar) workability with a suitable superplasticiser in the
mix, so as to minimise internal transport of ions in the pore solution of the
hardened material.

e Reduce permeability of the concrete (or mortar) with ground granulated
blastfurnace slag (ggbs) or fly ash (pfa) additions, or else by utilising blended
cements like Portland-slag cement (e.g., CEM II/A-S) or Portland-fly ash
cement (e.g., CEM IIB-V), as given in the European standard for common
cements BS EN 197-1 (2000).

o Seck to reduce the C5S (alite) and C5A (aluminate) levels as far as is practical
or feasible.

e Amend codes of practice for producing concrete (or mortar) liable to be
exposed in sulfated environments where temperatures of 15°C or less are
likely to be encountered on a regular basis each year. This fourth
recommendation has been subsequently enacted, following the publication
of the ‘Thaumasite Expert Group Report’ in 1999.

4.3.5 The ‘'Thaumasite Expert Group Report” and its
ramifications

Because of extensive thaumasite sulfate attack found in Gloucestershire, UK
during the late 1990s, particularly on bridges on the M5 motorway, a



Chemical degradation of concrete 99

‘Thaumasite Expert Group (DETR)’ was set up by the UK government to
examine the situation. The Group reported its findings in 1999 (Department of
Environment Transport and the Regions, 1999), and this was followed by some
annual reviews. The Report covered risks, diagnosis, remedial works and
guidance on new construction. Reassurance was offered that the number of
structures in the UK potentially at risk of thaumasite sulfate attack (TSA) was
relatively small.

Importantly, TSA was distinguished from mere thaumasite formation (TF).
Small occurrences of thaumasite are widespread and do not pose any structural
risk in the overwhelming majority of instances. Nevertheless, there are occa-
sions when concrete may be apparently affected by TF upon initial inspection
but the affected zones may increase in volume over the ensuing months, in
which case the onset of TSA is suspected. In such instances, tests and remedial
action may need to be undertaken.

The Thaumasite Expert Group (DETR) Report gave guidance for both below-
ground and above-ground construction and relied considerably upon technical
investigations carried out at the Building Research Establishment in the UK
(Crammond, 2003).

The primary risk factors identified were:

Presence of a sulfate source including sulfide that might oxidise to sulfate.
Presence of mobile water (groundwater in the instance of buried concrete).
Presence of carbonate (generally found in the aggregate).

Low temperatures, generally below 15°C.

For new below-ground construction, the report recommended revision of key
guidance documents for buried concrete and revisions to British Standards on
concrete and aggregates. It also examined the issue of acceptable carbonate
levels as either aggregate or cement filler permitted within a buried concrete.
Three ranges of aggregates were defined in terms of sources that could generate
TSA in Portland cement concretes exposed to moderate levels of sulfate. The
Ranges, designated A, B and C, refer to those with sufficient carbonate to
generate TSA, low carbonate and very low carbonate respectively.

The Report dealt with the use of Portland limestone cement that can contain
6-35% by weight of limestone filler, recommending that these cements should
not be used in conditions where the sulfate concentration of the groundwater (as
SO,) was above 0.4 g/l. Also addressed was the fact that the European cement
standard BS EN 197-1 (2000) permits up to 5% limestone filler to be
incorporated in all ‘common’ cements (as defined). At the time the Report was
issued, the addition of 5% limestone filler had been found to make sulfate
resistance marginally worse at cold temperatures, when compared with the
behaviour of plain Portland cements. The Thaumasite Expert Group reported
that there was insufficient evidence to suggest that this would significantly affect
the performance of concretes or mortars in the field.



100 Durability of concrete and cement composites

For above-ground construction, TSA had been identified in the UK in lime-
gypsum plasters, sulfate-bearing brickwork, ground-floor slabs and concretes
contaminated with sulfates and sulfides. All of these types of deterioration can
be caused by failure to carry out recommended good practice, either by using
unsuitable materials for given service conditions, by poor workmanship on site,
or by failure to keep the structures dry. The Group decided that there were
already sufficient recommendations in place to combat TSA in above-ground
construction. In particular, common sulfate-bearing bricks should not be utilised
in exposed conditions, even if they are subsequently rendered, because of poor
water-tightness through poor detailing or defective rendering.

TSA may develop as long as the pore solution at the reaction front is kept
cold and is maintained at a pH of above 10.5. However, sometimes the
deterioration, once started, can continue even if the pH drops below 10.5. This
appears to be due to the situation that can arise when thaumasite becomes
unstable at around pH 7 and degrades to give secondary calcite (‘popcorn
calcite’) of irregularly shaped spheres as the ultimate deterioration product of
TSA (Crammond, 2003).

Work carried out at the University of Sheffield showed that thaumasite can
readily form at low temperatures, not just with Portland limestone cements, but
also with limestone filler (up to 5% by weight) in Portland cements (Hartshorn et
al., 1999). These results suggested that Portland limestone cements should not
be utilised where there is a high risk of TSA taking place, although they have
been employed successfully over many years in France, for example, where their
use is particularly recommended for internal walls of buildings. In such an
application, however, the temperatures are unlikely to fall below ca. 15°C over
lengthy periods and TSA is therefore unlikely to be a problem with normal
sound workmanship.

The three-year review of the Thaumasite Expert Group Report (Nixon and
Longworth, 2003) noted that new guidance documents (Building Research
Establishment, 2001; British Cement Association, 2001; BS 8500-1 and -2,
2002) have increased awareness of TSA and how to achieve preventative
measures and drew attention to various points including the following:

e Two new field cases of TSA had arisen (in the UK) in buried concrete
containing siliceous aggregates. These justify concerns expressed in the
Report that concretes whose aggregates contain little or no carbonate can be
affected by TSA if an external source of carbonate ions is available, e.g. from
groundwater where dissolved bicarbonate is continually available.

e Cements with a substantial proportion of ground granulated blast furnace slag
(ggbs) had so far been shown to offer good resistance to TSA.

In the 2005 revision of BRE Special Digest 1, it is recognised that carbonate
required for TSA can be supplied externally, principally from bicarbonates in
groundwaters (see equations 8—10, Section 4.6.2), and so the concrete quality is
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not relaxed for carbonate-free aggregates, as in the earlier version of this
guidance.

In some comments on the aforementioned three-year review, the question of
pfa in relation to ggbs for minimising TSA occurrences has been mentioned (BS
8500-2, 2002). Ggbs exhibits delayed hydraulicity, being protected by surface
films from significant reaction at the beginning of hydration, whilst pfa is not
intrinsically hydraulic and needs a source of OH™ ions to instigate pozzolanic
reactivity in the presence of Ca”" ions. Pfa may not always be effective in com-
bating TSA if the pozzolanic reaction has not already proceeded to a significant
extent to form additional C-S-H as at ca. 5°C. In such an event the pfa would
essentially act as a filler, for example if the OH" ions are depleted by reaction with
CO; to form soluble hydrogen carbonate ions: OH™ + CO, — HCO; ™~ rather than
initiating more C-S-H formation. A Portland-based cement with a high proportion
of unreacted pfa would be likely to be vulnerable to TSA in such circumstances,
since the permeability would not be satisfactorily reduced. However, formation of
thaumasite is slow and, when (as in most cases) the pozzolanic reaction is well
under way by the time thaumasite is likely to be produced, then the pfa may
perform a similar function to ggbs as an extended cement component. More
reactive pozzolans such as microsilica and metakaolin do not appear to be affected
as pfa can at times be. Initiation of extended hydration by slags and pozzolans
(like pfa) needs to be more fully investigated in the context of potential for TSA
and its minimisation. It should then be possible to achieve optimal TSA resistance
in practice under given field conditions (Bensted, 2003b).

An interesting study (Sims and Huntley, 2004) has shown that TF or TSA can
occur even when the primary risk factors (Department of Environment,
Transport and the Regions, 1999) are not all obviously present. A source of
external or internal sulfate was always present in these cases, but water was not
always abundant or mobile. There was not always a direct internal source of
carbonate and temperatures were not always low.

Results from an extensive programme of laboratory tests on concrete cubes of
water/binder ratio 0.45, made with three different cements and moist cured for
28 days before being exposed to various sulfate solutions at 5°C, have also been
published recently (Zhou et al., 2006). Some of the main conclusions of this
work are summarised below:

e For cubes stored at pH 12 in solutions of calcium sulfate (1.4g SO4/1) +
magnesium sulfate (1.6 g SO,4/1) — corresponding to Design Sulfate Class DS-
3 (Building Research Establishment, 2005) — TSA was observed within 5
months and significant damage within 12 months.

e The attack was found to be severe for cubes made with Portland limestone
cement containing 20% by weight of limestone filler, but also evident in
cubes from OPC (with 5% by weight of limestone filler), and SRPC with
neither added limestone filler nor containing limestone aggregate. It was
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therefore suggested that both SRPC and PC containing 5% by weight of
limestone filler should be used cautiously in buried concrete liable to come
into contact with sulfate-containing groundwater.

e The presence of acid did not promote formation of thaumasite. Although
thaumasite was observed in lesser amounts in cubes immersed in sulfuric acid
solution at 5°C, the nature of the corrosive attack was different from TSA. It
was suggested, however, that initial attack of concrete by acid could result in
its being highly vulnerable to TSA, should this be followed by alkaline high
sulfate conditions.

e Both C-S-H gel and calcium hydroxide were consumed during formation of
thaumasite, which was often accompanied by formation of gypsum and, when
magnesium was present, by magnesium hydroxide (brucite).

o [t is likely that the TSA observed in the buried concrete associated with the
M5 motorway in the west of England was due to the increased sulfate content
from oxidation of pyrite (iron disulfide FeS,) rather than due to low pH
associated with the production of sulfuric acid.

In conclusion it appears that, while the state-of-the-art is still not yet clearly
defined in all important respects, a great deal of new knowledge has been gained
through recent research on thaumasite formation and thaumasite sulfate attack.
When fully digested, this should help to minimise future occurrences of this
relatively uncommon but insidious form of sulfate attack.

4.4 Internal sulfate attack and delayed ettringite
formation

441 Background

During the hydration of Portland cement at temperatures around ambient,
ettringite is formed at early ages, a consequence of the use of gypsum as a set
regulator (Bensted, 2002a). Since the cement paste is still plastic, it is able to
accommodate the volume changes associated with the conversion of precursor
phases to ettringite and significant expansion is not observed unless excessive
levels of sulfate are present in the mix materials. Most national and international
standards therefore put restrictive limits on the sulfate contents of cements (and
on C3A contents), as well as on the soluble sulfate contents derived from
aggregates, etc., in order that the formation of ettringite is virtually completed at
about the time of setting and does not generate stresses that could cause what is
sometimes referred to as ‘internal sulfate attack’ in concrete subjected to curing
at normal ambient temperatures (Skalny et al., 2002).

However, if Portland cement with a sulfate content within the normal
accepted limits is cured at elevated temperatures, ettringite is destabilised and
does not form at early age. Instead ‘delayed ettringite formation’ (DEF) takes
place on subsequent cooling of the concrete concerned and, in some circum-
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stances, this may cause significant expansion, which represents a particular form
of ‘internal sulfate attack’. German guidance suggests that expansion from DEF
can be avoided if concrete is not heated above 60°C (Deutsche Ausschuf3 fiir
Stahlbeton, 1989).

QXRD results for ettringite formation in a mortar cured at 20°C and 100°C
(Yang et al., 1999) are shown Fig. 4.3(a), with corresponding expansion data in
Fig. 4.3(b). Similar results were found by Scrivener and Lewis (1996). Whereas
at 20°C, substantial ettringite is produced within one day with no expansion,
upon heat curing, ettringite formation is delayed until about 25 days and is
followed by expansion over the period 25 days to 400 days. Cement hydrated at
either room temperature or elevated temperatures contains similar amounts of
ettringite after sufficiently long storage times. Thus, the presence of ettringite in
concrete which has undergone expansion is not a sufficient indicator to diagnose
DEF damage. During the heat curing regime, the components of ettringite must
be stored, and it is suggested that excess sulfate sorbs onto C-S-H gel while
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4.3 (a) Ettringite contents of cement pastes in mortars cured at 20°C and 100°C
(data taken from Yang et a/., 1999). (b) Corresponding expansion data for
mortars cured at 20°C and 100°C (data taken from Yang et a/., 1999).
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aluminate either forms AFm type phases or is sorbed on the C-S-H gel. Note that
much of the Al analysed in regions of C-S-H gel can be shown by NMR to be
incorporated into the silicate chains.

The state of the art was reviewed comprehensively by Taylor et al. (2001)
and Famy et al. (2002a) and there are significant sections as well as two case
studies concerning DEF in the recent book by Skalny et al. (2002). There is
some confusion in the terminology used by different authors, with the terms
‘delayed ettringite formation’, ‘secondary ettringite formation’ and ‘ettringite
reformation’ all used. Skalny ef al. (2002) have suggested that it would be more
consistent to refer to DEF as ‘Heat induced internal sulfate attack’ but here we
follow current convention and use ‘DEF expansion’ to refer to formation of
ettringite, delayed because of heat curing, that leads to expansion of cement
paste, mortar or concrete, in the absence of an external sulfate source. The
environment of the cement paste plays a significant role in the likelihood of
expansion following a heat cure (see, for example, the section on alkalis below),
so the suggestion of the use of ‘internal’ is perhaps in some ways misleading.
DEF described here only refers to internally generated ettringite.

4.4.2 Factors affecting severity of DEF

DEF is a fairly weakly expansive mechanism, and so is likely to be less severe in
dense flaw-free pastes and concretes. This is clearly seen by the significant
effect of the constraint present around cement paste on the onset and magnitude
of expansion. Grattan-Bellew et al. (1998) showed that, for ASR-inactive quartz
aggregate, the rate of expansion was inversely proportional to the mean
aggregate size. Lawrence (1995) tested a range of mortars made from limestone
and silica sands, observing that replacement of the coarse fraction of the
siliceous sand with limestone was particularly effective in limiting expansion,
presumably because the bond to limestone was much better. Lower expansions
were also seen for cement pastes than for the corresponding concretes (Yang et
al., 1996). Indeed Diamond and Ong (1994) showed that the use of an ASR-
active aggregate induced ASR damage around the aggregate, weakening the
concrete and making it more susceptible to DEF expansion. Thermal cycling,
which might also be expected to cause micro-cracking at interfaces, has also
been shown to increase the rate of expansion, although not significantly
changing the time of onset or the overall expansion amount (Fu ef al., 1997).
While much data have been obtained detailing the expansion of mortars and
concrete, fewer data are available regarding strength development in systems
suffering from DEF expansion. Lewis (1996) tested mortars made from a range
of cements (w/c = 0.5 and sand/cement = 3) and measured compressive strength
and weight gain on wet storage against expansive behaviour. Expansion data
were measured on 16 mm by 16 mm by 160 mm bars, while the other properties
were measured from 25 mm cubes, so there is some expected variation between
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samples, particularly as different storage containers were also used, implying
that samples may have experienced different alkali levels in the storage
solutions (see below). At 20°C, all mortars were non-expansive and reached
compressive strengths of approximately 50 MPa with a weight gain at early age
of approximately 1%. Some samples cured at 90°C did not expand; these
samples also gained approximately 1% mass and reached around 3040 MPa.
The weight gain was attributed to consumption of water by hydration, and the
lower ultimate strength from heat curing to a coarser microstructure. Mortars
made from some cements expanded at 90°C and these gained weight and
strength initially in a similar manner to the non-expansive mortars. However,
drops in strength and significant additional weight gains took place coincident
with expansion.

The timing and duration of heat curing is important. Very long (>24h at
90°C) heat curing leads to delayed or reduced expansion (Lawrence, 1995)
presumably because the components needed for the delayed ettringite formation
chemically react to form other products (for example hydrogarnets) and are no
longer available. Similar results were found by Famy (1999). It is also found that
delaying the heat curing process leads to much reduced expansion (Famy ef al.,
2002b), and it is postulated that this is because the bulk of the C-S-H is then
formed at 20°C and only C-S-H formed at 90°C can store sufficient aluminate
and sulfate to promote subsequent DEF expansion.

It is not possible to predict the expected behaviour of a material solely from
the composition of the cement used, although composition clearly is one
important factor as demonstrated by Kelham (1996a). For example, high levels of
alkali destabilise ettringite relative to AFm more than lower levels do. The ratio
of aluminum to sulfur is important in determining the expected final phase
assembly. However the silicate components of the cement are also very important
since it appears that, prior to ettringite reformation, sulfur (and possibly
aluminium) must be stored by adsorption on to the C-S-H gel component of the
hydrates. DEF appears to be associated with reactive cements which give high
early strength (Kelham 1996a,b), suggesting that substantial amounts of C-S-H
gel must be formed during the heat curing in order to sorb sufficient sulfate to
allow subsequent formation of sufficient quantities of ettringite within the outer
product C-S-H gel to cause DEF expansion (Taylor et al., 2001; Famy, 1999).

Some workers have suggested that slow release of sulfates from clinker
sulfate phases may lead to late formation of ettringite and expansion. However, a
study by the PCA of the solubility of sulfate in a range of North American
cements (Klemm and Miller, 1996) showed that, in 33 cements tested, nearly all
of the sulfate was released while the concrete remained plastic. Thus slow
release of sulfate was unlikely to be a major cause of DEF. Indeed slow release
of sulfate might also be expected to cause expansion at room temperature but
results by many investigators (e.g., Kelham, 1996a,b; Yang et al., 1996, 1999;
Famy, 1999) do not show such expansion.
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Another important factor in DEF is the storage environment. As in the case of
ASR, very high relative humidities are needed for expansion to occur. Famy et
al. (2001) showed that wet storage led to a more rapid expansion than storage
above water. This is easily explained, since ettringite has a very high water
content and is unstable at low relative humidities. Famy et al. (2001) also
showed that the ionic strength of the storage solution was important. Storage of
bars in solutions of high alkali content reduced or delayed expansion. They
postulated that, if high alkali levels were maintained in the pore fluid, then
ettringite was destabilised and its reformation delayed. An alternative explana-
tion of this phenomenon can be envisaged if DEF involves an osmotic
mechanism since a high external ionic strength would impede osmotically
induced expansion.

This sensitivity of DEF to the storage environment is important practically
since, in many studies of DEF, bars cast at various times and ages have been
stored in a common water bath with the alkali concentration gradually
increasing as pore fluid from the various bars leached into the water. Thus the
storage conditions varied for bars cast at different times. Testing for expansion
should always be carried out with care taken over the storage conditions. For
example, all bars could be stored in their own containers, each with a fixed
quantity of water. The sensitivity to alkali leaching might also explain why DEF
has been a particular problem in environments such as railroad sleepers and
abutment walls, where water flow and leaching can take place.

4.4.3 Microstructural features and proposed mechanisms of
DEF expansion

Samples which have undergone DEF exhibit a characteristic microstructure after
expansion, in which clear rims are seen around aggregate particles, largely filled
with oriented ettringite. To some degree the thickness of the rims follows the
size of the aggregate particles, although not all rims are continuous or filled and
there are additional cracks through the cement paste. The diversity of
microstructures seen is discussed by Taylor ef al. (2001).

Materials subjected to heat curing have a significantly altered microstructure
when compared with materials cured at ambient temperature. Heat curing causes
a rapid production of hydrates at early age, and leads to the formation of dense
rims around the larger cement particles. Smaller cement particles fully react,
often leaving Hadley-grain-like (Barnes et al, 1978) features behind. These
features persist to late age, with samples having much coarser and more open
microstructures compared to samples cured at room temperature. In many cases,
the rims around large cement grains are found to consist of distinguishable
concentric rims of hydrates, which have different densities, formed at different
stages of the curing process. For example, Famy et al. (2002b) have shown the
presence of two or even three toned rims. The material formed during heat
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curing is brighter in backscattered electron images of polished sections in the
scanning electron microscope due to its higher density (Famy et al., 2002c),
while hydrates formed subsequent to the heat cure are darker because they have
a lower density. These differences in microstructure and density no doubt
account for the observation that materials that have been heat cured attain lower
ultimate strengths than companion samples cured at room temperature, even
where DEF expansion and strength regression do not occur.

At both ambient and elevated temperature, ettringite ends up present in voids
in the microstructure, so the presence of large deposits of ettringite is an
insufficient indicator for the diagnosis of DEF. The characteristic pattern of rims
around aggregate must also be present, along with evidence of the concrete
having been heat cured.

Analyses in the SEM can be used to probe the microchemistry taking place in
samples. Samples cured at room temperature are found to have ettringite and/or
AFm deposits mixed in with the outer C-S-H from early age. In contrast, in heat
cured samples, only admixture of AFm is seen, while the Al and S from
ettringite that would have formed are sorbed on to the C-S-H. Work by Lewis
(Lewis, 1996 summarised in Scrivener and Lewis, 1996) showed that expansive
and non-expansive materials could be distinguished by the level of sulfate
adsorbed on to the inner C-S-H (measured in the rims present around the largest
cement grains).

More recently, Famy (1999) extended this work and showed that, for samples
in which expansion took place, there were significant levels of AFm present in
outer product C-S-H, along with high levels of sulfate sorbed on to inner and
outer product C-S-H. She proposed that the expansion was caused by conversion
of AFm present in small pores into ettringite. This led to expansion of the paste
and the onset of damage. Subsequently ettringite migrated to the aggregate rims
where large visible deposits were found. In order for damage to occur, t