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Preface

Concrete has been by far the most widely used construction material in the
world for most of the last 100 years, and this is unlikely to change in the
foreseeable future. However, concrete science and technology have changed
considerably over this time, and the rate of this change has accelerated
greatly over the past several decades. There are a number of reasons for this
change, including

* A much more detailed understanding of the hydration reactions and
the microstructure (and now the nanostructure) of the hardened
cement paste and their relationships with engineering properties,
which has permitted change based on science rather than on “trial-
and-error” experimentation

¢ The development of much more efficient superplasticizers

® The introduction of fiber-reinforced concrete

¢ Increasing demands for specialized concretes which require enhanced
concrete properties, that is, self-compacting concretes, concretes that
can be pumped to heights of over 600 m, concrete strengths of over
200 MPa, increased rates of strength gain, and so on

e Growing demands by infrastructure and building owners for
“maintenance-free” concrete structures that have an assured service life

As a result, the concretes that we use today are very different from those
that the three authors of this book first worked with about 40 years ago.
However, the great progress achieved in cement and concrete technology
over this time has come with a price: today’s concretes are much more sensi-
tive to exactly how they are proportioned, mixed, placed, and cured. Despite
our increased knowledge, the number of material failures in concrete con-
struction does not appear to have decreased over this time. One of the con-
tributing factors to this state of affairs is the increasing demand for more
sustainable concrete, which in turn has led to the use of higher replacement
levels of the Portland cement, and a much wider array of cement extend-
ers (fillers and/or supplementary cementing materials). Unfortunately, the
long-term behavior of these more complex concretes is often uncertain.

XVii



xviii Preface

The most effective ways of making concrete more sustainable are by
substantially increasing not only the amount of cement replacement,
but also the service life of the concrete, that is, by increasing its durabil-
ity. Therefore, this book is aimed mainly at the practicing engineer who
increasingly is faced with durability issues in concrete design and construc-
tion. Currently, emphasis is shifting inexorably to “design for durability,”
and there is growing pressure from owners and infrastructure agencies for
designers and constructors to actually deliver durable concrete! Engineers
need tools to handle these challenges. This book provides an up-to-date
survey of durability issues, including durability design and specifications,
and how to achieve durability in actual concrete construction. The aim is to
gather together aspects of concrete durability that presently are dispersed
over diverse texts and sources, into one useful book. More specifically, the
objectives are the following:

¢ To place durability into the context of modern concrete design and
construction

e To summarize in understandable terms how and why concrete
deteriorates

* To provide information on modern concrete materials and how they
can be used to produce durable concrete

e To give a background to current philosophies around durability
design and specifications, with reference to both European and North
American practice

e To provide a clear understanding of how to achieve durability in
actual construction

We hope that this book will be a valuable resource not only for designers
and constructors of concrete structures, but also for students in graduate-
level programs in universities and colleges.

Mark Alexander
Arnon Bentur
Sidney Mindess
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Chapter |

Introduction

Concrete is by far the most common and widely used construction material.
It is versatile, adaptable, economical, and, if properly made, durable. Its
constituents (primarily Portland cement, aggregates, and water) are widely
available. Indeed, next to water, it is the most widely used material in the
world (Table 1.1), with perhaps 10 billion cubic meters produced annu-
ally (Felice, 2013), and this is unlikely to change much in the foreseeable
future. Indeed, reinforced concrete accounts for more than half of all of
the manufactured materials and products produced worldwide (Scrivener,
2014). However, a great deal of energy is required for the pyroprocessing
of Portland cement. Of greater concern, a large amount of CO, is liberated
in the production of Portland cement; depending on the plant efficiency,
the quality of the raw materials, and the proximity of the cement plant
to the raw materials, approximately 0.8 tons of CO, are released into the
atmosphere per ton of Portland cement produced. Because of the huge vol-
umes of concrete produced, this amounts to about 5%-8% of the world’s
total CO, emissions.

Though these numbers may seem alarming, it must be emphasized that,
in terms of its carbon footprint, concrete is in fact a low-impact material.
Concrete is a remarkably good and efficient construction material; if it was
to be replaced by any other material, this would have a bigger carbon foot-
print. Concrete itself has a large carbon footprint simply because of the huge
quantities of the material that are produced. Relative figures for the embodied
energy and CO, emissions for some common building materials are shown
in Table 1.2 (taken from Scrivener [2014], using data from Hammond and
Jones [2008]). (Note: These figures are per kilogram; they do not take into
account differences in specific strength of the various materials.)

It must also be noted that concrete is an inherently durable material.
Of course, we no longer subscribe to the view that “a reinforced concrete
structure will be safe for all time, since its strength increases with age, the
concrete growing harder and the bond with the steel becoming stronger”
or that “its life is measured by ages rather than years” (Thompson, 1909,
p. 12). However, if concrete is correctly designed to operate in the envi-
ronment to which it will be exposed, and if it is properly batched, placed,
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Table I.I Annual worldwide production of materials, 2014 (tonnes)

Portland cement 4.3 billion
Concrete (estimated) ~23 billion
Coal ~7.8 billion
Steel 1.66 billion
Wood ~2.2 billion
Crude oil ~4.2 billion
Wheat 709 million
Salt 270 million
Sugar 173 million
Gold 2860

(The total amount of gold produced throughout all of world
history would occupy about a 21-m cube!)

Table 1.2 Embodied energy and associated CO, emissions for some common
construction materials

Material Embodied energy (M]/kg) CO, (kg CO,lkg)
Normal concrete 0.95 0.13
Fired clay bricks 3.00 0.22
Glass 15.00 0.85
Wood (plain timber) 85 0.46
Wood (multilayer board) 15 0.8l1

Steel (from ore) 35 28

Source: Adapted from Scrivener, K. L., 2014, Options for the future of cement, The Indian Concrete
Journal, 88(7), | |-21; From data of Hammond, G. P. and Jones, C. I., 2008, Embodied energy
and carbon in construction materials, Proceedings of the Institution of Civil Engineers—Energy,
161(2),87-98.

and cured, it can perform its design function for a very long time. The
Pantheon (Figure 1.1) and the Pont du Gard (Figure 1.2) are testaments
to the potential longevity of concrete structures. In more recent times, the
Ingalls Building, Cincinnati (Figure 1.3) was the world’s first reinforced
concrete skyscraper, standing 16 stories (64 m) high. The 6-story Hotel
Europe, Vancouver (Figure 1.4), the first reinforced concrete structure in
Canada, was built in 1908-1909. The Hoover Dam on the Colorado River
(Figure 1.5), constructed in 1931-1936, was the largest concrete structure
built to that time, using some 2,480,000 m? of concrete. These structures,
and many others also still in use, are further examples of the potential
extended service life of concrete.

The deterioration of concrete may be due to chemical, physical, or
mechanical factors; these factors may be internal or external to the concrete
structure. We will here be concerned primarily with the chemical and physi-
cal factors, which are the ones most influenced by the environment to which
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Figure I.I The Pantheon, Rome, ~126 AD. (Courtesy of Katherine Mindess.)

the concrete is exposed. It must be emphasized that the various deteriora-
tion factors rarely occur in isolation; most commonly, several of these will
act upon the concrete at the same time, and this will exacerbate the concrete
deterioration. Unfortunately, there has been relatively little research dealing
with the simultaneous action of two or more deterioration mechanisms, but
it is clear that their effects are not simply additive. Chapter 4 provides more
detail on important concrete deterioration mechanisms.

The mechanisms involved in the environmental deterioration of cement
and concrete are by now well known, and there are a number of books
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Figure 1.2 The Pont du Gard at Nimes, France, built ~40—-60 AD.

(and countless papers) that describe these mechanisms in detail. Why then
still another concrete durability book? The focus here is not so much on
the details of the chemical and physical processes that lead to concrete
deterioration, though many of these will inevitably be reviewed briefly.
Rather, the focus of this book is on the interrelationships among durability,
sustainability, and economics.

“Concretes” (materials made using aggregates, a binder material, and
water) go back many millennia, at least 6,000-12,000 years, when lime
mortars were used in Crete, Cyprus, Greece, and other parts of the Middle
East. Somewhat later, gypsum mortars were used by the Egyptians in the
construction of the Pyramid of Cheops (about 4700 years ago). The Greeks
and Romans made extensive use of lime—pozzolan mortars; the Pantheon
and the Pont du Gard at Nimes, amongst many others, attest to their mas-
tery of concrete construction. However, “modern” concretes only go back to
the early nineteenth century, when Joseph Aspdin, a Leeds builder, patented
a material that he called “Portland cement.” This was subsequently modi-
fied by his son William to produce a cement very close to that in use today.

When the authors of this book were first introduced to concrete, in the
1960s and 1970s, it was still a relatively simple material, at least in terms
of its constituents. Supplementary cementing materials (SCMs) were still
not in common use, and there were only a few chemical admixtures: air
entraining agents, water reducers, retarders, and accelerators. Concrete
consisted of “pure” Portland cement, aggregates, and water, plus perhaps
one or two of the chemical admixtures mentioned. In most cases, not much
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Figure 1.3 The Ingalls Building, Cincinnati, the first “skyscraper” at 16 stories, 1903.
Its construction accounted for about 0.5% of all of the cement used in the
United States in 1902—1903! (Courtesy of Collection of the Public Library of
Cincinnati and Hamilton County.)

was demanded of such concretes: a slump of 75-100 mm and a compres-
sive strength in the range of 15-30 MPa. Durability was only a secondary
consideration in the mix design procedures of those days, and the concept
of sustainability had not yet penetrated the minds of civil engineers and
architects.

How much has changed since then! Strength per se is no longer much of
an issue. With the widespread availability of SCMs, superplasticizers, and
various other admixtures, it is not difficult to achieve strengths of 100 MPa
or more. Paradoxically, however, these advances in concrete science and
technology, along with minor changes in the composition of the Portland
cement, have led to concretes that are less “forgiving” than those in earlier
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Figure 1.4 The Hotel Europe, Vancouver, the first reinforced concrete structure in
Canada, 1908-1909. (Courtesy of Katherine Mindess.)

days. That is, today’s concretes are much more sensitive to their detailed
chemistry, and how they are mixed, placed, and cured. As a consequence,
they can be more prone to durability problems; this is particularly the case
for high-performance concretes made with several SCMs, superplasticizers,
and low water/binder ratios (see Chapter 3 for a more detailed discussion).

There has been a great deal of focus in recent years on how to make
concretes more sustainable, particularly in terms of their carbon footprint.
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Figure 1.5 The Hoover Dam on the Colorado River, then the largest concrete structure
in the world, requiring 2,480,000 m* of concrete, constructed from 1931 to
1936. (Courtesy of the United States Bureau of Reclamation.)

There are a number of approaches which may be taken. The simplest is to
replace as much Portland cement as possible with other binder materials,
such as fly ash, slag, and other pozzolanic materials. Fillers such as finely
ground limestone may further reduce the Portland cement content. Using
fly ash, up to 50% of the Portland cement may be replaced, though such
cements cannot be used to produce very high strength concretes, or con-
cretes that must have a high rate of early strength gain. Some blast furnace
slags can be used at replacement rates of up to about 80%.

It has also been shown that, by very carefully controlling the particle size
distribution of the concrete, and thereby optimizing the particle packing
density (Fennis and Walraven, 2012), significantly lower cement contents
can be used without adversely affecting the concrete properties. However,
optimizing the particle packing for a given suite of materials can be time
consuming (and costly), and very careful attention must be paid to qual-
ity control during production of the concrete. Because of the complexity
of such mixes, they are very sensitive to just how they are produced and
placed.

Much current research on concrete sustainability has focused on the use
of various SCMs in conjunction with the appropriate chemical admixtures.
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While this can certainly help to reduce CO, emissions, a more effective
way of improving the sustainability of concrete is to make it more dura-
ble, that is, to increase the effective service life of the concrete structure.
Ideally, this involves not only the design of the concrete mixture but also
the design of the structure itself. Increasingly, specifications for concrete
structures are beginning to contain clauses requiring a service life of
100 years, or even longer. Unfortunately, there is no general agreement on
just what this means, on how to “guarantee” a specific service life, or on
what tests should be carried out to confirm that the specified requirements
have been met.

Building codes and standards are not particularly helpful in this regard.
Service life is defined in rather vague terms, for example,

CSA-S6-14 (2014): The actual period of time during which a structure
performs its design function without unforeseen maintenance and
repair.

ACI 365 1R-00 (2000): Service life...is the period of time after...place-
ment during which all the properties exceed the minimum acceptable
values when routinely maintained.

fib Bulletin No. 34 (2006): Design service life—assumed period for
which a structure or a part of it is to be used for its intended purpose.

Contract documents are little more specific, for example,

...perform its design function without significant repairs, rehabilitation
or replacement.
Service life shall be defined as the time in service until spalling of the
concrete occurs.

None of this really provides much guidance for the people charged with
specifying the concrete or designing the structure. There is little or no atten-
tion given to the trade-offs between incremental initial costs to achieve
durability and future costs of maintenance and rehabilitation. Indeed,
while the level of maintenance and rehabilitation is crucial to predictions
of service life, they are generally only vaguely defined. Finally, there is no
real guidance on how to define or evaluate the “end of service life,” since
the tests and technologies that might be applied 100 years hence are largely
unknown. One can foresee a lucrative future for lawyers and “experts”
when these issues are litigated a century from now!

The first reinforced (with iron) concrete structure was a four-story house
built in Paris in 1853 by Francois Coignet (Figure 1.6, Bajart, 2010), and
this may provide a case in point for the difficulties alluded to above. What
would have happened if Coignet had specified a 150-year service life for
this house? How would it have been designed in the nineteenth century to
conform to the requirements of the twenty-first century? It probably would
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Figure 1.6 First house built with reinforced concrete, by Francois Coignet, Paris, 1853; now
in a state of serious disrepair. (Courtesy of Bajart, E., 2010, Maison de Francois
Coignet, available at: http://commons.wikimedia.org/wiki/File%3AMaison_
Fran%C3%A70is_Coignet_2.jpg, accessed on February 27, 2016.)

not be in the sorry state that it is in now if “significant repairs” had been
carried out in a timely fashion, but how could they possibly have been
able to specify this, and who would be responsible today for enforcing this
specification?

The purpose of this book, then, is to try to elucidate the links between
the behavior of concrete as a material, and the durability, sustainability,
and cost of the structures for which it is to be used. Currently, a number
of different organizations, such as ACI, RILEM, ib, and various national
bodies are grappling with these issues, but there is as yet no common
approach. It is hoped that this book may help to inform these discussions.
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Chapter 2

Concrete as a modern
construction material

2.1 OVERVIEW

The properties and structure of concrete have been thoroughly covered in
various textbooks and reference books, addressing the engineering and sci-
entific aspects (Mindess et al., 2003; Mehta and Monteiro, 2006; Aitcin,
2008; Aitcin and Mindess, 2011). The objective of this chapter is to provide
a short overview, with particular emphasis on issues that are related to con-
crete durability, which will be referred to later in this book.

Concrete is essentially a composite material consisting of a particulate
aggregate phase embedded in a continuous paste matrix, which binds the
whole mass together. The overall properties of this composite depend on
the characteristics of each of the components and the interaction between
them at their interfaces. This is clearly demonstrated in the mechanical
response of concrete (Hsu et al., 1963), in which each of the components is
linear elastic while the overall concrete behavior is nonlinear (Figure 2.1).
This nonlinearity is due to the formation of internal microcracks, which
start at the aggregate—paste interface and propagate into the matrix as load
is increased (Glucklich, 1968).

These microcracks may have a detrimental effect on durability as they can
provide access to deleterious materials. However, their formation may also
provide a positive influence by allowing for some relaxation in the stresses
that develop upon concrete drying in restrained conditions. Shrinkage
takes place both during the hardening of concrete and later on when it is
exposed to dry environmental conditions. The cracks, if kept below about
100 pm in width, may not be detrimental, as the penetration through them
is not much greater than that through the matrix (Figure 2.2).

When the crack is sufficiently small in width, it consists of surfaces that
are tortuous and may come into contact with each other at some points,
thus providing interlocking which can enable partial stress transfer across
the crack. Therefore, the control of cracking through considerations of
fracture mechanics and ductility enhancers, such as reinforcement by fibers
or incorporation of polymers, can provide means for enhancing durability
performance.
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Aggregate

Concrete

Cement paste

Stress
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Figure 2.1 Schematic description of the stress—strain curve in compression of concrete
and its components. (Based on concepts of Glucklich, J., 1968, Proceedings of
International Conference on the Structure of Concrete, Cement and Concrete
Association, London, UK, pp. 176—185.)

Relative permeability, log scale

0 50 100 150 200 300
Crack width, pm

Figure 2.2 Effect of crack width on penetration relative to matrix penetration. (After
Bentur, A. and Mitchell, D., 2008, Materials performance lessons, Cement and
Concrete Research, 38, 259-272.)
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If cracking is under control, the most important parameter for the
mitigation of degradation processes is the density of the concrete matrix,
which can be produced to be of low porosity. This is achieved by control-
ling its physical and chemical parameters, such as the water/cement (w/c)
ratio, particle size distribution, and the chemical nature of the binder. The
use of physical means alone to reduce w/c ratio to obtain a dense concrete
can become a valuable tool for the control of deleterious chemical reactions
such as sulfate attack (Figure 2.3). This approach can be used to eliminate
the need for the use of cements of special chemical composition, such as
sulfate-resistant cements.

The challenge of achieving a low wi/c ratio lies in the ability to design
concrete mixes with relatively low water content while preserving the work-
ability of the fresh concrete. Thus, achieving durability control requires the
use of rheological concepts to develop new workability control technologies
and their successful incorporation in the mix design.

A modern materials science approach is currently used in its most com-
prehensive sense to control the fundamental properties of concrete and
through it to provide tools for the design of durable concrete structures.
Some of the more significant aspects will be reviewed here, addressing
(i) hydration, paste matrix microstructure, and pore solution composi-
tion; (ii) control of the concrete composition and microstructure to provide
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Figure 2.3 Effect of cement content and composition on the resistance to sulfate attack:
higher cement content is associated with lower w/c ratio; for the 390 kg/m?3
cement content, the resistance to sulfate attack of normal cement having
high C;A content is equivalent to that of sulfate-resistant cement having low
C,A content. (Adapted from Soroka, I., 1993, Concrete in Hot Environment,
E&FN SPON; Based on Verbeck, G. J., 1968, Field and laboratory studies of
the sulphate resistance of concrete, in Performance of Concrete, G. E. Swenson
(ed.), University of Toronto Press, Toronto, Canada, pp. [13-124.)
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mixes that are dense and workable; and (iii) developing systems in which
deformations are under control and cracking is minimized.

2.2 HYDRATION, MICROSTRUCTURE, AND
PORE SOLUTION COMPOSITION

2.2.1 Range of binder compositions

The active compounds in Portland cement, providing the strength and
engineering characteristics to the concrete, consist mainly of calcium
silicates produced in a kiln at high temperatures. The calcium silicate com-
pounds can assume a range of compositions and their activity increases
with the increase in the calcium content in the compound. In the case of
Portland cement, the main two calcium silicate compounds are C;S and
C,S (shorthand notation where C stands for CaO, S for SiO,, and H for
H,0), and upon reaction with water (hydration reaction), they produce
C-S-H gel (amorphous in nature) and CH, which is in a crystalline form,
following the equation below:

(C55,C,S) + H — C—S—H + CH (2.1)

The rate of reaction of the C;S is higher than that of the C,S, and the
C-S-H formed has an average C/S ratio of about 1.5, which is similar
for the hydration of both C;S and C,S. Thus, from stoichiometric con-
siderations, the hydration of C;S produces more crystalline CH than that
of C,S. The C-S-H gel in its amorphous form has a very high intrinsic
surface area, which provides sites for strong physical interactions across the
surfaces. This is the main mechanism by which the hydration products bind
the whole mass of the matrix and the aggregates into the solid hardened
concrete. The other principal phases in Portland cement, C;A, and C,AF
(shorthand notation: C for CaO; A for Al,O;; and F for Fe,0;) also react
with water. The C;A reaction takes place early on at a very high rate, but
the hydration products of both the C;A and the C,AF do not have signifi-
cant binding properties.

The compounds of Portland cement form in the cement kiln at about
1450°C from a raw feed that consists largely of limestone, quartz, and
clays. The range of compositions characteristic of Portland cement is shown
in Figure 2.4 on the ternary CaO-Si0,-Al,0; diagram. They are posi-
tioned close to the CaO corner, where the compounds are richer in CaO
and thus exhibit high hydraulic reactivity.

High-temperature compounds other than Portland cement, which
are lower in CaO (shown in Figure 2.4), can be obtained in a variety of
industrial processes, such as burning of coal for energy production and
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Figure 2.4 Ternary CaO-SiO,-Al,O; diagram showing the composition of Portland
cement and other materials (mineral additives) that are incorporated with
Portland cement in a variety of blends. (After Bentur, A., 2002, Cementitious
materials—Nine millennia and a new century: Past, present and future,
ASCE Journal of Materials in Civil Engineering, 14(1), 2-22.)

high-temperature treatment of iron ores to produce steel, in which the
byproducts obtained are fly ash and blast-furnace slag (BFS), respectively.
The range of their compositions is also described in the ternary diagram
(Figure 2.4). Additional materials included in this category are silica fume
and metakaolin, also produced by heat treatments, and natural pozzolans
produced in volcanic eruptions. All of these have little or no reactivity with
water on their own, but they can be activated by Portland cement or alka-
line solutions. These nonhydraulic classes of materials are referred to gener-
ically as “mineral additives” or “supplementary cementitious materials.”
In concrete technology, these materials are usually mixed with Portland
cement, either as components in blended cement (Table 2.1) or by direct
addition to the concrete mixer. They react with the CH liberated by the
Portland cement hydration to form a range of products. Most of these prod-
ucts are amorphous in nature and their composition is largely of calcium
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silicate hydrate gel, C—S—H, having cementing properties similar to the
C-S-H formed during Portland cement hydration, but usually of lower C/S
ratio. These products can incorporate within them some Al and Fe ions.

2.2.2 Microstructure and pore solution composition

The specific volume of the hydration products is about twice that of the
cement grains from which they have been formed. Thus, they have the abil-
ity to fill the space between the cement grains that was occupied by water,
as shown schematically in Figure 2.5. In systems with higher w/c ratio, the
spacing between the grains is larger, and as a result, not all of it is filled by
hydration products and pores remain in the hardened materials, which is
therefore more porous (Figure 2.5).

The more porous material is both weaker and more permeable. The basis
of modern concrete technology is the control of strength and permeability
by means of the wi/c ratio, as shown in Figure 2.6.

The strength and permeability depend not only on the w/c ratio but also
on the extent of hydration that needs to be as high as possible in order to
materialize the potential of the concrete. This requires proper water curing
until sufficiently dense structure is achieved, as demonstrated in Table 2.2.

Unhydrated -

\ ¢
— s \Q

Cement

Water

Hydrated

Hydration
: \ products

Cement
grains

High w/c ratio (£0.70) Low w/c ratio (£0.40)

Figure 2.5 Schematic presentation of the pore filling of hydration products in different
w/c ratio pastes. (After Bentur, A., Diamond, S., and Berke, N., 1997, Steel
Corrosion in Concrete, E&FN SPON/Chapman and Hall, UK\)
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Figure 2.6 Effect of wic ratio on strength and permeability.

The structure formed can be described in terms of pores and hydration
products, largely C-S—H, which consists of nanometric size foils that are
grouped together without any particular order, as shown schematically in
Figure 2.7.

This simplified model can serve to calculate the volume of pores and
their relative content for a given w/c ratio and degree of hydration; from
there, an estimate of properties can be made in terms of the solid space
ratio. The outcomes with regards to strength and permeability are shown
schematically in Figure 2.8.

The spaces between the foil-like particles are small, in the range of
10 nm, and water is bound to their surfaces by physical forces. Drying of
water from these spaces results in overall shrinkage, which is induced by
forces of attraction between the surfaces of the foils. The attractive forces
become larger as the shielding induced by the presence of H,O molecules is
reduced upon their removal by drying.

Table 2.2 Effect of duration of curing on the relative permeability of
0.70 w/c ratio cement paste with the progress of hydration

Age (days) Relative coefficient of permeability
5 1.0000
6 0.2500
8 0.1000
13 0.0125
24 0.0025
Ultimate 0.0015

Source: Adapted from the data of Powers, T. C. et al., 1954, Permeability of

Portland cement paste, Journal of the American Concrete Institute,
Proceedings, 5,285-298.
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Figure 2.7 Schematic description of the structure of hydrated cement showing the
C—-S—H particles, interlayer water, and capillary pores. (After Bentur, A,
2002, Cementitious materials—Nine millennia and a new century: Past,
present and future, ASCE Journal of Materials in Civil Engineering, 14(1), 2-22;
Adapted from Feldman, R. F. and Sereda, P. J., 1968, A model for hydrated
Portland cement paste as deduced from sorption length change and mechani-
cal properties, Materials and Structures, 1, 509-520.)
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Figure 2.8 Solid/space ratio and relations with strength and permeability; the shaded
area shows the typical values in hydrated cement paste. (After Mehta, P. K.
and Monteiro, P. J. M., 2006, Concrete Microstructure, Properties and Materials,
3rd edition, McGraw-Hill, by permission of McGraw-Hill Education.)
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Figure 2.9 Hydrated calcium silicate grain showing the denser C—S—H formed within the
original grain boundary (D) and the more porous C—-S—H outside the grain
boundary (P). (After Aitcin, P. C., 2008, Binders for Durable and Sustainable
Concrete, Taylor & Francis.)

Modeling of the hydration products as a uniform and homogeneous
medium is adequate for engineering-type calculations such as the ones
used to obtain Figure 2.8. Yet, the assumption of homogeneity does not
reflect the actual microstructure as observed in the electron microscope
(Figure 2.9). Unhydrated grains can be seen as well as various types of
C-S-H gel, with the denser C-S—H formed within the original boundar-
ies of the reacting cement grain and the more porous C—S—H beyond its
boundaries.

The nonuniform nature of the hydration products is especially evident
at the early stages of hydration, during the first few days, when there is a
considerable reaction of the aluminate compounds immediately after the
start of the C;S reaction (Figure 2.10).

The first few hours after the addition of water is the period during which
the most rapid reactions occur. Since these are all exothermic reactions,
their intensity is usually quantified in terms of the rate of heat liberation
(Figure 2.11).

During the first few minutes after the mixing with water, there is
dissolution of ions from the surface of the cement grains, without any
appreciable reaction through the dormant period. At this stage, the pore
water has become an electrolytic solution with mostly Ca*, Na*, and K*
cations and OH™ anions; the solution is also rich in SO, ions, and as long
as they are present in solution, the C;A hydration is delayed. When the
solution becomes supersaturated with regard to Ca* ions, the C,S starts to
hydrate, as seen by the rise in heat liberation during the setting and early
hardening reaction stage. This is the time at which setting takes place: suf-
ficient hydration products are formed and start to fill the water-held spaces
and to form initial contacts, which gradually turn the paste from a fluid
to a rigid solid. The start of the heat liberation rise at this stage is usually
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Figure 2.10 Schematic presentation of the hydration reactions from early age to maturity.

(After Soroka, I., 1979, Portland Cement Paste and Concrete, The Macmillan
Press, following personal communications with Locher and Richartz.)
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Figure 2.11 Schematic description of heat liberation curve of hydrating cement showing
the different stages of reaction. (Adapted from Mindess, S., Young, J. F., and
Darwin, D., 2003, Concrete, 2nd edition, Prentice-Hall.)
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the time when initial setting takes place. The time at which the heat libera-
tion peak is approached marks the final setting and the paste starts to gain
strength, that is, early hardening. Beyond this time starts the hardening
stage where the continuous hydration reaction leads to the buildup of the
strength during the first few weeks of curing and beyond.

The C;A reaction is delayed due to the presence of the SO, ions, which
react with C;A to form a layer of ettringite on its surface, to retard its further
reaction. When all of the SO, has been depleted, the retarding influence of
the ettringite layer is terminated and it gradually transforms to monosulfate
while the C;A enters into a rapid reaction. This occurs, however, after the
C;S has reacted significantly and thus cannot be interfered with by the C;A
reaction. This sequence of reactions can be clearly seen in Figure 2.10 with
the reduction of the amount of ettringite and the formation of monosulfate.

Ettringite can reform at a later stage if a source of external SO, ions
becomes available. At this stage, when the matrix is hardened and rigid,
the formation of the ettringite can be described in simplified terms as devel-
oping with a morphology of long and slender crystals, pushing against a
rigid material, to lead to the development of internal expansion stresses and
to cracking. This is a simplistic description of the sulfate attack process,
which can be eliminated by the use of low C;A cements or concretes of low
w/c ratio (Figure 2.3). (See also Chapter 4.)

The composition of the pore water in the concrete is quite important with
regard to the control of durability. As stated above, the water is not “pure”
but is rather an electrolytic solution in which the Ca*, Na*, and K* cations are
balanced by OH anions, with a pH of about 13.5. This is rather a high value,
indicative of a very high OH  ion concentration. The pH is much higher than
would be expected from a pore solution in contact with CH, where it is about
12.5. The elevated level is the result of the presence of the alkalis, coming
largely from the cement. The high pH is beneficial from the point of view of
the steel that is passivated when in contact with such a pore solution. It is also
favorable for accelerating the activation of mineral additives by dissolution of
their glassy phase. However, for the same reasons, it can trigger alkali—aggre-
gate reactions when aggregates contain a reactive amorphous phase, which
then reacts and forms a swelling type of gel. Loss of pH by carbonation can
be detrimental for the protection of the steel, leading to its depassivation.

2.3 CONTROL OF THE RHEOLOGY
OF FRESH CONCRETE

The production of concrete structures and components requires mixes that
can be mixed, placed, and finished easily (i.e., minimum amount of work),
while maintaining a homogeneous mix (i.e., not segregating). Traditionally,
ease of flow was achieved by the presence of a sufficient content of water.
However, the use of water for workability control poses a practical limit on
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the reduction of the w/c ratio to achieve concretes of low permeability and
high durability (Figure 2.6). Also, enhancing the workability of fresh con-
crete (high consistency and improved flow) by adding water results usually
in a segregation process, in which the coarse aggregates tend to settle down-
wards and a slurry of fines (rich in cement particles) tends to bleed upwards,
resulting in inhomogeneity and compromising durability by creating voids
and defects within the material. The properties of fresh concrete and their
control are therefore a major factor in developing mixes of improved dura-
bility. The behavior of fresh concrete is governed by an amalgam of several
characteristics such as ease of flow and resistance to segregation, collec-
tively called “workability.” Workability cannot be quantified in terms of a
single basic parameter of physical significance. It can however be described
by a flow curve, in terms of shear stress versus rate of shear strain, as shown
schematically in Figure 2.12a. The curves for concrete can be modeled as
a linear relation (Bingham body) and quantified in terms of two param-
eters: yield stress and plastic viscosity (Figure 2.12b). Extensive treatment
of these issues and their characterization by rheological parameters can be
found in several publications and books (e.g., Wallevik, 1998; Khayat and
Wallevik, 2009; Wallevik and Wallevik, 2011).

Rheological curves are usually obtained with rotational viscometers,
using special simple impellers for homogeneous materials (e.g., paste) or
the ones with special geometry for nonhomogeneous fluids such as concrete
that contains large aggregates.

Reduction of the water content in concrete without compromising work-
ability (to obtain reduced wic ratio without increasing the cement content)
can be achieved by the use of water-reducing chemical admixtures. These
admixtures cause the cement grains to repel each other, and this shows up
in the rheological flow curves by reduction in the yield stress (improving
the flow properties) without reducing the plastic viscosity (which counter-
acts the tendency for segregation and separation). The combined effect of
adding the chemical admixture and reducing the water content (i.e., low
w/c ratio concretes of good workability) leads to a reduction in the yield
stress and an increase in the plastic viscosity (Figure 2.12b).

Extensive discussions of the structure and mode of operations of admix-
tures can be found in several references (e.g., Wallevik and Wallevik, 2011;
Aitcin and Flatt, 2016). The more traditional water-dispersing chemical
admixtures were based on the adsorption of molecules on the cement grain
surfaces, resulting in an electrical charge buildup, leading to repulsion
between cement particles and enabling the breakup of the clumps of cement
grains (Figure 2.13a). This is the mode of action of the conventional water-
reducing admixtures and the first generations of the high-range water-
reducing (HRWR) admixtures, which could lead to water reduction by
about 20%. The more modern HRWR chemical admixtures, with higher
water-reducing capacity, are based on the carboxylic polymer family, which
enables the tailoring of co-polymer molecules having one branch adsorbed
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Figure 2.12 Rheological curves of concrete: (a) Typical curve that follows the Bingham body
model can be described in terms of two parameters: yield stress and plastic vis-
cosity. (b) Schematic presentation of rheological curves of NSC, HSC, and self-
consolidating concrete (SCC). (From Bentur, A., 2002. ASCE Journal of Materials
in Civil Engineering, 14(1), 2-22. With permission; (a) Adapted from Struble, L.,
Ji, X., and Dalens, G., 1998, Control of concrete rheology, in Materials Science
of Concrete: The Sidney Diamond Symposium, M. Cohen, S. Mindess, and J. Skalny
(eds.), The American Ceramic Society, pp. 231-245; (b) Adapted from Wallevik,
O., 1998, Rheological Measurements on Fresh Cement Paste, Mortar and Concrete by
Use of Coaxial Cylinder Viscometer, Icelandic Building Research Institute, Iceland.)

on the binder grain surface and a graft chain protruding outwards of the
grain (Figure 2.13b). This structure and mode of interaction with the grain
surface provides steric hindrance, which can be quite effective in keeping
the cement grains apart and can induce very effective water reduction of
30% and more. These modes of action cause the cement grains to repel
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Figure 2.13 Schematic description of the action of water-reducing admixture (a) based
on electrical charge buildup and (b) based on steric hindrance of the carbox-
ylic-type HRWR showing its interaction with the surface of cement grain.
(After Bentur, A., 2002. ASCE Journal of Materials in Civil Engineering, 14(1),
2-22; (a) Adapted from Young, J. F. et al., 1998, The Science and Technology
Civil Engineering Materials, Prentice-Hall; (b) Adapted from Haneharo, S. and
Yamada, K., 1999, Cement and Concrete Research, 29, 1159—-1166.)

each other and counteract their tendency to clump together. The clumping
is driven by the attraction induced by the positive and negative electrical
charges on the surfaces of cement grains. This attraction is a hindrance to
their ability to flow easily. Overcoming clumping by adding more water
results in segregation. The use of the chemical admixtures eliminates the
attraction forces without increasing the tendency for segregation.

2.4 CONTROL OF DENSITY AND
CONCRETE MICROSTRUCTURE

The properties of the paste can serve as a reasonably good model to predict
the behavior of concrete. However, there are differences which have consid-
erable practical implications and some will be considered here:
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e The microstructure of the paste in the vicinity of aggregates can be
quite different from that in the bulk paste since there is a wall effect
that does not allow the cement particles to pack efficiently at the
interface. An additional influence is the bleeding effect, which results
in some accumulation of water near the aggregate surfaces, particu-
larly at the underside. All of these lead to a more porous transition
zone around the aggregate, which can be a few tens of micrometers
wide. This zone is a weak link in the concrete and provides sites for
debonding, which starts at the interface upon loading and leads to
nonlinear behavior of the stress—strain curve, as shown in Figure 2.1.
The implications of the microcrack formation were discussed in the
introduction to this chapter.

® In order to achieve very high strength and low permeability, a low
w/c ratio is required, in the range of 0.2-0.3 (Figure 2.6). This can
easily be obtained in paste but not in concrete, where there is a need
for a water content in the range of 150-200 L/m? to obtain reason-
able workability. For a 0.3 w/c ratio that would imply having almost
600 kg/m?3 of cement, which is not practical: (i) it will lead to crack-
ing due to excessive shrinkage and thermal dilations, which are
induced by the high cement content of the mix and (ii) it will result in
a concrete that is very viscous and difficult to work with due to the
very high content of fines.

The two issues identified above are just examples. Dealing with them
requires attention at the level of the properties of the fresh concrete. This
is where much of modern concrete technology has been focusing, to yield
improvements in the hardened concrete which are related to the technolo-
gies which can be used to control its fresh behavior. The most efficient
and important technologies are associated with (i) chemical admixtures
which enable reduction in the content of mixing water (HRWR), (ii) use of
mineral additives which can provide means for densifying the microstruc-
ture through pozzolanic reactions, and (iii) dense packing by having an
optimal gradation of the particles of the binder phase (cement as well as
mineral admixtures). The density of the microstructure obtained by these
means can be estimated by the strength of the concrete. The evolution of
these technologies over time and the strength level which they could gener-
ate are shown in Figure 2.14.

The combined incorporation of these new superplasticizers and min-
eral additives provides several interactions that are synergistic in nature,
especially when the mineral additives consist of spherical particles, such as
fly ash and microsilica:

1. Enhanced flow properties and additional reduction in water require-
ment by dispersion of the spherical particles in between the cement
grains
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Figure 2.14 Evolution of technologies over time facilitating the production of con-
cretes of enhanced density as shown by their w/c ratio and strength levels.
(Adapted from Bentur, A., 2002. ASCE Journal of Materials in Civil Engineering,
14(1), 2-22.)

2. Additional densifying of the microstructure induced by the formation
of more C-S-H gel by pozzolanic reactions (Figure 2.15)

3. Dense packing of the binder phase in the case of cement-microsilica—
superplasticizer systems due to the gradation of the particles and their
effective dispersion (Figure 2.16)

4. Dense packing of the binder phase at the aggregate surfaces in the
case of cement—microsilica—superplasticizers systems, providing a
strong bond with the aggregate to eliminate the weak link at the inter-
face, which is characteristic of conventional concrete (Figure 2.17)

This microstructure results in a concrete with “true” composite action,
in which the well-bonded aggregates can become reinforcing inclusions.
The outcome is a concrete in which the strength can be higher than that of
the matrix and the permeability is extremely low, due to the combined effect
of dense packing of the matrix and the elimination of a porous aggregate—
paste matrix interface. The result is a very strong concrete (Figure 2.18) of
extremely low permeability (Aitcin, 1998).

The stress—strain curves in Figure 2.18 clearly indicate that the high-
strength concrete (HSC) is more brittle (less post-peak carrying capacity
relative to normal-strength concrete (NSC), which is due to the high bond
strength. In the design of reinforced concrete structures, this drawback is usu-
ally taken care of by modification in the design of the reinforcing steel, in
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Figure 2.15 Additional densifying of the microstructure due to the pozzolanic reac-
tion. (After Bentur, A., Diamond, S., and Berke, N., 1997, Steel Corrosion in
Concrete, E&FN SPON/Chapman and Hall, UK.)
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Figure 2.16 Schematic representation of cement particles: (a) in water flocculated state,
(b) in dispersed state, and (c) optimal packing in dispersed state in combi-
nation with microsilica microfillers. (After Bentur, A., 2002, Cementitious
materials—Nine millennia and a new century: Past, present and future,
ASCE Journal of Materials in Civil Engineering, 14(l), 2-22, following concepts
of Bache.)

particular the stirrups, which provide ductility characteristics to reinforced
concrete structures.

A denser family of concretes has been developed in recent years, called
ultrahigh-performance concrete (UHPC), which is based on the princi-
ples of the densely packed cement-microsilica binder system, in which
the coarse aggregates are eliminated, enabling reductions of the water/
binder ratio to values as low as 0.15. These systems are also characterized
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Figure 2.17 Interfacial microstructure in cement—microsilica—superplasticizer systems:
(a) packing at the aggregate interface of cement paste system and (b) the
microstructure in mature system with silica fume and superplasticizer.
(After Bentur, A. and Cohen, M., 1987, The effect of condensed silica fume
on the microstructure of the interfacial zone in Portland cement mortar,
Journal of the American Ceramic Society, 70(10), 738-742.)
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Figure 2.18 Stress—strain curves in compression of normal-, medium-, and high-strength
concretes. (After Jansen, D. C,, Shah, S. P,, and Rossow, E. C., 1995, Stress-
strain results of concrete from circumferential strain feedback control test-
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by superior flow properties and allow for the incorporation of several per-
centages of steel fibers by volume, resulting in a composite with extremely
dense microstructure, high compressive strength, and considerable ductil-
ity and flexural strength (Figure 2.19). These composites are drastically
different in nature from other concretes and they are preferably applied
as thin-sheet components. Their use has been demonstrated in lightweight
bridge construction. They can also be incorporated with conventional
concrete components by applying them as external layers to strengthen
the concrete members and provide environmental protection. In these
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Figure 2.19 Flexural curve of UHPC demonstrating strain hardening behavior (i.e.,
increase in load-bearing capacity after the first cracking at the limit of pro-
portionality). (After Tjiptobroto, P. and Hansen, W., 1993, Tensile strain
hardening and multiple cracking in high-performance cement-based com-
posites containing discontinuous fibers, ACI Materials Journal, 90, 16-25.)
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applications, they have merit as repair materials and coatings to enhance
durability.

2.5 DEFORMATIONS AND CRACK CONTROL

The internal structure of the hydration products and the exothermic nature
of the hydration reactions result in deformations in the concrete, which are
associated with interactions with the surrounding environment:

1. Time-dependent deformations resulting from slow migration of water
from the pores and the interlayer spaces between the C—S—H particles,
associated with wetting and drying induced by external environmen-
tal changes.

2. Thermal movements due to the differences in temperatures, induced
by the heat generated during the hydration reactions and its subse-
quent dissipation to the surrounding environment.

These deformations may generate internal cracking if they occur in a
concrete member that is under restrained conditions.

Loss of water due to drying is associated with gradual emptying of pores
of different size ranges:

1. Bigger pores in which the water is very loosely held

2. Smaller pores where capillary forces are generated and the water is
not free to move

3. Spaces between the C—S—H particles (sometimes referred to as inter-
layer water), ~10 nm wide, where water is tightly held to the surface
of the particles

In the capillary range, a meniscus is formed resulting in capillary

compressive stresses in the solid structure, leading to shrinkage as water
is removed. The removal of water from the interlayer spaces results in
even greater shrinkage strains as the surfaces of the gel particles are being
drawn together upon the removal of the water between their spaces.

Shrinkage strains can be generated due to internal drying in sealed con-
crete, when the water in the paste matrix is consumed in the hydration
reactions. This phenomenon, known as autogenous shrinkage, is the result
of the fact that the volume of the hydration products formed is smaller
than the total volume of the reactants (cement grain + water). If this volume
contraction (labeled as chemical contraction) is not balanced by external
water, then internal drying (desiccation) will occur, leading to early-age
shrinkage. This is particularly the case in low w/c ratio systems, where the
total volume of water is small and thus the chemical contraction is rela-
tively high.
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Figure 2.20 Temperature change during the first few days of hydration which leads
to thermal shrinkage. (After Mehta, P. K. and Monteiro, P. J. M., 2006,
Concrete Microstructure, Properties and Materials, 3rd edition, McGraw-Hill,
by permission of McGraw-Hill Education.)

Additional deformation associated with the hydration process is caused
by the exothermic nature of the reactions, which liberates heat intensively
at early ages when the reaction rates are high (Figure 2.11). The result is
an increase in the temperature during the first few days, followed by cool-
ing down as the rate of heat dissipation to the surrounding environment
exceeds the heat buildup due to the continued slow hydration (Figure 2.20).

The maximum temperature is reached within a few days; thereafter, the
cooling takes place in a concrete mass that has become hard, leading to
contraction. This contraction should be added to that which may occur due
to shrinkage and the overall length change should be considered. The over-
all contraction which typically occurs in concretes at early ages can result
in the buildup of tensile stresses in a restrained component. The extent
of this buildup depends on the level of restraint, the modulus of elastic-
ity at this early age, and the creep which releases some of the stress. If the
tensile stress buildup during this time exceeds the development of the ten-
sile strength, cracking may occur, as shown schematically in Figure 2.21.

Cracking of this kind can affect the durability performance by creating
pathways for the penetration of deleterious materials into the concrete, and
it often occurs when restraining of deformations occurring during the ser-
vice life of a structure arise. Such deformations can be the result of plastic
shrinkage and settlement, early thermal contraction, long-term drying
shrinkage, and deformations induced during the corrosion of steel and
alkali-silica reaction. The nature of the restraint and the type of cracking
that is induced under such conditions are dealt with more detail in Chapter
4 and presented schematically in Figures 4.7 and 4.8.

Mitigation of shrinkage and cracking can be achieved through proper
design of the concrete mix. Concrete is a composite material in which only
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Figure 2.2 Schematic presentation of the processes involved in the buildup of tensile
stresses in an early-age restrained concrete member due to its contraction
during this time period.

the paste phase undergoes intense deformations; the overall behavior of
the concrete is influenced by the aggregate content that exerts a mitigating
effect. Thus, the design of the concrete to maximize the aggregate content
by means such as optimal grading is required.
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Chapter 3

Materials for concretes in
relation to durability

3.1 INTRODUCTION

Prior to the early 1930s, concrete was a relatively simple, straightforward
material, consisting only of “pure” Portland cement, aggregate, and water.
These were combined in varying proportions to produce concretes with
a range of compressive strengths and workabilities. In North America, it
was only then that the first concrete additives began to come into general
use: air-entraining, set-controlling, and water-reducing admixtures, and fly
ash as a cement replacement. In Europe, ground-granulated blast-furnace
slag (GGBFS) had been used since the beginning of the twentieth century,
but the chemical admixtures were still not available until the 1930s. More
recently, the numbers and types of materials being added to Portland
cement and concrete have been growing at an accelerating pace, driven by
a combination of economic considerations and a desire to make the cement
and concrete industries more sustainable. Of course, both durable and non-
durable concretes are made using much the same materials. The object is to
ensure that the right materials are chosen for any particular project, taking
into consideration both the exposure conditions and any special require-
ments for the concrete. In what follows, the materials found in modern
concretes will be examined primarily in terms of their impact on the
durability of concrete. This chapter deals only with the concrete-making
materials themselves; the corrosion of steel reinforcement is dealt with in
Chapters 4 and 8, and other durability issues are described in greater detail
elsewhere in this book.

3.2 PORTLAND CEMENTS AND OTHER BINDERS

Of all of the materials used to make concrete, it is the Portland cement-
based binder that is the most unstable part of the system, and is responsible
for most of the durability problems that may beset concrete. It may be sub-
ject to both chemical and physical attack, as shown in Table 3.1. (A much
more detailed list of deterioration mechanisms is provided in Chapter 4,

37
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Table 3.1 Durability of Portland cement-based binders

Chemical attack
Leaching and efflorescence
Sulfate attack
Acids and alkalis
Alkali—aggregate reactions
Corrosion of steel and other metals
Seawater

Physical attack
Freezing and thawing
Wetting and drying
Thermal effects
Abrasion and wear

Table 4.1.) These durability issues are inherent with the use of Portland
cements; they are functions of the physical and chemical nature of these
cements. Fortunately, we already know how to deal with most of these
problems.

It should be noted that in North America, where the bulk of cement pro-
duction falls within the parameters of the five basic ASTM cement types,
long-term performance data are readily available for both strength and
durability. However, in Europe, the classification of EN cements (BS EN
197-1,2011) presents a bewildering array of possibilities, as already shown
in Table 2.1. The vast majority of cements on the European market are
blended, often heavily so. Except for strength, there is little performance
data on these “newer” cements, and so their long-term durability remains
somewhat uncertain.

Of course, the first line of defense is to keep the water/binder (w/b) ratio as
low as possible (and to ensure that the concrete is properly cured). This will
greatly reduce the permeability of the concrete, thus inhibiting the ingress
of deleterious chemicals into the interior of the concrete. Further reductions
in permeability can be achieved by adding supplementary cementing mate-
rials (SCMs). In particular, silica fume leads to a reduction in both total
porosity and the size of the pores. While these measures cannot eliminate
chemical attack, they can slow it down considerably, thereby increasing the
effective life of the concrete.

3.2.1 Chemical attack

In most cases, not much can be done with the cementing materials them-
selves to eliminate leaching and efflorescence, or chemical attack from
acids or from water containing significant amounts of industrial or
agricultural wastes. These types of problems are governed by the chemistry
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of the cements and of the deleterious chemicals. As stated above, these reac-
tions can be delayed only by using a low w/b and the use of certain SCMs.
However, there are some instances in which altering the cement (or binder)
chemistry can be highly beneficial.

3.2.1.1 Alkali-aggregate reaction

For instance, where alkali-aggregate reaction (AAR) is likely to occur,
reducing the alkali equivalent of the cement to below 0.6%, limiting the
total alkali content of the concrete, and using a low w/b ratio will generally
mitigate the problem (Blight and Alexander, 2011), or at least considerably
diminish the rate of deterioration.

3.2.1.2 Sulfate attack

The mechanisms involved in sulfate attack are complex, and have been
described in detail by Skalny et al. (2002). The requirements to mitigate
this attack, however, are quite straightforward. Basically, where sulfate
attack is expected, the use of a low C;A cement is required. This must be
used in combination with a low w/b ratio to be effective. Typical require-
ments for sulfate-resistant concrete based on the Canadian standard (CSA
A23.1-14, 2014) are given in Chapter 9 (Table 9.1).

In North America, there are basically two common sulfate-resistant
cements:

ASTM Type II: Moderate sulfate resistance, with C;A < 8%
ASTM Type V: High sulfate resistance, with C;A £ 5%

These C;A requirements can most often be met by using a blended
cement, where the C;A content is “diluted” by substituting an SCM for a
portion of the Portland cement. Equivalence in sulfate resistance perfor-
mance can be established between concretes made with sulfate-resistant
cements and concretes made with normal Portland cement but with a lower
w/b ratio, as shown for example in Chapter 2, Figure 2.3.

The situation is rather more complex in Europe, where blended cements
are much more common than they are in North America. The current EU
standard, EN-197-1 (2011) defines seven sulfate-resistant common cements
(SR cements):

Sulfate-resisting Portland cement

CEM I-SRO C,A content of clinker = 0%
CEM I-SR3 C,A content of clinker < 3%
CEM I-SR5 C3A content of clinker < 5%

Continued
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Sulfate-resisting blast-furnace cement

CEM I1I/B-SR No requirement on C;A

CEM IlIl/C-SR content of clinker
Sulfate-resisting pozzolanic cement

CEM IV/A-SR C,A content of clinker < 9%

CEM IV/B-SR C,A content of clinker < 9%

Table 3.2 Sulfate-resisting common cements

Composition (% by mass)

Main constituents

Types of Blast-  Pozzolans  Siliceous
sulfate-resisting Clinker ~ furnace  (natural) fly ash Minor
Main types  common cement (K) slag (S) (P) V) constituents
CEM | CEM I-SRO
CEM I-SR3 95-100 0-5
CEM I-SR5
CEM IlI CEMIII/B-SR  20-34 66-80 0-5
CEM III/C-SR 5-19 81-95 0-5
CEM IV CEM IV/A-SR 6579 —« 2135 - > 0-5
CEM IV/B-SR  45-64 — « 3655 - > 0-5

Source: Adapted from BS EN 197-1:201 1, 201 |, Cement Composition, Specifications and Conformity
Criteria for Common Cements, British Standards Institution, London, UK.

The compositions of these SR cements are given in Table 3.2.

3.2.1.3 Acid attack

Concrete will be attacked by acids, the severity of the attack depending
on the type of acid and its concentration. The Ca(OH), in the hydrated
cement is particularly susceptible to acid attack, but the C—S—-H may also
be attacked and, in some circumstances, the aggregate as well. The attack
will occur when the pH of the liquid is below 6.5, becoming increasingly
severe as the pH drops. The attack may be mitigated (but not eliminated) by
blending the Portland cement with SCMs at replacement levels up to about
60% (Tamimi, 1997), such as fly ash, GGBFS, silica fume, or metakaolin,
since this effectively reduces the amount of Ca(OH), (Torii and Kawamura,
1994; de Belie et al., 1996; Kim et al., 2007).

3.2.1.4 Other considerations

It should be noted that modern concretes, and particularly high-performance
concretes, are now much less “forgiving” than they used to be. That is, they



Materials for concretes in relation to durability 4l

are much more sensitive to exactly which raw materials are used, how they
are mixed together, and how the concrete is placed and cured. In part,
this is related to changes in the chemistry and fineness of grinding of the
Portland cement, which in turn are being driven by the desire of contractors
and owners to accelerate the rate at which concrete gains strength (Aitcin
and Mindess, 2015). This is particularly true for binders containing large
quantities of fly ash or similar pozzolanic materials, which would other-
wise have a somewhat slower rate of strength gain because the pozzolanic
reaction is relatively slow. There are two principal ways of “speeding up”
the hydration reactions: finer grinding of the Portland cement and increas-
ing its C;S and C;A contents.

3.2.1.5 Fineness

The fineness of Portland cement has steadily increased over the past 50
years (Bentz et al., 2011). They found that the average fineness increased
from about 330 m%/kg in the early 1950s to about 380-400 m?/kg in 2010.
This has a number of consequences. Of course, the hydration rate increases,
leading to a higher rate of strength gain at early ages, but at the cost of a
lower ultimate strength. As well, the higher reaction rate leads to a faster
rate of heat release, which can lead to a higher temperature buildup in
large sections, and the possibility of thermal cracking. The higher cement
fineness can also lead to more shrinkage cracking, and a reduced capacity
for self-healing. Combined, these effects will lead to potentially less durable
concrete.

3.2.1.6 C,A content

From the point of view of the cement producer, producing a Portland
cement with C;A and C,AF contents of about 8% each is close to ideal. At
these contents, the clinker output of the kiln is maximized, and the kiln
requires relatively little attention from the operator. Also, in the burning
zone, the raw meal is easily transformed to clinker, because there is a good
balance between the silicate phases and the interstitial (aluminate) phases.
However, when producing a low C;A clinker, the interstitial phase becomes
too fluid in the burning zone of the kiln, requiring a reduction in the speed
of rotation of the kiln, and hence a reduced output. The kiln also becomes
more difficult to operate.

Conversely, from the point of view of the concrete producer, the C;A
is highly undesirable, because of its negative effects on the rheology
and durability of the concrete. C;A is the most reactive of the cement
minerals and combines with the gypsum (CaSO, - 2H,0) to form ettr-
ingite (6CaO - Al,O; - 350, - 32H,0), mostly in the form of needles.
These ettringite needles decrease the workability; the higher the C;A
content, and the higher the fineness, the greater the loss in workability.
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The C;A may also lead to cement—superplasticizer incompatibility in
low w/b ratio concretes. Finally, a high C;A content may lead to dura-
bility problems, because ettringite is not stable in the high pH of the
interstitial water in the capillary pores. After a few hours of hydration,
some of the ettringite will be transformed into monosulfoaluminate
(3Ca0 - Al,O; - CaSO, - 12H,0). If the concrete is subsequently exposed
to sulfates, both the ettringite and the monosulfoaluminate are unstable;
this can cause durability problems such as delayed ettringite formation
(DEF), sulfate attack, and reduced resistance to freeze—thaw cycles. This
suggests that to produce durable high-performance concretes, cements
with a C;A content of about 6%, not too finely ground (300-350 m?/kg),
should ideally be used.

3.2.2 Physical attack

As with chemical attack, the first line of defense against physical attack is
also to use as low a w/b ratio as is practicable for any individual structure.
There are no particular “materials” solutions to problems arising from
wetting and drying cycles. For abrasion and wear issues (see Chapter 9,
Section 9.2.5), these are governed mostly by the aggregate, which is almost
always harder and stronger than the cement paste. Stronger aggregates
and a better paste—aggregate bond can only delay wear and abrasion, but
cannot completely eliminate it (Mindess and Aitcin, 2014).

3.2.2.1 Thermal effects

Mature hardened cement paste contains an appreciable amount of water:
evaporable water in the larger capillary pores, the volume of this water
depending upon the original water/cement (w/c) ratio and the degree of
hydration; water physically adsorbed on the surface of the hydrated cement
paste; and chemically combined water (i.e., the water involved in the
hydration reactions). As the hydrated cement is heated from room tempera-
ture, the evaporable water begins to be driven off, with most of it lost by
the time that the temperature reaches about 105°C. This is accompanied by
considerable shrinkage of the paste. On further heating, by about 215°C,
the remaining capillary water and some of the chemically bound water are
lost (Phan et al., 2001). Between 300°C and 400°C, microcracking due to
differential thermal deformations of the various phases in hydrated Portland
cement occurs around the Ca(OH), (portlandite) crystals, and around the
larger still unhydrated cement grains (Piasta, 1984). Dehydration of the
portlandite crystals begins at about 400°C, and decomposition is complete
at about 600°C. The hardened cement paste continues to lose water con-
tinuously as the temperature increases, and is completely dehydrated by
about 850°C. This is accompanied by a large increase in total porosity and
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Table 3.3 Types of refractory concrete

Service temperature

Type limit (°C) Cement Aggregate
Structural 300 Portland Common rocks
Heat resisting 1000 High alumina  Fine-grained basic igneous

rocks (basalt, dolerite);
heat-treated porous
aggregates (bricks, scoria,
expanded shale)

Ordinary refractory 1350 High alumina  Firebrick
Super-duty 1450 Firebrick
refractory 1350-1600 High alumina  Refractory (magnesite,
silicon carbide, bauxite,
fired clay)

Source: From Mindess, S., Young, J. F,, and Darwin, D., 2003, Concrete, 2nd edition, Prentice-Hall,
Upper Saddle River, NJ, 644pp. Copyright 2003. Reprinted by permission of Pearson
Education, Inc., New York, NY.

permeability (Piasta et al., 1984; Lee et al., 2008; Liu et al., 2008). Some
of the cement begins to melt above 1200°C, and by 1300-1400°C, it is
essentially entirely melted.

This thermal degradation of the cement paste is essentially indepen-
dent of the w/c ratio and the type of Portland cement. For extended
exposure to very high temperatures (>1000°C), calcium aluminate or
high-alumina cements should be used. Generally, the effects of high
temperature are governed mostly by the aggregate properties; for long-
term exposure to high temperatures, it would be best to use refractory
aggregates (Table 3.3).

3.3 AGGREGATES

Generally, aggregates are harder and more durable than the matrix phase
in concrete. However, there are some cases in which the aggregates either
contribute directly to concrete deterioration or are susceptible to dam-
age themselves under certain exposure conditions. Concrete deteriora-
tion mechanisms relating to aggregates have been reviewed in some detail
by Alexander and Mindess (2005). They divide these mechanisms into
two types: intrinsic mechanisms refer to processes that occur internally
as a consequence of the nature of the constituent materials, and ex#rinsic
mechanisms whereby concrete deteriorates from the actions of external
agents. Some of the deterioration mechanisms relating to aggregates in con-
crete are given in Table 3.4 (taken from Alexander and Mindess, 2005), and
are briefly discussed below.
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Table 3.4 Deterioration mechanisms relating to aggregates in concrete

Physical mechanisms Chemical mechanisms

Intrinsic mechanisms  Dimensional incompatibility ~ Alkali-aggregate reaction

* Thermal effects Sulfides in aggregates
* Moisture effects Thaumasite sulfate attack
Extrinsic mechanisms  Freeze—thaw Acid attack
Surface wetting and drying Alkali attack
(moisture cycles) Other aggressive chemicals,

Surface abrasion and erosion e.g., sulfates

Source: From Alexander, M. and Mindess, S., 2005, Aggregates in Concrete, Taylor & Francis,
Abingdon, UK, 435pp.

3.3.1 Physical mechanisms

Since concrete is a composite material consisting of aggregate particles
embedded in a binder, we must consider the possibility of dimensional
incompatibility between these two phases, due to either thermal or mois-
ture effects.

3.3.1.1 Thermal effects

The coefficients of thermal expansion for aggregates and cements are quite
different. For rocks (Alexander and Mindess, 20035), these range from about
1 x 1076 to 14 x 10-¢/°C; for cement, they typically range from about 11 x 10-¢
to 16 x 10-¢/°C. Siliceous minerals such as quartz (12 x 10-6/°C) have thermal
coefficients about twice those of calcareous aggregates and certain granites
(about 6 x 10-¢/°C). The coefficient of thermal expansion of concrete made
with siliceous aggregates is thus significantly higher than that of concrete made
with calcareous aggregates. Generally, this disparity in thermal expansion
coefficients does not cause problems, but care should be taken when aggre-
gates with low thermal coefficients are used in situations where fire resistance
is required, or where there is cyclic freezing and thawing. In these cases, cracks
may develop between the aggregate and the matrix, reducing the durability.
It has been suggested (Callan, 1952) that the difference between the thermal
coefficients of coarse aggregate and the mortar should not exceed 5 x 10-¢/°C.

The effect of temperature on aggregate properties becomes particularly
important at high temperatures. Typical concrete aggregates are all ther-
mally stable up to at least 350°C. At higher temperatures, their behaviors
diverge. Aggregates that contain water will dehydrate, leading to a cer-
tain amount of shrinkage. The transformation of a-quartz to B-quartz at
573°C is accompanied by a volume increase of about 5.7%. At tempera-
tures above about 600°C, some calcareous aggregates (calcite, dolomite,
magnesite) will dissociate to form CO, and an oxide. In the temperature
range 1200-1300°C, some igneous rocks show degassing and expansion.
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The temperatures at which aggregates melt also vary widely, from basalt
at about 1060°C to quartzite at about 1700°C. Thus, the thermal behavior
of concrete is very sensitive to the precise nature of the aggregate(s) used,
particularly since aggregates make up about 70% of the volume of high-
performance concretes.

The coefficient of thermal expansion of cement paste is strongly depen-
dent upon its moisture content. On the other hand, the thermal coefficients
of most rocks depend on the temperature, with the coefficients increasing
significantly as the temperature increases. Thus, at lower temperatures, the
coefficient of thermal expansion of cement paste is higher than that of most
rocks; at high temperatures, the reverse is true. What is clear is that as
the temperature increases from ambient to over 1200°C, the differences in
thermal coefficients of the cement and the aggregates, and the other volume
changes that take place, will lead to considerable cracking (both micro and
macro cracks) in the concrete. Of course, nothing can be done about the dif-
ferences in thermal expansion coefficients between cement and aggregate.

3.3.1.2 Moisture effects

In concrete mix design, it is assumed that the aggregates are dimension-
ally stable. However, this is not always the case; there are aggregates that
exhibit shrinking and swelling behavior on drying and wetting, and this can
lead to very high values of concrete drying shrinkage, typically in excess of
1000 x 10-¢. This may lead to excessive deflections and cracking in struc-
tural elements. This phenomenon is well known for lightweight aggregates,
but is also found with certain basic igneous rocks, some metamorphosed
shales and slates, certain mudstones and sandstones, and other rock types
as well. If these rocks are weathered, they should be considered as highly
shrinkable, unless they are proven to be otherwise, either by tests or by a
satisfactory service record. The best predictor of aggregates causing excess
concrete shrinkage is aggregate absorption, with values above 0.8% indi-
cating a much increased risk of excess drying shrinkage (Edwards, 1966).

3.3.1.3 Freezing and thawing

Certain types of aggregate may also suffer freeze—thaw damage; such
aggregates typically have a total pore volume (or total absorption) greater
than 1.5%. The rocks most susceptible to this type of damage are those
with fine pores, a high total porosity, and a low permeability; this can
occur in some cherts and shales.

3.3.1.4 Abrasion and erosion

The abrasion resistance of aggregates themselves is of little practical impor-
tance for most concrete construction. The exception is for those concretes
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exposed to surface wear, as in pavements, airport runways, dam spillways,
concrete canals carrying silt or gravel, or abrasion-resistant floor toppings.
Abrasion of the aggregate in concrete can occur only if the aggregate
particles become exposed due to wearing away of the original concrete sur-
face. In all cases, it is best to use aggregates that are hard, strong, and free
of soft or friable particles; a low wi/c ratio, high strength concrete is also
useful. However, whatever the case, it is more useful to assess the concrete
itself for its wear resistance since this takes into account both the aggregate
properties and the paste—aggregate bond.

The type of abrasive wear does impose somewhat different aggregate
requirements. For erosion due to suspended solids in flowing water, larger
aggregate particles work better, while for concrete subjected to cavitation,
smaller (<20 mm) particles are preferred. For abrasion, aggregate behavior
becomes increasingly important as strengths fall further and further below
about 40 MPa.

There are no very good tests for the abrasion resistance of aggregates.
Probably, the most common test is the Los Angeles abrasion test (ASTM
C131 and C535), which involves ball milling a sample of aggregate and
measuring the mass loss passing a 1.70-mm sieve. This test, however, does
not correlate well with concrete behavior in the field; it is a better measure
of the tendency of aggregates to break down during handling.

3.3.1.5 Maximum aggregate size

Although the maximum size of the coarse aggregate is not in itself a dura-
bility problem, it should be noted that there has been a tendency to go to
smaller maximum aggregate sizes, to improve the handling, placing, and
finishing of the concrete. This is particularly true for self-consolidating
concrete and for some pumped concretes. This tends to lead to a higher
water demand in the concrete and to higher potential shrinkage. If this
shrinkage is not properly taken into account, excessive shrinkage cracking
and a consequent loss in durability may occur.

3.3.1.6 Recycled concrete aggregates

There is increasing interest in using recycled concrete as coarse aggre-
gate for new concrete construction. This interest derives from economic
considerations and from a desire to make the concrete industry more
sustainable. Note that the discussion here is limited to coarse aggre-
gate; the fine aggregate resulting from the demolition of building wastes
contains some old cement paste and mortar, which will in turn lead
to problems with strength, and increases in the drying shrinkage and
creep (Alexander and Mindess, 2005). Indeed, there is a RILEM report
(Hansen, 1990) that recommends that all material less than 2 mm not

be used.
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Inevitably, even properly recycled concrete will contain traces of dirt,
metals, glass, plastic, and so on. Thus, apart from generally leading to
lower strengths in concrete made with recycled concrete aggregate, there
is a greater likelihood of durability problems because of these impurities.
Such aggregates should be used with caution in concretes that are to be
subjected to severe environmental exposures.

3.3.2 Chemical mechanisms

Chemical durability problems may result from interactions between certain
types of aggregates and the hydrated cement paste. The most common of
these is AAR (see Chapter 9) but adverse reactions involving sulfates also
occur. Aggregate sources may also occasionally contain organic or inor-
ganic materials, which affect the setting of the fresh concrete.

Most aggregates, particularly siliceous ones, are immune from acid
attack, but calcareous aggregates will be attacked by acids. This does not
generally pose a problem, however, and it may be beneficial in helping to
reduce the rate or severity of acid attack on the concrete. On the other
hand, siliceous aggregates may be susceptible to attack by strong alkalis, as
in the AARs discussed in Chapter 9.

However, it should be emphasized that attack by acids, alkalis, or other
aggressive chemical agents are much more likely to damage the cementi-
tious phases than the aggregate. Dense, sound aggregates almost always
are sufficiently resistant to chemical attack, particularly when embedded
in concrete.

3.4 WATER

In general, any water that is drinkable may be used to make concrete.
However, some waters that are not drinkable may also be used satisfac-
torily. Excessive impurities may cause durability problems, and so limits
on impurities are given in Table 3.5 (adapted from data in Mindess et al.
[2003] and Kosmatka et al. [2002]).

As a further check on the quality of the mixing water, compressive
strength of cubes or cylinders tested at 7 days should be at least 90% of
the strength of control specimens cast with potable water. In some jurisdic-
tions, such as South Africa, a value of 85% has been adopted.

Seawater contains, on average, about 34,000 ppm dissolved salts, mostly
sodium chloride, plus magnesium chloride, magnesium sulfate, calcium
sulfate, and calcium chloride. When used to produce plain (unreinforced)
concrete, a strength loss of 10-20% can be expected. It should not be used
for reinforced concrete, and particularly not for prestressed concrete, as
it increases considerably the risk of corrosion of the steel. See Chapter 9
(Section 9.2.6) for a more detailed discussion of the effects of seawater.
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Table 3.5 Tolerable levels of impurities in mixing water

Maximum
concentrations,
Impurity ppm (mg/L) Remarks
Dissolved solids 2000
1000 If alkali carbonate or bicarbonate is
present
Suspended solids (turbidity) 2000 Silt, clay, organic matter
Algae 1000 Entrain air
Na,CO, + NaHCO, 2000 Affect setting
Ca(HCO;),, Mg(HCO,), 400 Affect setting and may reduce strength
Inorganic acids 10,000 pH not less than 3.0
Sugar 500 Affects setting behavior
Na,SO,, MgCl,, MgSO,, CaCl, 10,000 May decrease setting time; reduce
ultimate strength
NaCl (in reinforced 1500 May decrease setting time; may
concrete) increase the risk of corrosion in
reinforced concrete
NaOH 500 May reduce strength
Sodium sulfide 100
Iron salts 40,000
Salts of Zn, Ca, Pb, Mn, Sn 500 Retard set
Phosphates, arsenates, 500 Retard set
borates
Chlorides (by mass of 0.06% Prestressed concrete
cement), as per ACI 318 0.15% Reinforced concrete exposed to
Building Code (2002) chlorides in service
1.0% Reinforced concrete kept dry in
service
0.3% Other reinforced concrete

Source: Adapted from data in Mindess, S., Young, J. F., and Darwin, D., 2003, Concrete, 2nd
edition, Prentice-Hall, Upper Saddle River, NJ, 644pp; Kosmatka, S. H., Kerkhoff, B.,
Panarese, W. C., MacLeod, N. F, and McGrath, R. J., 2002, Design and Control of
Concrete Mixtures, 7th Canadian edition, Cement Association of Canada, Ottawa,
Canada, 356pp.

3.5 ADMIXTURES

Most modern concretes contain some combination of both SCMs and
chemical admixtures, as described in detail in Aitcin and Flatt (2016).
However, while these materials may not always lead to the desired out-
comes, in themselves they do not cause durability problems. An improper
choice of admixtures may lead to rheology problems, alterations of the
time of set, delays in the rate of strength gain, and so on, but these are not
durability problems per se.
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3.5.1 Supplementary cementing materials

At one time, the two main SCMs were fly ash (whose use goes back to the
1930s) and GGBFS (whose use in Europe goes back to the early 1900s).
Originally, these were used primarily for economic reasons, as they were con-
siderably cheaper than Portland cement. However, it was soon recognized
that they could considerably improve the long-term properties of concrete
through their pozzolanic reaction with the lime liberated by the hydration
of Portland cement, though sometimes at the cost of a rather slower rate of
strength gain. Of course, depending upon their source, these materials are
sometimes of variable quality and precise chemical composition. However,
in and of themselves, they do not cause durability problems for concrete.

Over time, driven by economic considerations (as fly ash and slag
became more expensive), a large number of other materials (either natu-
rally occurring or “waste” materials as byproducts of other industries) with
pozzolanic properties have come into use. The most common of these are
silica fume and metakaolin; various other sources of pozzolanic materi-
als, such as rice husk ash, are also sometimes exploited in specific local
markets. While the long-term effects of these materials in concrete are still
unknown, there is as yet no evidence to suggest that they themselves lead to
durability problems. The same may be said of the much less reactive filler
materials, such as ground limestone, which are now also commonly added
to Portland cement in relatively small quantities (<10% in North America,
but up to 20% or even more in Europe).

3.5.2 Chemical admixtures

The picture is somewhat less clear when we look at chemical admixtures.
These now include air-entraining admixtures, water reducers, superplasti-
cizers, corrosion inhibitors, rheology modifiers, set-controlling admixtures
(retarders or accelerators), water-proofing agents, internal curing materials,
and so on. Again, these materials by themselves are not known to create
durability problems. However, modern high-performance concretes, which
almost always contain a variety of both mineral and chemical admixtures,
are becoming increasingly complex. Inevitably, there are chemical interac-
tions among the Portland cement and the various admixtures. This often
makes it difficult to find (empirically) the right combination of binder
materials and admixtures for any particular project. It is still unclear
whether these combinations of materials will be durable in the long run,
particularly in very aggressive environments.

3.6 FIBERS

Over the last 50 years, there has been a steady increase in the use of fibers
in concrete, for both cast-in-place and shotcrete applications. The fibers are
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not added to increase strength, though modest improvements in strength may
occur. Rather, the fibers are added to help control cracking, and more par-
ticularly to impart some postcracking ductility to the concrete (Bentur and
Mindess, 2007). A number of different fiber types are currently being used,
including steel, polypropylene, polyethylene, carbon, aramid, glass, cellulose,
and natural organic fibers such as sisal and jute. (Asbestos fibers were once
common, but are not now used because of the health risks associated with
the production and handling of these fibers.) Some of the fibers such as car-
bon, aramid, polyethylene, and polypropylene are completely inert in con-
crete. Others may react either with the cement or the environment: steel may
rust, natural organic fibers may deteriorate over time in damp or alkaline envi-
ronments, and glass may be attacked by the alkaline environment in concrete.

The fibers themselves do not have any direct effect on the durability of
the concrete. However, those fibers that do interact with the surrounding
concrete may lose their effectiveness over time.
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Chapter 4

Concrete deterioration

4.1 INTRODUCTION

This book is about concrete durability, which is “the ability of a struc-
ture or component to withstand the design environment over the design
life, without undue loss of serviceability or need for major repair” (ASTM
E632, 1996). Durability is a material performance concept and is not an
intrinsic material property; a concrete that is durable in one environment
may not be durable in another.

Durability is associated with deterioration of concrete over the intended
service life of the structure. Figure 4.1 (Owens, 2009) illustrates the prog-
ress of deterioration over time of two structures, A and B. Structure A
deteriorates at a certain rate but nevertheless accomplishes its expected
service life. In contrast, Structure B deteriorates more rapidly, requir-
ing repair during its service life. This deterioration may be expected and
even planned for in the case of reliable deterioration models, or it may be
unexpected due to inadequate understanding of deterioration mechanisms,
or change of external environment or use of the structure. Increasingly,
owners are demanding that designers and contractors provide assurance of
a predefined, repair-free service life of concrete structures.

Deterioration of concrete is an extensive topic, and this chapter cannot
give a comprehensive treatment (more information can be obtained from
the references given in “Further Reading” and “References”). It is the
subject of extensive ongoing investigations, and is thus a developing science
and much still needs to be understood. Nevertheless, a basic understand-
ing of concrete deterioration is necessary in order to grasp and apply the
durability principles laid out in other chapters of this book. This chapter
lays out the framework for understanding deterioration and deals with
important concrete deterioration mechanisms. It draws largely on material
from a chapter on “Durability of Concrete” in Owens (2009).

Factors affecting deterioration of concrete are summarized in Figure 4.2
(Owens, 2009). Deterioration results from interactions between the con-
crete system, specifically the ability of the concrete to resist deterioration,
and its environment or the degree of aggressiveness that the concrete must

53
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Expected
service life

Quality

Unplanned

/ rehabilitation

Time

Figure 4.I Two scenarios of deterioration and rehabilitation of a structure. (Reproduced
from Owens, G. (ed.), 2009, Fulton’s Concrete Technology, Cement and
Concrete Institute, Midrand, South Africa, Figure 9.1, with permission from
the Concrete Institute.)

withstand. Not all the factors in Figure 4.2 may be important all the time.
However, critical factors are binder type and water/binder (w/b) ratio
(intrinsic factors), and curing and early-age temperature history (extrinsic
factors), while the most critical environmental factor will be aggressiveness
of agents of attack. Cracking of concrete is also critical to its deterioration,
and usually cracking from any cause will accelerate concrete deterioration
by allowing further ingress of aggressive agents. Cracking is often also a
consequence of deterioration, thus setting up an “accelerating cycle.”

A distinction must be made between unreinforced and reinforced con-
crete. The former is often used in large masses such as dams and filling
of excavations, and deterioration mechanisms relate to the concrete fabric
itself. In reinforced concrete, there is the additional issue of corrosion of
embedded reinforcing steel. Since this is such a pervasive form of deteriora-
tion, it is covered in a separate section.

Premature deterioration of concrete structures has severe consequences,
such as threat to economic growth, depletion of natural and nonrenewable
resources, impacts on human safety, and costs (Gjerv, 2009). The economic
losses alone are substantial with the annual cost of corrosion worldwide
estimated at US$ 2.2 trillion (2010), which is about 3% of the world’s gross
domestic product (GDP) of US$ 73.33 trillion (Al Hashem, 2011), and con-
crete corrosion contributes to this. Taking the example of the Arabian Gulf,
the annual cost of repair and rehabilitation due to corrosion in the United
Arab Emirates (UAE) is estimated at US$ 14.26 billion (2011), which is
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about 5.2% of the country’s GDP over 3 years (2009-2011) (Al Hashem,
2011). These examples of costs of repair and maintenance of reinforced
concrete structures serve to illustrate the scale of the problem and to high-
light the threat to the concrete construction industry worldwide.

4.2 CONCRETE PROPERTIES RELEVANT
TO DETERIORATION

Concrete deterioration is largely due to the ingress of aggressive agents
from the environment into the matrix. Other deterioration may arise inter-
nally, for example, alkali—aggregate reaction (AAR) or delayed ettringite
formation. Even internal causes of deterioration require movement of ions
or liquids, so that deterioration is closely related to the concrete’s transport
properties, which also include electrical transfer since steel corrosion
requires internal movement of ions to carry electrical current.

4.2.1 Transport properties of concrete

Deterioration mechanisms such as chemical attack, leaching, chloride
ingress, or carbonation relate to the ease with which fluids or ions can
move through the concrete microstructure. The term used to describe this is
penetrability, which is the degree to which concrete permits gases, liquids,
or ionic species to move through its pore structure; it includes permeation,
sorption, diffusion, and migration. A representation of the various penetra-
bility processes in a typical sea wall structure (excluding migration) is given
in Figure 4.3 (after BS 6349-1), while Figure 4.4 shows interactions of these
processes (Claisse, 2005).

4.2.1.1 Permeation

Permeation is the movement of fluids through the pore structure under a
pressure gradient, with the pores saturated with the particular fluid. It is
expressed as a permeability coefficient, which quantifies the fluid-transfer
capacity of the concrete by permeation. Concrete permeability depends
on its microstructure, its moisture condition, and the characteristics of
the permeating fluid. Regarding deterioration, permeation is most detri-
mental where the permeating fluid is aggressive, for example, soft water
permeating through a tunnel lining and leaching soluble components of the
concrete thereby weakening it.

4.2.1.2 Absorption

Absorption occurs when a fluid is drawn into a porous unsaturated mate-
rial due to capillary suction, and depends on the pore geometry and the
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Figure 4.3 Penetrability processes illustrated by way of a sea wall. (After BS 6349-
1-4:2013, 2013, Maritime works. General. Code of practice for materials,
The British Standards Institution, London, UK.)

degree of saturation. It is usually of concern in wetting and drying cycles
at the concrete surface, which can result in softening, cracking, and the
build-up of salts. Absorption is strongly influenced by the size and intercon-
nectedness of the larger capillaries and is sensitive to curing, particularly of
the concrete surface.

4.2.1.3 Diffusion

Diffusion is the process by which liquids, gases, or ions are transported
through a porous material by a concentration gradient. Diffusion occurs in
partially or fully saturated concrete and is an important transport mecha-
nism for many concrete structures exposed to salts, which diffuse inwards
due to a high surface concentration. The material property for diffusion is
diffusibility, measured typically by a diffusion coefficient.

Diffusion is described by Fick’s first and second laws of diffu-
sion. In concrete, diffusion is complicated by several factors: chemical
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Figure 4.4 Concrete and environment: factors influencing “penetrability” of concrete.
(After Claisse, P. A. 2005. Transport properties of concrete, Concrete
International, 27(1), 43—48, reproduced with permission from the American
Concrete Institute.)

interactions with the hydration products, partially saturated conditions,
and defects such as cracks and voids, all of which render the assumptions
behind Fick’s laws largely invalid. Nevertheless, these laws are still used
by resorting to “apparent” or “effective” diffusion coefficients for analysis
and prediction.

In maritime structures or structures exposed to deicing salts, chloride
diffusion may cause depassivation of the reinforcing steel, leading to
destructive corrosion. (See later in this chapter on steel corrosion.)
The transport of oxygen in concrete to the steel surface—necessary for
active corrosion—is also governed mainly by diffusion.

4.2.1.4 Migration

Migration (or accelerated diffusion, electrodiffusion, or conduction) is the
movement of ions in a solution under an electrical field, typically used in
accelerated chloride tests. It is described by the Nernst-Planck equation.
Details may be found in Andrade (1993) and in Chapter 6.

4.2.1.5 Transport properties of cracked concrete

The presence of cracks substantially modifies concrete’s transport proper-
ties and therefore also deterioration mechanisms and rates. Discrete and
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well-distributed microcracks will influence transport in a very different
manner compared to visible, connected, localized macrocracks. Transport
in cracked concrete is a coupled phenomenon between the matrix and the
crack. The parameters for describing flow in cracked versus intact mate-
rial are different; crack properties dominate for cracked concrete, while
permeability and porosity govern for sound material.

Theories and processes that hold in sound concrete cannot therefore
simply be transferred to cracked concrete. The cracks themselves are the
most important element, represented by crack width and shape, crack den-
sity/frequency, degree of crack connectivity, and crack origin. (Further
information is given in Section 4.2.3.)

4.2.1.6 Summary of transport processes

Transport processes seldom act purely in isolation, although frequently one
or other process dominates. When considering concrete deterioration, the
dominant as well as the secondary transport processes must be identified
for a proper diagnosis. This is also critical for durability design, in which
models or procedures are selected based on the transport processes in play.

4.2.2 Mechanical, physical, and chemical properties
of concrete in relation to deterioration

Deterioration involves interactions between the material and the environ-
ment, with transport properties, as well as basic mechanical, physical, and
chemical properties of concrete, playing crucial roles.

4.2.2.1 Mechanical and physical properties

Structural engineers generally understand the mechanical (and to a lesser
extent, physical) properties of concrete, since they are used in design and
specification. An understanding of these properties is also essential to
understanding concrete deterioration.

The chief mechanical and physical properties of concrete are compressive
and tensile strength (and related shear strength), stiffness (elastic modu-
lus), creep and shrinkage, coefficient of thermal expansion, and density. Of
these, strength and stiffness predominate in structural design. Strength has
been used traditionally as a proxy for durability and resistance to deteriora-
tion. However, with developments in concrete technology and practice, this
approach is now wholly inadequate and overly simplistic. Modern binders
are highly variable, new technologies such as self-compacting concrete are
becoming common-place, and admixtures permit mix proportions to be
adjusted within wide ranges, thus rendering the “strength—durability equiv-
alence” of the past obsolete. This is illustrated in Figure 4.5 with data from
a site-based study in which reinforced concrete structures were assessed for
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Figure 4.5 Scatter plot of OPI for concrete structures assessed in situ versus standard
cube strength. (Reprinted from Construction and Building Materials, 45,
Nganga, G., Alexander, M. G., and Beushausen, H., Practical implementa-
tion of the durability index performance-based design approach, 251-26l,
Copyright 2013, with permission from Elsevier.)

strength based on standard cube testing, and in situ permeability using an
oxygen permeability index (OPI) test. Permeability and strength essentially
show no relationship, and strength clearly cannot be used as a proxy for
“durability” in this case. Similar situations arise for other properties such
as diffusibility, particularly with modern blended binders where the binder
chemistry is equal to, if not more important than, the w/b ratio or strength.

Stiffness is a mechanical property not always appreciated for the
profound effect it can have on deterioration, more particularly cracking.
In situations where concrete is restrained against movement, leading to
induced shrinkage and/or thermal strains, tensile stresses are set up that
can crack the concrete. For any given restraint, the corresponding ten-
sile stress is directly proportional to the elastic modulus of the concrete.
Thus, high-modulus concretes are more crack-sensitive and therefore more
durability-sensitive. These effects can often be observed in slabs on grade
or concrete pavements, in wall sections cast on heavy bases, in changes in
section shape such as openings, and the like. Typical photographic illustra-
tions are shown in Figure 4.6.

4.2.2.2 Chemical properties

The chemical products of hydration are stable in many environments,
but they can be attacked, for example, by sulfates or soft water. Also, the
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Figure 4.6 Photos of concrete cracking due to restrained shrinkage or thermal move-
ment. (a) Cracking of concrete slab-on-grade . (Courtesy of Dr P. Strauss);
(b) thermal cracking of concrete wall (sawn section).

hydrates often interact with penetrating agents as in carbonation or chloride
ingress, forming new compounds which may or may not be detrimental to
the concrete.

The main products of hydration when Portland cement reacts with water
at normal temperatures are the following (approximate compositions):

Silicate phases 3Ca0 - 2Si0O, - 8H,0—calcium silicate hydrates [CSHs]

Aluminate phases  3CaO - Al,O, - 3CaSO, - 32H,0—ettringite or AFt, formed by
reaction of tricalcium aluminate (C;A) with gypsum and water

3Ca0 - Al,O, - CaSO, - I12H,0—monosulfate or AFm, formed
by transformation of ettringite when sulfate is exhausted

The silicate reaction products are poorly crystalline and colloidal, with
a byproduct of crystalline calcium hydroxide in fairly abundant quantities.
The silicate hydrates are stable in high pH environments such as in con-
crete. However, percolating waters or surface leaching can remove more
soluble phases such as calcium hydroxide and metal hydroxides of sodium
and potassium, thus destabilizing the CSH and leading to progressive
breakdown of the matrix as additional calcium hydroxide is liberated to
reestablish equilibrium.

The aluminate phases are thermodynamically less stable than the silicate
phases, and their reactions can move in either direction depending on the
concentration of soluble sulfates present. This can occur internally in the
matrix, or by external ingress of sulfate solutions, which then favors forma-
tion of expansive ettringite.

The hydration reactions are exothermic, giving rise to heat gain and tem-
perature rise in hydrating concrete at early ages. If the temperature rises



62 Durability of Concrete

to excessively high levels (typically >70-80°C), the formation of ettringite
may be suppressed, but it may then form at a later stage causing destructive
expansion (so-called delayed ettringite formation [DEF]).

In order to ensure the longevity of concrete structures, its inher-
ent chemical stability together with its physical robustness are critical.
Supplementary cementitious materials (SCMs), which increase the quan-
tity of hydrates and also generally improve the concrete microstructure,
have also made a large contribution to improved resistance of concrete
to deterioration. In aggressive environments, blended cements are almost
always preferred, with the important proviso that blended cement con-
cretes are usually more sensitive to poor curing and low temperatures,
and suitable precautions must be taken to address these issues during
construction.

4.2.3 Cracking of concrete and its
influence on deterioration

Cracking is ubiquitous in concrete, and almost all concrete structures
exhibit cracking of some kind, making cracking a deterioration mecha-
nism in its own right. Cracking can occur from the microscale, where dif-
ferences exist between thermal and hygral coefficients of the constituents
of concrete (e.g., within the hydrated cement paste [hcp] or between hep
and the aggregates), to the macroscale such as large cracks several millime-
ters wide from excessive load, drying shrinkage cracking, or AAR. Micro-
versus macrocracking will have different effects on concrete properties and
deterioration mechanisms.

Cracking can be divided broadly into structural cracking and non-
structural (or non-load-induced) cracking. Structural cracking is often
the intent of design, such as cracked beams that function by mobilizing
the tensile properties of the reinforcing steel. Design formulae can aid
in estimating and controlling the extent of structural cracking, and this
cracking will not be further considered here. Suffice to say that struc-
tural cracking has a profound influence on the deterioration of concrete,
such as its influence on corrosion rates of reinforced concrete elements in
aggressive environments where active corrosion may commence immedi-
ately the structure is put into service, thus potentially reducing the ser-
vice life.

Non-structural cracking usually involves interaction of the concrete
and its environment, and may seriously affect concrete durability by
allowing ingress of aggressive agents into the body of the material. It
is often related to restrained volume changes in the constituent materi-
als. In general, unrestrained concrete does not crack, or at least does
not show macrocracking. Restraint applies at different levels of scale: at
a microscale, hcp undergoes temperature and moisture movements that
are restrained by the stiff aggregates causing internal microcracking; at
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a macroscale, slabs-on-grade are restrained by the sub-base and may
crack in the absence of properly designed and executed joints (Figure
4.6). Thus, preventing or minimizing cracking involves reducing restraint
in concrete.

In the rest of this section, cracking mechanisms and causes related to
the various types of cracks, mainly non-structural, are reviewed with an
emphasis on concrete deterioration. Figure 4.7 summarizes the main types
of non-structural cracking together with causes and informative comments,
while Figure 4.8 illustrates some of these cracks.

Figure 4.7 shows that cracking can occur in both the plastic state and the
hardened state. Plastic-state cracking tends to be of the macro type with
serious consequences for structural integrity and durability. Some plastic
cracking can be remedied during construction by re-vibrating the con-
crete provided it is still sufficiently plastic. However, cracking in the hard-
ened state results in permanent damage to the concrete with attendant
consequences.

Figure 4.7 also suggests the likelihood of which type of cracking will
be micro- versus macroscale. The distinction between these two scales of
cracking is somewhat arbitrary, and indeed some researchers insert a fur-
ther scale—the mesoscale. Here, microcracking is taken as of the order of
cement grain size, that is, up to about 30 microns, in general not visible to
the naked eye. Macrocracking is taken to be in the order of 100 microns
up to several millimeters, and will generally be visible. Mesoscale falls
between the other two categories.

Microcracking will compromise the transport properties of concrete by
increasing its permeability and penetrability. However, this will depend
on the microcrack width, and the concrete may continue to act largely as
a “continuum.” Figure 4.9 illustrates the effect of microcracking on water
permeability through concrete laboratory specimens. Above a crack width
of about 100 microns, the effects become magnified.

Macrocracking by contrast represents major discontinuities in the mate-
rial, with orders of magnitude increases in the penetrability, often leading
to substantial reduction in the service life of a structure. In Figure 4.10, the
macrocrack from AAR will allow rapid ingress of aggressive environmental
agents to the steel, leading possibly to additional deterioration by way of
steel corrosion and further corrosion-induced cracking. Figure 4.11 shows
the effects of cracked versus uncracked concrete on rates of steel corrosion
in small concrete beams, where it is evident that even relatively “small”
macrocracks can have substantial effects on this phenomenon.

While cracking can be considered a deterioration mechanism on its
own, it usually interacts with other mechanisms of deterioration, either
causing an increase in the rate of deterioration or appearing as a con-
sequence. Thus, cracking can cause steel corrosion to initiate, but this
corrosion can induce additional cracking which further exacerbates the
corrosion, and so on. Cracking and its influence on concrete deterioration
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Likelihood of
Causes micro-vs. Comments*
macro cracking

— Shrinking aggregates — Macro #1
Physical {— Drying shrinkage — Macro #2
L Fire; thermal crazing — Macro and micro #3, #4
([:)l}ﬁ‘g,liiic(?al Early-age autogenous shrinkage — Micro #5
— Corrosion of reinforcement — Macro #6
(— Alkali-aggregate reaction — Macro and micro #7
{— Sulfate attack — Macro and micro #8
- After o — Carbonation — Micro #9
hardening
— Freeze/thaw cycles — Macro and micro #10
— External seasonal temperature variations — Macro #11
| Early thermal External restraint — Macro #12
Types and contraction Internal temperature __ o o #12
causes of _| gradients
cracks
— Accidental overload
— Design loads
Plastic shrinkage
| Before | Plastic settlement
hardening

- Formwork movement
Constructional :l_ Macro #15
movement Subgrade movement

#1 Shrinking aggregates can cause excessive cracking and deflections in structures. Eliminate by standard dimensional
stability testing.

#

N

Drying shrinkage caused by moisture loss from the concrete. Most likely in thin elements that dry rapidly.

#3 Concrete subjected to fire loses moisture in the outer layer and also suffers de-hydration and destructive reactions, giving
both macro and micro-cracking.

#4 Crazing is evident on “fair-face” concrete with impermeable formwork, or where slabs are over-trowelled bringing fines to
the surface; fine “map cracking”.

#5 Autogenous (internal) shrinkage results from both “chemical shrinkage” and self-desiccation shrinkage, particularly in rich
mixtures with low w/b ratios (<0.4 typically). It can cause extensive internal damage.

#6 See other section in this chapter for cracking and reinforcement corrosion.

#7 AAR cracking, normally seen as coarse “map cracking”, is both macro and micro scale, resulting from expansive reactions
between usually cement alkalis and susceptible forms of reactive aggregate minerals, typically reactive silica. It is highly
detrimental to aesthetics and also to structural integrity depending on the nature and form of the structure.

#8 Sulphate attack arises from volume expansion of the cementitious products, and is generally highly damaging to concrete.
#9 Carbonation results in shrinkage of the matrix by release of water that then evaporates. A secondary form of shrinkage.

#10 Freeze-thaw damage produces internal microcracks that also manifest as macrocracks on the surface. This cause also
includes aggregate D-cracking in which aggregates crack from internal hydraulic pressure on freezing.

#11 Temperature variations can cause surface cracking which, though visible, may not penetrate very deeply.

#12 Early thermal contraction arises from concrete temperature rise due to heat of hydration, and is often exacerbated by
subsequent drying shrinkage. Occurs typically in restrained elements such as walls cast on stable bases.

#13 Structural-induced cracking is of many types, often by design (e.g. in flexural members). Where it is non-intentional, it is
usually detrimental to durability.

#14 Plastic shrinkage cracking arises mainly in flat work where the rate of evaporation from the surface exceeds the rate of
belling, normally associated with high temperatures and drying winds; plastic settlement cracking is caused by settlement
of the fresh concrete over reinforcement, or at changes of depth in e.g. troughs and waffle slabs.

#15 Formwork or subgrade movement while the concrete is still plastic can also cause macrocracking.

Figure 4.7 Types and causes of cracks in concrete. (Adapted from Concrete Society

TR22, 2010, Non-Structural Cracks in Concrete, 4th edition, Concrete Society,
Surrey, UK.
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Figure 4.8 lllustration of non-structural cracks in concrete. (Adapted from Concrete
Society TR22, 2010, Non-Structural Cracks in Concrete, 4th edition, Concrete
Society, Surrey, UK.)
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Figure 4.9 Influence of microcracking on normal strength concrete permeabil-
ity (measured as cumulative flow). (With kind permission from Springer
Science+Business Media: Materials & Structures, Permeability of cracked
concrete, 32, 1999, 370-376, Aldea, C. M., Shah, S. P, and Karr, A.)

is a complex subject which deserves fuller treatment than can be given
here. (Additional information can be obtained from the references given in
“Further Reading.”)

4.3 MECHANISMS OF DETERIORATION"

4.3.1 Introduction

For the sake of classification, deterioration mechanisms can be divided
into two broad categories: those caused mainly by physicomechanical
effects and those caused mainly by chemical effects (with biodegradation
mechanisms as a subset of chemical deterioration mechanisms). These
categories will be discussed in the following sections using the summary
given in Table 4.1, which outlines key aspects. Detailed information on dete-
rioration mechanisms should be sought in specialized texts (Biczok, 1964;
Heckroodt, 2002; Soutsos, 2010; Alexander et al., 2013). Since corrosion
of steel reinforcement in concrete is such an important and pervasive form
of deterioration, this receives special attention later.

Since concrete deterioration is dependent on interactions between
the concrete and its environment, the probability of occurrence and the
rate of deterioration will depend on the nature and aggressiveness of the

* A detailed account of concrete deterioration mechanisms is beyond the scope of this chap-
ter. See specialist texts in “Further Reading.”



Concrete deterioration 67

Figure 4.10 AAR-induced cracking representing a macrocrack, which may allow further
deterioration to occur (core diameter 100 mm).

environment as well as the physical and chemical resistance of the concrete.
General principles are as follows:

¢ Deterioration usually involves the movement of liquids, gases, and
ions through the concrete pore structure, hence the importance of
transport properties of concrete.

e Water in the environment and in the concrete pores is necessary for
most forms of deterioration. Dry concrete will generally deteriorate at
a negligible rate unless it is subject to, for example, dry abrasion. The
presence or absence of water is often crucial in terms of deterioration
mechanisms.

e The resistance of concrete to deterioration is very dependent on the
binder system used. Blended binders are generally more resistant to
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& 045
g * Binder: CEM I 42.5N
= 0.4 . ¢ w/b ratio: 0.40
< .
< ¢ Cover to steel: 20 mm
E 0.354 I . * Specimens: 120 mm x 130 mm x 375 mm beams
5 with one steel bar
iz 0.3 | Average corrosion rates between weeks
g E 104 and 120 after exposure to marine tidal zone
o 0.25 Error bars: 95% confidence interval
@ .
5
Z 02 ' .

Uncracked Incip. 04mm 0.7 mm

Crack width (measured on concrete surface)

Figure 4.1 Corrosion rate of laboratory beams as a function of surface crack width.
Note: “Incipient” crack invisible to the naked eye, obtained by loading to
the point of nonlinearity of the load—deflection curve. (Courtesy of Otieno,
M., 2014, The development of empirical chloride-induced corrosion rate predic-
tion models for cracked and uncracked steel reinforced concrete structures in the
marine tidal zone, PhD dissertation, University of Cape Town, Cape Town,
South Africa.)

many forms of deterioration than plain Portland cement, but each
case needs to be assessed.

* Good physical resistance requires concrete that is well-compacted,
dense, and well-cured, particularly in the outer layer. In many cases, a
durable outer “skin” of concrete is the only practical means of ensur-
ing longevity to a concrete structure.

Regarding the last bullet point, the resistance of specifically reinforced
concrete to deterioration relates to the quality of the cover layer. Therefore,
it is necessary to distinguish between bulk properties of concrete such as
compressive strength or bulk absorption, and properties relating to pen-
etrability that refer more to the surface layer. When deterioration is caused
by external aggressive agents, the quality and properties of the surface zone
are critically important.

The main mechanisms of concrete deterioration are summarized in
Table 4.1, and include the following:

® Mechanical and physical mechanisms: Abrasion, erosion, cavitation,
freeze—thaw, salt crystallization, cracking due to loading or thermal/
hygral effects (e.g., temperature or moisture cycling), and fire damage.

o Chemical mechanisms: Atmospheric gases, alkalis, soft and pure
waters, waters that are highly mineralized or contain other del-
eterious substances, acids, sulfates (external and internal), AAR.
(Biodeterioration mechanisms, giving rise frequently to acid attack,
are considered a subset of chemical mechanisms.)
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Table 4.1 covers mechanisms, brief description and primary effect of
deterioration, nature of aggressive medium, typical examples, likely occur-
rence and frequency, and avoidance or special precautions.

4.3.2 Mechanical and physical
deterioration mechanisms

These mechanisms include abrasion, erosion, cavitation, freeze—thaw, salt
crystallization, and cracking due to loading or thermal/hygral effects (e.g.,
temperature or moisture cycling). Cracking features in many deteriora-
tion mechanisms, either as a primary contributor or as a consequence. The
resistance of concrete to mechanical deterioration mechanisms relates to its
strength, toughness, and internal integrity, that is, absence of precracking
or overloading, bond between paste and aggregate, nature and toughness
of the aggregate itself (e.g., for abrasion), and the matrix microstructure,
which must be dense and of low porosity. The presence of water during
mechanical deterioration usually exacerbates the situation by softening the
matrix and facilitating removal of the products of deterioration, such as in
erosion. In general, the chemistry of the binder system is of less importance
for mechanical or physical attack. Essential precautions are strong, dense
concrete that is properly proportioned, free of macrocracks and defects
such as excess voids, and containing aggregates that will enhance mechani-
cal resistance if needed.

4.3.3 Chemical deterioration mechanisms

Many environments are chemically deleterious to concrete. These do not
necessarily have to be highly concentrated chemical solutions. For example,
pure water is very aggressive to concrete and yet is largely ion-free. The
ion-hungry nature of such waters renders them aggressive, since concrete
contains soluble species such as portlandite (Ca(OH),) that can be leached
from the matrix.

In most cases, chemical deterioration of concrete is characterized by
interactions between the ions of the aggressive medium and the products of
cement hydration, which also contain ions. These ion—ion interactions gov-
ern the nature and rate of deterioration as well as the resulting condition of
the concrete. Figure 4.12 illustrates this and also shows typical examples
of deterioration, while the following sections discuss various ionic interac-
tions in deterioration.

4.3.3.1 Exchange reactions between external aggressive
medium and components of hardened cement
paste (ion exchange or substitution)

The products of cement hydration are stable in a high alkaline environment
such as normal concrete, but this alkaline nature also renders it liable to
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deterioration by permitting the exchange or substitution of ions in the con-
crete with aggressive ions from the environment. A good example is attack
by acids resulting in destruction of the cement paste matrix, where the acid
anion is exchanged with the anions in the cement phases.

4.3.3.2 Hydrolysis and dissolution of the products
of cement hydration (ion removal)

The products of cement hydration may in certain cases be dissolved and
leached from the concrete matrix, causing the destruction of CSH gel with
a consequential loss of concrete strength. The most readily soluble prod-
uct is calcium hydroxide and so this is often the first substance to be dis-
solved or removed. Attack by soft or pure water is typical of this form of
deterioration.

4.3.3.3 Expansive stresses caused by conversion
of the products of hydration by agents
(external or internal) (ion addition)

Normal concrete is porous and penetrable by external aggressive agents.
Consequently, it is possible for such agents to enter the pore structure and
react with the products of hydration. Certain aggressive agents have the
ability to complex with the hydration products, forming new compounds
internally in the concrete microstructure. Frequently, this results in internal
expansive stresses, which cause cracking and destruction of the concrete
matrix. Sulfate attack involving ion-addition (and ion-exchange) reactions
with the hydroxide and aluminate phases, resulting in the formation of
expansive products such as ettringite and gypsum, is a good example. Two
special cases are as follows:

1. Delayed ettringite formation: This is an internal reaction caused by
re-formation of ettringite at normal temperature, following high-tem-
perature (>65°C) early curing (ettringite unstable above 65°C). This
typically occurs in precast elements or large concrete masses where
the early-age internal curing temperatures go too high, thus suppress-
ing the formation of ettringite, which later re-forms in an expansive
and destructive fashion.

2. Alkali—aggregate reaction, or more commonly alkali-silica reaction:
The aggressive agents participating in the reaction are internal to the
concrete, being a high alkali source (usually from the cement) and a
reactive siliceous aggregate. This has the potential to form an alkali—
silica gel, which in the presence of water particularly if from the exte-
rior, can swell causing internal and external cracking and breakdown
of the matrix—see Figure 4.10. (This is a complex topic; consult the
references given in “Further Reading.”)
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Figure 4.13 Efflorescence on downstream face of a dam at Ocean Falls, British Columbia;
the dam was constructed in 1925. (Courtesy of S. Mindess.)

Further aspects of Table 4.1 are briefly elaborated below.

® Leaching: This may lead to surface efflorescence from the deposi-
tion of salts leached out of the concrete, which then crystallize on
the concrete surface on subsequent evaporation of the water, or by
reaction with the CO, in the atmosphere. It is often referred to as lime
“bloom,” and can be seen frequently in situations where water can
percolate through the concrete such as on the downstream faces of
concrete dams (Figure 4.13) or when an exposed surface is alternately
wetted and dried. It most commonly appears as a white deposit con-
sisting primarily of CaCOj;, as the water dissolves some of the calcium
hydroxide contained within the hydrated cement paste. Similarly,
some of the calcium sulfate (gypsum) added to the cement to control
setting may also dissolve in water and be drawn to the surface in the
same way, where it too may leave a white deposit. Various other salts,
whether internal or external to the concrete, have also been identi-
fied in deposits of efflorescence. Water temperature is also important
in leaching, since calcium hydroxide is more soluble in cold than in
warm water.

Efflorescence is primarily an esthetic rather than a structural prob-
lem, but may indicate that a considerable amount of leaching is occur-
ring within the concrete; in this case, there may be an increase in
porosity and permeability and some strength loss, which may leave
the concrete more open to other forms of chemical attack. In cases of
very extensive leaching, the strength loss can be considerable. In an
exhaustive review of the literature, Ekstrom (2001) reported strength
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losses of up to 50%, particularly where the water could seep through
the concrete over a long period of time.

e Freeze—thaw damage: In addition to conventional freeze—thaw dam-
age, cryogenic concrete, that is, concrete exposed to extremely low
temperatures such as in tanks used for the storage of liquefied pro-
pane gas, can suffer similar damage. If the concrete has been well
hydrated and cooled slowly, it will perform well with strengths two
to three times higher than at room temperature, because of the freez-
ing of the capillary moisture, and also a significantly increased elastic
modulus. However, the concrete will undergo large, irreversible losses
in strength after only one or two cycles of freezing to temperatures
below about —70°C, and then thawing at room temperature.

o Salt crystallization: This problem is most commonly observed in the
intertidal region in marine exposures where the concrete is subjected to
regular cycles of wetting and drying. It may also occur if the concrete
is in contact with groundwaters rich in salts. In this case, the ground-
water may rise several hundred millimeters in the concrete through
capillary action. If this rise extends above the ground, evaporation
will concentrate just above ground level, and this is where the most
severe damage will occur. This has been known to occur in some areas
of the Middle East, and in other tropical regions. Damage has also
been noted in floor slabs in southern California, in areas where the soil
is rich in sulfates. Figure 4.14 is an example of such damage in Cuba,
just a year or so after the concrete columns were constructed near the
sea. This form of sulfate attack, due to the crystallization of sulfate
salts, was in addition to the more “classical” form of sulfate attack.

Figure 4.14 Damage due to salt crystallization of concrete columns after about | year.
(Courtesy of S. Mindess.)
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The columns were constructed on the shore just meters from the sea
near Havana, Cuba. The most effective way to limit such damage is
by using a low w/c concrete. Other methods, such as building barriers
into the structure to prevent capillary effects, can also be used.

4.3.4 Other factors to consider in

chemical deterioration

The categories of chemical deterioration mechanisms above are useful in
classifying and understanding such deterioration. However, actual situa-
tions are invariably more complex than given in simplified classification
systems, and the following factors should be noted.

Several deterioration mechanisms may operate simultaneously. For
example, soft waters may contain dissolved carbon dioxide, which
accelerates deterioration by leaching and acid attack.

The moisture and temperature states of the concrete and environment
should be considered. Chemical reactions are temperature dependent,
but often the moisture state of the concrete is critical in deterioration
rates. For example, carbonation takes place most rapidly in partially
saturated concrete (at RH values of between about 50% and 70%),
while chloride ingress requires saturated concrete for diffusion to occur.
The microclimate of exposure can have a marked effect on the rate
of deterioration. Whether the structure is exposed to rain and sun,
or rain but no direct sun, or sheltered from rain and sun will greatly
influence many deterioration processes. Likewise, two different
aspects of the same structure or concrete element can have very dif-
ferent exposure microclimates, for example, sea-facing versus non-
sea-facing aspects of the same building.

Synergistic interactions of two or more deterioration mechanisms may
occur. For example, chlorides penetrate more freely in carbonated
concrete due to the reduced chloride-binding capacity of the cement.
As mentioned previously, water—or moisture—is present in almost all
chemical deterioration mechanisms. The presence of free water during
deterioration of concrete very frequently exacerbates the mechanism,
although not in all cases. Therefore, careful consideration must be
given to the effects of water or the moisture state on deterioration.
For example, saturated reinforced concrete permanently submerged
in the ocean tends to be fairly well protected, while the same concrete
in the splash/spray zone may deteriorate rapidly.

4.3.5 Steel corrosion in reinforced concrete

This is a very important mechanism of deterioration in reinforced concrete
structures, and consequently is covered in some detail below.
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4.3.5.1 Mechanism of steel corrosion in concrete

Corrosion of steel in concrete is an electrochemical process in which
cathodic and anodic areas form on the steel surface due to electro-galvanic
potential differences, with the concrete pore solution acting as an elec-
trolyte. This results in the flow of local electric currents that constitute
steel corrosion. The process can be described by the following equations
(Bockris et al., 1981):

Anodic (oxidation) reaction:

Fe — Fe?* +2e” (4.1)

Electrons released at the anode are consumed at the cathode by reduc-
tion. The commonly accepted reaction (based on the availability of O, and
the pH at the steel surface) is the following:

2H,0+ 0O, +4e” - 40H™ (4.2)

The electrical currents consist of electrons flowing through a conduc-
tor (the steel bar) between the anode and cathode, and ionic current flow-
ing in the electrolytic solution—the pore solution in the concrete. The Fe?
and (OH) ions interact in the electrolyte solution, and in the presence of
additional oxygen, they can form a range of iron oxides or “rust.” The cor-
rosion itself takes place at the anode with loss of steel surface as Fe* ions
enter the electrolytic solution.

Figure 4.15 illustrates the corrosion process. Corrosion of steel in con-
crete is usually in the form of either microcell or macrocell corrosion.
Macrocell corrosion is characterized by a clearly separated small localized

Movement of chloride ions
and/or carbon dioxide

Concrete surface

1

1

1

\ 4
0, H,0 %
Hydroxyl flow
_____________________ ’

Electron flow Cathode

Steel

Figure 4.15 Schematic illustration of the corrosion process in concrete.
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Figure 4.16 Pitting corrosion. (Courtesy of H. Beushausen.)

anode and a large cathode, typically occurring in chloride-induced corro-
sion or in concrete with low resistivity, with high local corrosion rates (pit-
ting corrosion) and large steel cross-section reduction, as shown in Figure
4.16.

In microcell corrosion, the anodic and cathodic sites are closely adjacent,
common in carbonation-induced corrosion or in concrete with high resis-
tivity, for example, carbonated concrete.

4.3.5.2 Steel passivation and depassivation in concrete

Steel embedded in concrete is naturally protected by the high alkalinity
of the cement matrix (pH > 12.5) and by the barrier effect of the concrete
cover, which limits the oxygen, moisture, carbon dioxide, and chlorides
required for active corrosion. This alkaline environment passivates the
steel surfaces by the formation of a very thin (of the order of 10 nm) pas-
sive ferric oxide film (maghemite, y-Fe,O;), resulting in negligible corro-
sion rates.

4.3.5.3 Corrosion products

The primary reaction of iron corrosion is the conversion of Fe to Fe?*
in the concrete. Numerous hydroxides, oxides, and oxide-hydroxides of
the reacted iron form under different conditions of temperature, pres-
sure, potential, and pH. The variations in volume change associated with
individual iron oxides are illustrated in Figure 4.17. The formation of
corrosion products causes expansive stresses in the concrete, with resulting
cracking and spalling of the surrounding concrete.
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Figure 4.17 Relative volume of iron corrosion products. (Adapted from Liu, Y., 1996,
Modelling the time-to-corrosion cracking of the cover concrete in chloride
contaminated reinforced concrete structures, PhD dissertation, Virginia
Polytechnic Institute and State University, Blacksburg, VA.)

4.3.5.4 Corrosion initiation

The passive layer can be disrupted or depassivated by ingress of corrosive
species such as carbon dioxide and chlorides into concrete, leading to cor-
rosion initiation. After depassivation, corrosion may occur and propagate
depending on the availability of corrosion agents (specifically moisture and
oxygen). Corrosion can also be initiated by stray currents and bacterial
attack. However, the most common causes are carbonation- and chloride-
induced corrosion, and these are briefly discussed.

Carbonation is a neutralizing reaction in the cement paste that reduces
the pH from above 13 to less than 9, caused by the ingress of CO,, which
reacts with the calcium hydroxide in the concrete to form calcium carbon-
ate in a two-step process given in Equations 4.3 and 4.4:

Formation of carbonic acid in the concrete pores:

H,0 +CO, — H,CO; (4.3)
Reaction of carbonic acid with Ca(OH), in the concrete:

H,CO; + Ca(OH), — CaCO; + 2H,0 (4.4)

This process depassivates the steel in contact with the carbonated zones.
While the carbonation reaction is virtually self-sustaining because of the
release of water, it tends to be limited by the increasing difficulty for the
carbon dioxide to penetrate into the concrete.

In chloride-initiated corrosion, chloride ions that occur in the con-
crete either because they were admixed or after exposure to a chloride
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Figure 4.18 Corrosion of reinforcement in concrete exposed to chloride ions. (Adapted
from Broomfield, J. P, 2007, Corrosion of Steel in Concrete—Understanding,
Investigation and Repair, 2nd edition, Taylor & Francis, Oxford, UK.)

environment may depassivate the steel by locally breaking down the pro-
tective layer provided they are present in sufficient quantity. They are not
consumed in the process but break down the passive layer and allow the
corrosion process to proceed (Figure 4.18).

The process illustrated in Figure 4.18 results in very localized areas of
the steel surface becoming anodic, with the passive surface forming the
cathode. The resulting corrosion is in the form of localized pitting—see
Figure 4.16. This kind of corrosion usually gives much higher corrosion
currents than carbonation-induced corrosion and is particularly severe and
pernicious.

As mentioned, the chloride ions must be present in sufficient concentra-
tion for depassivation to occur. This is referred to as the chloride threshold
level (or critical chloride concentration) and is an input parameter in service
life design and service life prediction models. It is not a single value valid
for all types of concretes, steels, and environments, but is affected by dif-
ferent factors such as cover thickness, temperature, relative humidity, elec-
trical potential of the reinforcement, chemistry of the binder, proportion
of total chlorides to free chlorides, chloride to hydroxyl ion ratio, and
condition of the steel surface. For practical purposes, it is often taken as
0.4% by mass of total binder,* with chlorides measured as the total (acid-
soluble) chlorides in the concrete (Daigle et al., 2004). This threshold can
be enhanced to provide additional stability to the film by the presence of

* Note that a variety of values for the threshold level are given in the literature, such as 0.1%,
0.2%, and 0.4% by mass of binder, or even higher. Each case needs to be considered on its
own merits.
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ions discharged from corrosion-inhibiting admixtures such as calcium
nitrites—see Table 5.15 in Chapter 5.

4.3.5.5 Chloride binding in concrete

Not all of the chlorides in concrete are free or mobile and thus available for
corrosion. Some are bound to the cement matrix, while free chlorides are
dissolved in the concrete pore solution, their concentration reducing with
time due to chloride binding, which removes chlorides from the pore solu-
tion through interaction with the cement matrix. Chlorides can be bound
chemically by reacting with the aluminate phases (C;A and C,AF) to form
calcium chloroaluminates, or they may be physically bound to hydrate
surfaces by adsorption. All cements bind chlorides to some degree and this
strongly influences the rate at which chlorides penetrate into the concrete
from an external source.

Bound chlorides are in chemical equilibrium with the free chlorides.
They can be released under certain conditions to become free chlorides
again, such as when chloride-contaminated concrete subsequently carbon-
ates causing a release of the bound chlorides. Thus, bound chlorides also
present a corrosion risk. The nature of the cement chemistry is important
in chloride binding, and the choice of binder type is critical. In this respect,
blended binders containing fly ash or slag are superior due to their elevated
chloride-binding properties.

4.3.5.6 Corrosion rate in concrete

The overall rate of the electrochemical process is determined by the slow-
est of the processes involved: anodic chemical reaction, cathodic chemical
reaction, and ionic current flow. The cathodic reaction rate depends upon
the availability of oxygen diffusing through the concrete cover, while the
ionic current rate depends upon the electrical resistance of the concrete
cover (Figure 4.19).

The overall corrosion process of steel in concrete is usually described
in terms of a corrosion versus time diagram, showing the depassivation
stage and the propagation stage, which occurs afterwards (Figure 4.20).
The rates of corrosion in the depassivation stage are usually controlled by
the availability of oxygen and the electrical resistance of the concrete. Once
sufficient rust has accumulated around the steel, cracking of the concrete
cover takes place due to the expansive forces exerted by the voluminous
rust, and the corrosion rates are further accelerated.

4.3.5.7 Corrosion of steel in cracked concrete
(Otieno et al., 2015a,b)

In cracked concrete, corrosion starts either in the crack zone or in zones
immediately adjacent to the crack. There are two different corrosion
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Figure 4.19 Rate determining factors of the electrochemical corrosion process of steel in
concrete. (Reproduced from Bentur, A., Diamond, S., and Berke, N. 1997, Steel
Corrosion in Concrete, Fundamentals and Civil Engineering Practice, E&FN SPON/
Chapman and Hall, London, UK, with permission from Taylor & Francis.)

mechanisms that can exist theoretically in the region of cracks (Schiefsl and
Raupach, 1997):

® Mechanism I: Both the anodic and cathodic sites are very small and
located closely to each other (microcell corrosion) in the crack zone.

e Mechanism 1I: The anode is the reinforcement in the crack zone,
while the passive steel surface between the cracks forms the cathode.

Corrosion in cracked concrete is governed by further complicating factors
compared to uncracked concrete, mainly the nature and extent of cracking.
Cracking greatly increases the penetrability of the cover layer, substantially
reduces the period of time before active corrosion occurs, and thereafter
tends to accelerate the rate of corrosion, thereby reducing the service life
of the structure. The use of SCMs such as fly ash, condensed silica fume,
or ground-granulated blast-furnace slag, can reduce the effect of cracks
to some extent. Nevertheless, cracked reinforced concrete in corrosion-
prone zones such as marine areas or chloride-contaminated environments
presents a particular challenge in terms of creating a durable structure.

To limit the corrosion rate of reinforcing steel in structures located in
corrosion-prone zones, certain inter-linking parameters that include con-
crete quality, cover depth, binder type, and w/b ratio need to be consid-
ered during the design stage. A comparison of the influence of some of
these parameters on the corrosion rate of reinforcing steel in uncracked and
cracked (0.4 mm crack) concrete is illustrated in Figure 4.21. This covers a
range of concretes based on plain Portland cement (PC), and blends with
SCMs such as fly ash (FA) and slag (SL), with w/c being either 40% or 55%.
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Figure 4.20 Modeling of the corrosion process of steel in concrete. (Reproduced from
Bentur, A., Diamond, S., and Berke, N., 1997, Steel Corrosion in Concrete,
Fundamentals and Civil Engineering Practice, E&FN SPON/Chapman and Hall,
London, UK, with permission from Taylor & Francis.)

Figure 4.21 confirms that the corrosion rate of embedded steel in
reinforced concrete increases with crack width and lower cover, and that
the use of SCMs can decrease the corrosion rate.

4.3.5.8 Electrochemical corrosion and
nondestructive testing techniques

The driving forces for creating the electrochemical process of corrosion
can be presented in electrical terms, which form the basis for various
nondestructive testing techniques. This aspect is covered in Chapter 8.

4.4 DESIGN AND CONSTRUCTION
CONSIDERATIONS TO MINIMIZE
CONCRETE DETERIORATION

There are accepted technologies to minimize deterioration in concrete
structures. Newer approaches are becoming available to assist designers
and constructors in achieving durable structures. This section briefly
outlines established techniques to help ensure resistance against deteriora-
tion of concrete.

4.4.1 Concrete mix design and materials selection

First, attention must be paid to selection of the concrete mix constituents
and mix proportions, in order to minimize concrete penetrability and
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maximize chemical resistance. This requires lowering the water content of
the concrete as far as practically possible, as well as careful aggregate and
admixture selection. A suitable w/b ratio must be chosen, bearing in mind
that modern cements tend to produce higher strengths than earlier ones
at the same w/b ratios, which produces concrete of adequate strength but
higher porosity and permeability.

The chemical resistance of the concrete derives mainly from the binder
system, which must be selected to “match” the environment. For example,
carbonating conditions require a cement with a high CaO content, while
chloride resistance requires cements rich in aluminate phases to “bind” the
chloride ions. Also, research is increasingly showing that the w/b ratio is
more important than the binder content per se (Wassermann et al., 2009).

4.4.2 Reinforcement cover

Inadequate cover of reinforcing bars is probably the single most important
reason for premature deterioration of reinforced concrete, arising either
by design and detailing faults or through negligence during construction.
Simply observing the expedient of adequate cover would help to resolve
the great majority of corrosion problems. Also, it is not only essential
to specify correct cover, but even more importantly to actually achieve
the specified cover during construction. Codes of practice for concrete
design and construction give guidance on steel cover required for differ-
ent aggressive environments, although these may be overly conservative,
or even occasionally nonconservative with regard to actual performance.
For this reason, there are international trends to move away from the pre-
scriptive rules of the past and move toward performance-based design and
construction philosophies that include the dual effects of concrete cover
depth and quality of cover concrete, as discussed in Chapters 5 and 6 of
this book.

Consistently achieving the required cover depths on construction sites
is not a simple matter. Attention must be paid to providing good quality,
dense cover blocks, placed at a spacing close enough to ensure that the
reinforcing cage does not move unduly during concreting, allowing for
tolerances on element dimensions and reinforcing steel bending dimensions
(see also Chapter 10).

4.4.3 Curing of concrete

Curing is intended to ensure that the hydration reactions progress to as
great a degree as possible, ensuring a dense microstructure with minimal
porosity and maximum pore-discontinuity. This requires attention to the
moisture and temperature environment in which the fresh concrete hardens
and develops its properties, particularly in the critical first hours and days
of its existence. There are many useful guides to good curing available
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(CSA A 23.1; ACI 308R; BS EN 13670); the challenge is actually achieving
good curing during construction. Modern construction practices such as
fast-track construction often result in curing being neglected. Construction
methods such as slip-forming and bridge-jacking require special attention
to curing because of the short time in which the concrete remains in the
formwork. Membrane-forming curing compounds can be convenient and
effective means of curing concrete, but subsequent evaluation of the quality
of the cover has indicated that required properties have not always been
achieved.

As with specifying concrete cover, there is a move away from prescrip-
tive means of achieving curing to performance-based approaches such as
measuring the quality of the cover concrete after curing to ensure adequate
cover properties. This is discussed in Chapter 6; other references are
Beushausen and Fernandez (2015) (RILEM TC 230—PSC Report) and
Owens (2009) (Chapter 9).

4.5 CONCLUDING COMMENTS

Concrete deterioration is a serious problem for the durability of many
concrete structures. Various deterioration mechanisms affect concrete
structures, and these have been reviewed in this chapter. Steel corrosion
in reinforced concrete probably remains the most serious deterioration
mechanism currently afflicting concrete structures, and this needs special
attention in design, construction, and operation. Chapters 5 and 6 in this
book deal with newer approaches to durability design and specification,
such as performance-based approaches and durability indicators. These
newer approaches show promise in helping to improve the longevity of
concrete structures.
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Chapter 5

Durability specifications,
limit states, and modeling

5.1 BASIC CONCEPTS

Traditionally, the procedures for designing concrete mixtures, and indeed
for designing concrete structures themselves, have focused primarily on
compressive strength and other mechanical properties; durability issues
received only secondary consideration. However, more recently, the focus
has shifted to designing first for durability, at least for major structures.
This change has come about for several reasons:

e Using modern concrete technology, it is relatively easy to achieve high
strengths; however, high strength does not necessarily translate to
high durability.

e With the increasing emphasis on the sustainability of concrete struc-
tures, it has become apparent that increasing the durability (and
hence the service life) of concrete structures is much more effective
in reducing the carbon footprint than merely increasing the strength,
or replacing some Portland cement with other pozzolanic materials.

® Problems with concrete structures are rarely due to deficiencies in
strength; premature distress or failure of concrete structures is almost
always initiated by inadequate durability. It should be noted, however,
that “durable” concrete does not imply “maintenance-free” concrete.
Inherent in the notion of durability is the obligation to inspect the
concrete on a regular basis, and to carry out such (reasonable) main-
tenance and repairs as required to keep the structure functional as
long as possible.

In order to ensure durable concrete for any particular application, it is
essential that the concrete specifications be clear and unambiguous. There
is little point in specifying a service life of, say, 100 years, if there is no way
of specifying at the same time the predictive models, the concrete tests to
be used, the schedule of inspections, and the circumstances under which
repairs or rehabilitation is to be carried out. While this may seem to be
quite straightforward in principle, the reality is much more complicated.
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In essence, we are trying to predict long-term behavior on the basis of
short-term tests, in conjunction with predictive models that inevitably are
simplifications of the real situation to which the concrete will be subjected.
This can lead to a myriad of problems.

Durability of a structure implies that it remains fit for use for its intended
purpose in the environmental conditions to which it is exposed over its
entire service life, including anticipated maintenance, but without the need
for major repair. Design for durability has become an inherent part of stan-
dards and design codes. We are currently at a period in which the approach
in the codes is gradually changing from a general prescriptive one to perfor-
mance-based durability design and testing. In order to provide a coherent
overview of the current state of affairs and the expected future develop-
ments, there is a need to clearly define the concepts of durability design and
the means to achieve the expected long-term performance. These concepts
and the derived definitions are embedded in standards and codes and are
specified in a variety of documents, such as fib model code for service life
design (fib, 2006), fib model code 2010, ISO 13823 (2008), ISO 16204
(2012), ACI 365.1R-00 (2000), and Eurocode 2: EN (1992).

It should be noted that there is some overlap between the concepts dis-
cussed in this chapter, and those in Chapter 6 of this book. Overall, this
provides a richer understanding of these important topics for durability.

5.1.1 Performance versus prescriptive specifications

The concrete industry is currently in the process of moving, very gradually,
from prescriptive to performance specifications in the design of concrete
mixtures. At the moment, we still rely heavily upon prescriptive specifica-
tions, which generally include requirements such as maximum w/b ratios,
minimum cementing materials contents, cement types, limitations on the
types and amounts of both chemical and mineral admixtures, limitations
on filler materials in the cement itself, and so on. They are also primar-
ily strength based. Though modern concrete design codes do, of course,
contain provisions for durability, the primary criterion for judging the ade-
quacy of concrete for most applications remains its compressive strength
(f0). Unfortunately, particularly in terms of durability, this is far from a
guarantee of concrete adequacy.

However, the concrete industry has in recent years become much more
sophisticated, and much more focused on the issue of sustainability.
Unfortunately, one consequence of the prescriptive approach to mix design
is that it inhibits the most efficient use of the many materials now available
to make up a concrete mixture. It is therefore time to make much more
extensive use of performance specifications. Such specifications, properly
written, would permit concrete producers to be more imaginative and
innovative in their choice of materials, such as less common supplemen-
tary cementing materials (SCMs), admixtures, blended cements, polymers,
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fibers, mineral fillers, and so on. They would also be a means for introduc-
ing durability concerns more explicitly into the design of concrete mixtures.

The intent of performance specifications is to prescribe the required prop-
erties of the concrete in both the fresh and hardened states, but without
saying explicitly how they are to be achieved. A typical definition of such
a specification is provided in the Canadian Standard CSA A23.1 (2004):

A performance concrete specification is a method of specifying a con-
struction product in which a final outcome is given in mandatory lan-
guage, in a manner that the performance requirements can be measured
by accepted industry standards and methods. The processes, materi-
als or activities used by the contractors, subcontractors, manufactur-
ers and materials suppliers are then left to their discretion. In some
cases, requirements can be referenced to this Standard [CSA A23.1],
or other commonly used standards and specifications, such as those
covering cementing materials, admixtures, aggregates, or construction
practices.*

The difference between prescriptive and performance specifications is
stark. In the former, the owner (i.e., his or her architectural and engineer-
ing consultants) specifies the concrete mix proportions, the materials to
be used, the properties of the fresh and hardened concrete, and any other
requirements. The owner thus assumes full responsibility for the concrete;
the materials supplier and the contractor simply have to follow these specifi-
cations. The use of performance specifications, on the other hand, requires
the owner, the contractor, and the materials supplier to cooperate with
each other from the outset. The owner specifies all of the required concrete
properties, the supplier assumes responsibility for delivering the appropri-
ate concrete to the jobsite, and the contractor assumes responsibility for
placing and curing the concrete.

However, the move from prescriptive to performance specifications will
not be quick or easy. There are several reasons for this:

e The conservatism of the concrete industry as a whole.

® Many concrete producers do not have the properly trained personnel
to provide the necessary technical advice to specifiers and engineers,
or to deal with complex quality control issues.

* Note: With the permission of the Canadian Standards Association (operating as CSA
Group), material is reproduced from CSA Group Standards, A23.1-14/A3.2-14—Concrete
Materials and Methods of Concrete Construction/Test Methods and Standard Practices
for Concrete, which is copyrighted by CSA Group, 178 Rexdale Blvd., Toronto, ON, MOW
1R 3. This material is not the complete and official position of CSA Group on the referenced
subject, which is represented solely by the standard in its entirety. While use of the mate-
rial has been authorized, CSA Group is not responsible for the manner in which the data is
presented, nor for any interpretation thereof. No further reproduction permitted. For more
information or to purchase standards from CSA Group, please visit http://shop.csa.ca/ or
call 1-800-463-6727.
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e Perhaps of most importance is that there is currently a lack of quick,
reliable durability tests. If we are to move away from using the 28-day
compressive strength as the primary arbiter of concrete quality, such
tests are essential. Until such tests are developed and verified in prac-
tice, we may still have to rely on the “equivalent performance” concept
as described below.

e Finally, with the shared responsibility envisaged by the concept of
performance specifications, there would have to be some way of
assigning responsibility for the concrete quality, particularly in cases
in which the job requirements are not met.

5.1.2 Predictive models of service life

The prediction of service life is of great importance to owners of major
structures and civil engineering infrastructure (dams, bridges, sewer
systems, and so on), so that they can develop timelines and budgets for
future maintenance and eventual replacement. In the early days of rein-
forced concrete structures, it was assumed that if the right steps were
taken in the design and production of the concrete, it would then perform
satisfactorily for the life of the structure, however long that might be
(Thompson, 1909):

When well designed and properly constructed, a reinforced concrete
structure will be safe for all time, since its strength increases with age,
the concrete growing harder and the bond with the steel becoming
stronger. ...a concrete structure as stated above grows stronger with
time and its life is measured by ages rather than years.

This was written, of course, long before such issues as steel corrosion,
freeze—thaw resistance, sulfate attack, alkali-aggregate reactions (AARs),
and so on were even imagined, much less understood.

With the increasing use of high-performance concrete, and the realiza-
tion that a longer service life would not only be more economical in the
long run, but would also lead to a reduced carbon footprint, more and more
owners are now specifying a service life of 100 years, or even longer. This
is, however, still largely uncharted territory, as the tools to make such long-
term predictions have not yet been fully developed. There are currently a
number of models that purport to predict long-term behavior for certain
environmental exposure conditions, some of which are listed in Table 5.1.
The most basic models are intended to predict the time to corrosion of
the reinforcing steel for structures exposed to chlorides, assuming that the
fluid transport is by diffusion alone. More sophisticated models also deal
with some (but not all) other types of chemical exposure and may consider
additional fluid transport mechanisms. As yet, none of the existing models
can deal with the effects of construction or design defects. Also, service life
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Table 5.1 Models for prediction of service life

Model Characteristics Reference
LIFE-365® Chloride diffusion model, based on Fick’s Free software. www.
law. Semi-probabilistic. Provides life-cycle Life-365.org
cost analysis
STADIUM® Multi-ionic model, based on Ernst—Planck Proprietary software.
equation. Provides chloride ingress rate WWW.
and corrosion initiation.Also provides simcotechnologies.ca
carbonation and sulfate profiles. Full
probabilistic
fib Bulletin 34 Based on Fick’s second law. Deals primarily ~ Open source bulletin.
with chloride ingress and carbonation. ISBN:
Used in fib Model Code 2010. Full 978-2-88394-074-1
probabilistic
ConcreteWorks  Based on Fick’s law. Predicts strength, www.texasconcrete-
chloride ingress, thermal cracking works.com; Folliard
et al. (2008)
ClinConc Chloride diffusion model Tang (2008)
LIFEPRED Based on Fick’s law Andrade and

Tavares (2012)

design criteria cannot yet adequately or fully consider the trade-off between
initial cost and downstream maintenance and rehabilitation costs.

Of course, it is well known that fluid ingress into concrete does not occur
due to diffusion alone. There are other transport mechanisms that must be
considered, primarily, permeability due to a pressure head or thermal gradi-
ent; sorption due to repeated cycles of wetting and dying; and wick action if
there is a drying surface. Above all, the presence of cracks will always exac-
erbate the ingress of fluids. In reality, several of these mechanisms may be
acting at the same time, so that it can be very difficult to predict the ingress
of harmful fluids in severe exposure conditions, or when the concrete is
subjected to several destructive mechanisms simultaneously (e.g., sulfate
attack + chloride corrosion + freeze—thaw cycles).

There are several other problems to the above “time to corrosion” models.
The assumptions and the algorithms used in these models are difficult to
verify independently, particularly since they often involve proprietary soft-
ware and “in-house” databases. This makes any independent review of the
validity of these models difficult. The models also fail to deal with many
other types of deterioration, such as AAR, scaling, D-cracking, and so on.
So, using this approach, we end up trying to design structures to satisfy a
numerical value of service life as calculated from the various models, in
order to meet subjectively defined levels of durability and service life. There
is clearly a need for a much more robust approach to designing for service
life based on durability considerations. It might be more helpful if future
research and development focused less on developing precise numerical
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models, and more on defining exposure conditions and the related probabil-
ity distributions. There should also be more focus on correlating laboratory
tests with field performance and the effectiveness of mitigation measures.

5.1.3 Service life design codes and standards

At this time, there are no North American codes or standards for service
life design. There are a number of reasons for this:

e The various jurisdictions and agencies in North America do not have
a unified approach to tests and specifications, or to how to use the
results so obtained.

® Similarly, there are different approaches to how exposure conditions
should be defined, and how they are to be dealt with.

* Asstated above, there are many different approaches to the prediction
of service life, and indeed how to specify in-service performance in
project specifications. Statements such as “...shall perform its design
function without significant repairs, rebabilitation or replacement”
or “service life shall be defined as the time in service until spalling of
concrete occurs” are too open to interpretation.

e Itis difficult for a designer or owner to make an independent verifica-
tion of the analysis used in the various models; this leads to a lack of
confidence in the output of these models.

In spite of these issues, however, there are available several international
service life design codes, including fib Bulletin 34, Model Code for Service
Life Design (2006), and ISO 16204 (2012), Service Life Design of Concrete
Structures (2012). (These two are quite similar, since ISO 16204:2012 is
based in large part on fib Bulletin 34.) The basic idea behind these codes
is to establish an approach to concrete design to avoid deterioration of the
concrete due to environmental effects, to stand alongside the usual struc-
tural design codes. (It should be noted, however, that these codes are not
well adapted to North American materials and practices.) The design pro-
cess involves four steps:

1. Quantify the deterioration mechanism using realistic models that can
describe the process with sufficient accuracy either physically or chem-
ically. This would require a combination of laboratory and field obser-
vations, and sufficient data to provide statistical parameters (mean
values, scatter, etc.). For some deterioration mechanisms, generally
accepted mathematical models exist, which take into account both
the material and the environmental parameters (mix design, w/c ratio,
temperature, relative humidity, etc.). Such mechanisms include car-
bonation-induced corrosion of the reinforcing steel, chloride-induced
corrosion, and freeze—thaw attack. For other mechanisms, such as
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AAR, sulfate attack, or other chemical attack, such models do not yet
exist, and would need to be developed in order to fit neatly into this
design procedure. As well, cases in which several deterioration mech-
anisms are acting simultaneously, or where there is already cracked or
otherwise damaged concrete, cannot yet be dealt with.

2. Define the limit states appropriate to the particular project. These
might include such factors as depassivation of the reinforcement due
to carbonation, cracking due to corrosion of the steel, spalling of the
concrete, collapse due to loss of cross section of the reinforcement,
and so on.

3. Calculate the probability that the limit states defined in Step 2 will be
exceeded, by applying the models adopted in Step 1.

4. Define the type of limit state, with reference to the limit states
defined in Step 1. The options are a serviceability limit state (SLS),
which refers to the point beyond which the specified service require-
ments are no longer met, and an ultimate limit state (ULS), which is
associated with collapse or similar forms of structural failure.

In order to produce a rational service life design with a given level of
reliability in accordance with the above process, ISO 16204:2012 provides
two different strategies:

Strategy 1, which is based on designing the structure to resist deterio-
ration, permits three different levels of sophistication, depending on the
importance of the structure:

e The full probabilistic method is basically performance based;
it requires the existence of probabilistic models for the strength
(resistance) of the structure as designed, for the loads and exposure
conditions, and for the geometry of the structure. It also requires a
clear definition of the limit states beyond which the structure fails or
cannot meet serviceability requirements.

® The partial factor design method is also largely performance based.
It is a deterministic approach, in which the scatter in both strength
(as predicted from the design calculations) and environmental loads
is taken into account by partial safety factors. This too requires a
definition of the limit states.

® The “deemed-to-satisfy” method is similar to the design methods
currently in use. That is, it involves a mixture of theory, laboratory
tests, and field experience, but is not based directly on proper physi-
cal and chemical models, nor is it probabilistic. It is largely a pre-
scriptive approach, and is described in detail in Section 5.6 of this
chapter.

Strategy 2 is based on designing the structure completely to avoid
degradation processes. This could be based on protective technologies such
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as cladding and membranes which isolate the structure from the environ-
ment, or using components which are nondegradable, such as stainless
steel to replace conventional steel reinforcement in concrete. This approach
calls for specifications that are prescriptive in nature. It should be empha-
sized that for both the “deemed-to-satisfy” and “avoidance” approaches,
there is a lack of reliable test methods that correlate with field experience.
As well, neither the control nor the avoidance measures are correlated to
any specific length of service life.

A flow chart outlining the different design schemes is presented in
Figure 5.1.

5.1.4 Equivalent performance concept

There is increasing interest in concretes made with what may be termed
alternative concrete compositions, due to the use of many different types of
cements (not always based on Portland cement) and SCMs. These concretes
often fall outside of the standardized (prescriptive) specifications for con-
crete, in terms of such parameters as w/b ratio, minimum cement contents,
and so on. In order to evaluate such concretes, EN 206-1 (2013) provides
a test methodology, the Equivalent Concrete performance Concept. This
is a comparative test, in which the “alternative” concrete is compared to a
reference concrete whose composition is generally accepted to be suitable
for the application in question. What is key in this approach is the selection
of the reference concrete. The reference concrete mixture is based on the
minimum composition requirements of EN 206-1 for the environmental
class appropriate to the application. There are, however, two additional
criteria: the w/b ratio is reduced by 0.05 compared to the limiting value for
the particular exposure class, and the binder content is increased by 5%.
These criteria are intended to ensure that the reference concrete is consider-
ably better than the minimum composition given by EN 206-1. Generally,
both concretes are made with the same aggregate.

The specimens of the reference concrete and the “new” concrete are then
compared with one another in terms of these properties:

Compressive strength

Resistance to carbonation

Chloride penetration

Freeze—thaw resistance (in the presence of deicing salts)

Other possible requirements, depending upon the particular applica-
tion, which might include such things as scaling resistance, resistance
against seawater, sulfate resistance, acid attack, and ASR

The alternative concrete must be as good as or better than the reference
concrete in all of these tests. This approach has been discussed in more
detail by de Schutter (2009) and Linger et al. (2014).
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5.1.5 Durability tests

Over the years, a great many durability tests have been developed for con-
crete (e.g., Gehlen and Rahimi, 2011); a number of these are described in
detail in Chapters 7 and 8. In general, these tests can be categorized as the
following:

1. Freezing and thawing resistance: These are among the oldest durabil-
ity tests and involve some prescribed cycles of freezing and thawing in
either water or a salt solution. The durability is then defined in terms
of the loss of mass, decrease in compressive strength, decrease in
dynamic elastic modulus, or some combination of these. While these
test methods differ from each other in detail, they all seem to provide
useful information with regard to the behavior of concrete under the
prescribed test conditions. They do not necessarily correlate with the
behavior of concrete in the field, where the exposure conditions may
be quite different from those prescribed in the various test methods.

2. Depth of carbonation: The depth of carbonation is generally mea-
sured by exposing a freshly fractured surface to a phenolphthalein
solution; the noncarbonated portion should be pink. Though this test
is very simple to perform, it may sometimes be difficult to interpret
the results, particularly in areas of visible cracking.

3. Sulfate attack: There are currently no standardized test methods in
Europe to determine the sulfate resistance of concrete, though there
are of course a number of laboratory tests used variously in differ-
ent countries. There are, however, ASTM tests for sulfate resistance.
The tests all involve immersing the concrete in question in prescribed
sulfate solutions, and measuring changes in length, in strength, or
in dynamic modulus over the period of immersion. These tests do
not correlate well with field experience, particularly if the concrete
is subjected to wetting and drying cycles, and in cases in which the
sulfate-bearing fluid can flow continuously past the concrete.

4. Chloride penetration: The rapid chloride penetration test, such as that
prescribed in ASTM C1202, measures the electrical conductance, in
terms of the total charge in coulombs passed over a specified time
period through a concrete disc exposed to a sodium chloride solution
on one side and a sodium hydroxide solution on the other. While this
test is not a very good indicator of how easily chloride ions will pen-
etrate concrete in the field, it has become quite popular as a screening
test for concrete penetrability in general. This test cannot replicate the
transport of chloride ions (or other aggressive ions) through concrete
in practice, but is useful in a comparative manner when considering
different concrete mixes. There is no particular scientific basis for this
use of chloride permeability tests. However, since reducing the num-
ber of coulombs passed in a test generally involves reducing the w/b
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ratio, often combined with the use of silica fume or other SCMs, a
lower coulomb number does correlate empirically with increased
durability to chemical attack.

5. Alkali-aggregate reactivity: Tests to determine the alkali-aggregate
reactivity of aggregates are not concrete durability tests per se. They
are simply designed to assess the potential of any aggregate to enter
into AARs. These tests usually involve petrographic analysis to start,
followed by preparation of specimens in the form of bars or prisms.
These specimens either contain or are exposed to high alkali levels,
and their length change over time is monitored. If the aggregates are
found to be reactive, the most common solution is to move to a non-
reactive aggregate, or to use cement with a very low alkali content.
None of the available tests correlate perfectly with field experience.

6. Leaching: There are currently no tests available that can determine
how readily material can be leached from concrete.

Hence, none of these tests can provide an absolute guarantee of future
concrete behavior; they are all relative in nature. That is, they are not capa-
ble of providing accurate information related to deterioration rates in real-
world exposures. Simply put, they cannot really

Simulate the conditions that will exist in the field

Deal with cracked or damaged concrete

Provide timeline data on the state of deterioration

Be correlated with long-term exposure

Deal with situations in which several deterioration mechanisms are

acting on the concrete at the same time

e Deal with the accelerated construction schedules that are becoming
more common

* Provide clear compliance criteria for the required performance

As well, the existing tests are not robust enough for use outside of the
narrowly prescribed limits laid down in the test methods themselves. What
are sorely needed are tests to be used during construction to verify in situ
properties in a timely way. Such tests must be developed in conjunction
with modeling to ensure proper calibration of the test results.

While the available tests are useful in those specific cases in which we
know a priori the destructive mechanisms that will attack the concrete
(e.g., freeze—thaw, sulfates, ASR), they cannot be used as general screening
tests in cases in which where this information is incomplete or uncertain.
Moreover, even if test data are available, it remains very much a matter of
judgment as to how the data will be used. There still need to be criteria as to
the frequency of inspection and maintenance schedules, and at what point
significant repairs or other rehabilitative measures must be undertaken, or
when the structure should be taken out of service entirely. It is also often
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unclear as to who is responsible for deciding what level of serviceability is
acceptable at any given time.

It should also be noted that virtually all of the current test meth-
ods involve the testing of virgin test specimens. Tests are carried out on
specimens specially cast for test which are then exposed to conditions that
are either arbitrarily chosen, specified in the test protocol, or which purport
to simulate the environmental exposure expected in the field. That is, these
specimens are then exposed to, for instance, specific cycles of freezing and
thawing, specific concentrations of sulfates or other deleterious solutions,
and so on. However, in practice, the concrete will be under load when
exposed to its environment. There is now a considerable amount of litera-
ture that shows that chemical attack of concrete will be exacerbated if the
concrete is under load, or if there is more than one deterioration mecha-
nism acting simultaneously; some of this work has been summarized by
Yao et al. (2012). They concluded that a combination of different processes
(whether load-induced or environmental) will be much more severe than if
the processes act separately. This suggests that the current test methodol-
ogy tends to overestimate the durability of concrete structures in practice.

5.2 LIMIT STATE APPROACH

The move to performance-based durability design would be fully achieved
by the limit state design approach and partially by the partial factor design
approach. For this purpose, the design process requires quantifications
of the service life of the structure/component, ¢,. The service life should
exceed the design service life, #;:

to>ty (5.1)
Guidance for design target service life is provided in Table 5.2.

Table 5.2 Indicative values for the target service life, t,

Notional design

Class working life (years) Examples
| 1-5 Temporary structures
25 Replacement structural parts, e.g., gantry girders, bearings
3 50 Buildings and other common structures, other than those
listed below
4 100 or more Monumental buildings, and other special or important

structures. Large bridges

Source: Adapted from ISO 16204,2012, Durability—Service Life Design of Concrete Structures; SO 2394,
2015, General Principles on Reliability for Structures, International Standards Organization, | | | pp;
Reproduced with the permission of the South African Bureau of Standards (SABS).The South
African Bureau of Standards is the owner of the copyright therein and unauthorized use
thereof is prohibited. The standard may be obtained at the following: www.store.sabs.za
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The service life is the point at which the limit state has been exceeded.
This condition implies that the resistance is equal to or smaller than the
environmental load, as expressed by the limit state equation:

R(t)-S(t)< 0 (5.2)

where R(t) is the resistance capacity of the component at time # and S(¢) is
the action (load) effect (mechanical, physical, or chemical) at time 2.
The limit state can either be ULS or SLS as quoted from ISO 2394 (2015).

5.2.1

Ultimate limit states

These are as follows:

S W

. Loss of equilibrium of the structure or of a part of the structure,

considered as a rigid body (e.g., overturning)

. Attainment of the maximum resistance capacity of sections, mem-

bers, or connections by rupture (in some cases affected by fatigue,
corrosion, etc.) or excessive deformations

. Transformation of the structure or part of it into a mechanism
. Instability of the structure or part of it
. Sudden change of the assumed structural system to a new system (e.g.,

snap through)

The effect of exceeding a ULS is almost always irreversible and the first
time that this occurs, it causes failure.

5.2.2 Serviceability limit states

These include the following:

1.

2.

Local damage (including cracking) which may reduce the working life
of the structure or affect the efficiency or appearance of structural or
nonstructural elements; repeated loading may affect the local dam-
age, for example, by fatigue.

Unacceptable deformations which affect the efficient use or appear-
ance of structural or nonstructural elements or the functioning of
equipment.

. Excessive vibrations which cause discomfort to people or affect

nonstructural elements or the functioning of equipment.

In the cases of permanent local damage or permanent unacceptable
deformations, exceeding an SLS is irreversible and the first time that this
occurs, it causes failure.
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In other cases, exceeding an SLS may be reversible and then failure
occurs as follows:

1. The first time the SLS is exceeded, if the exceedence is considered as
acceptable

2. If the exceedence is acceptable but the time when the structure is in
the undesired state is longer than specified

3. If the exceedence is acceptable but the number of times that the SLS is
exceeded is larger than specified

4.1f a combination of the above criteria or of some other relevant
criteria occur

These cases may involve temporary local damage (e.g., temporarily wide
cracks), temporary large deformations, and vibrations.

Design criteria for SLSs are generally expressed in terms of limits for
acceptable deformations, accelerations, crack widths, and so on.

This approach is in essence performance based, since performance
requires the structure to be able to withstand external loads. In the case
of durability performance, this external load could be chemical (e.g.,
chloride concentration at the level of the reinforcing steel), physical (e.g.,
moisture content), or mechanical (e.g., internal stress developed during
drying). The limit state is a function of the environmental action and the
action effect. However, the time it takes until the limit state is reached (i.e.,
service life) depends to a large extent on the kinetics of the changes, which
is controlled in many cases by transport mechanisms such as heat flow
into the concrete, penetration of chemicals, and moisture. All of these, the
structure environment, the transport mechanisms, the environment action
and the action effect, have to be considered and taken into account in order
to model the durability performance, based on the limit state concept, as
presented in Figure 5.2.

Quantitative treatment of all of these aspects requires understanding
of the processes involved and their modeling by mathematical tools. This
knowledge is to a large extent dependent on advances in the science of
building materials and structures in the context of the investigation and
modeling of deterioration processes. The limit state approach and service
life design concepts in the performance-based codes provide the frame-
work for the application of models developed by scientific research. These
models, which are quantitative mathematical descriptions of the degra-
dation processes and their kinetics, form the basis for the calculation of
changes in properties in the aggressive environment, to determine at what
stage they decline below the required limit state of the structure or com-
ponent, and thus determine the service life. However, the reader should
keep in mind the cautions that were expressed earlier as to the “realities”
inherent in these models. Extreme accuracy is simply not available using
these approaches.
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Time Reality Professional practice
Structure environment Influences in
(influences: rain, deicing salts, etc.) Annexe B
Protection ] Models® (based on
Loart Transfer mechanisms ~ f———— building science principles-
Annex C), tests
ILS: b = byt Environmental action Agents in Annex B
tg (agent-caused corrosion, | eents I
Actions in Annex D
decay, etc.)
Loxposed No Action effects Models?, tests,
(damage, reduced resistance, |-——— Action effect, S,
change in appearance, etc.) Resistance, R
Serviceability limit, S,
Durable Y lim
component Yes Yes
|SeLcehfe, Loss of Loss of serviceability
resistance (including appearance)
ULS: S > R SLS: S > Sy,

2 Both conceptual and mathematical.

Figure 5.2 Limit state method for durability. Comment: The term transfer mechanisms
in this ISO chart is synonymous with the term transport mechanisms often
used in technical publications related to cement and concrete durability.
Note: t,, service life; t,,., time to initiation of degradation (years); te,,oseqs time
after initiation of degradation (years); ILS, initiation limit state; SLS, service-
ability limit state; ULS, ultimate limit state. The annexes referred to provide
a commentary with examples of how to apply these concepts in practice.
(Adapted from ISO 13823, 2008, General Principles on the Design of Structures
for Durability, 1ISO International Standard 13823; Reproduced with the permis-
sion of the South African Bureau of Standards [SABS].) The South African
Bureau of Standards is the owner of the copyright therein and unauthorized
use thereof is prohibited. The standard may be obtained at the following:
www.store.sabs.za

Durability in terms of service life calculations can be determined based
on the ULS approach (i.e., deterioration resulting in structural failure due
to loss of resistance), or on the SLS approach (i.e., local damage, includ-
ing cracking or displacements that affect the function or appearance of
structural or nonstructural components), using models which predict the
changes with time of the resistance capacity due to the effect of the action.
Setting up the limit state equations along the principle of Equation 5.2
forms the basis for calculations for design for service life.
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The action function effect, S(¢), in Equation 5.2 can be modeled
mathematically in terms of variables based on materials science concepts.
These are models which are developed to resolve and quantify processes
such as corrosion of steel due to carbonation and chloride ingress and
deterioration of the concrete due to frost action and chemical attack.
Demonstration of the application of such models is provided in Section 5.5,
based on examples outlined in various codes and studies.

5.3 PROBABILISTIC LIMIT STATE APPROACH

Reference to this approach has already been made in the preceding section.
Durability calculations and design are usually based on models that quan-
tify the penetration of deleterious materials into the concrete. In the case
of corrosion of steel in concrete, the limit state is defined in terms of the
buildup of a critical content of the penetrating material at the level of the
steel, which causes the limit state distress, either depassivation of the steel,
or cracking and spalling, as shown schematically in Figure 5.3.

The deterministic approach is based on the time to reach the critical level of
concentration, as shown in Figure 5.4a for a chloride penetration profile after
50 years of exposure. The critical buildup is at a depth of 34.1 mm, implying

Collapse of structure

pe~104-107° \

Spalling \
Formation of

cracks \
Depassivation
pp~1071 \

Figure 5.3 Limit states and related reliability levels. (After Helland, S., 2013, Design for
service life: Implementation of FIB Model Code 2010 rules in the operational
code ISO 16204, Structural Concrete, 14(l), 10-18.)

Deterioration (corrosion)
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Time
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Figure 5.4 Deterministic approach (a) and probabilistic approach (b) for determining
the concrete cover depth to achieve 50 years durability of the reinforcing
steel in a chloride environment. The limit state for depassivation is taken
in this example as 0.1% of chlorides by weight of cement and the probabi-
listic calculation is based on specifying that the risk of depassivation within
the designed service life of 50 years will be smaller than 10%. Note: The
limit state for depassivation used in Figure 5.4 (0.1% by weight of cement) is
lower than the commonly accepted value, which is usually between 0.20%
and 0.4% by weight of cement. (After fib, 1999, Textbook on Behavior, Design
and Performance—Updated Knowledge of the CEB/FIP Model Code 1990, Vol. 3,
Bulletin 3.)
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that a concrete cover of that value is required. However, since the calcula-
tion is based on average values of the penetration parameters and depth of
cover, design based on this outcome implies that it will provide only a 50%
probability of achieving the required corrosion free service life. However,
from an engineering point of view, the requirement is that the probability of
corrosion during that period should be small. If, for example, a 10% prob-
ability of reaching the critical level is specified, then the concrete cover should
be greater to an extent quantified by statistical considerations (Figure 5.4b).

Thus, statistical considerations are very important for assessing dura-
bility performance and design for durability. This is as true for the
environmental effects that cause the actions, as for the characteristics
of the structure or component that resist such actions, for example, the
concrete cover over the reinforcing steel. With this in mind, the limit state
equation (Equation 5.2) can be described in statistical terms of the prob-
ability target, P;, as shown schematically in Figure 5.5.

A
R, S
- — — — —Y__ R
S(t)
| -
»
\ t
Ptarget
o > (o)
P Lsp .
Pf ld
v

Figure 5.5 Probabilistic approach for modeling to predict service life. Key: |, probability
density function of R(t); 2, probability density function of S(t). (Adapted from
ISO 13823, 2008, General Principles on the Design of Structures for Durability, ISO
International Standard 13823; Reproduced with the permission of the South
African Bureau of Standards [SABS]. The South African Bureau of Standards
is the owner of the copyright therein and unauthorized use thereof is pro-
hibited. The standard may be obtained at the following: www.store.sabs.za)
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The mathematical expression to describe the statistical concepts in
Figure 5.5 for the various durability formats are outlined in Equation 5.3
in terms of target failure probability, p;:

Pf(t) = P[R(t) - S(t) < O] < pf(target-ULS) (5.3)

The choice of value for the target probability for failure, py, is an issue
of judgment, which depends on considerations of the consequences of the
failure as well as agreement between the client and the appropriate author-
ity. ISO 13823 suggests four categories depending on the consequences
of failure (Table 5.3). Examples of suggested p; values are provided in
Figure 5.3.

The fib Model Code for Service Life Design and ISO 13823 suggest three
categories, which are based on the consequences of failures and malfunc-
tions, as outlined in Table 5.4.

Table 5.3 Categories of component failure based upon consequences

Category Consequences of failure Examples
| Minor and repairable Components where replacement after failure is
damage, no injuries to planned for, or where other reasons for
people replacement are more relevant, like coatings
or sealants
2 Minor injuries or little Replaceable but important components for the
disruption of the use and function of the structure, such as installations
occupancy of the for heating, lighting, and ventilation, or
structure, including windows, whose replacement is planned
components that protect before failure
other components
essential for the function
of the assembly
3 Nonserious injuries or Nonheavy, nonstructural components of the
moderate economic, facility requiring major repair work if they fail,
social, or environmental such as plumbing, or components/systems
consequences whose replacement is planned before failure,
such as structural bearings and railings or
cladding
4 Loss of human life or Structural components that are parts of the

serious injuries, or
considerable economic,
social, or environmental
consequences

primary or secondary load-carrying system,
emergency exits, or components causing
major damage if they fail (e.g., heavy parts of
the envelope, prefabricated wall elements,
heavy inner walls)

Source: Adapted from ISO 13823,2008, General Principles on the Design of Structures for Durability, 1ISO
International Standard 13823; Reproduced with the permission of the South African Bureau
of Standards (SABS).The South African Bureau of Standards is the owner of the copyright
therein and unauthorized use thereof is prohibited. The standard may be obtained at the
following: www.store.sabs.za
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Table 5.4 Classification of consequences of failures in terms of consequence classes
(CC) suggested in the fib Model Code for Service Life Design (2006)

Consequences Examples of buildings and civil

classes Description engineering works

Ccc3 High consequences for loss of ~ Grandstands, public buildings where
human life or economic, consequences of failure are high
social, or environmental (e.g., concert hall)
consequences—very great

cC2 Normal consequences for Residential and office buildings, public
loss of human life and buildings where consequences of
economic or environmental failure are medium (e.g., office
consequences—considerable buildings)

CClI Low consequences for loss of  Agricultural buildings where people do

human life and economic or
environmental consequences

not normally enter (e.g., storage
buildings, green houses)

are small or negligible

Source: Adapted from fib Model Code for Service Life Design (fib MC-SLD), 2006, fib Bulletin no. 34,
2006, fib secretariat, Case postale 88, CH-1015, Lausanne, Switzerland; EN 1990 2002.

Reliability classes based on the consequence classes in Table 5.4 can be
quantified in terms of the target probability of failure, p;. The probability
of failure, p;, can be substituted by a reliability index, B, which is defined as

B=-2"(x) (5.4)

where @ ! is the inverse standardized normal distribution.

The relationship between B and p; is presented in Table 5.5.

Codes and standards often recommend values for p and p; based on gen-
eral considerations of the consequences of failure and costs of safety mea-
sures. Table 5.6 (ISO 2394, 1998) presents the recommendations of ISO
2394, which considers the costs of safety measures and the consequences
of failure. Table 5.7 provides recommendations for reliability indices based
on the deterioration processes in different environmental conditions. This
table is derived from the fib Model Code for Service Life Design (2006)
for the exposure classes specified in Eurocode 2. EN 1990 (Eurocode)

Table 5.5 Relationship between [ and p;

bs 10~ 102 103 10 10-5 10-¢ 107
B 1.3 23 3.1 37 4.2 4.7 52
Source: Adapted from ISO 2394, 2015, General Principles on Reliability for Structures, International

Standards Organization, || 1pp; Reproduced with the permission of the South African
Bureau of Standards (SABS). The South African Bureau of Standards is the owner of the
copyright therein and unauthorized use thereof is prohibited.The standard may be obtained
at the following: www.store.sabs.za
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Table 5.6 Target [} values recommended by ISO
2394 1998

Consequences of failure
Relative costs of q ffe

safety measures  Small Some Moderate  Great

High 0 AlS 2.3 B 3.1
Moderate 1.3 2.3 3.1 C38
Low 2.3 3.1 38 4.3

Source: Reproduced with the permission of the South
African Bureau of Standards (SABS). The South
African Bureau of Standards is the owner of the
copyright therein and unauthorized use thereof is
prohibited. The standard may be obtained at the
following: www.store.sabs.za

Note: A: for SLSs, use B =0 for reversible and B = 1.5 for
irreversible limit states; B: for fatigue limit states, use
B =2.3 to 3.1,depending on the possibility of inspec-
tion; C: for ULSs design, use the safety classes
B=3.1, 3.8, and 4.3. These numbers have been
derived with the assumption of lognormal or
Weibull models for resistance, Gaussian models for
permanent loads, and Gumbel extreme value mod-
els for time-varying loads and with the design value
method according to E.6.2. It is important that the
same assumptions (or assumptions close to them)
are used if the values given in Table E.2 are applied
for probabilistic calculations. Finally, it should be
stressed that a 3-value and the corresponding failure
probability are formal or notional numbers, intended
primarily as a tool for developing consistent design
rules, rather than giving a description of the struc-
tural failure frequency.

Table 5.7 Recommended minimum values of reliability index [ and failure
probability (p;) intended for the design of service life

Exposure SLS depassivation ULS collapse
class-Eurocode 2 Description Reliability class B (py B by
XC Carbonation RCI 1.3 (=107") 3.7 (=107
RC2 1.3 (=107") 4.2 (=107
RC3 1.3 (=107") 4.4 (=107
XD Deicing salts RCI 1.3 (=107") 3.7 (=107
RC2 1.3 (=107") 4.2 (=1073)
RC3 1.3 (=107") 4.4 (=107
XS Seawater RCI 1.3 (=107") 3.7 (=107
RC2 1.3 (=107") 42 (=1073)
RC3 1.3 (=107") 4.4 (=107

Source: Adapted from fib Model Code for Service Life Design (fib MC-SLD), 2006, fib Bulletin no.
34,2006, fib secretariat, Case postale 88, CH-1015, Lausanne, Switzerland.
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Table 5.8 Recommended minimum values for reliability
index [ for 50-year reference period (ULS)

Reliability class Minimum reliability values, B (b,
RC3 43 (=1 x 107

RC2 3.8 (=7 x 1073)

RCI 3.3 (=48 x 10-3)

Source: Adapted from Table B2 in EN 1990:2002 (the values in
parenthesis were added and they represent the
approximate corresponding p; values).

Note: The three reliability classes are associated with the three
consequence classes described in Table 5.3.

considers the consequences classes CC1, CC2, and CC3 in Table 5.4 and
associates them with three reliability classes RC1, RC2, and RC3 to recom-
mend minimum values for reliability index  (Table 5.8).

5.4 PARTIAL FACTOR DESIGN APPROACH

The models used for the partial factor design are essentially the same as
those used for the probabilistic approach, except that the treatment of the
probabilistic uncertainties are expressed in terms of partial factors, consid-
ering uncertainties in the values and in the models. These include the pos-
sibility for unfavorable deviations of action values, materials, and product
properties from the representative values, as well as model and dimensional
uncertainties. The numerical values for the partial factors should be deter-
mined on the basis of statistical evaluations of experimental data and field
observations and should also consider calibration to long-term experience.

The main basic variables to consider are those which are of prime
importance for the design results. They include the representative values for
actions (i.e., the value used for the verification of a limit state, which could
either be the characteristic value or the accompanying value of a variable
action which may be the combination value, the frequent value, or a quasi-
permanent value), materials properties, and geometrical parameters as well
as the model in which the design values are incorporated to validate the
limit state so that

Ri >S4 5.5)

where R, is design resistance and S, is the design actions.
Formulations of the partial factors are outlined below:
Design values for actions:

Fd :Yf'Ecp (5.6)
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where F,, is the representative value of the action and ¥; is the partial factor
for action.

Design value for material properties:

fa= ;k (5.7)

where f, is the characteristic value of material property, where the
characteristic value is represented by a priori specified fractile of the statis-
tical distribution of the material property, and y,, is the partial factor for
material property.

Design value for geometrical quantities:

ag= ay+Aa (5.8)

where a, is the characteristic value of geometrical quantity and Ag is the
geometrical deviation, which includes tolerance specification.

Model uncertainties:

Design values may take into account the uncertainties in the design
model of resistance as well as in the property value:

RoR_ R _R 5.9
M (Ym:Vrd)  Ym

where R, is the characteristic value of resistance, v, is the partial factor for
material property, Ygq is the partial factor associated with uncertainty of
the resistance model plus geometrical deviations if these are not modeled
explicitly, and vy, =7,,'Yrq is the partial factor accounting for material
property and uncertainties in model and dimensional variations.

Service life:

Similar concepts of partial factors can be defined for design of service life
to meet the specified design service life, #,:

% >ty and ys 2 1.0 (5.10)
s

where t is the characteristic value of calculated service life and vy is the
partial factor.

5.5 APPLICATION OF THE LIMIT
STATE DESIGN METHODS

The limit state design methods can provide the quantitative basis for the
performance approach. In order to apply these methods, especially those
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taking into consideration probabilistic considerations, such as the full
probabilistic and the partial factor methods, there is a need for (i) rele-
vant models, (ii) parameters that can be used with the models, and (iii) test
methods that can be applied to determine material properties and assess
the effect of actions. Intensive effort in all of these aspects has taken place
in recent decades.

Although these models and input variables can be incorporated into the
probabilistic limit state design methods, there are as yet no models and
input data which have national or international consensus. The Japanese
Standard Specification for Concrete Structures—2007: Design (JSCE, 2007)
tends to provide details on such data, whereas ISO 16204 (2012) and fib
Model Code 2010 do not make recommendations for input data, suggest-
ing that such data will be derived from the literature or existing structures
where the concrete composition, execution, and exposure conditions are
similar to those expected for the new structure. Examples and sources
for data are referred to in commentaries in the codes and examples in the
standards. Systematic compilations of data to back these standards and
codes are available in fib Model Code for Service Life Design (2006). They
are based on several European projects, which started with the DuraCrete
network (DuraCrete, 2000) and continued with DARTS (2004a,b) as well
as the work done jointly by various organizations in the United States,
which resulted in LIFE-365, under the umbrella of ACI (ACI 365.1R-00,
2000; LIFE-3635, 2012).

These developments are reviewed in this chapter to demonstrate the
advances that have taken place so far, and their potential to become
common and acceptable design tools. The modeling and quantification
approach taken is to consider each deterioration process on its own and to
provide the quantitative tools and data. This is consistent with the guidance
already given in some codes and standards that classify the environmental
conditions in terms of the degradation processes that they may evoke, as is
the case in EN 206 and its application in Eurocode 2.

The data that need to be provided for these purposes are not just the
values of the characteristic input parameters for the models, but also
their standard deviations (s.d.). For example, the concrete cover is speci-
fied in terms of a mean value. The s.d. values suggested are 8-10 mm
where there are no particular construction requirements, and 6 mm when
special construction requirements are specified. Normal distributions are
commonly applied, but for small cover, there is a need to use distributions
which would eliminate negative cover values.

5.5.1 Limit states for corrosion of steel

The limit state can be defined as depassivation of the reinforcing steel
by either carbonation or chloride ingress, or the onset of actual damage
after corrosion propagation has taken place following the depassivation.
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The definitions of limit state, whether depassivation or different indicators
of damage, are shown schematically in Figure 5.6. The limiting states in
Figure 5.6 can be associated with reliability levels, as outlined in Figures 5.3
and 5.4b.

When the limit state is defined as depassivation of the reinforcing steel,
the criterion for durability is the difference between the concrete cover, c,
and the depth of penetration of carbonation or a critical front of critical
chloride content, x_(), or simply the depth of penetration in relation to
the concrete cover. A demonstration of this durability state is provided
in Figure 5.7 for the case of carbonation, based on ISO 13823-2008.
The service life can be calculated from the probability consideration of
ULS format (Equation 5.11):

Pf(t) = P[xc(t)_ c< 0] < Pf(target) (5.11)

The fib Model Code 2010 provides guidelines for the use of the par-
tial factor approach, demonstrating it for the case of carbonation. In this
approach, the design cover, ¢, is defined in terms of the nominal value,
Cooms and deviations from it, Ac, which can be the result of several causes,
such as inaccuracy in the construction:

C4d = Cpom T AcC (5.12)

The limit state is defined as

Cd = Xed(tsL) >0 (5.13)

where x_4(t5 ) is the design value of carbonation depth at time t5; and ¢ is
the service life time.

The depth units are in millimeters.

The design value of the penetration depth, x4(z; ), is calculated as

Xea(tsL) = Xccltsn) - Ve (5.14)

where x_(tg;) is the characteristic value of carbonation depth at the ser-
vice life time, ¢y, and v; is the partial safety factor for the carbonation

depth.

Note: The characteristic value is the value of a material or product property
having a prescribed probability of not being attained in a hypothetical
unlimited test series. This value generally corresponds to a specified fractile
of the assumed statistical distribution of the particular property of the
material or product. A nominal value is used as the characteristic value in
some circumstances (fib Bulletin 34, 2006).
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Figure 5.6 Definitions of limit states according to corrosion of steel-induced damage.
(Adapted from fib Model Code for Service Life Design (fib MC-SLD), 2006,
fib Bulletin no. 34, 2006, fib secretariat, Case postale 88, CH-1015, Lausanne,
Switzerland.)
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Figure 5.7 Probability of failure due to carbonation. Key: X, time, t, expressed in years;
Y, cover depth, S, (for curves I, 3, and 4), or the depth of the carbonated
zone, S(t) (for curves 2, 5, and 6); |, curve of the cover depth, S,,; 2, curve of
the depth of the carbonated zone, S(t); 3, curve of the distribution of cover
depths, S, at time t;; 4, curve of the distribution of cover depths, S, at time
ty; 5, curve of the distribution of the depths of the carbonated zone, $(t), at
time t; 6, curve of the distribution of the depths of the carbonated zone, S(t),
at time t,; a, the overlap of the distributions shown as curves 4 and 6 indicates
the possibility of a failure. (Adapted from ISO 13823, 2008, General Principles
on the Design of Structures for Durability, 1SO International Standard 13823;
Reproduced with the permission of the South African Bureau of Standards
[SABS].) The South African Bureau of Standards is the owner of the copyright
therein and unauthorized use thereof is prohibited. The standard may be
obtained at the following: www.store.sabs.za

The equations for the full probabilistic and partial factor approach have
been demonstrated here for the depth of carbonation. However, they are
formulated in general terms, which is also applicable for design calculations
of other durability problems associated with the penetration of deleterious
substances, such as chlorides that depassivate steel when reaching a critical
concentration level at the steel surface, and chemicals that lead to a chemi-
cal attack on the concrete. Applications for carbonation-induced corrosion
(Section 5.5.1.1) and chloride-induced corrosion (Section 5.5.1.2) follow.

5.5.1.1 Carbonation-induced corrosion

A range of models has been developed for the depth of carbonation over
time. Most of them result in a linear relation between carbonation depth
and square root of time:
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x.(t) = K-¢"* (5.15)

The value of K is a function of numerous parameters, including the con-
crete material itself, construction practices and environmental conditions.
Relations of this kind have been developed by numerous investigators,
based on laboratory testing in normal and accelerated conditions. Similar
relations that have been developed and verified for local conditions can be
used for the analysis.

The ISO13823-2008 standard presents an example of a calculation based
on the carbonation equation developed by (Kasami et al., 1986):

X(t)=o-B-y -t (5.16)

where x(¢) is the carbonation depth at time ¢ (mm); o is the coefficient
depending on local environmental actions, such as concentrations of CO,,
temperature, and humidity; B is the coefficient depending on finishing
material on the concrete surface; and vy is the coefficient depending on the
quality of concrete.

The limit state equation is given by the difference between the cover depth
and the depth of carbonation, and its probabilistic expression (Equation
5.17) for normal distribution is as follows:

Q) = 1 . ~{[Siim = S@)] = [Sim — S()1)?
S = 51001 = 218V + 6% exp{ 2[S(t)*V?* + 67 } B-17)

where S(#) is the mean value of the depth of carbonation, Vis the coefficient
of variation of the depth of carbonation, Sy, is the mean value of the cover
depth, and o is the s.d. of the cover depth.

A demonstration of the calculation outcome of the probability for
corrosion initiation based on this equation is shown in Figure 5.8, using
the values for Equations 5.16 and 5.17 as follows:

o—1.0 (outdoor concrete)

B—1.0 (no finishing of concrete surface)

vy—a function of w/c ratio, using that in the paper by Kasami et al. (1986)
V—0.4

6—15 mm

ISO 16204:2012 and fib Model Code 2010 suggest a different form for
the coefficients preceding the square root of time:

x(t)=k-W()-t"* (5.18)



Durability specifications, limit states, and modeling 125

Y A
60 T
:71
40 T
) ey
20 T+ L
/ // .
e >3
e e ——— 7
0 20 10 A - I

Figure 5.8 Relation between probability of corrosion and predicted service life.
Key: X, time, t, expressed in years; Y, probability of corrosion initiation,
P, expressed in percentage; |, high w/c; 2, medium wic; 3, low wic; a,
Prargec = 15%. (Adapted from ISO 13823, 2008, General Principles on the Design
of Structures for Durability, ISO International Standard 13823; Kasami, H.
etal. 1986, Carbonation of concrete and corrosion of reinforcement in rein-
forced concrete, Proceedings of First Australia-Japan Coordinated Workshop
on Durability of Reinforced Concrete, Building Research Institute, Japan, C4,
October, pp. I-13; Reproduced with the permission of the South African
Bureau of Standards [SABS].) The South African Bureau of Standards is the
owner of the copyright therein and unauthorized use thereof is prohibited.
The standard may be obtained at the following: www.store.sabs.za

where k is the factor reflecting the concrete properties in reference
conditions and W(¢) is the weather function taking into account the
mesoclimatic conditions due to wetting events of the concrete surface.

In-depth information on calculations and data required for this model
are provided in the fib Model Code for Service Life Design (2006), based
on knowledge developed in the DuraCrete project, which is used for x_(¢) in
Equation 5.15. It is based on concepts of diffusion assuming that the CO,
diffusion coefficient through concrete is a material parameter, although it
may depend on numerous factors during the service life:

Xc(t) =[2-ke k- Ranco - G2 - W) ()" (5.19)

where R;;IC,O is the inverse of the resistance to carbonation in natural
conditions; if accelerated carbonation tests are used, then this term is
replaced by (k. - Rxcco + &), which transforms the accelerated test results to
inputs for carbonation in natural environment:

Xt)=[2 ke -k (ke Ribeo +e.)- cs]”2 W) ()" (5.20)
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where x_(t) is the carbonation depth at the time ¢ (mm), ¢ is time (s), k, is
the environmental function, k_ is the execution transfer parameter, k, is the
regression parameter, Rxcc, is the inverse effective carbonation resistance
of concrete determined by accelerated test in CO, concentration of 2%
[(mm?/s)/(kgCO,/m3)], €, is the error term, Cg is the CO, concentration
(kgCO,/m?3), and W(z) is the weather function.

The values and calculations of these parameters are outlined below:

1. Environmental function, k.. This function takes into account the
effect of humidity on the diffusion coefficient relative to reference
conditions (lab conditions) of 20°C/65%RH:

] )

where RH, ., is the relative humidity of the carbonated layer (%; can
be estimated by local weather monitoring and applying adequate dis-
tribution function to describe it); RH, is the reference relative humid-
ity (65%); f. is the exponent, reported empirically to be 2.5; and g, is
the exponent, reported empirically to be 5.0.

2. Execution transfer parameter, k.. This parameter accounts mainly for
the influence of curing and it can be described as

be
K. = (t) (5.22)

where ¢, is the duration of curing and b, is the exponent of regression.

3. Inverse carbonation resistance, Ryc,. This is a characteristic of the
concrete resistance to carbonation, which is evaluated by accelerated
testing. The s.d. of this property was shown to be 69% of the average
Rjceo value. Guidelines in the case of lack of data are provided in
Table 5.9.

The parameters k, and €, in Equation 5.20 are test method factors
for the accelerated carbonation test, being 1.25 (s.d. 0.35) and 315.5
(s.d. 48), respectively.

4. CO, concentration in the atmosphere, C,,,. An average value
of 0.00082 kgCO,/m? is recommended by the fib Model Code for
Service Life Design (2006), with 0.0001 s.d.

5. Weather function, W(t). Taking into account wetting conditions,

S_ITOW )bw )2

((p: w
W(t) = ("‘tj = (ttj (5.23)
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Table 5.9 Guidelines for values for inverse carbonation resistance in accelerated
conditions, as a function of w/c ratio and type of binder

Ricc.o [(mm?/s)/(kgCO,Im?)], at equivalent wic ratios of

Cement type 0.35 0.40 0.45 0.50 0.55 0.60
CEM 142.5R - 3.1 52 6.8 9.8 13.4
CEM 142.5R + FA (k=0.5) - 0.3 1.9 24 6.5 83
CEM 142.5R + SF (k=2.0) 35 5.5 - - 16.5 -
CEM 11I/B 42.5 - 83 16.9 26.6 44.3 80.0

Source: Adapted from fib Model Code for Service Life Design (fib MC-SLD), 2006, fib Bulletin
no. 34,2006, fib secretariat, Case postale 88, CH-1015, Lausanne, Switzerland.

where ¢, is the time of reference, W (weather function)=
(p"°Y)Pw /2, ToW is the time of wetness = (days in a year with rainfall
h>2.5 mm)/3685, p,, is the probability of driving rain, and by is the
exponent of regression.

Numerical values for these parameters are provided in (fib, 2006)

Another alternative for carbonation calculation, which is provided in the
Japanese Standard Specification for Concrete Structures—2007: Design,
also suggests a square root model for carbonation depth, and in its com-
mentary provides estimates for the carbonation rate, o, in units of mm/
(year)2, as a function of w/b ratio, based on experimental data:

w

o, =—3.57 + 9.0( i

j(mm/(year)“z) (5.24)

where w/b is the effective water to binder ratio:

w o w
b (C+ERA) (5.25)

where C is the cement content, A is mineral additive content, and k is the
efficiency coefficient of the mineral additive. The k values are 0 and 0.7 for
fly ash and slag, respectively.

For design purposes, the Japanese specifications take the approach of
partial factors, which are combined into the square root modeling of the
carbonation.

The characteristic rate of carbonation, o, is derived from the estimated
one, 0L

oy Yy S 0 (5.26)
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where v, is a factor taking into account the inaccuracy in determining of o,
being between 1.0 and 1.3.

The square root model of carbonation depth recommended by the
Japanese specification taking into account partial factors is

Ya = Yo - O - ()" (5.27)

where the parameters are already the design ones, for example, taking
probability considerations by partial factors; y, is the design value for
carbonation depth; ¢ is the design service life; v, is the partial factor to
account for the variation in the design value of the carbonation depth,
normally taken as 1.15 (in the case of high fluidity concrete, it may be
reduced to 1.1); and o is the design carbonation rate (mm/(year)'2).

The design carbonation rate, oy, is a function of the characteristic
carbonation rate, environmental conditions, and quality of the concrete in
the structure:

04 = Ol - Be - Ve (5.28)

where o is the characteristic value of carbonation rate (mm/(year)"/?); B. is
the factor indicating the degree of environmental influence, taken usually
as 1.6 in relatively dry environment and 1.0 in relatively wet environment;
and v, is the factor to account for the materials properties in the concrete,
usually taken as 1.0 and 1.3 for the upper portions of the structure; if there
are no differences in the quality of the concrete in structure and that of
laboratory cured specimens, the value of 1.0 may be adopted for the whole
structure.

The calculation of the required concrete cover, ¢, based on the design
value for carbonation depth, y,, follows these conditions for carbonation
resistance verification:

Vi (yydj <1.0 (5.29)
lim

where v, is the factor representing the importance of the structure, taken
usually as 1.0 and may be increased to 1.1 for important structures; and
Yiim 18 the critical carbonation depth for steel corrosion, obtained from the
following relations:

Yiim = €4 — Ck (5.30)
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where ¢, is the design value for concrete cover used for durability verifi-
cation (mm), taking into account the concrete cover, ¢, and construction
error, Ac,

cg =c—Ac. (5.31)

and ¢, is the remaining noncarbonated cover thickness (mm), taken as
10 mm for structures in normal environments and between 10 and 25 mm
for structures located in chloride-rich environments.

A sample design provided in the commentary to the Japanese Standard
is shown in Figure 5.9, presenting c; as a function of the concrete quality
quantified in terms of its w/c ratio. The partial factors in this example are
as follows:

Yoo = 1.15
v.=1.0
v.=1.0
Y,=1.0

The environmental conditions are dry (B, = 1.6) and the specified service
life, ¢, is 100 years.

70 T
=
S
“:S‘ 60 T
b=
g
sES0T
B ) Combination of design concrete cover
12}
S E 40 T c4and water—cement ratio w/c that
g = pass the examination =iyt C
8 "cg 30 + d =" Yat Sk
0)
s § .................................. Yo=Y Yap Yo Ypr B VE+ (=357 + 9.0 w/c)
£° 207t Yo = 115,7,= 10,7, = 1.0,
; Yp= 1.0, B, = 1.6, t = 100 year
2 10+ o )
8 Lower limit of design concrete cover
A . in case that bar diameter is 25 mm . .
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Water—cement ratio w/c

Figure 5.9 Sample relation between the thickness of carbonated concrete and water—
cement ratio. (Adapted from Japanese Standard Specifications for Concrete
Structures, 2007, Design, JSCE Guidelines for Concrete No. 15, Japan Society of
Civil Engineers.)



130 Durability of Concrete

5.5.1.2 Chloride-induced corrosion

The limit states for chloride-induced corrosion could either be the initia-
tion of corrosion or an advanced state of propagation where damage has
been inflicted by concrete spalling and loss of steel cross section. In numer-
ous life-cycle estimates, the limit state of corrosion initiation is chosen as
the limit state for the design of service life. This limit state is governed
by the buildup of critical chloride content at the level of the steel in the
concrete, leading to its depassivation. Chloride penetration into concrete
has usually been modeled as a diffusion process, and accordingly the time
to reach this critical level can be described in terms of Fick’s second law,
using Equation 5.32:

(5.32)

Coe = Clx = as 1) = Co+(CS,Ax—C0)|:1—erf a-Ax }

Z(Dapp,C<t>)l/2

where C(x =a,t) is the concentration of chlorides at the depth “a” of the
reinforcement at time t; C_,, is the critical chloride content (%wt.); C(x,t)
is the content of chlorides in the concrete at a depth x (structure surface:
x = 0 mm) and at time # (%wt.); C, is the initial chloride content of the
concrete (%wt.); Ax is the depth of the convection zone (external layer
in concrete cover, up to which the process of chloride penetration differs
from Fick’s second law of diffusion and is governed by capillary processes)
(mm); Cg 4, is the chloride content at a depth Ax at a certain point of time
t (%wt.); x is the depth with a corresponding content of chlorides C(x,?)
(mm); a is the concrete cover (mm); D, . is the apparent coefficient of
chloride diffusion through concrete (mm?/s); ¢ is time (s); and erf is error
function.

The above equation or a similar one is used by ISO 16204:2012, fib Model
Code 2010, the Japanese Specifications for Concrete Structures—2007:
Design, and ACI 365.1R-00 (Service-Life Prediction-State of the Art
Report), without considering the convection zone (i.e., Ax is assumed to
be 0) implying that the only mechanism for penetration is diffusion with a
constant apparent diffusion coefficient, D, .. The apparent diffusion coef-
ficient depends on several factors and is essentially an equivalent value for
a diffusion coefficient which changes over time and can be quantified in
terms of the relation below:

Doy (t) = Doy to) (t;) (5.33)

where D, (Z)) is the apparent diffusion coefficient at reference time ¢, and
o is the aging factor representing the decrease of the diffusion coefficient
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over time, depending on the type of binder and environmental conditions,
in the range of 0.2-0.8.

The nature of outputs obtained in such models can be clearly seen in
Table 5.10 from ACI 365.1R-00, in which the service life (time to initia-
tion of corrosion) was calculated as a function of the quality of the con-
crete (in terms of its diffusion coefficient) and the concrete cover thickness.
Table 5.10 shows clearly that concrete quality is far more critical than cover
in achieving durability, although cover is also important.

The diffusion approach is in many instances oversimplified, since it
assumes that (i) diffusion is the only penetration mechanism, (ii) a constant
apparent diffusion coefficient can be taken for the solution of the diffusion
equation, and (iii) the concrete is saturated.

Some of these simplifications are addressed in European (DuraCrete,
2000; DARTS, 2004a,b; fib, 2006) and North American LIFE-365 (LIFE-
365, 2012) approaches. LIFE-365 has chosen to implement Fick’s law in
a finite difference model to enable changes in the exposure conditions
and concrete properties over time to be accounted for, following a similar
treatment by Boddy et al. (1999).

Since the concrete is rarely saturated in practice, ingress mechanisms
other than diffusion might take place, especially capillary absorption
which causes the buildup of the surface chloride concentration. Both the
European (DuraCrete, 2000) and the North American (LIFE-365, 2012)
models take this into account and modify the diffusion equation slightly.

The European model has considered the convection mechanism for model-
ing the buildup of chlorides on the concrete surface. It expresses it in terms of
a convection layer in Equation 5.32, in which the chloride content is taken as
the chloride content at the perimeter of the convection zone. These concepts
are summarized in Figure 5.10 describing the moisture content and chloride
concentration in the splash zone, where the surface concrete is not satu-
rated and the chloride content is built-up by convection-capillary processes.

In the long run, one may expect improvements in these models to
account for the complex ingress mechanisms. Thus, combined diffusion

Table 5.10 Effect of cover quality on time to initiation of corrosion of
reinforced concrete

Concrete quality (chloride diffusion coefficient, D, m?/s)

Medium (5 x 10-'2)

Cover (mm) Low (5% 107") Time (years) High (5 x 10-13)
25 0.56 5.6 56

50 23 23 230

75 5.0 50 500
Source: Adapted from data in ACI 365.1R-00, 2000, Service Life Prediction.

Note: The critical chloride content is 0.4% by weight of the concrete; C

crit’

/C,=0.5.
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Figure 5.10 Schematic description of the moisture and chloride profiles of the surface
of concrete in the splash zone. (Adapted from LIFECON, 2003, Service life
models instructions on methodology and application of models for the pre-
diction of the residual service life for classified environmental loads and
types of structures in Europe.)

and convective mechanisms have to be quantified in the models (Saetta
et al., 1993; Martin-Pérez et al., 1998). However, this may result in a com-
plex quantitative treatment which could not be readily applied for engineer-
ing purposes, as there would be a need to define additional site-specific
conditions and materials parameters. Thus, both the European and the
LIFE-365 approaches are more simplified, based largely on the diffusion
mechanism, with some modifications for convection effects.

The choice and guidelines for determining the various input parameters
and variables in the models are outlined below for the apparent diffusion
coefficient, chloride concentration at the concrete surface, and the critical
chloride concentration required for depassivation. The information given is
for European models developed within the context of EU research projects
and the fib Model Code, and in North America for the LIFE-365 model
developed within the context of the activities of ACI. LIFE-365 comes in
the form of software, which allows one to introduce values of variables
that are different from the recommended ones. This is obviously also true
for the European model. The Japanese specification goes further to provide
more specific numerical information.
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1. Apparent diffusion coefficient: The apparent diffusion coefficient
of chlorides at time # can be described in terms of the coefficient in
standard conditions, with modifications taking into account the tem-
perature of the surrounding environment and the effect of aging (con-
tinued hydration reduces the coefficient), as described in the fib Model
Code for Service Life Design (2006):

D,pp.c(t) = ke - Dremyo - Alt) (5.34)

where Dycy o is the diffusion coefficient in standard conditions, k. is the
environmental (temperature) effect, and A(¢) is the aging (time) effect.
The  Japanese Standard  Specifications for  Concrete
Structures—2007: Design propose to consider also the effect of
cracking on the diffusion coefficient, taking into account the crack
width as well as crack spacing (see later for the effect of cracking).
Each component in these equations has been quantified by values
proposed in guides or commentaries to codes and specifications.
a. Diffusion coefficient in standard conditions, Dgcy
i. fib Model Code: The EU recommendations are based on
determinations by means of accelerated migration tests.
Guiding values are provided in Table 5.11, with a s.d. of
20%. However, it should be noted that these are really aver-
age values, since there is considerable variability within each
“cement type.”
ii. Japan: The estimated diffusion coefficient, D, is suggested to
be a function of w/c ratio.
For normal Portland cement:

2
logD, = —3.9(?) +7.2 (f) —2.5; (cm?/year) (5.35)

Table 5.11 Recommended values for diffusion coefficients

Diffusion coefficient (m?/s) at equivalent w/c ratios of

Cement type 0.35 0.40 0.45 0.50 0.55 0.60
CEM | 42.5R - 891072 10.0x 1072 158 1072 19.7 x 10-'2 25.0 x 102
CEM 142.5R - 56x 1072 6.9x 1072 9.0x 1072 10.9x 1072 149 x 102
+FA (k=0.5)

CEMI425R 44x10°'2 48x 102 - - 5.3x 1012 -

+ SF (k=2.0)

CEM 11I/B 42.5 - [4x107'2 1.9%x10'2 28x 102 3.0x10'2 34x[0"

Source: Adapted from fib Model Code for Service Life Design (fib MC-SLD), 2006, fib Bulletin no. 34,
2006, fib secretariat, Case postale 88, CH-1015, Lausanne, Switzerland.
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For blast-furnace slag cement:

2
log D, = —3.0(”;’) + 5.4(”:) —~2.2; (cm?/year) (5.36)

The characteristic values taken for design, D,, include also a
partial factor, y,:

D, vy < Dy (5.37)

where 7, is a factor taking into account the inaccuracy in
determining D, lying between 1.0 and 1.3.
iii. LIFE-365: LIFE-365 provides equations accounting for the
influence of w/cm ratio and silica fume content:
wlcm ratio:

Dyg =1x10(=12.06 + 2.40w / cm), (m>/s) (5.38)

Silica fume content:
Dgg = Dpc - e 1% (5.39)

Graphical descriptions of these equations are presented in
Figures 5.11 and 5.12.

b. Effect of cracking: The Japanese specifications consider the influ-
ence of cracking on the characteristic diffusion coefficient, Dy, to
determine the diffusion coefficient for design, Dy, in the presence
of a crack having a width w:

2
Dy =v. D +(W)(w) D, (5.40)
I \w,

where v, is the material factor for concrete, taken usually as 1.0,
but 1.3 for the top face of the structure (if the concrete quality in
the structure is the same as that of specimens cured under stan-
dard conditions, the material factor for all parts may be taken
as 1.0); D, is the characteristic diffusion coefficient (cm?/year);
D, is a constant representing the effect of cracks on transport of
chlorides and is considered only in cases when flexural cracks
are allowed (in general, it may be taken to be 200 cm?/year);
w is the calculated flexural crack width; w, is the limit value
of crack width (mm) having values proportional to the concrete
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1E-10

1E-11

Diffusion coefficient, D,g (m?/s)

1E-12 } t
0.3 0.4 0.5 0.6
w/cm

Figure 5.11 Effect of w/cm ratio on the base diffusion coefficient. (Adapted from LIFE-
365, 2012, Service Life Prediction Model and Computer Program for Predicting
the Service Life and Life-Cycle Cost of Reinforced Concrete Exposed to Chlorides
Version 2.1, January 7, Produced by the LIFE-365™ Consortium II, The Silica
Fume Association www.life-365.org and www.silicafume.org, reprinted with
permission.)

0.8 T

06 T

Dgp/Dpc (m?/s)
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0 t t
0 5 10 15

Silica fume (%)

Figure 5.12 Effect of silica fume on the base diffusion coefficient. (Adapted from LIFE-
365, 2012, Service Life Prediction Model and Computer Program for Predicting
the Service Life and Life-Cycle Cost of Reinforced Concrete Exposed to Chlorides
Version 2.1, January 7, Produced by the LIFE-365™ Consortium I, The Silica
Fume Association www.life-365.org and www.silicafume.org, reprinted with
permission.)
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cover of 0.5%, 0.4%, and 0.3% of the concrete cover for nor-
mal, corrosive, and severely corrosive environmental conditions,
respectively; and w/l is the ratio between crack width and crack
spacing, which can be calculated following structural design
guidelines.
Design diffusion coefficients (in cm?/year) calculated according to
the Japanese specifications as a function of w/c ratio and crack width
are presented in Table 5.12 and Figure 5.13.

Table 5.12 Design diffusion coefficient D, (in cm?/year) calculated
from crack width and water—cement ratio according to
Japanese standard specifications for concrete structures

Crack width w (mm)

wic ratio  Without crack 0.10 0.15 0.20
0.30 0.20 0.271 0.429 0.751
0.35 0.35 0413 0.567 0.873
0.40 0.57 0.653 0.782 1.08
0.45 0.89 0.95 1.10 1.38
0.50 1.33 1.39 1.53 1.81
0.55 1.90 1.96 2.10 2.37
0.60 2.60 2.65 2.79 3.05
0.65 3.39 3.45 3.58 3.84
0.70 4.24 4.29 442 4.68

10

Without crack

Crack width, mm 0.1 mm

Diffusion coefficient
—

Crack width, mm 0.15 mm

Crack width, mm 0.2 mm

0.1
0.2 0.3 0.4 0.5 0.6 0.7 0.8

‘Water—cement ratio

Figure 5.13 Design values for diffusion coefficient (in cm?/year units) as a function of
wic ratio and crack width calculated according to the Japanese Standard
Specifications for Concrete Structures.
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Assumptions:

Ordinary Portland cement

Allowable crack width 0.20 mm

Material coefficient for concrete, v,, 1.0

Constant indicating the effect of cracking on the transfer of
chloride ions in concrete, D, is 200 cm?/year.

c. Environmental (temperature) effect, k,: The effect of the environ-
ment on the diffusion coefficient is largely due to temperature and
has been similarly described in the EU and LIFE-365 models:

i. fib Model Code:

1 1
K. = b _
e exp{ e [Tmf Treal }} (5.41)

with b, having a value of 4800 and s.d. of 700, and T, is the
standard test temperature (°K) and T, is the temperature of
the structural element or the ambient air (°K).

1. LIFE-365:
Ul 1 1
Ke = H - .
eXp|: R (Tref Treal Ji| (5 42)

where U is the activation energy of the diffusion process
(35,000 J/mol), R is a universal gas constant, and T is absolute
temperature.
The temperature should be chosen based upon local weather
information such as shown in Figure 5.14.
d. Change in diffusion coefficient due to aging, A(?)

i. fib Model Code: The diffusion coefficient reduces over time
due to continued hydration.
This has been described in the EU in terms of Equation 5.43:

Alf) = (tj (5.43)

where a is the aging exponent (diffusion decay index) and ¢, is
the reference point of time.
Guidelines for statistical quantification of the exponent are
given in Table 5.13, for a reference time of 28 days.

ii. LIFE-365: A similar equation is used in LIFE-365 with the fol-
lowing recommended values (Table 5.14) for the aging exponent
a, which is highly sensitive to the composition of the binder.

(5.44)

a=02+040A L 13C )

+
50 70
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Figure 5.14 Example of annual temperature profile to be used in Equation 5.41 for the

diffusion coefficient. (Adapted from LIFE-365, 2012, Service Life Prediction
Model and Computer Program for Predicting the Service Life and Life-Cycle Cost
of Reinforced Concrete Exposed to Chlorides Version 2.1, January 7, Produced by
the LIFE-365™ Consortium |l, The Silica Fume Association www.life-365.
org and www.silicafume.org, reprinted with permission.)

The higher aging exponent for the mineral admixture expresses
their continued pozzolanic activity which refines the pore space
and improved chloride binding capacity, which leads to a marked
reduction in the diffusion coefficient over time, as demonstrated
in Figure 5.15. Note that the diffusion coefficient is assumed to be
constant after 25 years.

Table 5.13 Guidelines for statistical parameters to Equation 5.42

Aging exponent, a (parameters

Concrete for B-distribution)®
Portland cement concrete, CEM | m*=0.30;s*=0.12;a<=0.0;b= 1.0
0.40 < w/c < 0.60

Portland fly ash cement concrete,f>0.20c; m?®=0.60;s®>=0.15;a°=0.0;b¢= 1.0
k = 0.50;0.40 < w/c,, < 0.60

Blast-furnace slag cement concrete, m?=0.45;s>=0.20;ac=0.0; b4 = 1.0
CEM 11I/B;0.40 < w/c < 0.60

Source: Adapted from fib Model Code for Service Life Design (fib MC-SLD), 2006, fib
Bulletin no. 34,2006, fib secretariat, Case postale 88, CH-1015, Lausanne, Switzerland.

m—mean value.

s—standard deviation.

a—Ilower bound.

b—upper bound.

Quantification can be applied for the exposure classes: splash zone, tidal zone, and sub-
merged zone.

© a n o ®
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Table 5.14 Recommended values for design in the LIFE-365 model

Binder a Dygp X103 m?fs Do, x1073m?ls  D,s, x10-"2m?/s
PC 0.20 79 30 25
30% slag 0.37 79 13 9.3
40% fly ash ~ 0.52 79 6.3 39

Source: Adapted from LIFE-365, 2012, Service Life Prediction Model and Computer
Program for Predicting the Service Life and Life-Cycle Cost of Reinforced Concrete
Exposed to Chlorides, Version 2.1, January 7, Produced by the LIFE-365™
Consortium I, The Silica Fume Association www.life-365.org and www.silica-
fume.org, reprinted with permission.

1E-10

1E-11 A

30% SG

Diffusion coefficient, D, (m?/s)

1E-12 +
28 days
40% FA
1E-13 | I I
0.01 0.1 1 10 100

Age (years)

Figure 5.15 Effect of time on reduction in diffusion coefficient. (Adapted from LIFE-
365, 2012, Service Life Prediction Model and Computer Program for Predicting
the Service Life and Life-Cycle Cost of Reinforced Concrete Exposed to Chlorides,
Version 2.1, January 7, Produced by the LIFE-365™ Consortium Il, The Silica
Fume Association www.life-365.org and www.silicafume.org, reprinted with
permission.)

2. Critical chloride content
a. fib Model Code: The lower boundary of the critical chloride con-
tent, C_,, is usually taken as 0.20% by wt. of cement. Taking
this as a lower bound, a critical chloride distribution function
that provides sufficiently good agreement with test results (Maage
et al. 1996) was suggested, being a B-distribution with 0.20%
lower bound, and a mean of 0.60%.
Thus, the critical chloride content can be quantified as follows:
B-distributed, mean of 0.6, s.d. of 0.15, lower bound of 0.2, and
higher bound of 2.
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b. Japan: The Japanese specifications propose a reference to mea-
surement results or test results of similar structures. If these are
not available, it is recommended to use the value of 1.2 kg/m?3.
For structures exposed to freezing and thawing, it is suggested to
consider lower values.

c. LIFE-365: The critical chloride content is taken as 0.05% by
weight of concrete, and its value is adjusted when special protec-
tive means are used, such as use of a corrosion inhibitor in which
the action is quantified by an increase in the critical chloride value
(Table 5.15).

When 316 stainless steel reinforcing is used, LIFE-365 rec-
ommends the use of a critical chloride value of 0.5%, which is
10 times higher than that for conventional steel.

The guidelines for epoxy-coated steel are quite different. It is
assumed that there is no influence on the critical chloride value
but rather an increase of 6-20 years in the propagation period
until damage occurs.

3. Chloride surface content buildup

a. fib Model Code: The chloride content on the surface depends on
the environmental conditions and the properties of the concrete.
Various tests and data are available in the literature to account for
this value. Examples are given in the fib Model Code, shown in
Figure 5.16 for Portland cement concrete (w/c of 0.50 and cement
content of 300 kg/m?).

Suggested values for buildup in various environmental
conditions are provided in Table 5.16, in terms of the maximum
attainable level and its buildup rate.

Table 5.15 Chloride threshold values recommended in
LIFE-365 (2012) for calcium nitrite inhibitor

CNI° dose (LIm3) Threshold chloride (% wt. of concrete)

0 0.05
10 0.15
15 0.24
20 0.32
25 0.37
30 0.40

Source: Adapted from LIFE-365, 2012, Service Life Prediction
Model and Computer Program for Predicting the Service
Life and Life-Cycle Cost of Reinforced Concrete Exposed to
Chlorides Version 2.1, January 7, Produced by the LIFE-
365™ Consortium |l, The Silica Fume Association
www.life-365.0rg and www.silicafume.org, reprinted
with permission.

2 Calcium nitrite inhibitor.
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3.0
Portland cement concrete: D 2.78
Uié ¢ = 300 kg/m2, w/c = 0.50
=}
S
w Total chloride content, referring
£%5 2.0 to the cement content ]
g 5
s 2
E f Content of bound chlorides,
® s | referring to the cement content
P | | |
3 < 1.0 | i
Tq'é Content of free chlorides,
EO referring to the cement content
®)
0.0 * *
0 5 10 15 20 25 30

Chloride content of the ambient solution (g/L)

Figure 5.16 Surface chloride concentration as a function of the ambient solution.
(Adapted from fib Model Code for Service Life Design (fib MC-SLD), 2006,
fib Bulletin no. 34, 2006, fib secretariat, Case postale 88, CH-1015, Lausanne,
Switzerland.)

b. Japan: The Japanese specifications recommend the use of values
based on the performance data of similar structures that accu-
rately express the environmental conditions. If these are not
available, the chloride surface concentration may be determined
from Table 5.17, which corresponds to a height of 1 m and a dis-
tance of 25 m from the shoreline.

¢. LIFE-365: LIFE-365 provides guidelines for the buildup of chlo-
ride on the concrete surface, assuming that there is a maximum
value that can be achieved under specific conditions and that
there is a gradual buildup toward this value. This is shown in
Figure 5.17 for the reference concrete (PC) as well as for con-
cretes in which the surface has been treated by protective mea-
sures such as membranes and sealers which slow down this

buildup.

Table 5.16 Buildup rates and maximum surface concentrations at various zones,
based on data in the model code

Buildup rate (%/year)  Maximum (% wt. of concrete)

Marine splash zone Instantaneous 0.8
Marine spray zone 0.10 1.0
Within 800 m of the sea shore  0.04 0.6
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Table 5.17 Chloride ion concentration C, (kg/m?) at the concrete surface

Distance from coast (km)

Splash

Regions zone  Near shoreline 0.1 025 0.1 1.0
Regions with Hokkaido, 13.0 9.0 45 30 20 1.0
high airborne Tohoku,

chloride Hokuriku,

concentration Okinawa
Regions with Kanto, Kinki, 4.5 2.5 29 1.5 1.0
low airborne Chugoku,

chloride Shikoku,

concentration Kyushu

Source: Japanese Standard Specifications for Concrete Structures, 2007, Design, JSCE Guidelines
for Concrete No. 15, Japan Society of Civil Engineers.

Effects of membrane Effects of sealer
0.8 0.8
%] wvI
Y 06 © 06
§ PC § PC
g g
= 04 = 04
] 5]
s Membrane S Sealer
Q Q
g 02 g 02
5 ES
w wv
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Age (years) Age (years)

Figure 5.17 Effect of various surface treatments on the buildup of chlorides, % by mass
of concrete. (Adapted from LIFE-365, 2012, Service Life Prediction Model and
Computer Program for Predicting the Service Life and Life-Cycle Cost of Reinforced
Concrete Exposed to Chlorides Version 2.1, January 7, Produced by the LIFE-
365™ Consortium Il, The Silica Fume Association www.life-365.org and
www.silicafume.org, reprinted with permission.)

5.5.1.3 Residual service life-cycle estimation

Relations and data of the kind reviewed here enable the determination
of service life for a given depth of cover or for the design to achieve a
specified service life, by controlling the concrete quality and depth of cover.
For existing structures, the relations outlined in this chapter can provide
the basis for calculating the residual service life.

For design of new buildings, there is a need to take into account
statistical considerations, by either the full probabilistic approach or the
partial factor approach.
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The Japanese specifications provide guidelines for partial factor design
by setting the limit state requirement as follows:

. (Cd) <10 (5.45)
Clim

where v, is a structure factor which can be taken as 1.0 for ordinary struc-

tures and 1.1 for important structure; C;;,, is the threshold chloride concen-

tration that should be determined from data on similar structures or, if not

available, 1.2 kg/m?; and C, is the design value of chloride concentration

estimated from the diffusion equation:

0.1-¢
Cq=7a Co{ er (Z(Dd~t)”2 )} (5.46)

where C, is the concentration of chloride ions on the concrete surface
(kg/m?3); v, is a factor taking into account the scatter in Cd (it may be
taken as 1.3); c is the concrete cover (mm); ¢, is the design value of concrete
cover used for durability verification (mm), ¢;=c— A, A.—construction
inaccuracy (mm); ¢ is the service life design (years); and D, is the design
value of chloride diffusion coefficient (cm?/year).

This approach and the accompanying recommended data can be used to
design for a specified service life. Examples of combinations that meet the
requirements are presented in Table 5.18, outlining the maximum diffusion
coefficient required to provide the specified design service life.

A graphical representation showing the combination of design diffu-
sion coefficient and design concrete cover based on the above equations is
provided in Figure 5.18, taken from the guidelines of the Japanese Standard
Specifications for Concrete Structures.

5.5.2 Frost-induced internal damage

The limit state equation for frost resistance formulated in the fib Model
Code for Service Life Design (2006) is based on the concept that the degree
of saturation at any time ¢, S,cr(¢), is smaller than the critical degree of
saturation, Sy, during the entire service life:

f(Scr,>Sact(t)) = Scr — Sacr(t) >0 (5.47)

The limit state equation is based on the absorption of water into the
air-void system to reach levels exceeding the critical degree of saturation,
which is considered to be a material property.

The critical degrees of saturation can be determined in lab tests where
the concrete is conditioned at different degrees of saturation and then
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Table 5.18 Maximum design chloride diffusion coefficient, D, for achieving specified
service life in various exposure conditions

Design concrete cover (mm)

Life time
(years) 25 30 35 40 50 60 70 100 150 200

Splash zone, C, = 13 kg/m?

20 - - - 0123 0.192 0276 0376 0.767 1.720 3.070
30 - - - — 0128 0.184 0250 0.511 [.150 2.040
50 - - - - — 0110 0.150 0307 0.69  1.230
100 - - - - - - — 0.53 0345 0613
Near shore line, C, = 9 kg/m?
20 - — 0115 0.150 0.295 0.338 0460 0.989 2110 3.750
30 - - - 0100 0.156 0.225 0307 0.626 1410 2.500
50 - - - - — 0135 0.184 0375 0845 1.500
100 - - - - - - - 0188 0422 0.751
0.1 km from coast, C, = 4.5 kg/m?
20 — 0.140 0.191 0249 0.389 0.561 0.763 1.560 3.500 6.230
30 - — 0127 0.166 0260 0.374 0.509 1.040 2340 4.150
50 - - - — 0.156 0.224 0305 0.623 1.400 2.490
100 - - - - — 0112 0.153 0311 0700 1.250

0.25 km from coast, C, = 3 kg/m?
20 0.150 0.216 0.295 0.385 0.601 0.866 1.180 2.400 5410 9.620
30 0.100 0.144 0.196 0.256 0.401 0.572 0.785 1.600 3.610 6.410
50 - — 0118 0.154 0240 0.346 0471 0.962 2.160  3.850
100 - - - — 0.120 0.173 0.236 0.481 1.080 1.920

0.5 km from coast, C, = 2 kg/m?
20 0.288 0414 0.564 0.737 1.150 1.660 2.226 4.610 10.400 18.400
30 0.192 0.276 0.376 0491 0.768 1.110 1.500 3.070 6.910 12.300
50 0.115 0.166 0.226 0.295 0.461 0.663 0903 1.840 4.140 7.370
100 - — 0113 0.147 0.230 0.332 0451 0.920 2070 3.630

| km from coast, C, = 1.5 kg/m3
20 0.620 0.803 1.220 1.590 2450 3.570 4.860 9.920 22.300 39.700
30 0413 0595 0.810 1.060 1.650 2.380 3.240 6.610 14.900 26.400
50 0.248 0.357 0.486 0.635 0.992 1430 1.940 3.970 8930 15.900
100 0.124 0.179 0.243 0317 0406 0.714 0972 1.980 4460 7.930

Source: Japanese Standard Specifications for Concrete Structures, 2007, Design, JSCE Guidelines for
Concrete No. |5, Japan Society of Civil Engineers.
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Figure 5.18 Graphical presentation of combination of design diffusion coefficient
and design concrete cover based on Japanese Standards Specification for
Concrete Structures.

exposed to freeze—thaw cycles. The dynamic modulus of elasticity is
measured before and after the cycling, and the lowest degree of saturation
at which a marked decline in the modulus is observed is defined as the
critical degree of saturation.

The water absorption into the concrete can be described in terms of
Equation 5.48:

Sacr(®) =S, +e-td, (5.48)
where z., is the equivalent time of wetness; and S, and e and d are materials
parameter and exponents, respectively.

The design by the full probabilistic approach or the partial factor
approach is based on the limit state equation (Equation 5.48), adopting
the relations for the depth of penetration such as Equation 5.10 for the
full probabilistic approach and Equations 5.11 through 5.13 for the partial
factor approach.

The Japanese specifications suggest a different limit state, which is based
on the measurement of the dynamic modulus of elasticity in accelerated
freeze—thaw tests. The design relative dynamic modulus of elasticity, E,,
should exceed v, - E,;,, where v, is a structure factor and E,;, is the minimum
limit value of relative dynamic modulus of elasticity in freezing and thawing,
required to meet freeze—thaw resistance performance in a concrete structure:

nd

yi(EEm) <1.0 (5.49)
d
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Table 5.19 Minimum limit value of relative dynamic modulus of elasticity to meet
freeze—thaw resistance performance requirements for concrete structure

Not so severe weather

Severe weather conditions, atmospheric
conditions or frequent temperature rarely drop
Climate freezing—thawing action to below 0°C
Section Thin (<20 cm)  General ~ Thin (<20 cm)  General
Exposure (1) Immersed in 85 70 85 60
water or often
saturated with
water
(2) Not covered in 70 60 70 60

(1) and subjected
to normal exposure
conditions

Source: Japanese Standard Specifications for Concrete Structures, 2007, Design, JSCE Guidelines for
Concrete No. 15, Japan Society of Civil Engineers.

where v; is a factor representing the importance of the structure, taken usu-
ally as 1.0 and may be increased to 1.1 for important structures; E is the
design value of relative dynamic modulus of elasticity in freeze—thaw test
(=E\/Y.), where E, is the characteristic value of relative dynamic modulus
of elasticity in freeze—thaw test, conducted according to the Japanese stan-
dard JIS A 1148; and E_;,, is the critical minimum value of relative dynamic
modulus of elasticity to ensure satisfactory performance of the structure in
freezing—thawing action. Recommended values are provided in Table 5.19.

5.5.3 Chemical attack

The Japanese specifications suggest design for chemical attack, which is
based on the concept of chemical penetration depth, applying relations of
the nature of Equations 5.11 through 5.13. However, it was stated that at
the time of the publication of the specifications there was not sufficient
knowledge for accepted quantitative models. This is also the view expressed
in the fib Model Code 2010.

5.6 DEEMED-TO-SATISFY APPROACH

The deemed-to-satisfy approach is prescriptive in nature and as such it is
very much related to national standards reflecting local conditions and
experience. A prescriptive approach that has more generalized characteris-
tics can be found in the Eurocode 2 (EN 1992) in which the concepts of EN
206 (EN 206, 2013) were adopted to define environmental exposure classes
in terms of the environmental processes which may be invoked (Tables 5.20
and 5.21).
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Table 5.20 Exposure classes related to environmental conditions in accordance with
EN 206

Class Informative examples where exposure classes
designation  Description of the environment may occur

No risk of corrosion or attack

X0 For concrete without Concrete inside buildings with very low

reinforcement or air humidity
embedded metal: all
exposures except where
there is freeze—thaw,
abrasion or chemical attack

For concrete with
reinforcement or
embedded metal: very dry

Corrosion induced by carbonation

XClI Dry or permanently wet Concrete inside buildings with low air
humidity
Concrete permanently submerged in
water
XC2 Wet, rarely dry Concrete surfaces subject to long-term

water contact
Many foundations
XC3 Moderate humidity Concrete inside buildings with moderate
or high air humidity
External concrete sheltered from rain
XC4 Cyclic wet and dry Concrete surfaces subject to water
contact, not within exposure class XC2

Corrosion induced by chlorides

XDl Moderate humidity Concrete surfaces exposed to airborne
chlorides
XD2 Wet, rarely dry Swimming pools

Concrete components exposed to
industrial waters containing chlorides
XD3 Cyclic wet and dry Parts of bridges exposed to spray
containing chlorides
Pavements
Car park slabs

Corrosion induced by chlorides from sea water

XSl Exposed to airborne salt but  Structures near to or on the coast
not in direct contact with
sea water

XS2 Permanently submerged Parts of marine structures

(Continued)
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Table 5.20 (Continued) Exposure classes related to environmental conditions in
accordance with EN 206

Class Informative examples where exposure classes
designation  Description of the environment may occur
XS3 Tidal, splash, and spray zones  Parts of marine structures

Freeze-thaw attack

XFI Moderate water saturation,
without deicing agent

XF2 Moderate water saturation,
with deicing agent

XF3 High water saturation,
without deicing agents

XF4 High water saturation, with

deicing agents or sea water

Vertical concrete surfaces exposed to rain
and freezing

Vertical concrete surfaces of road
structures exposed to freezing and
airborne deicing agents

Horizontal concrete surfaces exposed to
rain and freezing

Road and bridge decks exposed to deicing
agents

Concrete surfaces exposed to direct spray
containing deicing agents and freezing

Splash zone of marine structures exposed
to freezing

Chemical attack

XAl Slightly aggressive chemical
environment according to

EN 206-1,Table 2

Moderately aggressive
chemical environment
according to EN 206-1,
Table 2

Highly aggressive chemical
environment according to
EN 206-1,Table 2

Natural soils and groundwater

Natural soils and groundwater

XA3 Natural soils and groundwater

Each of the exposure classes in Table 5.20 is subdivided, according to
the severity of the degradation process in each class, depending mainly on
the moisture conditions. A rough indication of the effect of moisture condi-
tions on the intensity of the degradation process is presented in Table 5.22
(Table 5.8-1 in fib, 1999). In very dry concrete, the degradation reactions
are very slow and they are most intensive when the relative humidity in the
concrete is in the range of 75%-98%.

The requirement of the concrete for each of the exposure classes is
outlined in Appendix F to EN 206, Table F1 (EN 206, 2013), which is a
nonbinding recommendation to be considered for adoption in a national
annex (Table 5.23). The values in this table are based on the assumption
of an intended design working life of 50 years. The minimum strength
classes were derived from the relationship between water—cement ratio and
the strength class of concrete made with cement of strength class 32.5.
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Table 5.21 Limiting values for exposure classes for chemical attack from natural soil

and groundwater in accordance with EN 206

The aggressive chemical environments classified below are based on natural soil and
groundwater at water/soil temperatures between 5°C and 25°C and a water velocity
sufficiently slow to approximate to static conditions.

The most onerous value for any single chemical characteristic determines the class.

Where two or more aggressive characteristics lead to the same class, the environment
shall be classified into the next higher class, unless a special study for this specific case
proves that it is not necessary.

Chemical Reference test
characteristic method XAl XA2 XA3
Groundwater
sO? (mg/L) EN 196-2 >200 and <600 >600 and >3000 and
<3000 <6000
pH ISO 4316 <6.5 and >5.5 <5.5and >4.5 <4.5and >4.0
CO, (mg/L) prEN >15 and <40 >40 and <100  >100 up to
aggressive 13577:1999 saturation
NHZ (mg/L) ISO 7150-1 or >|5 and <30 >30 and <60 >60 and <100
ISO 7150-2
Mg+ (mg/L) ISO 7980 >300 and <1000 >1000 and >3000 up to
<3000 saturation
Soil
SO‘Z; (mg/kga) EN 196-2° >2000 and >3000¢ and >12,000 and
total <3000¢ <12,000 <24,000
Acidity (mL/kg)  DIN 4030-2 >200

Baumann—-Gully Not encountered in practice

a Clay soils with a permeability below 10 m*/s may be moved into a lower class.

b The test method prescribes the extraction of SO} by hydrochloric acid; alternatively, water
extraction may be used, if experience is available in the place of use of the concrete.

¢ The 3000 mg/kg limit shall be reduced to 2000 mg/kg, where there is a risk of accumulation of
sulfate ions in the concrete due to drying and wetting cycles or capillary suction.

Table 5.22 Estimation of the influence of moisture on corrosion and degradation

processes
Durability performance risk at moisture conditions, quantified in

. . terms of relative humidity (%)
Corrosion/degradation
mechanism <45% 45%—65%  65%—85% 85%—98%  Saturated
Carbonation Low High Medium Low None
Steel corrosion Low Medium High Medium Low/none
Frost Low/none Low/none Low/none  Medium  High
Chemical attack Low/none Low/none Low/none  Medium  High

Source: Based on information in CEB 1992, Durability of Concrete Structures—Design Guide, Thomas
Telford Services, Ltd., London, UK, 1992, quoted from fib, 1999, Textbook on Behavior, Design

and Performance—Updated Knowledge of the CEB/FIP Model Code 1990,Vol. 3, Bulletin 3.
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Table 5.24 Values of minimum cover thickness, ¢, 4,» according to Eurocode 2

Environmental Requirement for c,;, 4,, (mm)

Exposure cass according to Table 5.19
Structural class X0 XCI ~ XC2/XC3 XC4 XDIIXSI XD2/XS2 XD3/XS3

Sl 10 10 10 15 20 25 30
S2 10 10 15 20 25 30 35
S3 10 10 20 25 30 35 40
S4 10 15 25 30 35 40 45
S5 I5 20 30 35 40 45 50
Sé6 20 25 35 40 45 50 55

Source: Adapted from EN, 1992, Design of Concrete Structures, Table 4.4N.

Thus, the limiting values for the maximum water—cement ratio and the
minimum cement content apply in all cases, while the requirements for the
strength class may be additionally specified.

The prescriptive type of standard also specifies the cover thickness.
For the strength classes in Table 5.23, the cover thickness required for the
different exposure classes to achieve 50 years of service life is presented
in Table 5.24, where structural class 4 is related to the strength class in
Table 5.23.

Eurocode 2 specifies the conditions for achieving 100 years of service life,
by increasing the concrete strength class by two levels, as well as providing
relaxed requirement for strength class (reduction by one strength level) if
the production processes are especially well controlled, providing either
accurate reinforcement position (e.g., precast concrete) or special quality
control of the concrete production.

The nominal concrete cover thickness, which is the value specified in the
drawings is defined as the minimum cover thickness, c,;,, plus an allow-
ance in design for deviation, Ac,,,. The minimum cover value c,;, is pro-
vided to ensure safe transmission of bond forces (c,;, ), protection of the
steel against corrosion (durability, ¢, ;, 4..), and adequate fire resistance. The
greater value for ¢, satisfying the requirement for both bond and environ-
mental conditions shall be taken. The recommended value for Ac is 10 mm.
It can be reduced if the quality assurance of the fabrication is high (in the
range of 5-10 mm) and should be increased if the concrete is cast against
uneven surface or the quality control is poor. If the nominal cover thickness
is considered as the average value of a normal distribution, and taking Ac of
10 mm as the 5% fractile characteristic value (i.e., Ac = 16,645 s, where s is
the s.d.), then the s.d. is about 6 mm. The actual s.d. on site can readily be
determined by nondestructive tests.

EN 206 (2013), although a prescriptive standard, as seen in Table 5.23,
provides another option, which might be considered as being a partial per-
formance standard, as outlined in Section 5.2.5.3 of the standard, referring
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to the principles of the “Equivalent Concrete Performance Concept” (see also
Section 5.1.4 in this chapter). It allows for changes in the requirement for
minimum cement content and maximum water—cement ratio when addition
is used or special cement is being employed. The concept is that the modified
composition shall be proven to have equivalent performance to the reference
concrete, with respect to its reaction to the environmental conditions.

5.7 LIFE-CYCLE COST ANALYSIS

The data used for calculating the service life can be further extended to
calculate life-cycle cost based on assumptions with regards to costs of
labor, cost of materials, cost of repair, and the service life of the repairs.
This approach has been used to compare between different protection
technologies in harsh weather, as demonstrated in Figure 5.19.
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Figure 5.19 Prediction of costs (initial and life-cycle cost [LCC]) and corrosion initiation
times for a marine wall with 100 years design life, using a single technol-
ogy and integration of two and three technologies (FA, fly ash; SF, silica
fume; DP, water repelling admixtures; CN, corrosion inhibitor). The average
yearly temperature is 25°C, concrete cover is 50 mm, and w/cm for the
base system is 0.45. (Adapted from Bentur, A, Berke, N. S, and Li, L., 2006,
Integration of technologies for optimizing durability performance of rein-
forced concretes, in Concrete Durability and Service Life Planning (Concretelife
06), K. Kovler (ed.), Proceedings of the RILEM International Conference, Israel,
RILEM Publications PRO 46, Paris, France, pp. 247-258.)
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Chapter 6

Durability indicators
(indexes) and their use in
engineering practice

6.1 INTRODUCTION

Durability embraces a wide range of practical problems in concrete design
and construction. A “durability problem” for a particular structure in
one location may differ from that for a similar structure in another loca-
tion, or for a different structure in the same location. For example, a
structure in a marine environment with chlorides needs a different dura-
bility approach to one exposed to sulfate attack. Consequently, there is
no “universal” solution to durability problems, and while environmen-
tal exposure classifications such as in EN 206 (2013) are helpful, they
are inherently simplistic. Each situation must be evaluated on its own
merits, and the designer has to exercise judgment in assessing the dete-
rioration mechanisms operating on a structure in its locality over a given
period of time. Therefore, designers also require good understanding of
the dominant deterioration mechanisms in concrete structures as well as
the influence of the exposure environments. These aspects are discussed
in Chapter 4.

6.1.1 Durability problems in concrete
structures; need for a new approach

The durability performance of construction materials has long been a con-
cern for engineers. Durability is the ability of a material or structure to with-
stand the service conditions for which it is designed over a prolonged period
without unacceptable deterioration. Concrete and reinforced concrete (RC)
possess inherent chemical and dimensional stability in most environments,
and RC structures are expected to be maintenance-free during their service
life. However, these assumptions are in question given the weight of evi-
dence of premature deterioration of concrete structures. Many modern
concrete structures need substantial repairs and maintenance during their
service life, with resultant costs to the economy reaching 3%-5% of GNP
in some countries. Neville (1987) suggests that reasons for the widespread
lack of durability include poor understanding of deterioration processes by
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designers, inadequate acceptance criteria of concrete on-site, and changes
in cement properties and construction practices.

Deterioration of concrete begins almost immediately after casting as
the hardened properties are influenced by early-age phenomena such
as plastic cracking, bleeding, segregation, and thermal effects. In the
hardened state, concrete may be affected by many internal and exter-
nal factors that cause damage by physical and/or chemical mechanisms.
Deterioration is often associated with ingress of external aggressive
agents such that the near-surface concrete quality largely controls
durability, especially for RC structures. The interaction between the var-
ious material and environmental elements influencing durability is shown
in Figure 6.1.

Modern concrete construction is characterized by more consistent qual-
ity cement together with a greater variety of binder types and admix-
tures, higher allowable stresses, and faster concrete casting and setting
times, with the consequence that concrete is more sensitive to abuse. This
has contributed in part to the premature deterioration of modern con-
crete structures, which in turn has elicited more stringent specifications
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Figure 6.1 Schematic diagram of concrete protection of reinforcement. (Reproduced
from Alexander, M. G., Mackechnie, J. R., and Ballim, Y., 2001, Use of durabil-
ity indexes to achieve durable cover concrete in reinforced concrete struc-
tures, Materials Science of Concrete, |. P. Skalny and S. Mindess (eds.), American
Ceramic Society, Vol. VI, pp. 483-511, with permission from Wiley Global.)
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for concrete construction. These have unfortunately not always resulted
in a corresponding improvement in durability performance due to a
lack of understanding of what is required to ensure durability, as well
as inadequate means of enforcing compliance with specifications during
construction.

Most national codes and specifications are of the “recipe” type, setting
limits on w/c ratios, cement content, cover, and so on, but without really
addressing the issue of achieving adequate quality of the concrete. Further,
it is difficult, if not impossible, to ensure on-site compliance with these
specifications, since they generally comprise difficult-to-measure aspects of
construction. (One notable exception is concrete cover to steel. Enforcing
this simple expedient would probably cure 90% of current durability
problems!)

In response to this situation, researchers are developing new tools to
address durability problems. A powerful new set of tools involves the
concept of “durability indicators” or “durability indexes.” This chapter is
largely given to a review of these new developments, philosophically and
practically, with some general examples. However, first, some of the current
and proposed approaches to addressing durability problems in concrete
construction will be covered.

6.1.2 Traditional approach to concrete durability

Traditionally, durability has been addressed by regarding compres-
sive strength as a “proxy” for durability. It is assumed that compressive
strength reflects the durability properties on the basis that concrete with
a suitable w/c ratio, properly proportioned and mixed, compacted, fin-
ished, and cured, will have acceptable compressive strength and should
have sufficient durability. This approach for concrete durability is no lon-
ger adequate, considering advances in modern concrete technology such
as the wide range of binders available, advances in structural design such
as members of less bulk and mass, and the increasingly aggressive and
polluted exposure environments. To make progress in improving concrete
durability, we need to move away from the concept of strength-durability
equivalence. Figure 6.2 shows the relationship between permeability
(Darcy k value) and concrete compressive strength from measurements on
actual as-built bridge structures in South Africa. There is no correlation,
indicating that in actual construction, strength is not a suitable proxy for
durability.

Another objection to the traditional approach is that fundamental factors
that govern concrete properties, such as porosity, have different effects on
durability and strength. Physical and chemical properties have significant
influence on durability but a lesser effect on strength. For example, dura-
bility of RC structures is often governed not by the bulk strength, but by a
surface penetrability property such as permeability. Further, curing has far
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Figure 6.2 Comparison of coefficient of permeability values (k-value) with strength.
(Reproduced from Nganga, G., Alexander, M. G., and Beushausen, H., 2013,
Practical implementation of the durability index performance- based design
approach, Construction and Building Materials, 45, 251-261. with permission
from Elsevier.)

greater influence on the surface “skin” than on the core of a member, which
often “self-cures.” (See Chapter 4 for more on these issues.)

This outdated practice derives from an earlier era where mainly labora-
tory testing was used to correlate compressive strength with key durability
parameters such as abrasion resistance, carbonation and chloride resistance,
and soft water attack. However, binders at that time reflected a limited
range of mostly “ordinary Portland cement” where the binder chemistry
and physical properties were fairly uniform, and comparability could be
established across different experimental setups. Strength-durability cor-
relations could be reasonably established from laboratory tests in which
binders were “simple,” concretes were well-cured, and concrete properties
were in a limited range. Observations of iz situ performance and practical
experience meant that simplified “rules” could be established, related to
limits on mixture proportions and appropriate materials as well as possibly
a measure of curing. Specifications thus contained (and mostly still contain)
restrictions on maximum w/c ratio, minimum cement content, minimum
compressive strength, and so on. (Chapter 5 deals with specifications for
durability and should be referred to.)

Modern concrete design and construction demands more sophistica-
tion than the simplified approaches of the past. Infrastructure owners are
starting to demand “guaranteed service life” or “maintenance-free service
life,” and commercial developers or infrastructure owners are sometimes
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required to prove long-term durability of their developments prior to selling
them on. Also, abundant evidence exists that many concrete structures are
deteriorating at an unacceptable rate resulting in a huge burden on national
infrastructure budgets and resources, including physical resources, which
is unsustainable (see Chapter 3).

Engineers require practical solutions to concrete durability problems. If
compressive strength is no longer adequate for representing durability, the
question is, how should engineers approach the durability problem? What
practical tools are available for characterizing durability and providing
solutions for achieving durability in actual construction? How best can
assurances be given to clients and owners on the likely durability perfor-
mance of a structure?

Answers to these questions are not simple. Engineers mostly work to
codes of practice, which are often slow in being updated, so that new
knowledge from research and practice takes a long time to find its way
into standards. An example of current thinking on durability approaches
is given in the fib Model Code (2010), and relevant sections are briefly
reviewed below.

6.1.3 fib Model Code (2010)

The fib Model Code (2010) was reviewed comprehensively in Chapter 5
and the reader should consult that chapter for details. The Model Code
comprises the following approaches for durability design: (i) deemed to sat-
isfy, (ii) avoidance of deterioration, (iii) partial safety factor, and (iv) prob-
abilistic. The first, that is, “deemed to satisfy,” is prescriptive in nature,
while the “partial safety factor” and “probabilistic” approaches are more
performance-based.

A summary of the Model Code service life design approaches is given in
Figure 6.3, for completeness.

The Model Code approach has merit in moving away from current
simplistic approaches. For many if not the majority of RC structures,
a minimalist approach may be adequate, since many structures are not
exposed to severe environments that threaten their longevity. EN 206-1
(2013) has an exposure category of XO, described as “Concrete with
reinforcement or embedded metal: Very dry,” that is, “Concrete inside
buildings with very low air humidity,” which represents a large propor-
tion of concrete construction in very mild or benign environments. For
such exposures, simple attention to good construction practices, such
as good mixture design, compaction, curing, and so on, should ensure
adequate durability.

This chapter deals with durability indicators, which are a set of tools to
quantify and control concrete durability in construction. Thus, they could
be fitted into code approaches in one form or another. However, much of
this work remains to be done.
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Figure 6.3 Summary of service life design approaches. (Reproduced from ISO 13823,
2008 with the permission of the South African Bureau of Standards [SABS].
The South African Bureau of Standards is the owner of the copyright therein
and unauthorized use thereof is prohibited. The standard may be obtained at
the following: www.store.sabs.co.za)

6.2 DURABILITY INDICATORS;
DURABILITY INDEXES

“Durability indicators” or “durability indexes” carry somewhat different
meanings depending on their source and application.* They refer to con-
crete parameters—mechanical, physical, chemical, electrochemical—that
describe a transport property or deterioration mechanism, and thus may
be used to characterize the concrete in terms of its “potential” durability.
“Potential” durability means the potential for the concrete to be durable in
the given environment provided it is properly proportioned with the correct
constituents and then cured appropriately ab initio. A distinction must be
drawn between “potential” durability and actual “as-built” durability,
since construction processes such as compaction and curing can result
in concrete of a lower quality in situ that does not realize its potential
for being durable. It is also important actually to measure the as-built
properties of concrete in situ if assurance is to be obtained as to the long-
term performance of the structure.

* While these two terms have somewhat different meanings as indicated, for the balance of
this chapter they will be used interchangeably and equivalently, and abbreviated where
appropriate as “DI.”
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6.2.1 Philosophy of durability indicators or indexes

Measurement is essential to the achievement of durability in structures.
We need relevant durability parameters that can be easily and unambigu-
ously measured, such as permeability, water absorptivity, ionic diffusivity,
resistivity, and so on. Two aspects are critical: the purpose for which they
are measured, and the ease and speed of measurement so that they can be
used as rapid indicators of quality, for example, in quality control schemes
in the laboratory or on-site. It is this combination of purpose and ease and
speed of measurement that distinguishes whether a parameter can be used
as a durability indicator.

A good illustration of the above concept is compressive strength, which
has been used successfully for many decades as an “indicator” of concrete
quality. Engineers have resolved the issue of whether a concrete structure
is “acceptable” from an overall strength perspective by adopting a simple
quality control test—the cube or cylinder compression test. The test bears
little resemblance to the conditions existing in a real structure: the cube or
cylinder is prepared and cured very differently to the concrete in the actual
structure and does not experience the same stresses or environmental con-
ditions that a member in the real structure does. Nevertheless, experience
has permitted the correlation of compressive strength with structural per-
formance so that structures may be designed for different levels of stress
and under different loading systems. In essence, the compressive strength
test can be thought of as an “index” test, which characterizes the intrin-
sic potential of the material to resist applied stresses. By experience, this
“index” is associated with acceptable performance and has generally
worked very well.

Applying this concept to concrete durability, we need various param-
eters that can serve as “indexes” of the durability of the material or struc-
ture. By measuring them in the relatively short term, we can use them as
indicators of the likely durability performance of the structure in the long
term. They must preferably be fundamental material parameters that relate
to deterioration processes, and used to characterize the concrete in terms
of its durability performance under the specific deterioration mechanism.
In other words, these parameters need to adequately characterize the key
material property or properties that govern the durability issue of concern.

Further to illustrate this concept with an example, a pervasive prob-
lem with RC durability is corrosion of the reinforcing steel, which
amounts to the need for adequate protection to the reinforcing. This
protection depends mainly on the quality of the cover layer, requiring
a means of measuring parameters that reflect the quality of the cover,
which is actually a very thin element in relation to the entire struc-
ture. A strength parameter is inadequate for this since it measures
only the overall bulk response of the material to stress, which has little
relevance to the quality of the surface layer that is affected by many
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more influences—constructional and environmental—than the core of
the member. Parameters and associated tests are needed to measure the
properties of the cover layer. Such parameters must be sensitive to all the
processes that affect the quality of the cover, such as the critical influence
of curing. These processes are linked with transport mechanisms such
as gaseous and ionic diffusion, water absorption, and so on. Thus, the
chosen parameter(s) acts as a “durability indicator” for this property and
is able to give information on the likely resistance of the material to the
deterioration mechanism(s).

This concept can be taken over a wide range of durability problems:
a series of index tests are needed, each index being linked to a transport
mechanism relevant to a particular deterioration process. The criteria for
index testing will be covered later, but such tests need to be relatively sim-
ple, quick, and accurate in the sense that they properly represent the real
durability problem.

The usefulness of indicator or index tests will be assessed ultimately
by reference to actual durability performance of structures built using
the indexes for quality control purposes—a long-term undertaking. A
framework for durability studies is therefore necessary, such as that illus-
trated in Figure 6.4, which schematizes the various elements that need
to be considered in the development of durability approaches, such as
early-age material indexing, direct durability testing, and observations
of long-term durability performance. It also shows the various interac-
tions and links between these elements so that an integrated approach
emerges that can be used in durability design and specification of con-
crete structures.

The various elements in Figure 6.4 are discussed in the following sections.

6.2.1.1 Material indexing

Durability indicators or indexes comprise quantifiable chemical, physical,
or engineering parameters that characterize the concrete. They must be
sensitive to materials, processing, and environmental factors such as binder
type and presence of SCMs, water/binder ratio, other mix constituents,
placing and compaction, type and degree of curing, and so on. The purpose
of material indexing is to provide a reproducible “engineering” measure of
microstructure and properties relevant to durability at a relatively early age
(e.g., 28 days). The indexes allow the material to be placed in an overall
matrix of possible material values that depend on the factors given above.
Thus, it should be possible to produce concretes of similar durability by a
number of different routes: additional curing, lower w/c ratio, choice of a
different cement or extender, and so on.

The material indexes should also be capable of being used as “proxies”
for long-term durability performance, by being measures that give indi-
rect information on, for example, the expected service life of the structure.
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Figure 6.4 Framework for durability studies. (Courtesy of Alexander, M. G. and Ballim,
Y. 1993, Experiences with durability testing of concrete: A suggested frame-
work incorporating index parameters and results from accelerated durability
tests, in Proc. 3rd Canadian Symp. on Cement and Concrete, Ottawa, Canada,
August 1993, Nat. Res. Council, Ottawa, Canada, 1993, pp. 248-263.)

Ideally, they should be measured on both laboratory specimens as well as
in the actual structure—covered later in terms of material potential ver-
sus as-built quality, both of which are important for performance-based
approaches to durability design and specification.

6.2.1.2 Direct durability testing

This should comprise a suite of tests suited to a range of durability prob-
lems, for example, chloride penetration testing, carbonation testing, and
sulfate resistance testing, many of which are already in place in standard test
methods. Such tests would include accelerated and long-term evaluations.
The need for accelerated testing is obvious in view of the long-time periods
involved in concrete deterioration. Nevertheless, it is usually necessary also
to do long-term testing, since mechanisms dominant in accelerated tests
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may differ from those in normal environments. Two other issues regarding
direct durability testing are as follows:

® The definition of a suitable measure of deterioration and a threshold
or limiting value (e.g., should the extent of sulfate attack be charac-
terized as expansion, mass loss, change in strength and stiffness, and
so on?).

e Test methods that as yet may not be accepted standards, or that yield
results which are not helpful for characterizing the materials. This
prevents useful comparisons between reported results and hampers
understanding of mechanisms, or a lack of agreement on what the
results of standard tests mean.

6.2.1.3 Structural performance

Observations of long-term structural behavior are also necessary to quan-
tify actual durability performance. This should be done on structures built
using indexes or indicators as quality control measures during construc-
tion, so that the initial condition of the structure is characterized from
a durability perspective. Such studies are time-consuming and laborious
and difficult to carry out comprehensively, but without them, the practical
usefulness of indexes for achieving durability iz situ cannot be properly
verified.

6.2.1.4 Fundamental mechanistic studies

These studies underpin other aspects discussed above, comprising “mate-
rials science” aspects such as microstructural characterization, phase
changes, fundamental deterioration mechanisms, and so on.

6.2.1.5 Correlations

Figure 6.4 shows correlations that “link together” the elements discussed
above. Some may be obtained from fundamental scientific considerations,
while others may require empirical correlations. These correlations permit
the key elements to be used in an “integrated” fashion, for example,

* Between indexes and direct durability results, verifying that the
indexes are valid representations of deterioration processes or other
durability parameters.

* Between indexes (and direct durability results) and actual structural
performance—which is the basis for the DI approach; if these correla-
tions do not exist or are unverifiable, then the indexes clearly cannot
be used as proxies of durability performance, and they lose their use-
fulness and power.
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Figure 6.4 also indicates the uses to which DIs can be put:

® Quality control—a means of assessing the quality of construction for
compliance with a set of criteria.

e Specification criteria—specifying a particular property of concrete,
or the quality of a particular concrete element such as the surface
layer. Such criteria would typically be reflected by a construction
specification in which limits to index values at an appropriate age
would be given.

® As a basis for fair payment for the achievement of concrete quality, or
alternatively for penalties for non-achievement.

® As a means of predicting the performance of concrete in the design
environment.

The criteria for index tests require, inter alia, that the tests

® Besite- or laboratory-applicable (site-applicable could involve retrieval
of small core specimens from the structure or test element for labora-
tory testing).

¢ Be linked to important deterioration and transport mechanisms and
have a theoretical basis.

® Be quickly and easily performed without undue demand on equip-
ment or operator skill.

* Have sufficiently low statistical variability to be reliable.

¢ Avoid difficult or complicated specimen preparation, with uniform
preconditioning to ensure standardized testing.

® Be able to be conducted at relatively early ages.

6.2.2 Need for an integrated scheme

The framework diagram in Figure 6.4 shows that material indexing is the
key aspect of the scheme: material indexes are used to characterize the
potential durability, to carry out quality control, to relate to direct durabil-
ity measures and deterioration processes, and to link with long-term struc-
tural performance. These aspects taken together represent an “integrated
scheme,” in which measured durability indexes representing the material
quality in prequalification tests and trials and also in the as-built structure
are linked to the construction specifications for quality control purposes
and to predictive service life models (SLMs) used in design. Such a scheme
allows complete integration and consistency between design, specification,
and actual construction quality.

Up to now, approaches for rational durability design have been limited and
not always easy to implement. Examples are DuraCrete in Europe (DuraCrete,
1998) and Life-365 (2005) in the United States (see Chapter 5 for a more
detailed description of these and several other similar models). While useful,
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they tend to be location-specific and only partially represent an integrated
approach to durability design, which needs the elements of measurable dura-
bility parameters coupled with SLMs. Linked to durability design is also the
need for a construction specification to ensure that the design assumptions
regarding the concrete quality and composition have indeed been achieved.

6.2.3 “Material potential”’ versus “as-built quality”

The (legal) responsibility for producing a quality structure normally lies
with the constructor. In reality, however, quality and durability of the final
structure is the responsibility of both the concrete material supplier (e.g.,
ready-mix supplier) and the on-site constructor. Therefore, a two-level
approach is required, drawing a distinction between material potential and
as-built quality. The former refers to the potential of the material to be
durable (i.e., what can be achieved), while the latter refers to the durability
of the actual structure in situ (i.e., what actually is achieved). Durability
performance will depend on these two separate but related aspects and
it is preferable to allow for them in design and construction, by devising
a scheme for acceptance of the as-supplied material so that the concrete
supplier can have confidence in the potential quality of the material. This
requires the concrete supplier to test samples from the production facility or
from the RMC truck using compacted and fully cured specimens that are
unaffected by construction effects, in the same way as for strength speci-
mens. The as-built quality is then assessed by sampling the actual structure
at some time after construction (say 28 days), by a representative sampling
scheme. (It is also possible to construct representative test elements such as
panels that “mimic” the identical materials and construction processes in
the “real” structure, and test these provided they represent the as-built situ-
ation as closely as possible.) If the as-built quality is deficient, the specifica-
tion should have an internal acceptance scheme that is able to distinguish
whether the deficiency arises from the as-supplied material or the manner
in which it was processed by the constructor.

As-built durability performance is typically more sensitive to construction
processes than strength performance, for example, in the influence on the
cover zone where transport of chloride ions and carbonation occur. Except
in cases of gross undercompaction, the internal concrete core, which primar-
ily provides strength, is much less affected by most construction processes.

A scheme for implementing the two-level approach discussed above is
given in Alexander et al. (2008) and is summarized in the following.

6.2.3.1 Differences between material
potential and as-built quality

The effect of site processes on concrete quality can be twofold: a reduction
in average quality and increased variability. Thus, the absolute differences
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in average values between the as-built and material potential specimens, as
well as their variances, are required in order to establish the margin between
material potential and as-built values. This is illustrated in Figure 6.5a. This
has not been extensively studied; however, Gouws et al. (2001) studied the
quality of as-built structures and associated site-cast cubes from nominally
identical concrete batches, using the South African DI tests. Regarding aver-
age values, the results were mixed. As-built values were generally worse,
but occasionally better than the laboratory specimens. The occasional
reversals were attributed to the methods of finishing, for example, when
considerable densification was given to the surfaces of well-cured ground
slabs. Considerably more data are required for both laboratory specimens
(“material potential”) and site-derived specimens (“as-built quality”) to
quantify typical margins and variances. Table 6.1 gives reported variances
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Figure 6.5 Conceptual relationships between material potential and as-built test
distributions for a typical durability index test (higher values represent better
quality): (a) lower as-built average values; (b) equal average values for material
potential and as-built quality.
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Table 6.1 Single-operator coefficients of variation

COYV for:
Oxygen
bility (%,
Chloride Water w
Condition conductivity (%)  sorptivity (%) OPI k
Laboratory (material potential) 5 7 | 23
As-built 14 13 2 50

Source: Reproduced from Gouws, S. M., Alexander, M. G., and Maritz, G., 2001, Use of
durability index tests for the assessment and control of concrete quality on site,
Concrete Beton, 98, 516, with permission from the Concrete Society of Southern
Africa, CSSA.

Note: k is the D’Arcy coefficient of permeability in m/s units; OPI is the negative log of k.

for laboratory (material potential) and as-built conditions from the study
by Gouws et al. (2001).

If differences in average performance between laboratory and site-
derived specimens are neglected, a simpler scheme results, as shown in
Figure 6.5b. Provided the variances in testing for the different sets of
specimens are known, it is possible to quantify the margins between the
characteristic values for material potential and as-built quality, as seen in
Figure 6.5b. This permits a concrete producer to manufacture concrete to
a certain “quality,” which will generally be higher than the final quality
required in the as-built structure. Provided the quality is measured at both
the concrete production stage and in the as-built structure, it is possible to
assign responsibilities to the various parties and to determine where the
locus of possible poor quality is located. (For details on a scheme for evalu-
ating and implementing margins as described, see Alexander et al., 2008.)

In most cases, in situ testing to determine as-built quality is difficult.
Better in situ tests are required to allow easy and reliable measures of as-
built quality. Consequently, construction schemes that require durability
testing in the specifications may call for only prequalification testing, that
is, for the concrete producer to show that the concrete to be supplied will
meet the necessary durability criteria, by way of specified indicator (or
other appropriate) values of the concrete.

Much work is still needed on aspects such as “margins” between
potential and as-built values—both characteristic and average—influence
of site practices on as-built values, conformity and acceptance schemes,
practical problems around site testing, for example, action in the event of
unacceptable test results, and site targets versus absolute limits.

In summary, durability indexes or durability indicators are measurable
material parameters that can be used in durability design and specification.
Durability is a “property” to be paid for, just as strength is. Concrete is
an “engineered” material in which the requisite properties are provided by
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design. Each desired property needs to be specified and appropriately paid
for. The cost of concrete structures is not likely to dramatically escalate due
to such payment for durability. Life-cycle costing almost always proves that
paying for durability initially is an investment that is best in the long run.

6.3 MATERIAL PARAMETERS SUITABLE
AS DURABILITY INDICATORS

The criteria for parameters suitable for use as DIs given earlier were that
they should be site- and laboratory-applicable, quick and relatively easily
performed, linked to governing deterioration and transport mechanisms
with a theoretical basis, and with sufficiently low statistical variability. A
number of these parameters will entail transport properties of concrete.
These are covered in Chapters 4 and 7, but are briefly elaborated here, for
completeness. The following sets of parameters can be identified as suitable
durability indicators, although it is not an exhaustive list.

6.3.1 Physical parameters (physical
microstructure of the material)

6.3.1.1 Permeability to liquids and/or gases

Permeation is the movement of fluids through a porous material under
an applied pressure while the pores are saturated with the fluid. Concrete
permeability depends on its microstructure, moisture condition, and the
characteristics of the permeating fluid, with dense microstructures having
limited pore interconnectivity and exhibiting low permeability.

Permeation as a mechanism, as well as testing for permeability, is covered
in Chapter 7 and will not be further discussed here.

6.3.1.2 Water absorption and sorptivity

Absorption (or sorption) is the uptake of liquids into a solid by capillary
suction. It is measured by parameters such as bulk absorption, or sorptiv-
ity S, defined as the rate of advance of a wetting front in a dry or partially
saturated porous medium:

_AM, d
S= A2 {Mm —Mo} (6.1)

where AM,/t'2 is the slope of the straight line produced when the mass of
water absorbed is plotted against the square root of time; d is sample thickness;
and M_,, and M, are the saturated mass and dry mass of concrete, respectively.

Absorption is influenced by the larger capillaries and their degree of con-
tinuity. Absorption is usually regarded as a bulk material property and
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measured on cubes or cylinders, while sorptivity is measured on a con-
crete surface exposed to water. Sorptivity is very sensitive to hydration of
the outer surface of concrete, which is influenced by curing and finishing.
Sorptivity can be measured either on lab specimens (e.g., ASTM C1585-13
or the South African water sorptivity index (WSI) test [UCT, 2009]) or in
situ using methods such as the initial surface absorption test (BS 1881: Part
5, 1970), which however has been withdrawn as a standard but still has
value, or the Autoclam test developed by Basheer et al. (1994).

6.3.1.3 Porosity; pore spacing parameters

Hardened cement paste is characterized by gel porosity and capillary
porosity, with capillary porosity having the greater influence on concrete
transport properties due to the significantly larger capillary pore size in
relation to gel pores.

Porosity, p, is the internal pore volume as a proportion of the total volume
of a solid (Equation 6.2):

p=1" (6.2)

where V,, is the volume of internal pores and V7 is the total volume of the
solid.

While the pore volume includes all pores, only the interconnected
porosity is measured in laboratory tests, normally by oven drying a sample
to constant mass and then saturating it in water.

Porosity influences most concrete properties including strength, perme-
ability, shrinkage, and creep. Regarding durability, porosity profoundly
influences all the transport properties of concrete and is therefore a critical
parameter that can be used as a durability indicator.

Pore spacing is also a critical parameter, especially in regard to freeze—
thaw resistance of concrete. Specifications usually provide requirements on
allowable air content, which in effect relates to maximum air bubble spacing
to avoid or mitigate freeze—thaw damage. The limits on air content (20 mm
aggregate) depend on the severity of exposure conditions and are typically
5%—-8% for F-1 exposure and 4%-7% for F-2 exposure (CSA A23.1-04).

6.3.2 Mechanical parameters

The most common mechanical property of concrete and usually its most
important property is compressive strength. However, this is not an
adequate property for characterizing concrete durability, as argued earlier,
being a bulk property. The most common mechanical property related to
durability is abrasion resistance (although some regard this as a physical
property of concrete).
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6.3.2.1 Abrasion resistance

The abrasion resistance of concrete is largely a function of the coarse aggre-
gate abrasion resistance and surface hardness, and the paste—aggregate
bond. Abrasion as a durability issue arises where concrete surfaces are
exposed to severe abrasive forces such as in pavements and trafficked
slabs-on-grade, dam spillways and stilling basins, concrete canals carry-
ing gravel- and silt-laden water, heavily trafficked pedestrian areas, and
abrasion-resistant floor toppings. Abrasion parameters typically measured
in standard tests include mass loss and depth of wear, and these could be
used as durability indicators for abrasion.

6.3.3 Chemical parameters
6.3.3.1 Calcium hydroxide content

Calcium hydroxide content is a measure of the “alkalinity” of the concrete
matrix (or more correctly, the calcium oxide content). It is important in
assessing the resistance of concrete to carbonation and could be used as a
measurable parameter in this respect.

6.3.3.2 Degree of hydration

This parameter can be tricky to measure reliably. It might be useful as
a durability indicator when assessing the effectiveness of process and
construction variables.

6.3.4 Physicochemical and
electrochemical parameters

6.3.4.1 Diffusivity and conductivity

Diffusivity and conductivity refer to the transport of ionic and molecular
species through concrete due to a concentration difference or a potential
difference, respectively. (Diffusion may also include diffusion of liquids
and gases.) Conduction, sometimes called migration, arises from an elec-
trical potential difference and is an electrochemical process. (Migration
is also referred to as accelerated diffusion, electrodiffusion, or conduc-
tion.) The governing equations are Fick’s first law (for steady-state dif-
fusion) and the Nernst-Planck equation (for conduction), which give
rise to the following material parameters that can be used as durability
indicators:

D;= diffusion coefficient
6 = conductivity
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These two parameters are related through the diffusivity relationship for
transport of ionic species:

D, _ o
0= D, o, (6.3)

where O is the diffusivity ratio, ¢ is the conductivity of concrete (S/m), o, is
the conductivity of the pore solution (S/m), D, is the steady-state diffusivity
of ionic species through concrete (m?/s), and D, is the diffusivity of ionic
species in the equivalent pore solution (m?/s).

Diffusion in concrete is complicated by several factors: interaction between
the diffusant and the matrix (e.g., chloride diffusion), concrete diffusion
coefficient reducing with age, and surface concentration of the diffusing spe-
cies also changing with age. These violate the basic assumptions of the gov-
erning equations. Nevertheless, apparent or effective diffusion coefficients
or conductivity coefficients are defined and measured, and these are of value
as durability indicators provided their limitations are borne in mind.

Resistivity is the inverse of conductivity. It is a very useful electrochemi-
cal parameter and is discussed in the following section.

6.3.4.2 Resistivity

Electrical resistivity is an important physicoelectrochemical property of
concrete that affects a variety of applications. It is a geometry-independent
material property describing the electrical resistance of a material and is
fundamentally related to the penetrability of fluids and diffusivity of ions
through porous materials such as concrete.

Despite the difficulty in predicting resistivity from knowledge of con-
crete’s constituents and the environment, it is relatively easy to measure,
typically using a four-point Wenner probe instrument (Millard et al.,
1990), illustrated in Figure 6.6. It is often used as an indirect measure of
the probability of corrosion initiation and corrosion rate in RC.

As mentioned, resistivity and conductivity are inverse properties and can
be measured in similar ways. However, the tendency is to use resistivity as
a measure of corrosion resistance for RC while conductivity is sometimes
used as a proxy for chloride diffusion resistance. This is covered later in the
section on chloride conductivity testing (Section 6.5.1.7.1).

6.3.4.3 Electrical migration

The chloride migration coefficient is a parameter measured in a migra-
tion test. It is obtained from the chloride penetration depth in a voltage-
accelerated test (NT Build 492, 1999). This parameter is also used in
service life prediction with the DuraCrete approach mentioned earlier and
covered in more detail later in this chapter.
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Figure 6.6 (a) Photo of four-point Wenner probe in use; (b) principle of operation.

6.3.4.4 Rapid chloride permeability test

The rapid chloride permeability test (RCPT) (ASTM C1202, 2012) mea-
sures the charge passed (coulombs) through a concrete cylinder under a 60-V
potential difference. It has existed for several decades and is widely used in
durability specifications. It has also been criticized for a lack of a fundamen-
tal basis. Nevertheless, as is often the case with even an imperfect test, it has
found favor in practice and has been used successfully as a durability indica-
tor for chloride resistance of concrete. It is covered in more detail in Chapter 7.

6.3.5 Other parameters

A full range of possible parameters that could be used as durability
indicators is beyond the scope of this chapter, but could include cover depth
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and half-cell potential, for example. Any parameter that meets the criteria
for DIs set out earlier could be considered for possible use. Many of the
parameters mentioned above, and others, are considered in Section 6.5.

6.4 PERFORMANCE-BASED DURABILITY
DESIGN AND SPECIFICATION: LINK
WITH DURABILITY INDICATORS

A particular feature of durability indicators is that they can be incorpo-
rated into performance-based durability design and specification, since
their philosophy and development was aimed at improving the quality of
concrete construction by moving from a prescriptive to a performance-
based approach. Indeed, if durability indicators are to find widespread
engineering application, they must be incorporated into performance-based
durability design and specification. This section outlines such possibilities.
(Performance-based approaches to durability design are covered in detail in
Chapter 5, in regard to various international specifications.)

6.4.1 Prescriptive versus performance-based design
and specification

Design for durability should ensure that concrete structures remain func-
tional for their service life, considering environmental exposure and dete-
rioration, penetrability of concrete influenced by mix constituents and
construction processes, cover depth, and service life. The prescriptive
approach sets limiting values for concrete mix compositions (w/b ratio,
minimum binder content, binder type) and for concrete strength grade and
provides guidelines on execution of construction. These limiting values are
based on laboratory and field tests, empirical relationships, and past expe-
rience. However, the parameters specified are difficult, if not impossible, to
verify in situ, they cannot account for rapid developments in new materials
and processes, they stifle innovation, and perhaps most tellingly, despite the
prescriptions becoming ever more onerous with time, the quality of con-
crete construction has in general not shown corresponding improvement.

6.4.1.1 Performance-based approach to durability design

Somerville (1997) proposed a quantitative approach to the durability design
of structures, similar to that adopted in structural design. Somerville
described the performance-based approach as an “engineering approach,”
which should be based on the consideration of five aspects: quantifica-
tion of “loads” from the environment and the predominant deterioration
mechanisms; performance criteria of a structure, for example, service life;
prediction models that consider the type and rate of deterioration; factors
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of safety that consider variability in environmental loads and precision of
models; and specifications and quality assurance systems that verify com-
pliance with the required performance. Figure 6.7 provides a schematic of
the performance-based approach according to Somerville.

Performance-based durability design can be implemented in a number
of ways, for example, a limit-state methodology according to ISO 13823-1
(2008). However, in any methodology, it is critical that the performance
parameters and criteria for the structure be explicitly described and a
scheme be set up to verify these parameters in practice and ensure the
criteria are met. According to the U.S. National Ready Mixed Concrete
Association (NRMCA), “A performance specification is a set of instruc-
tions that outlines the functional requirements for hardened concrete
depending on the application. The instructions should be clear, achiev-
able, measurable, and enforceable. Performance specifications should avoid
requirements for means and methods and should avoid limitations on the
ingredients or proportions of the concrete mixture” (see Lobo et al., 2005).
These functional requirements may be related to strength, durability, or
dimensional stability.

Features of performance specifications are therefore the following: (i) the
functional requirements should be clearly defined to ensure that the parties
involved in their implementation (concrete producers and contractors) do
not interpret them differently; (ii) compositional and proportioning require-
ments of the concrete mix are not given but the concrete producer and
constructor work together in the design of the concrete mix, allowing for
flexibility in materials selection and ensuring that the concrete produced

Exposure conditions

Determine deterioration
mechanisms

v

Performance-based design:
mathematical models

Output parameters
v
Perff)ffma‘nce Verification Performance
specifications of limiting tests
values

Figure 6.7 Schematic representation of the performance-based approach. (Courtesy of
Somerville, G., 1997, Engineering design and service life: A framework for the
future, in Prediction of Concrete Durability: Proceedings of STATS 2[st Anniversary
Conference, ]. A. N. Glanville (ed.), E & FN SPON, London, UK, pp. 58-76.)
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and supplied will meet the requirements of workability; (iii) verification of
compliance using tests that are reliable, repeatable, accurate, and applica-
ble on-site; and (iv) a means to enforce compliance with the specifications,
for example, penalties when specifications are not met.

The performance-based approach provides a rational means of durability
design, since the factors that influence durability are verifiable—typically
concrete cover quality and penetrability, and thickness (for avoidance of
corrosion). The benefits are several. First, the application of SLMs per-
mits design and construction of RC structures with an owner-specified
service life that is notionally quantifiable. Second, as the material compo-
sitional requirements are not specified, concrete producers have flexibility
to select materials that enable them to take advantage of locally available
or more appropriate materials. Third, it encourages innovation. Also, the
verification of as-built properties of the structure enforces stricter quality
control of construction practices to ensure compliance with performance
specifications.

6.4.2 Durability indicators and performance-
based durability design

The performance-based approach to durability design involves selection
and verification of concrete durability parameters. For example, deteriora-
tion due to alkali—aggregate reaction might require limiting the available
alkalis. Since the essence of performance-based approaches is measurement
and verification, it is easy to see that durability indicators are a powerful
tool in achieving desired performance, if they represent the deterioration
mechanisms expected during the service life of a structure and if measur-
able on prequalification mixes (and preferably on the actual structure).

Later, this chapter covers international examples where durability
indicators have been implemented in practice. However, to illustrate the
use of DIs in a performance-based approach, the South African experience
will be summarized here.

6.4.2.1 South African experience: Durability indexes
and a performance-based approach

The South African performance-based approach is based on durability
index tests described later in this chapter. These characterize near-surface
properties of concrete and measure potential resistance against fluid and
ionic transport mechanisms that initiate and sustain the corrosion process.
The tests were developed as simple and quick experimental procedures that
are easy to operate, applicable on both site elements and in laboratories,
requiring minimum sample preparation, and conducted at an early age
(typically 28 days), making them suitable for quality control (Alexander
and Beushausen, 2009).
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6.4.2.1.1 Durability index-based performance design

The oxygen permeability index (OPI) test is applicable in SLMs for
carbonation-induced corrosion. Correlations have been established
between early-age OPI values and carbonation in concrete exposed to dif-
ferent exposure conditions in the long term. For chlorides, good correlation
was established between chloride conductivity index (CCI) values (modi-
fied to account for binding effects and maturity) and diffusion coefficients
of actual structures and site-based exposure samples. A pragmatic model
using the CCI for use in marine environments has also been developed,
which considers material properties (different binders), construction pro-
cesses (curing methods), environmental conditions, and the effect these
have on chloride ingress (Alexander et al., 2001, 2008).

A further development has been a framework for a probabilistic approach
for the chloride-induced corrosion model considering the uncertainties in
the physical, statistical, and model aspects (Muigai et al., 2009, 2012).
A probabilistic approach is beneficial as it refines the prediction model and
increases its reliability.

6.4.2.1.2 Durability index-based performance specifications

The limiting DI values used in performance specifications consider a matrix
of factors in a “multifactor” approach: environmental exposure conditions
(adapted from EN 206 (2013) and modified for South African conditions),
cover depth, required service life, and material properties (binder types).
The limiting DI specification values can be determined using either (a) a rig-
orous approach where limiting values are determined by use of the relevant
service life prediction model; this is suitable for durability-critical structures
and allows flexibility in selecting the critical parameters or (b) a “deemed-to-
satisfy” approach where for typical construction scenarios, limiting values
are determined using SLMs and are tabulated. This approach is simple and
suitable for routine application (Alexander et al., 2008). As an example of
the latter approach, consider Table 6.2, which provides an illustrative sum-
mary of the limiting DI (CCI) values for marine environments with service

Table 6.2 Maximum chloride conductivity values (mS/cm) in the
as-built structure; 100-year life, 50 mm cover
(illustrative values only)

Max. CCl values (mS/cm)—as-built structure (100 years, 50 mm cover)

70:30 50:50 90:10
EN 206-1 class CEM I:fly ash CEM I:GGBS ~ CEM I: CSF
XSl 2.50 2.80 0.80
XS2 2.15 2.30 0.50
XS3 1.10 1.35 0.35

XS3 (40 mm cover) 0.75 0.95 0.25
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life of 100 years and cover depth of 50 mm. Limiting DI values depend
on the binder type and exposure condition. The last row in the table also
illustrates that, if the cover is reduced from 50 to 40 mm, the required CCI
values reduce to reflect a better quality concrete. Thus, there is a “trade-
off” between material quality (DI value) and quantity (cover thickness) that
allows optimization of mix and construction.

A two-level approach has also been developed for DI-based specifications
where the responsibility for production of durable concrete is shared by the
material supplier and contractor. The material supplier selects appropri-
ate constituent materials and proportions, which determines the “material
potential” of the concrete. The constructor is then required to process the
concrete on-site (placing, curing, and finishing) to ensure that it attains the
limiting DI value in the specifications. The measured DI value represents
the finished (“as-built”) quality of a structure.

6.5 USE OF DURABILITY INDICATORS:
CONTEMPORARY APPROACHES AND
EXAMPLES OF IMPLEMENTATION

6.5.1 Approaches in different countries

Durability indicators have been differently applied, depending on local
or regional imperatives. This section reviews the scope of contempo-
rary approaches in different countries in the context of performance-
based methodologies. The philosophy underlying the applications as well
as major durability problems has dictated the directions taken. It is
understandable that for this emerging technology, there will be points of
divergence. Nevertheless, similarities exist and with time, convergence may
evolve giving rise to more universal standards.

This review considers approaches and examples in Canada, France,
the Netherlands, Norway, Spain, Switzerland, and South Africa, regard-
ing parameters and test methods and associated SLMs. A summary of the
durability index performance-based approach in these countries is provided
in Table 6.3.

6.5.1.1 Canada

The Canadian approach to performance-based design is given in CSA
A23.1-1, which defines performance specifications as a method of
specifying a construction product in which a final outcome is given in
mandatory language, such that the performance requirements can be mea-
sured by accepted industry standards and methods. The contractors, mate-
rial suppliers, and manufacturers are given liberty to choose processes,
materials, and activities to use in construction. The provisions considered
are class of exposure (e.g., exposure to chlorides, freeze—thaw, aggressive
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acids and sulfates), maximum water/cementing materials ratio, minimum
specified compressive strength and age at test, air content, curing type,
cement restrictions (only for sulfate exposure conditions), and maximum
limit on ASTM C1202 (Electrical Indication of Concrete’s Ability to
Resist Chloride Ion Penetration—RCPT) chloride ion penetration (Hooton
et al., 2005).

The definition of performance should be clear to all parties involved
in construction since performance can be interpreted differently. In devel-
oping the Canadian performance specifications, key concepts were the
following:

1. Ability of the specification writer to discern the performance require-
ments appropriate to the owner’s intended use of the concrete structure

2. The need for clear, unambiguous, and quantitative performance
characteristics so that performance can be evaluated

3. Availability of reliable, repeatable test methods that evaluate required
performance characteristics, as well as compliance limits that take
into account the inherent variability of each test method

4. Ability of the concrete producer—contractor team to choose combina-
tions of materials, mixtures, and construction techniques to meet the
required characteristics so that projects can be planned and bid upon,
risks and costs assessed, and materials and construction operations
adjusted to comply with performance requirements

The standard defines responsibilities of parties involved for a prescrip-
tive versus performance specification. The responsibility of the concrete
supplier ends at point of placement but the supplier should work with the
contractor to ensure the owner’s requirements are achieved.

Hooton and Bickley (2012) outline stages at which performance tests can
be carried out before or during construction:

1. Prequalification to provide a mixture that, when placed under defined
conditions, can meet the specification requirements

2. Quality control to ensure that materials supplied meet the specifica-
tion, concrete supplied is equivalent to that which was prequalified,
and that prequalified placing practices are being followed

3. In-place testing using nondestructive testing and/or extracting cores
from the structure to ensure that concrete supplied and placement
methods meet owner-defined performance levels

The interested reader can consult the latest Canadian Standard (CSA
A23.1,2014; CSA A23.2,2014) for examples of performance specification
clauses.

The performance specifications have been applied in several highway
agency projects and are often referred to as end-result specifications (ERSs),



182 Durability of Concrete

in which contractors are paid on the basis of consistently meeting specified
performance requirements, assessed using in-place testing. The Ministry of
Transportation in Ontario (MTO) has adopted ERS and has implemented
bonus and penalty payments, thus providing positive incentive for contrac-
tors. The contractor is required to obtain cores at random where the number
of cores depends on the quantity of concrete and type of structural element.
A comparative study of test results from the use of both prescriptive speci-
fications and ERSs was undertaken for a period of 10 years by MTO. The
ERS test results were more consistent with lower variability than those for
which prescriptive specifications were used (Hooton et al., 2005).

Initially, the specified ASTM C1202 test limits were used only for
prequalification of concrete mixtures, but this has been modified to include
a maximum single value limit as well as average value coulomb limit when
the test is to be used for acceptance testing (CSA A23.1). This allows for
consideration of test variability, similar to the approach used for statisti-
cal analysis of strength results (Hooton and Bickley, 2012). For example,
for C-1 exposure conditions (exposure to freezing in a saturated condition
with de-icer salts), the limit on chloride penetration is 1500 coulombs at 91
days, and for acceptance during construction, a single test value is allowed
up to 1750 coulombs as long as the average value is below 1500 coulombs
at 91 days. (Prior to the 2014 revision of CSA A23.1, these limits were at
56 days.)

Hooton and Bickley (2014) provide an example of the application of per-
formance specifications for a large-scale project where the owner’s require-
ments were durable, leak-proof mass concrete for an underground mass
transit station situated below the water table. The owner’s specification
requirements were clearly defined with quantitative measures for compres-
sive strength, minimum in-place air content, maximum RCPT index at 56
days, maximum shrinkage, and maximum allowable temperature gradi-
ent. The responsibilities of the concrete supplier and contractor were also
outlined. The prequalification testing to determine a suitable mix required
casting and testing monoliths (minimum dimension of 1 mx1mXx 1 m in
insulated forms, instrumented with thermocouples to determine maximum
temperature rise and gradients). The specification also provided details on
quality control testing during construction and frequency of testing.

6.5.1.2 France

The performance-based design approach allows design of concrete mix-
tures capable of resisting certain types of degradation (e.g., reinforcement
corrosion) for a required service life under given environmental condi-
tions. The approach can be used for durability prediction at the design
stage of a structure or for evaluation of residual durability of in-service
structures. The durability assessment consists firstly of a qualitative or
quantitative evaluation of the “potential” durability by measuring various
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properties (i.e., durability indicators such as apparent chloride diffusion)
on laboratory samples. The performance of various concrete mixtures can
thereby be compared and ranked in classes ranging from very low to very
high “potential” durability. These classes are then used by design engineers
in selecting concrete mixes or optimizing the mix design for a given RC
structure (Baroghel-Bouny, 2004).

The models used in the prediction of service life vary in sophistica-
tion and are selected depending on the importance of the structure (thus
determining the accuracy required for prediction) and the availability of
data (Baroghel-Bouny et al., 2006). The high-level models are based on
well-identified physical and chemical mechanisms, which include mois-
ture transport (realistic wetting—drying cycles), and take into account the
microstructural changes induced by the degradation processes. Where
input data are few, simple empirical models can be used, for example,
applying Fick’s second law of diffusion. A physical model, “LCPC,” is
used in predicting service life or for evaluating residual life of existing
structures. The accuracy of output from the LCPC model varies depending
on the service life requirements of the structure and thus the level selected.
Level 1 is a simple model that considers the diffusion of chlorides, Level 2
is a multispecies model, and Level 3 is an advanced model accounting for
up to seven ionic species in the pore solution. The input parameters in the
model are “durability indicators,” for example, diffusion coefficients, and
the output is the monitoring parameters. For carbonation-induced corro-
sion, an empirical model from LEO-EDF software (Baroghel-Bouny et al.,
2006), an analytical physicochemical model developed by Papadakis
et al. (1991), and a numerical physicochemical model (LCPC model) are
considered.

The durability evaluation for materials involves measuring various
properties, that is, durability indicators, by means of accelerated tests on
laboratory samples water-cured for 90 days. Baroghel-Bouny (2004) notes
that a single parameter is not sufficient to characterize the behavior of con-
crete because of various driving forces that are involved in the transport
of aggressive species, for example, concentration gradient or total pressure
gradient, and the complex physical and chemical processes that take place.
A set of indicators that considers basic properties, referred to as univer-
sal durability indicators, are applicable to many degradation processes and
includes porosity accessible to water (%), effective and apparent chloride
diffusion coefficient (measured using either migration or diffusion tests),
apparent gas permeability, liquid water permeability, and Ca(OH), content
(by mass of cement). These universal indicators are complemented by spe-
cific indicators that are selected on the basis of environmental conditions
and required service life of the structure; for example, for chloride-induced
corrosion, these include effective and apparent chloride diffusion coeffi-
cients in saturated conditions, porosity accessible to water, and electrical
resistivity. In addition to the durability indicators, monitoring parameters
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Figure 6.8 Implementation of the predictive approach based on durability indicators
and showing the role of monitoring parameters in service life prediction,
diagnosis, and prediction of residual lifetime of a structure. (After Baroghel-
Bouny, V., 2004, Durability indicators: A basic tool for performance-based
evaluation and prediction of RC durability, in International Seminar on Durability
and Lifecycle Evaluation of Concrete Structures, R. Sato, Y. Fujimoto, and T. Dohi
(eds.), University of Hiroshima, Higashi-Hiroshima, Japan, pp. 13-22.)

are used, for example, a simple and rapid colorimetric method to assess
kinetics of chloride penetration. The use of monitoring parameters is
illustrated in Figure 6.8.

This performance-based approach thus provides a toolkit for the evalu-
ation and prediction of RC durability, with a set of universal and specific
durability indicators and monitoring parameters that are applied at the
design stage and during the monitoring of existing structures (Baroghel-
Bouny, 2002).

6.5.1.3 The Netherlands

Polder and de Rooij (2005) and Polder et al. (2006) reviewed a study in the
Netherlands to validate the use of the DuraCrete SLM for RC structures
in exposure conditions prone to chloride-induced corrosion. A site inves-
tigation that considered six existing structures constructed between 1960
and 1984 was done. The structures were in situ or precast, with Portland
cement or blast furnace slag cement. Tests carried out on a 1 m x 1 m test
area included measurement of resistivity and cover depth, and extraction of
six cores to determine chloride profiles. The DuraCrete model was used to
compare model predictions of the chloride profile with those measured. The
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predicted values were observed to be close to measured values except for
the outer 1-cm surface layer where there were large differences. To correct
for this, the model was modified by adjusting the formulation for the time
dependency of the diffusion coefficient, by allowing for mean temperature
during the year, and by adjusting the aging exponent.

A performance-based approach for chloride-induced corrosion using the
DuraCrete model is also provided in van der Wegen et al. (2012). Three
options can be considered when selecting the performance-based approach:
(i) a full probabilistic approach based on specified input parameters that
consider mean values and variability, (ii) semi-probabilistic approach that
uses a safety margin for the cover depth, and (iii) a range of cover depths
adapted to binder type and exposure class. The chloride diffusion coeffi-
cient of the concrete is determined using the rapid chloride migration test
(RCMT) (NT Build 492, 1999), which has a good linear correlation with
diffusion coefficients from pure (immersion) diffusion tests (NT Build
443, 1995). The RCMT has been applied for many concrete mixtures in
association with service life design for large infrastructure projects. For
regular production control, the two-electrode method (TEM) for measur-
ing resistivity is used, which enables a quick, simple and nondestructive
test on any regularly shaped specimen. A correlation has been established
between resistivity and chloride transport in concrete. The test samples
used for TEM are standard concrete cubes for compressive strength test-
ing after wet curing at an age of 28 days. The performance specifications
for a given service life provide a maximum RCMT value, mean cover
depth (reinforcing or prestressing steel) for a given binder type and expo-
sure conditions.

Prior to adopting TEM-based control of production concrete in van der
Wegen et al. (2012), the approach was applied in the construction of the
Green Heart Tunnel, which was designed to have a technical service life of
100 years (de Roojj et al., 2007). The limiting durability parameter values
were a minimum chloride diffusivity of §x 10712 m?/s tested using rapid
chloride migration (RCM) at 28 days, minimum cover depth of 45 mm,
and blast furnace slag cement with a high slag content, CEM III/B. Many
batches of concrete were tested over several years of production by TEM
for compliance to a preset limit based on the correlation between TEM and
inverse chloride diffusion (tested by RCM on a limited number of batches).
All batches tested were found to comply with the TEM limit. The durability
performance was validated in situ with concrete samples of age between 1
and 3 years. Eight test areas of different structural elements were obtained,
which comprised 2 x2 to 2 x4 m? of the concrete surface. For each test
area, the cover depth was measured, and 12 cores (100 mm diameter and
250 mm long) were obtained for compressive strength and RCM testing.
From the analysis of data, the mean cover depth ranged from 45 to 81 mm,
minimum cover depths from 5 to 66 mm, and the standard deviation from
4 to 16 mm. The mean RCM values measured at ages between 1 and 3
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years ranged from 1.20 x 1072 to 2.76 x 102 m?/s with low standard
deviations, a maximum of 1.54 x 1012 m?/s. For checking versus the origi-
nal limit at 28 days, RCM values had to be calculated backwards to 28
days. This was carried out by applying a time exponent of 0.27. Using this
“model,” 28-day values were about 3.5 x 10712 m?/s, which was below the
maximum value provided in the specifications (5.0 x 1012 m?/s).

The procedure that was followed for batch “durability performance”
control appeared to have been successful. Consequently, it was adopted in
the Recommendation for service life design of structural concrete (CUR,
2009; van der Wegen et al., 2012).

6.5.1.4 Norway

According to Gjerv (2014), the durability of concrete structures in severe
environments is related not only to design and materials, but also to con-
struction. Thus, many durability problems can be ascribed to lack of
proper quality assurance during concrete construction and poorly achieved
construction quality. The achieved construction quality of new concrete
structures generally shows a high scatter and variability, and during opera-
tion of the structures, any weaknesses and deficiencies will soon be revealed
whatever durability specifications and materials have been applied. To a
certain extent, a probability approach to durability design can accommo-
date the high scatter and variability. However, a numerical approach alone
is insufficient for ensuring durability; greater control and improvements
in durability also require the specification of performance-based durabil-
ity requirements, which can be verified and controlled during concrete
construction in order to achieve quality assurance.

In order to obtain better controlled and increased durability and service
life of new major concrete infrastructure in Norway, the probability-based
DURACON model has been used as a basis for durability design, quality
assurance, and operation of a number of new concrete structures in recent
years—see Figure 6.9 (Gjorv, 2014). In principle, the DURACON model
is a simplified and modified version of the DuraCrete Model (2000). On
the basis of a modified Fick’s second law of diffusion and a Monte Carlo
simulation, a method is obtained for calculating the probability of cor-
rosion during a certain “service period” for the given structure in the
given environment (Ferreira, 2004; Ferreira et al., 2004). Special soft-
ware (DURACON) is applied, where the following input parameters are
needed:

1. Environmental loading: chloride loading (Cs), age at chloride loading
(t'), and temperature (T)

2. Concrete quality: chloride diffusivity (D), time dependence of the
chloride diffusivity (a), and critical chloride content (Cg)

3. Concrete cover: nominal concrete cover (X)
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Durability design Condition assessment
N
Durability analysis
d /
Quality control and .| Achieved construction
quality assurance " quality

Figure 6.9 DURACON model as a basis for durability design, quality assurance, and
operation of new major concrete infrastructure in severe environments.
(From PIANC Norway/NAHE, 2009, Durable concrete structures—Part I:
Recommended specifications for new concrete harbor structures, in Part 2:
Practical Guidelines for Durability Design and Concrete Quality Assurance, 3rd edi-
tion, Norwegian Association for Harbor Engineers (NAHE), TEKNA, Oslo,
Norway (in Norwegian); reproduced from Alexander, M.G. (ed.), 2016, Marine
Concrete Structures: Design, Durability and Performance, Woodhead Publishing
(Imprint of Elsevier), Cambridge, UK, with permission from Elsevier.)

In the DURACON model, a certain “service period” is specified, before
the probability for onset of steel corrosion exceeds an upper serviceability
level of 10%, which is in accordance with current standards for reliability
of structures. On the basis of the calculations, a combination of concrete
quality and concrete cover can be selected, which will meet the specified
“service period.”

A limitation to the method is that the calculations of corrosion prob-
ability (durability analyses) are based on a very simplified diffusion model
for a one-dimensional ingress of chlorides and a number of very uncertain
input parameters. Therefore, the DURACON model should not be used for
prediction of any service life, nor should the “service periods” before the
10% corrosion probability is reached be considered as any real time until
start of corrosion. The above “service periods” should rather be considered
the result of an engineering assessment of the most important parameters
related to the durability of the given structure in the given environment,
including the scatter and variability involved. In this way, it is possible to
quantify the combined effects of concrete quality and concrete cover for
comparison and selection of one of several technical solutions, in order to
obtain a best possible durability design.

The procedures and methods for determining the input parameters are
discussed in more detail elsewhere (Gjorv, 2014), where a free download
link to the DURACON Software is also given. The chloride diffusivity
(D) of the given concrete is a very important quality parameter, which for
DURACON is based on the RCMT method (NT Build 492, 1999). Since
the RCM method is a very strongly accelerated test, the resulting chloride
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diffusivity should be considered only as a simple relative index, reflecting
the density and permeability of the concrete as well as the ion mobility in
the pore solution of the concrete. Thus, using the 28-day chloride diffusiv-
ity (D,g) as an input parameter to the durability design may be compared
to using the 28-day compressive strength (f,5) as an input parameter to
the structural design. The 28-day compressive strength is also a very sim-
ple relative index primarily reflecting the compressive strength, and hence
the general mechanical properties of the concrete. However, it should be
noted that the 28-day chloride diffusivity is a much more sensitive concrete
quality parameter than 28-day compressive strength.

This approach to durability design establishes requirements for both
concrete quality (D,g) and concrete cover (X), which provide the basis for
regular quality control and quality assurance during concrete construc-
tion. Although the RCM method is very rapid, it is not suitable for ongo-
ing concrete quality control. On the basis of the Nernst—Einstein equation
expressing the general relationship between diffusivity and electrical resis-
tivity of any porous material (Atkins and De Paula, 2006), a calibration
as in Figure 6.10 is established, relating the two tests. Such a calibration
curve must be established for the given concrete before concrete construc-
tion starts. Measurements of the electrical resistivity are then carried out
as a quick, nondestructive test on the same concrete specimens as are being
used for regular quality control of the 28-day compressive strength during
concrete construction (Gjorv, 2003). Control measurements of electrical
resistivity are carried out immediately before compressive strength testing,
by the use of either the TEM or the four-electrode method (Wenner) (Sengul
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Figure 6.10 Typical calibration curve for control of chloride diffusivity (RCM) based on
electrical resistivity measurements.
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Figure 6.1 TEM for electrical resistivity measurements of concrete.

and Gjerv, 2008; Gjorv, 2014). Since the TEM is more well-defined, better
reflecting the bulk properties of the concrete, this method is preferable for
quality control during concrete construction (Figure 6.11).

After construction, a further durability analysis is carried out with the
obtained average values and standard deviations of the 28-day chloride
diffusivity (D,4) and the concrete cover (X) as new input parameters. All the
other originally assumed input parameters, which may have been difficult
to select during design, are kept the same. Therefore, the outcome primarily
reflects the results obtained from regular quality control of the 28-day
chloride diffusivity and concrete cover during construction, including
the observed scatter and variability. Documentation of compliance with
the durability specification is therefore obtained.

To provide further documentation of achieved construction quality, some
additional durability analyses are carried out. Concrete cores are removed
from the structure during construction and tested for development of in-
place chloride diffusivity. At the same time, a number of laboratory-cast
concrete specimens are also tested for obtaining the potential chloride
diffusivity of the concrete (Figure 6.12). With these values of diffusivity and
concrete cover obtained during construction as new input parameters, new
durability analyses are carried out for documentation of achieved in-place
construction quality and potential construction quality of the structure,
respectively.

During the operational stage of the structure, further calculations of
corrosion probability are carried out as a basis for their regular condi-
tion assessment and preventive maintenance. In this case, calculations are
based on the apparent chloride diffusivities obtained from the observed
rates of chloride ingress in combination with site data on the concrete
cover; before this probability of corrosion becomes too high, appropriate
protective measure can be implemented.

On the basis of current experience with these procedures for durability
design and quality assurance on major new concrete infrastructure, the
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Figure 6.12 Typical development of chloride diffusivity (RCM) on the construction
site and in the laboratory during the construction period. (Reproduced
from Gjerv, O. E., 2009, Durability Design of Concrete Structures in Severe
Environments, Taylor & Francis, London, UK, with permission from Taylor
& Francis.)

required documentation of achieved construction quality and compliance
with the durability specification has clarified the responsibility of the con-
tractor for the quality of the construction process. As a result, improved
workmanship giving reduced scatter and variability of achieved construc-
tion quality has typically been observed. For the owners of structures, it
has been very important to receive documentation of achieved construction
quality and compliance with the durability specification before the struc-
tures have been formally handed over from the contractors (Gjerv, 2010,
2014, 2015).

6.5.1.5 Spain

Andrade et al. (1993) proposed the use of electrical resistivity to character-
ize mass transport processes universally in concrete, that is, resistivity can
be used to evaluate the chloride diffusion and gas permeation coefficients.
Resistivity measurements can be related to porosity, which is then used
to determine gas transport processes, that is, permeability. For saturated
concrete, the durability parameter considered is the chloride diffusion
coefficient, obtained from the Nernst—FEinstein equation (Equation 6.4);
where concrete is partially moist, the increase in resistivity with respect
to saturation is proportional to the decrease in the diffusion coefficient.
Thus, Equation 6.4 can be applied to either penetration of chloride (ions)
or progress of carbonation (gases). Resistivity provides a fast, easy, and
cheap measure of concrete penetrability, making it suitable for use on-site
for quality control of new structures. A limitation with the test is that it
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cannot take into account the binding capacity of concrete and its influence
on transport mechanisms.

Dy Z(RTJA (6.4)

nF?

where D, is the chloride diffusion coefficient (cm?/s), R is the universal
gas constant (1/mol °K), T is temperature (°K), # is the number of charges
(valence of ion, i.e., chloride), F is Faraday’s number (coulomb/eq), and A is
the equivalent conductivity (cm? ohm eq™).

Andrade (1993) critically reviewed the RCPT for determining chloride
migration. Limitations observed were as follows: (i) the test accounts for
total current and not only that corresponding to chloride ion flow, that
is, diffusion and migration occur simultaneously and (ii) the high voltage
used in the test (60 V) induces heat, which in turn changes the test kinetics.
However, the test can still be applied for practical purposes to determine
the diffusion coefficients using the Nernst—Plank equation (Equation 6.5)
and Nernst-Einstein equation (Equation 6.4). It is assumed that convec-
tion does not operate inside the concrete and that diffusion is negligible
compared to migration when electrical fields higher than 10 V are used.
Therefore, only the migration term is used from which the diffusion
coefficient is determined.

i 9Cx) ZF | dE(x)
Jite) =Dy =3 = R PG5 TGV (6.5)

(Diffusion)  (Migration) (Convection)

where J(x) is the unidirectional flux of species j (mol/cm?s), D; is the
diffusion coefficient of species j (cm?*/s), dC; is the variation of concen-
tration (mol/cm?), dx is the variation of distance (cm), Z; is the electrical
charge of species j, F is Faraday’s number (coulomb/eq), R is the universal
gas constant (1/mol °K), T is the absolute temperature (°K), C; is the bulk
concentration of the species j (mol/cm?3), JE is the variation of potential (V),
and V is the artificial or forced velocity of ion (cm/s).

Resistivity also has the advantage of enabling assessment of existing
structures through systematic mapping, described in the RILEM recom-
mendation from TC 154-EMC authored by R. Polder (Andrade et al.,
2004). In addition to resistivity measurements and RCPT, Andrade et al.
(2003) proposed the use of half-cell potential measurements and site deter-
mination of the corrosion rate using polarization resistance (Andrade
et al., 2004). This can be used for (i) locating corroding rebars and assess-
ing reinforcement corrosion condition during inspection and condition
assessment of a structure, (ii) determining positions that can be used to
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obtain cores for additional testing to obtain corrosion state of rebars,
(iii) evaluating the corrosion state of rebars after repair work and determin-
ing efficiency and durability of repair work, and (iv) designing anode layout
of cathodic protection systems or electrochemical restoration techniques.
The data obtained from half-cell potential measurements and the corrosion
rate can be represented either statistically using histograms and cumulative
frequency distributions, or using half-cell potential maps.

SLM:s for the initiation and propagation period of corrosion, based on
electrical resistivity, have been developed and are reported in Andrade
(2004) and Andrade and d’Andrea (2010)—see, for example, Equation 6.6.
The SLM considers the reaction or retarder factor of chlorides (r,) for differ-
ent cement types, accounting for chlorides that are immobilized by cement
phases through binding, environmental factors (k. .co,) based on exposure
classification as in EN 206, and the aging factor (p,). The input parameters
in the model are the cement type that determines the value of 7, exposure
class from which a value of kyco, is obtained, service life, for example,
100 years, cover depth, and the aging factor. From these input parameters,
the resistivity is obtained as a corrosion indicator (or durability indicator)
that can be used to assess performance of a structure. Alternatively, the
cover thickness can be calculated and used for performance specifications
where the actual resistivity is known.

_ xzpef(t/to) Px(pEf(t/tO)q : &)
=— ‘Nco, t———
Keors (6.6)

Initiation period Propagation period
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where 2, is the required service life, x is cover thickness (cm), p.; is resis-
tivity (Q cm), ¢ is the time of measurement, ¢, is the time at which initial
measurement is taken, &y co, is the factor of aggressive penetration depen-
dent on exposure class, 7 co, is the reaction factor dependent on cement
type, P, is the limit corrosion attack depth (loss in rebar diameter/pit
depth), £ is the resistivity standardized by its value in saturated condi-
tions, K, is a constant with a value of 3 x 104 pA/cm? kQ cm, and q is
the aging factor.

Resistivity and chloride resistance measurements were used to assess the
durability of the new Panama Canal (Andrade et al., 2014). The service life
was calculated using the resistivity-based model (Andrade and d’Andrea,
2010) and a numerical model LIFEPRED, based on Fick’s law. The proj-
ect specifications require a 100-year service life, which was defined as
conformity with 1000 coulombs for electrical charge (ASTM C1202) and
application of the SLMs mentioned. The specifications also gave provisions
to ensure minimization of heat of hydration-induced cracking in concrete,
and cover depth of 10 cm. Concrete mixes were prepared and checked for
conformity with the requirements with a Wenner probe.
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6.5.1.6 Switzerland

The Swiss Standard SN 505 262/1 (2013) incorporates several DIs for tests
on cast specimens, prescribing limiting values for compliance by the con-
crete producers. Among them are a chloride migration test (similar to NT
Build 492, 1999) and an accelerated carbonation test, for chloride- and
carbonation-induced corrosion, respectively. In addition, a DI is prescribed
for conformity control of the end-product, using the site air-permeability
test developed by Torrent (1992), with limiting values for chloride- and
carbonation-induced corrosion.

Rules for the application of the Torrent air-permeability test for qual-
ity and durability control are provided in Swiss Standard SN 505 262/1
(2013), summarized by Torrent et al. (2012). Limiting coefficients of per-
meability values, kT, are provided based on the exposure conditions in
EN 206-1. To undertake testing, the structure is divided into groups of
elements that (i) have the same specified air-permeability values, (ii) are
built with concrete belonging to the same EN 206 class, and (iii) are built
applying similar concreting practices. The groups are then listed chrono-
logically by date of concreting. For continuous elements, segments con-
creted on the same day should be identified. The elements within each
group are divided into test areas by considering either one test area per
500 m? of exposed surface area, or one test area per 3 days of concreting
of the elements in the group. The resulting maximum number of test areas
should be adopted. For each test area selected, six measurement points are
used, which are sampled at random, avoiding excessive closeness to edges
and to each other.

The in situ concrete should be tested 28 to 90 days after placing. For
slow-reacting cements, for example, mixes with fly ash, a minimum test age
of 60 days should be considered. Provisions should be taken to avoid test-
ing concrete at very low temperatures or with high degrees of saturation.
Moisture contents should be checked using an electrical impedance-based
instrument, such as the Concrete Moisture Encounter meter (Tramex,
2014), with an upper moisture limit of 5.5% (by mass). To ensure these
moisture conditions are attained, testing should be carried out 3—4 weeks
after curing has ended, or 2—5 days or more after the last ingress of water
into the concrete by rain or thaw. If the right test conditions cannot be
naturally met, test areas should be protected from wetting and allowed
to dry until at least one of the above-mentioned conditions for moisture
in the structure is fulfilled. Further details on conformity evaluation and
acceptance testing are given in the Swiss Standard or in Jacobs et al. (2009)
and Torrent and Jacobs (2014).

Given the good correlation found between the coefficient of air-
permeability (kT) and other DIs, such as charged passed in ASTM C1202
or carbonation rate (Torrent et al., 2012), a model (Ref-Exp) has been
proposed to estimate service life as a function of two key characteristics,
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both measured on-site: cover depth and T (Torrent, 2015). The model
considers the provisions in EN Standards of maximum water/cement
ratio and minimum cover depth, for an expected service life of 50 years.
On selection of the maximum water/cement ratio for a given environ-
ment, the CEB-FIP Model Code 1990, Equation 2.1-107 is applied to
convert w/c ratio into a reference value of gas permeability (kT,.). If the
value of kT measured on-site is smaller than kT, and/or the cover depth
(measured in the same place) is larger than the specified value, a ser-
vice life longer than 50 years is predicted by the model. The Ref-Exp
model is based on a Reference condition (50 year service life) and on
Experimental values measured nondestructively on-site. This approach
has been used to verify the service life predictions for large precast sub-
merged elements of the Hong Kong—Zhuhai-Macau link (Wang et al.,
2014b; Torrent, 2015).

An air-permeability value is determined by obtaining the geometric mean
of the tests for the same lot, which corresponds to the arithmetic mean of
the logarithm of permeability data. The geometric mean is preferred to
the arithmetic mean, which is very strongly influenced by a few high air-
permeability values (Jacobs and Hunkeler, 2006; Jacobs et al., 2009; Wang
et al., 2014b).

The application of the Torrent air-permeability test can be done for new
construction and for existing structures. Torrent and Imamoto (2015) pro-
vide examples of comparative studies of measured air permeability with
carbonation depth for Swiss and Japanese structures up to 60 years old.
The “Torrent” method to measure air permeability on-site has been adopted
in Japan for condition assessment of existing structures (Japan Concrete
Institute, 2014).

6.5.1.7 South Africa

In South Africa, the so-called “durability index approach” has been
developed over the last two decades (Alexander et al., 1999, 2001, 2008;
Alexander and Beushausen, 2009). It commenced with a realization in the
early 1990s that the durability of RC construction was becoming a seri-
ous issue, especially for owners of major infrastructure such as national
freeways, harbors, and water retention structures. The observed durabil-
ity problems related mostly to premature corrosion of reinforcing steel.
Ballim (1993, 1994) gave a major thrust to the initiative by developing two
rapid durability-type tests (oxygen permeability and water sorptivity), and
Streicher and Alexander (1995) followed this with the development of the
rapid chloride conductivity test. The tests have progressed through several
round-robin test programs to prove their robustness and reliability and to
establish their variability. Also, the South African National Roads Agency
Limited (SOC) (SANRAL) has incorporated the approach in their specifi-
cations for major national road infrastructure, while other authorities are
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beginning to do the same. The approach is in use nationally and has been
implemented on a large scale (see later).

The premises of the DI approach reflecting the underlying philosophy are
as follows:

e The durability of RC structures depends primarily on the quality and
quantity (thickness) of the cover layer, that is, its ability to protect the
reinforcing steel.

e Improved durability will not be assured in the absence of relevant
durability parameter(s), which can be reliably measured.

* A means of characterizing the quality of the concrete cover layer is
required, using parameters that reflect deterioration processes and
linked with transport mechanisms such as gaseous and ionic diffusion,
water absorption, and so on. These parameters are termed “durability
indexes.” Several indexes will be needed to cover a range of durability
problems, each index being linked to a transport mechanism relevant
to that particular process.

e The usefulness of index tests will depend on the actual durability
performance of structures built using the indexes for quality control
purposes.

Durability indexes are quantifiable engineering parameters that charac-
terize the concrete and are sensitive to materials, processing, and environ-
mental factors such as cement type, water/binder ratio, type and degree of
curing, and so on. They can be measured either on control specimens (e.g.,
lab or site-based controls) or on the as-built structure. DIs provide an engi-
neering measure of microstructure and properties critical to RC durability
at a relatively early age (e.g., 28 days).

The three index tests are described below (for further details, see litera-
ture). They have been shown to fulfill the criteria set out above and are able
to characterize the quality of concrete.

6.5.1.7.1 Durability index test methods

These comprise oxygen permeability, chloride conductivity, and water
sorptivity index tests. Test equipment and test procedures are described in
the literature (Alexander et al., 2001) and basic principles are given below.
All three tests use standard 25- to 30-mm-thick, 70-mm-diameter concrete
discs cut from cores from lab specimens (e.g., cubes) or actual structural
elements, with standard preconditioning at 50°C to ensure uniformly low
moisture contents at the start of the test.

The OPI test (also briefly covered in Chapter 7) measures the pressure
decay of oxygen passed through a concrete disc in a falling head permeam-
eter (Figure 6.13). The OPI is the negative log of the D’Arcy coefficient of
permeability, with common values ranging from 8.5 to 10.5, a higher value
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Figure 6.13 Test schematic for the OPI test.

indicating a higher impermeability and thus a concrete of potentially higher
quality. The difference between an 8.5 and 10.5 OPI value is substantial
because of the log scale. The OPI parameter is also used in a prediction
model for carbonation depths.

The water sorptivity test measures the rate of water uptake from a wet-
ting face into a dry sample of concrete due to capillary suction, which
depends on pore geometry and saturation. The rate of movement of a wet-
ting front under capillary forces is defined as sorptivity. Several concrete
absorption tests exist in which concrete is immersed in water and the total
mass of water absorbed is measured as the absorption. These tests reflect
concrete porosity but cannot quantify the rate of absorption and do not
distinguish between surface and bulk effects.

The SA water sorptivity test is a modified version of Kelham’s sorptiv-
ity test, developed as a compromise between accuracy and ease of use
(Kelham, 1988). Preconditioned samples have the circular edges sealed
to ensure unidirectional absorption. The specimen test face is exposed to
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Figure 6.14 Schematic of water sorptivity test.

several layers of saturated paper towels, as shown in Figure 6.14. At regular
time intervals, the specimens are removed from the water and the mass of
water absorbed is determined. Measurements are stopped before saturation
is reached and the concrete is then vacuum-saturated in water to determine
the effective porosity.

A linear relationship is observed when the mass of absorbed water is
plotted against the square root of time. This relationship, normalized by
the porosity, gives the sorptivity.

The chloride conductivity (CCI) test apparatus (Figure 6.15) consists of
a two-cell conduction rig with disc samples exposed on either side toa 5§ M
NaCl solution. The samples are preconditioned before testing to standard-
ize the pore solution (oven-dried at 50°C followed by vacuum saturation
and soaking over a 24-hour period in 5 M NaCl solution). The transport of
chloride ions is driven by a 10-V potential difference across the specimen,
with the chloride conductivity determined from the instantaneous current
flowing through the specimen, thus allowing rapid testing under controlled
laboratory conditions. Good correlations between 28-day chloride conduc-
tivity results and diffusion coefficients after several years’ marine exposure
exist over a wide range of concretes.

The above tests have been extensively “proved” using inter-laboratory
trials (Stanish et al., 2006), although some development is still ongoing. All
three have been shown to be sensitive, although in different ways on account
of the different transport mechanisms reflected, to materials and process-
ing parameters such as binder type, mix proportions, type and extent of
curing, and compaction. The OPI and CCI tests have recently (2015) been
accepted as South African National Standards (SANS 3001-CO3-1, 2015;
SANS 3001-CO3-2, 2015; SANS 3001-CO3-3, 2015).
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Figure 6.15 Schematic test setup for the chloride conductivity test.

6.5.1.7.2 Application of the durability index approach

The tests described above, when incorporated into the broader philosophi-
cal approach to achieving durability previously discussed, can be applied
in several ways.

6.5.1.7.2.1 QUALITY CONTROL OF SITE CONCRETE

The sensitivity of the index tests to material and constructional effects
makes them suitable for site quality control. Since the different tests
measure distinct transport mechanisms, their suitability depends on
the property being considered. Permeability is best suited for assess-
ing compaction since it is particularly sensitive to changes in the coarse
pore fraction; sorptivity is sensitive to surface phenomena such as the
effects of curing, while chloride conductivity provides good character-
ization of the binder type for marine concretes or concretes exposed to
chlorides.

6.5.1.7.2.2 CONCRETE MIX OPTIMIZATION FOR DURABILITY

Durability indexes may be used to optimize materials and construction
processes for specific performance criteria. At the design stage, the influ-
ence of a range of factors may be evaluated for their impact on quality
of the concrete, in particular, the cover layer. A cost-effective solution to
ensuring durability may in this way be assessed using a rational testing
strategy.
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Table 6.4 Initial scheme: suggested ranges for durability classification (in
terms of quality of the cover concrete) using index values

Durability class ~ OPI (log scale) ~ Sorptivity (mmAh)  Conductivity (mS/cm)

Excellent >10 <6 <0.75
Good 9.5-10 6-10 0.75-1.50
Poor 9.0-9.5 10-15 1.50-2.50
Very poor <9.0 >15 >2.50

6.5.1.7.2.3 PERFORMANCE-BASED SPECIFICATIONS

From controlled laboratory studies and site data, a matrix of durability
index parameters has been developed to produce a set of acceptance and
rejection criteria for performance-based specifications (further details given
later). An early scheme with suggested ranges for durability classification
of concretes, based on site and laboratory data, is shown in Table 6.4;
however, this has since been refined and improved, and is given for illustra-
tive purposes.

6.5.1.7.2.4 PREDICTIONS OF LONG-TERM PERFORMANCE:
SERVICE LIFE MODELS

Service life predictions of RC structures are affected by many variables that
make precise estimates of durability performance difficult. Since durability
index tests are based on transport mechanisms associated with deteriora-
tion, it follows that these indexes can be used for durability prediction.
The durability indexes have been related empirically to service life prediction
models. The indexes are used as input parameters together with other vari-
ables such as cover and environmental class, to determine notional design
life. Limiting index values can be used in construction specifications to
provide the necessary concrete quality for a required life and environment.

Two corrosion initiation models have been developed, for carbonation-
and chloride-induced corrosion, deriving from measurements and cor-
relations of short-term durability index values, aggressiveness of the
environment, and actual deterioration rates monitored over periods of up to
10 years. The models allow for determining the expected life of a structure
based on environmental conditions, cover thickness, and concrete quality.
Environmental classification is based on EN 206, while concrete quality
is represented by the appropriate durability index parameter. The OPI is
used in the carbonation prediction model, and the CCI in the chloride
model. The SLMs can also be used to determine the required value of the
durability parameter based on predetermined values for cover thickness,
environment, and expected design life. Alternatively, if concrete quality is
known from the appropriate DI, a corrosion-free life can be estimated for
a given environment.
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Despite the proven usefulness of the DI approach, caution demands
that durability index tests should not be used indiscriminately when
making durability predictions. Comparisons between different concretes
in particular may be misleading unless long-term effects are considered.
Durability predictions should be made only when the relationship between
early-age properties and medium- or long-term durability performance
has been established. While the existing SLMs attempt to do this, further
refinement is needed.

The link between durability index parameters and their use in service
life prediction models is important, since this represents an integrated
approach, mentioned earlier, that allows for continual improvement and
modification as additional data become available. It also introduces a pow-
erful tool by linking material properties directly with expected service
life, and allows decisions to be taken at the construction stage based on
measured material parameters, for example, whether to implement addi-
tional protective measures if the material fails the required DI test values.
It also represents a rational approach to ensuring the achievement of con-
crete quality by being linked to performance-based specifications.

6.5.1.7.3 Implementation

An example of a large-scale implementation is given in Nganga et al. (2013).
The SANRAL implemented DI-based performance specifications in a major
freeway infrastructure project, involving, inter alia, construction of bridges
and interchanges. Durability-sensitive structures (precast median barriers
and structural elements such as bridge piers, decks, and abutments) were
required to meet durability criteria using DI tests and cover depth measure-
ments, in addition to strength criteria.

The limiting values in the specifications were a minimum of 9.70 (log
scale) for OPI, a maximum of 10 mm/hour®’ for WSI, and an average of
40 mm for cover depth, with suitable allowance for statistical variance.
These limits were obtained from the service life prediction model for
carbonation, considering the relevant exposure conditions (no chlorides)
and binder type used. Using the SLM, and for a service life of 100 years,
an OPI of 9.70 would yield a predicted carbonation depth of 28 mm, giving
latitude on the required cover depth of 40 mm.

The specified limiting values and reduced payment criteria are sum-
marized in Table 6.5. For the water sorptivity test, no reduced payment
criterion was applied as the test is used only as an internal control to
monitor the effectiveness of curing.

DI tests were carried out on cores removed from either test panels or the
actual structures (e.g., precast median barriers). Test panels (400 mm wide,
600 mm high, 150 mm thick) were constructed with the same concrete,
shutter type, compaction, and curing methods used for the actual struc-
ture, placed adjacent to the structure, with cores removed after 28-35 days.
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Table 6.5 Limiting values in DI-based performance specifications and reduced payment
criteria (SANRAL)

Oxygen permeability index Concrete cover (40 mm)
Percentage Percentage
OPI (log scale) payment Overall cover (mm) payment
Full acceptance  >9.70 100% >85% 100%
<(100% + 15 mm)
Conditional >8.75 <9.70 80% <85% >75% 85%
acceptance®
Conditional - - <75% 70%
acceptance®
Rejection <8.75 Not applicable  <65% Not applicable

2 With reduced payment.
® With remedial measures as approved by engineer, and reduced payment.

OPI results are given in Table 6.6 and in Figure 6.16, by way of summary
statistics from five subprojects. Projects 1, 2, 4, and 6 had samples from in
situ structures (panels) while Project 9 was from precast elements.

While mean OPI values for all the projects exceeded the minimum value
of 9.70, there was a high proportion that failed to comply (defectives), with
as much as 40.1% for Project 1 and 26.4% for Project 6. For Project 9 (pre-
cast elements), all values complied with the limit value. Variability (CoV)
of OPI ranged from 1.75% to 4.60%. These values can be compared with
a previous inter-laboratory exercise where the reproducibility of the OPI
test was determined as 1.8%. Site-based results can be expected to have a
higher variability; on this basis, Project 6 has an unacceptably high vari-
ability. The data show that the OPI test is a useful and sensitive parameter
to measure construction quality variation on-site, able to detect different

Table 6.6 Summary statistics of OPI values from SANRAL projects

OPI (log scale) Proportion of
defectives

ProjectID  n® Mean Max  Min sb CoV (%) %

| 172 9.75 1041 9.07 0.8 2.84 40.1
2 94 991 1042 937 0.22 2.24 13.8
4 16 9.87 1040 939 023 233 18.1
6 91 1006 II.10 883 046 4.60 26.4
9 132 1025 1070 9585 0.I8 1.75 0

Source: Nganga, G.,Alexander, M. G.,and Beushausen, H.,201 3, Practical implementa-
tion of the durability index performance-based design approach, Construction
and Building Materials, 45,251-261.

2 Number of results.
b Standard deviation.
¢ Results that failed to comply with the limit OPI value of 9.70.
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Figure 6.16 Histogram plots of OPI values from five SANRAL projects. (Reproduced from
Nganga, G., Alexander, M. G., and Beushausen, H., 2013, Practical implementa-
tion of the durability index performance- based design approach, Construction
and Building Materials, 45, 251-261. With permission from Elsevier.)

practices resulting in very different variability. Where adequate quality
control is exercised, such as in the precast operation, full compliance with
the specification is achievable.

6.6 CLOSURE

This chapter reviewed durability indicators (or durability indexes), which
can encompass physical, mechanical, chemical, and electrochemical prop-
erties of concrete. These have been developed largely in response to the need
for quantifiable measures of concrete durability, in order to move away from
simplistic prescriptive measures that are not adequately verifiable. They
can be used in performance-based approaches and in service life predic-
tion models. Further, if properly formulated, they can be used to assess the
actual in situ quality of a concrete structure, thus giving confidence in the
as-built performance. Much depends on the existence of reliable and repro-
ducible test methods to measure these indicator properties. Considerable
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progress has been made in a number of countries in implementing per-
formance-based approaches, which draw to a greater or lesser extent on
durability indicators or indexes. Further development can be expected in
the future, which will permit the development of full performance-based
approaches linked to measures of “durability reliability.”
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Chapter 7

Durability testing

Transport properties

7.1 INTRODUCTION

Durability testing has been for many decades an important element in con-
crete research and specifications. Concrete structures are expected to have
a service life of at least several decades and they are very difficult and costly
to repair if degradation occurs. In view of the many durability challenges
that modern concrete technology is facing, it is now well realized that there
is a need to design and specify for durability, and it is also necessary to
evaluate the long-term performance of new materials and technologies
before they are accepted for practice. Test methods for these purposes are
required and they should also support research, standardization, design,
and quality control. The advent of the specification approach calls for new
types of testing to enable the application of new performance codes.

The need for durability testing encompasses many aspects and pur-
poses, and thus numerous test methods have been developed and used.
They may be classified into two types, one assessing the rate and extent of
the penetration of the degradation agents (i.e., the transport properties of
the concrete with respect to specific agents) and the other identifying and
quantifying the mechanisms and distress induced by the degrading agents.
The first type of tests will be reviewed in this chapter and the second type
in Chapter 8.

The concepts upon which the tests are developed are quite varied.
Generally, in the modern tests, the intent is to base them on sound physical
and chemical principles. Such parameters, which are of quantitative signifi-
cance in nature, could be used for modeling both to predict degradation
processes and quantitatively to assess changes in performance over time in
aggressive environments, to predict and design for service life. However,
this is not always possible, especially when the intention is for a test which
is easy to use for routine purposes. Such tests provide outputs which could
be applied for comparative purposes or for prescription-based standards.

Attempts have been made to introduce accelerating effects, such as
increased temperature and higher concentrations of degradation agents. The
intention when such means are taken is to provide test methods which can
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yield significant results in a relatively short time. Investigations have been car-
ried out to correlate the results of the accelerated tests with natural exposure.

Overviews of these tests are presented in many references, and those
that have been particularly used here are ACI (2000, 2008), Bickley et al.
(2006), DuraCrete (2000), DARTS (2004a,b), Lobo (2007), Carino (1999,
2004), Wong (2007), Bentur et al. (1997), Torrent and Luco (2007), and
RILEM TC116 (1999).

7.2 PENETRATION TESTS

The penetration tests can be classified according to the type of fluid
involved (gas, water, aqueous solution) as well as the nature of the pen-
etrating medium, whether chemically reactive with the cement matrix (e.g.,
chlorides, CO,) or whether largely inert (e.g., H,O, N,, O,).

7.2.1 Nonreactive penetrating fluids

When nonreactive fluids are used, the results of the penetration test can
be interpreted on the basis of the pore structure by considering mod-
els of physical interactions between the penetrating substances and the
pores. However, these interactions are largely dependent on the degree
of saturation of the pores, which can evoke different types of penetration
mechanisms and lead to outputs, which depend on the moisture content of
the pores. For example, in partially dried pore structures, the mechanism
of H,O penetration is to a large extent of the convection-capillary type and
the extent of penetration and the measured results would be very sensitive
to the moisture content of the tested material. In the case of penetration of
gas, the mechanism in a saturated concrete would be mainly of the diffu-
sion type and would be vastly different in terms of modeling and penetra-
tion rates from unsaturated partially dry concrete. Such influences require
special precautions in the testing procedures and the interpretation of the
results. In the case of laboratory tests, these sensitivities to the moisture state
require conditioning of the samples in predetermined moisture conditions.

Site tests must be accompanied by determination of the moisture content
of the tested concrete. The determined moisture content should be part of
the report and the interpretation of the results. An overview of the effect of
conditioning and recommendations for lab preconditioning are provided in
RILEM TC116 (1999). In practice, this sensitivity to moisture content is a
considerable limitation for site studies. A potential alternative solution is to
use saturated concretes, or to wet the concrete surface on-site. However, in
such instances, the penetration of water will not take place and diffusion of
gas is far too slow to provide meaningful results in a reasonable time. An
alternative that has been gaining some acceptance in recent years is based
on testing the electrical conductivity in the saturated concrete, which is a
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quick and simple test to carry out, and the results might be used for assess-
ing the pore structure density. Data of this kind are relevant for the estima-
tion of the resistance of the concrete to penetration of degrading agents,
and it might be used as an input parameter in corrosion of steel model-
ing where the processes are electrochemical in nature. Since the electrical
resistance is highly sensitive to moisture content, it has also been used as a
means to assess the moisture content of the concrete. Knowing this value
can serve as a means for assisting in the interpretation of the test results of
penetration of fluids, to account for the effect of the moisture content and
normalize for it.

It should be noted that the application of site tests of this kind is usually
carried out on the concrete surface and as such the values obtained reflect
the properties of the concrete cover and not those of the bulk concrete. The
difference between the bulk and cover concrete can be quite big, especially
in cases where segregation and bleeding have taken place and proper water
curing was not practised. All of these emphasize the need for caution in the
interpretation of test results and the requirement of expertise and under-
standing, which go far beyond the simple operation of the testing devices.

7.2.2 Reactive penetrating fluids

There is special interest in the evaluation of specific fluids which evoke deg-
radation processes. Determination of their rate of penetration is an impor-
tant input for modeling of service life, as well as the assessment of means
and technologies to slow down their penetration. Most important are the
penetration of aqueous chloride solutions and CO, gas, which can lead
to depassivation of the steel reinforcement to initiate corrosion. The chlo-
ride ions penetrating into the concrete can react with hydration products,
mainly the aluminates, and as a result measurements of rates of penetration
cannot be simply interpreted in terms of physical processes. More than
that, since it is only the free chloride ions in solution that are available for
depassivation, estimates that do not distinguish between the total chlorides
penetrated and the part of it which has been bound may lead to underesti-
mation of the service life.

The situation is quite different with regards to CO, penetration where
the impact of penetration is not simply the amount penetrated but rather
its interaction with hydration products, to carbonate them. The result of
carbonation is the reduction in the pH of the pore solution that is in contact
with the pore walls. Therefore, in this case, the actual measurement is not
the CO, content, but rather the change in the pH of the pore solution as a
function of the depth from the concrete surface and the elapsed time.

Simultaneous penetration and reaction processes present particular dif-
ficulties in quantification of these effects in terms of penetration param-
eters having basic physical significance. It is difficult to resolve between the
physical process of penetration and the chemical reaction of the penetrating
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fluid. Therefore, it is quite common to quantify these cases in terms of an
“effective penetration parameter” by assuming that the penetration is only
driven by a physical effect, and the penetrating parameter calculated is an
“apparent” one. The “apparent” penetration parameter quantifies within
it the chemical effect and can thus be used more readily for simplified engi-
neering-type modeling.

7.3 PENETRATION TESTS BASED ON
TRANSPORT OF WATER

The coefficient of water permeation might be determined based on the
D’Arcy law if the concrete specimen is subjected to a water pressure differ-
ence and the flow through the concrete is measured, preferably taking the
time until steady-state flow is achieved. However, the penetration of water
under pressure is an extremely slow process and it could take many months
or even years to achieve measurable flow of water through concrete speci-
mens (El-Diab and Hooton, 1995). Such a test represents the transport into
the concrete when it is fully saturated, and this is rarely the case in practice.
In unsaturated concrete, the convection mechanisms governed by capillar-
ity are the most significant ones, and thus tests based on the evaluation of
capillarity are more commonly used to assess the quality of the concrete
and provide a basis for its specifications in a variety of schemes such as the
durability index approach. Such tests are reviewed in Torrent et al. (2007)
and some of them are covered in various standards such as DIN 52617 and
ASTM C1585, based on measuring capillary rise in unsaturated concrete.

The laboratory capillary rise test methods are based on immersion of the
concrete specimen into a water bath to a depth of few millimeters (~2 mm)
and monitoring periodically the weight change or the water front as water
is being absorbed into the concrete by the mechanism of capillary rise
(Figure 7.1).

Plastic sheet

100 £ 6 mm Sealing material

»
»

Specimen

50+ 13 mm

>
<

Specimen support

Figure 7.1 Schematic description of the capillary absorption test. (After ASTM 1585.)
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Figure 7.2 Plots obtained in capillary absorption tests in terms of capillary rise versus
square root of time. (After ASTM 1585.)

It can be predicted from the capillarity theory that the absorbed water
content would be linearly related with the square root of time, and there-
fore the test results are presented in the form of plots of weight increase or
water rise as a function of the square root of time (Figure 7.2).

The test results are quantified in terms of a single parameter, which is the
initial slope of the absorption versus square root of time curve. This slope
is called the coefficient of capillary absorption.

Since the process reflects the behavior in unsaturated conditions, the
test results are sensitive to the moisture content in the concrete (Bentur
et al., 2006). Thus, the standards for the laboratory tests provide require-
ments for the conditioning of the concrete prior to the test and these
are different for the various standards, as demonstrated in Table 7.1.
Attention should be given not only to the drying itself but also to the con-
ditions that facilitate uniform distribution of the moisture in the concrete
cross section.

Test results are very sensitive to the moisture conditions as seen in
Table 7.2, which presents a comparison of results obtained with the German

Table 7.1 Requirements for conditioning of concrete specimens prior to testing for
capillary absorption

Test method Conditioning prior to water absorption

ASTM C1585-13 Specimens are placed at 50°C, 80%RH environment for
(drying at 50°C/80%RH) 3 days, then stored in sealed containers for at least
2 weeks to obtain uniform moisture distribution

DIN 52617 Specimens are oven dried at 50°C until no mass loss
(50°C oven drying)
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Table 7.2 Capillary water absorption coefficients obtained by the ASTM and
DIN test methods as a function of the content of water-repelling
admixtures (DPI and DP2), expressed in units of g/m?s'’2

Mix designation ASTM C1585 DIN 5617
Control 1.33 9.07
5 L/m3 DP2 0.54 4.14
10 L/m3 DP2 0.28 2.05
I5 L/m3 DP2 0.26 1.66
5 L/m3 DPI 0.54 3.60
10 L/m3 DPI 0.42 3.15
I5 L/m3 DPI 0.41 2.50

Note: Note that ASTM CI1585 converts mass data to mm/s®, which was not used here
to keep values consistent with the other test.

Source: Adapted from Bentur, A, Berke, N. S., and Li, L., 2006, Integration of technolo-
gies for optimizing durability performance of reinforced concretes, in Concrete
Durability and Service Life Planning (ConcretelLife 06), K. Kovler (ed.), Proceedings
RILEM International Conference, Israel, RILEM Publications PRO 46, Paris,
pp. 247-258.

and U.S. test methods for mixes with various contents of water-repelling
agents. The values are much higher in the German test in which the drying
conditions are harsher. This clearly demonstrates the need to evaluate the
results of such tests with caution and consider the moisture conditions in
which they were carried out.

Absorption tests using different testing configurations were developed
with the view of adopting them for evaluations in the laboratory as well
as in the field, as shown for the initial surface absorption test (ISAT) in
Figure 7.3, for the laboratory.

The test, which is specified as BS 1881 part 5, is based on measuring
the flow along the capillary tube after filling and closing of the water res-
ervoir. Sets of readings are taken at intervals of 10 minutes, 30 minutes,
and 1 hour after the first wetting of the surface. There is also an optional
2-hour reading. The test gives sufficiently reliable results when the mois-
ture condition of the concrete is constant; drying of concrete to a con-
stant weight at 105°C is the most effective method. In BS 1881, constant
weight is defined when the weight changes are less than 0.1%-0.2% over a
24-hour drying period. Oven drying at 105°C to a constant weight reduced
the variability of the results compared to drying at 50°C. A review of the
applicability of this test and its repeatability is provided by Basheer et al.
(2007) and Dhir et al. (1987).

A similar type of surface absorption testing can be performed using
configurations in which there is a small intrusion into the surface of the
concrete, such as the Figg test method shown in Figure 7.4 (Figg, 1973).
It consists of drilling a small hole (J =10 mm, depth =30 mm) in the
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Figure 7.3 Initial surface absorption test scheme for lab testing. (Adapted from BS
1881 Part 5 reviewed in Basheer, M., Goncalez, A. F,, and Torrent, R., 2007,
Non-destructive methods to measure water transport, in Non-Destructive
Evaluation of the Penetrability and Thickness of the Concrete Cover—State-of-the-
Art Report of RILEM Technical Committee 189-NEC, R. Torrent and L. F. Luco
(eds.), RILEM Publications SARL, Bagneux, France.)

concrete. The hole is made airtight by inserting a special silicon rubber
plug, which leaves a 20-mm-long cylindrical chamber.

A water head of 100 mm is created above the concrete surface and the
water is forced into the assembly using a syringe. The syringe is shut off
1 minute after first contact between water and concrete is made. The time
for the meniscus in a capillary tube to travel 50 mm is recorded and is taken
as a measure of the water absorption of the concrete.

As noted above, the results of the surface absorption tests are very sen-
sitive to the moisture content in the concrete, and unless account for this
is taken for the interpretation of the site tests, the values obtained have
limited significance. Several attempts have been reported to make cor-
rections of this kind, for example, DeSouza et al. (1997). In practice,
however, the determination of the surface moisture on-site and making
the adjustments for it by calculation are extremely difficult to perform.
Thus, tests of this kind are at best useful for providing a broad indication
of the quality of the concrete, and some guidelines of this nature have
been suggested for the ISAT and Figg tests, shown in Table 7.3. Tests of a
similar nature such as the Autoclam and GWT-4000 have been reviewed
by Basheer et al. (2007)
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Figure 7.4 Figg surface permeability test configuration which is used for water absorp-
tion tests. (Adapted from Figg, ]. W., 1973, Methods of measuring the air
and water permeability of concrete, Magazine of Concrete Research, 25(85),
213-219; Basheer, M., Goncalez, A. F, and Torrent, R., 2007, Non-destructive
methods to measure water transport, in Non-Destructive Evaluation of the
Penetrability and Thickness of the Concrete Cover—State-of-the-Art Report of
RILEM Technical Committee 189-NEC, R. Torrent and L. F. Luco (eds.), RILEM
Publications SARL, Bagneux, France.)



Durability testing 217

Table 7.3 Broad classification of the concrete cover quality based on
ISAT and Figg poroscope tests

Concrete quality Bad Fair/medium Good/very good
Figg poroscope <20 20-50/50-100  100-500/>500
Absorption time (s)
ISAT value I0min  >0.50 0.25-0.50 <0.25
(mUm?s) after: 30 min 5035 0.17-0.35 <0.17
60 min  >0.20 0.10-0.20 <0.10

Source: Adapted from Concrete Society Working Party, 1 987, Permeability test-
ing of site concrete—A review of methods and experience, Concrete
society Technical Report No. 31, London, UK; Basheer, M., Goncalez,
A. F,and Torrent, R., 2007, Non-destructive methods to measure water
transport, in Non-Destructive Evaluation of the Penetrability and Thickness
of the Concrete Cover—State-of-the-Art Report of RILEM Technical
Committee 189-NEC, R.Torrent and L. F. Luco (eds.), RILEM Publications
SARL, Bagneux, France.

7.4 PENETRATION TESTS BASED ON TRANSPORT
OF NONREACTIVE GASEOUS FLUIDS

The most common gases used for testing for penetration into concrete are
air, oxygen, and CO,. The air and oxygen tests are largely independent of
chemical interactions and thus have been developed and used to provide an
indication for the pore structure of the concrete with respect to assessment
of its quality to act as a barrier to penetration of degrading agents.

Ideally, an apparatus for this purpose should be devised to operate under
steady-state conditions of pressure difference and use the D’Arcy law to
calculate the coefficient of permeability:

om _—k( P
at_g(az) (7.1)

where dm/dt is the rate of mass flow per unit cross-sectional area, dP/dz
is the pressure gradient in the direction of flow, k is the coefficient of
permeability, and g is the acceleration due to gravity.

The most common test configuration for the purpose of determination of
the gas coefficient of permeability is the CEMBUREAU test (Kollek, 1989)
(Figure 7.5).

Guidance for the testing procedures is provided in RILEM TC116 (1999).
They require preconditioning at 50°C until constant weight is achieved.
In order to eliminate gradients of humidity within the sample, it is recom-
mended to store the dried specimen in sealed conditions to enable moisture
redistribution. The permeability testing is then carried out at three levels
of pressure, 0.15, 0.20, and 0.30 MPa, achieving in each steady-state flow.
The coefficient of permeability is calculated as the average of the three.
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Figure 7.5 Experimental setup and permeation cell of the CEMBUREAU test. (Adapted
from Kollek, J. J., 1989, The determination of the permeability of concrete
to oxygen by the CEMBUREAU method—A recommendation, Materials and
Structures, 22, 225-230.)

The time to achieve steady-state flow through the relatively thick con-
crete specimens may be extremely long. Therefore, testing strategies
based on measuring the decay in pressure over a period of time, where
the gas on one side of the specimen is pressurized and then the pressure
is allowed to decay as gas permeates through the specimen to the other
side that is under atmospheric pressure, have been developed. The gradi-
ent of pressure over time is measured and the coefficient of permeation is
calculated.

A test setup of this kind is shown in Figure 7.6. It was developed within
the framework of defining durability indicators based on reliable labora-
tory testing (Ballim, 1991; Alexander et al., 1999, 2006). The principle
of measurement is based on creating a 100 kPa gas pressure in the oxygen
vessel cell and thereafter monitoring its decay as gas is permeating through
the concrete specimen, to calculate the coefficient of permeability:

_wVgd a Po
RA6t P

(7.2)

where k is the coefficient of permeability (m/s), w is the molecular mass
of permeating gas (kg/mol), V is the volume of the pressure cylinder (m?3),
g is the acceleration due to gravity (m/s?), d is the sample thickness (m),
R is the universal gas constant (Nm/K mol), A is the cross-sectional area
of specimen (m?), 6 is the absolute temperature (K), ¢ is time (s), Po is the
pressure at the start of the test (kPa), and P is the pressure at time # (kPa).

Test results demonstrate that a carefully controlled lab test of this kind
can serve to differentiate between qualities of concrete such as those
affected by curing (Figure 7.7).

Several tests have been developed based on the principle of gas pressure
decay with the objective of using them on-site, with a setup placed on the
concrete surface. Obviously, the on-site test will apply the natural air as
the gaseous medium. An overview of such tests is provided in Torrent et al.
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(2007). Some of the more common tests will be described here and the
principles are similar to all others.

In the category of these tests are included the Figg test (Figg, 1973) (using
an apparatus similar to the water absorption, Figure 7.8) and the Torrent
test method, whose principle of operation is presented in Figure 7.9.

This Figg test method configuration (Figure 7.8) is similar to that used
for surface absorption of water (Figure 7.4). A hypodermic needle is
introduced through the plug into the chamber and a hand vacuum pump
produces vacuum inside the chamber. The permeability is assessed in terms
of the time in seconds that it takes for the vacuum to fall from -55 to
—50 kPa. The advantage of using air rather than water is that readings may
be repeated on the same specimen without delay, since the passage of air
through the specimen does not change the specimen in any way.

The Torrent air permeability test is also based on creating vacuum and
measuring the time required for it to drop down. The test method does not
require any drilling or mechanical fastening to the concrete surface (Torrent,
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Figure 7.8 Figg surface air permeability test. (After Torrent, R., Basheer, M., and
Goncalez, A. F., 2007, Non-destructive methods to measure gas-permeability,
in Non-Destructive Evaluation of the Penetrability and Thickness of the Concrete
Cover—State-of-the-Art Report of RILEM Technical Committee 189-NEC, R.
Torrent and L. F. Luco (eds.), RILEM Publications SARL, Bagneux, France.)
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Figure 7.9 Torrent air permeability test. (Adapted from Torrent, R. J., 1992, A two-
chamber vacuum cell for measuring the coefficient of permeability to air of the
concrete cover on site, Materials and Structures, 25(6), 358—-365; Torrent, R.,
Basheer, M., and Goncalez, A. F.,, 2007, Non-destructive methods to measure
gas-permeability, in Non-Destructive Evaluation of the Penetrability and Thickness of
the Concrete Cover—State-of-the-Art Report of RILEM Technical Committee 189-NEC,
R. Torrent and L. F. Luco (eds.), RILEM Publications SARL, Bagneux, France.)

1992). It is based on a two-chamber system, which can be evacuated with
a pump (Figure 7.9).

The cell is placed on the concrete surface and vacuum is created in both
chambers with the pump. Due to the external atmospheric pressure and the
rubber rings, the cell is pressed against the surface and thus both cham-
bers are sealed, making the cell self-supported. After 1 minute, stop-cock
2 (the black one in Figure 7.9) is closed, which isolates the inner chamber
system. From this moment on, the pressure in the inner chamber starts
to increase, as air is drawn from the underlying concrete. The rate of
pressure rise, which is directly related to the permeability of the concrete,
is recorded.

Meanwhile, the vacuum pump continues to operate on the outer
chamber, through the pressure regulator; the latter ensures that the pres-
sure in the outer chamber is kept always equal to the pressure in the inner
chamber. Thus, the outer chamber acts as a “guard-ring,” helping to create
a controlled air flow into the inner chamber, expected to follow the pattern
sketched in Figure 7.9.

Air permeability, kT, is calculated according to the following equation
(Torrent, 1992; Torrent and Frenzer, 1995):

(VY (In(((pa+ pVpa = )P~ po)ips + o)) | .
() zepa[ V-, "
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where kT is the air permeability (m?), V_ is the volume of the test chamber
(m3), A is the cross-sectional area of the test chamber (m?), W is the dynamic
viscosity of air (N/m?), € is the porosity of concrete, assumed constant
(0.15), p, is the air pressure (N/m?), p, is the air pressure at time # (start
of the measurement, after evacuation) in the test chamber (N/m2), and p is
the pressure at time # (end of the measurement) in the test chamber (N/m?2).

Evaluation of the performance of these systems as well as others that are
similar in nature, such as the Autoclam, Zia-Guth, and TUD, have been
reported in several references (Dhir et al., 1987; Torrent et al., 2007).

Recommendations based on test results from systems of this kind have
been suggested to quantify the quality of the concrete in terms of several
grades, as demonstrated for the test methods of Figg and Torrent in
Table 7.4.

It is essential that specimens for this type of test be conditioned to a
uniform and known moisture content in order for the data obtained in
the test to be relevant. Practically, this can only be achieved in the labora-
tory when the specimens are carefully conditioned at the same moisture
conditions and means are taken to assure that the moisture is uniformly
distributed within the concrete without a gradient at the surface. Variations
in moisture content can result in several orders of magnitude differences in
the gas permeability (RILEM TC 116, 1999; Romer, 2005) (Figure 7.10).

Attempts to evaluate moisture content by means of electrical resistivity
testing, to adjust or normalize for it, are not sufficiently effective to provide
reasonably accurate values. At best, they can assist in better qualitative
classification of the concrete quality, in terms of the permeability values
and the electrical resistance, as demonstrated in Figure 7.11 for the Torrent
test method.

Thus, the use of these surface tests on-site has its limitations. Yet, when
used in the laboratory for specimens that are conditioned properly, they
can yield results that correlate well with the conventional reference tests

Table 7.4 Classification of concrete quality in terms of the Figg air permeability and
Torrent tests

Concrete quality Very good Good Medium Fair Poor

Figg air permeability (s) >1000  300-1000 100-300 30-100 <30

Coefficient of air permeability, <0.01 0.01-0.1 0.1-1 1-10 >10
kT (107'¢ m?)

Source: Compiled from Figg, ].W., 1988, Discussion of the paper R. K. Dhir, P. C. Hewlett, and
Y. N. Chan, Near surface characteristics of concrete: Assessment and development of
in situ test methods, in Magazine of Concrete Research 1987,39(141) 183—195, Magazine
of Concrete Research, 40(145), 234-244; Torrent, R., Basheer; M., and Goncalez, A. F,
2007, Non-destructive methods to measure gas-permeability, in Non-Destructive
Evaluation of the Penetrability and Thickness of the Concrete Cover—State-of-the-Art Report
of RILEM Technical Committee 189-NEC, R. Torrent and L. F Luco (eds.), RILEM
Publications SARL, Bagneux, France.
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Figure 7.10 Effect of equilibrium moisture concentration on the gas permeability of
concrete. (Adapted from RILEM Committee TC 116, 1999, Permeability of
concrete as a criterion of its durability, Materials and Structures, 32, 174—179.)
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Figure 7.1 Nomogram for the determination of the qualitative category of concrete in
terms of electrical resistivity and air permeability. (Based on Torrent, R. J.,
1992, A two-chamber vacuum cell for measuring the coefficient of perme-
ability to air of the concrete cover on site, Materials and Structures, 25(6),
358-365; courtesy of Proceq SA.)
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Figure 7.12 Correlation between the air permeability coefficient, kT, measured in

Figure 7.13

the Torrent test with the oxygen permeability determined with the
CEMBUREAU test. (Adapted from Torrent, R., Basheer, M., and Goncalez,
A. F.,, 2007, Non-destructive methods to measure gas-permeability, in Non-
Destructive Evaluation of the Penetrability and Thickness of the Concrete Cover—
State-of-the-Art Report of RILEM Technical Committee 189-NEC, R. Torrent and
L. F. Luco (eds.), RILEM Publications SARL, Bagneux, France; Based on the
data of Torrent, R. and Ebensperger, L., 1993, Studie uber Methoden zur
messing und Beurteilung der Kennwerte des Uberdeckungsbetons auf der
Baustelle—Teil | Office Federal de Routes, Suisse, Zurich, January, |19pp;
Torrent, R. and Frenzer, G., 1995, Methoden zur messing und Beurteilung
der Kennwerte des Uberdeckungsbetons auf der Baustelle—Teil 2 Office
Federal de Routes, Suisse, Rapport No. 516, Zurich Oktober, 106pp.)
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Correlations between the air permeability coefficient determined by the
Torrent test method and carbonation depth. (Adapted from Torrent, R,
Basheer, M., and Goncalez, A. F.,, 2007, Non-destructive methods to measure
gas-permeability, in Non-Destructive Evaluation of the Penetrability and Thickness of
the Concrete Cover—State-of-the-Art Report of RILEM Technical Committee 189-NEC,
R. Torrent and L. F. Luco (eds.), RILEM Publications SARL, Bagneux, France.)
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Figure 7.14 Correlation between the air permeability coefficient determined by the
Torrent test and chloride penetration by the coulomb tests. (Adapted
from Torrent, R., Basheer, M., and Goncalez, A. F.,, 2007, Non-destructive
methods to measure gas-permeability, in Non-Destructive Evaluation of the
Penetrability and Thickness of the Concrete Cover—State-of-the-Art Report of
RILEM Technical Committee 189-NEC, R. Torrent and L. F. Luco (eds.), RILEM
Publications SARL, Bagneux, France.)

in which gas is transported through the specimen, as seen for example in
Figure 7.12.

These tests might be applied as laboratory tests using equipment, which
is more user-friendly than the conventional tests, providing data that are
useful for assessing durability parameters, such as carbonation (Figure 7.13)
and chloride penetration (Figure 7.14).

In view of these qualities, such tests have been applied to evaluate
different technologies for enhancing durability through surface treatments,
as shown in Figure 7.15.

7.5 CHLORIDE PENETRATION

The penetration of chlorides into the concrete can take place by a variety of
mechanisms, the most important being convection and diffusion. Convection
is usually the mechanism by which chloride concentrations are built up on
the concrete surface, which is usually in an unsaturated state. The diffusion
mechanism largely controls the penetration into the concrete, where it can be
more readily considered to be in a saturated state. Chloride ingress is there-
fore usually modeled on the basis of diffusion mechanisms and the diffusion
coefficient needs to be determined by an appropriate test method.
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Figure 7.15 Test results of Torrent air permeability demonstrating the effect of curing
on concretes that have been oven dried in the lab prior to testing. (After
Wasserman, R. and Bentur, A., 2013, Efficiency of curing technologies:
Strength and durability, Materials and Structures, 46, 1833—1842.)

Ideally, the test to be conducted should create a constant concentra-
tion gradient across a concrete specimen and determine the passage of
chloride as a function of time. The duration of the test should be such
that steady-state conditions be achieved. Achieving steady-state condi-
tions within a reasonable time might only be possible in thin samples of
cement paste. However, such samples do not adequately represent con-
crete specimens, which need to be at least 50 mm thick to provide a rep-
resentative volume of material in which the aggregates are of the order
of 20 mm in size.

In specimens of this size, steady state is not achieved even after many
months of test. Therefore, as an alternative, the diffusion coefficient is cal-
culated based on curve fitting of the chloride penetration profiles to the dif-
fusion model equations. The test is carried out by immersion in a chloride
solution specimens, which are sealed on all faces except one (ASTM C1556
“Chloride Bulk Diffusion Test,” N'T BUILD 443 “Accelerated Chloride
Penetration”) or by ponding on one face of the concrete (AASHTO T259
“Chloride Ponding Test”). It is recommended that the concretes be cured
for 14 days under water and thereafter in the laboratory air up to 28 days.
After an immersion period of at least 35 days, the profile penetration curve
is obtained by grinding off the material in layers parallel to the exposed
surface and determining the acid-soluble chloride content in each layer.
The standard provides guidance to the thickness of the layers as a function
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Figure 7.16 Example of regression analysis. (After ASTM CI1556.)

of w/c ratio, at intervals of about 1-3 mm for the low w/c ratios (0.40 and
lower) to about 2—-5 mm for medium and high w/c ratios (0.50-0.70).

The chloride penetration profile obtained (Figure 7.16) is analyzed using
regression analysis to fit the chloride diffusion equation to the curve.

The curve fitting is carried out by means of a nonlinear regression least
square analysis, by minimizing the sum given in Equation 7.4. Usually, it is
recommended to omit the point from the exposed surface layer. The param-
eters obtained from this analysis are the chloride concentration at the exter-
nal concrete layer and the diffusion coefficient. It should be emphasized
that this coefficient is the non-steady-state diffusion coefficient.

N
S= ZACZ(n) =
n=2

where § is the sum of squares to be minimized (mass %)2, N is the number
of layers ground off, AC(#n) is the difference between the measured and the
calculated chloride concentration of the nth layer (mass %), C,(n) is the
measured chloride concentration of the nth layer (mass %), and C.(n) is
the calculated chloride concentration in the middle of the nth layer (mass %).

Tests of this kind are mainly of value for research purposes. The limitation
of these tests is that they are not entirely representative of diffusion pen-
etration since convection action may take place, especially in the unsatu-
rated AASHTO ponding test.

In order to accelerate such tests, schemes including electrical monitoring
have been developed, such as the one shown schematically in Figure 7.17,
the ASTM G109 test “Method for Determining Effects of Chemical

N
(Cun() = Ce(m))? (7.4)
=2

n
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Figure 7.17 Test setup meeting the requirements in ASTM GI09 test “Method for
Determining Effects of Chemical Admixtures on Corrosion of Embedded
Steel Reinforcement in Concrete Exposed to Chloride Environments.”
(Adapted from Bentur, A., Diamond, S., and Berke, N., 1997, Steel Corrosion
in Concrete, E&FN SPON/Chapman and Hall, London, UK.)

«— 114 mm —|

Admixtures on Corrosion of Embedded Steel Reinforcement in Concrete
Exposed to Chloride Environments.”

Cyclic ponding is applied on the surface, and electrical measurements of
the potential difference between the upper and the lower bars are continu-
ously detected to determine the time at which depassivation occurs at the
upper bar (i.e., time of drastic change in the potential to values characteris-
tics of depassivation). The depassivation time can be used for comparative
purposes to determine the quality of concrete cover with respect to pen-
etration of chlorides to build up a critical concentration at the level of the
steel. This type of test is also lengthy in its duration and serves mainly for
research and evaluation of new formulations of concretes or assessment of
the influence of cracking on their surface (Figure 7.18).

—=—H (375 um)
—»—F (175 um)
—e—A (75 um)
——J (0 um)

Time (days)

Figure 7.18 Assessment of the influence of cracking on penetration of chlorides using
the ASTM G109 test. (After Berke, N. S., 2003, personal communication.)
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Figure 7.19 Description of the setup meeting the requirements in ASTM CI202 test.

Alternative test methods, which could be carried out in a reasonable
length of time, are based on accelerating the migration of chlorides by means
of an electrical potential difference, as seen schematically in Figure 7.19
from the ASTM C1202 test “Test Method for Electrical Indication of
Concrete’s Ability to Resist Chloride Ton Penetration.”

The cell on one side is filled with a 3.0% sodium chloride (NaCl) solu-
tion and connected to the negative terminal of the power supply; the cell
on the other side contains a 0.3 N sodium hydroxide (NaOH) solution
and connected to the positive terminal of the power supply. Chloride ions
migrate through the concrete under the influence of the concentration gra-
dient induced by the solutions in the two cells and the electrical potential
difference, which is held constant throughout the test at 60 V. The con-
cretes prior to testing are treated to achieve saturation, so the whole test is
conducted under saturation conditions. The electrical current is continu-
ously monitored, giving outputs of current versus time such as those pre-
sented in Figure 7.20.

The total charge passing in 6 hours (i.e., integration of the current—time
curves up to 6 hours, in coulomb units) is used as an indicator of the resis-
tance of the concrete to the passage of chloride ions. Also, electrical resis-
tivity at the onset of the test can be calculated from the initial current and



230 Durability of Concrete

0.4

o5 N

a, — A
g /A
< 02+ B
L —
-
3 01 D
E
0.0 T T
0 10,000 20,000

Time (seconds)

Figure 7.20 Curves of current versus time obtained in the ASTM C1202 test of concrete
specimens which have been cured under different water curing regimes,
where A is continuous water curing and E being | day of water curing.
(After Baum and Bentur, A., 2007, internal information, unpublished data.)

4.00E+08
3.50E+08 y = 2E-11x

R*=091 O/O
3.00E+08 /
2.50E+08

2.00E+08

1.50E+08

1.00E+08

5.00E+09

Apparent diffusion coefficient (cm?/s)

0.00E+00 T T T
0 500 1000 1500 2000

Charge passed (coulomb) —60V — 6 h

Figure 7.21 Relations between the coulomb value in the ASTM test and chloride dif-
fusion coefficient. (After Medeiros, M. H. F. and Helene, P, 2009, Surface
treatment of reinforced concrete in marine environment: Influence on
chloride diffusion coefficient and capillary water absorption, Construction
and Building Materials, 23, 1476—1484.)

the 60 V potential. Significant correlations between the coulomb value and
the diffusion coefficient have been reported (Figure 7.21).

A test of a similar nature was developed and used in Europe (Tang and
Nilsson, 1992; DuraCrete, 2000; DARTS, 2004a,b) and has become a
standard: Nordtest Method, NT Build 492, which is based on the con-
cepts laid down by Tang and Nilsson (1992). It is shown schematically
in Figure 7.22. The accelerating principles are the same as for the ASTM
C1202 test, and the test setup is slanted to provide means for the escape
of gas. However, the mode of operation is different from the ASTM test,
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Potential
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Figure 7.22 Schematic description of the rapid chloride migration test, after the Nordest
test. (a) Silicon rubber sleeve; (b) anolyte solution; (c) anode, stainless steel
mesh or plate with holes; (d) concrete specimen; (e) catholyte solution;
(f) cathode, stainless steel plate about 0.5 mm thick; (g) plastic support
under an angle of 32°% and (h) catholyte reservoir, plastic box.

with regards to both the potential-time and concentration regime and the
interpretation of the test results.

The potential-time regime is set at a lower potential than the ASTM
test and is dependent on the current intensity. At the onset of testing, the
potential difference is set at 30 V and the duration of the test is dependent
upon the current, with the duration being longer for smaller initial current.
This provides means for operating at a lower potential than the ASTM test
and thus reduces the influence of heating during the test. The concentration
of the catholyte solution is 10% NaCl by mass (100 g NaCl in 900 g water,
about 2 N) and the anolyte solution is 0.3 N (approximately 12 g NaOH
in 1 L water).

The interpretation of the test results is in terms of the significant physical
parameter of the non-steady-state diffusion coefficient. The interpreta-
tion is based on the concepts outlined by Tang and Nilsson (1992), who
analyzed the system in terms of the Nernst—Planck equation which consid-
ers the flux of ionic transport as a function of the concentration gradient
and the electrical field:

dc zF dE
= —D —_— D . -
J dx RT ¢ dx

(7.5)
where D is the diffusion coefficient, Z is the electrical charge, F is the
Faraday constant (9.65 x 10# coulomb/mol), R is the gas constant (8.31 ]/
mol/°K), T is the absolute temperature (°K), E is the electrical voltage
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(volts), c is the ionic concentration of species in the pore fluid (mol/m3), and
x is the distance from the surface (m).

Tang and Nilsson (1992) developed a procedure by which the non-
steady-state diffusion coefficient can be calculated from this relation when
considering the test results, without the need to determine the Cl-ion pro-
file that occurs during the test, and by relying only on the depth of chloride
penetration. The latter can be determined by colorimetric means applied
on the split surface of the specimen after the test. Otsuki et al. (1992)
demonstrated that the best colorimetric test would be the use of 0.1 N sil-
ver nitrate (AgNOj;) solution and this was adopted in the NT BUILD 492
standard; at the end of the test, the specimen is split open and the depth
of chloride penetration is determined by means of the indicator solution.
This solution induces a color change when the chloride concentration is
0.07 mole/L (Otsuki et al., 1992). It reacts with chloride ions to form a
white layer, while the zones not penetrated by chlorides are turned brown.

On the basis of these studies, the standard provides the following
equation for calculating the non-steady-state chloride diffusion coefficient:

RTL Xd —(X\/xd

zFU ¢ (7.6)

DRCM =

with

a=2 fRTLerf’] (1 - ch)
zFU Co

where Dy is the rapid chloride migration coefficient (m?/s), z is the abso-
lute value of ion valence (for chloride z = 1), F is the Faraday constant (F=
9.648 x 10* J-(V mol)™), U is the absolute value of potential difference (V),
R is the gas constant (R =8.314 J (K mol)), T is the solution temperature
(K), L is the thickness of the specimen (m), x, is the penetration depth (m),
t is the test duration (s), erf! is the inverse of the error function, ¢, is the
chloride concentration for indicator color change (c;=0.07 mol/L), ¢, is
the chloride concentration of reagents B in the upstream cell in mol/L, and
E=erf! [1—2(cy/c,)] (values given in Table 7.5).

The final output is a calculated coefficient Dy, in units of m?/s.

Concern has been raised in the literature that the heating involved in such
tests may accelerate the rate of the movement of the ions and result in artificially
high values, especially when the measured 6 hours coulomb is above 1500.
The lower potential values in the European tests are therefore advantageous.

Table 7.5 Values of &

¢, (molll) 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
S 0764 1.044 1.187 1.281 1351 1407 1452 1491 1.554
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The shortcomings due to the heating effect may be avoided if the indica-
tor for chloride migration is chosen as the resistivity measured at the onset
of the test. Several reports have shown significant relationships between
the resistivity values and the chloride diffusion coefficient (Figure 7.23),
and logarithmic correlations of significance have been reported between
the coulomb value and resistivity in the ASTM test (Figure 7.24).

Another factor which may affect the results is the pore solution compo-
sition of the concrete, since the measured currents in the tests reflect the
movement of the chloride ions as well as other ions which may be present
in the solution. Thus, when using concrete admixtures which drastically
change the pore solution composition, such as calcium nitrite, the coulomb
values obtained may be higher than those actually contributed by chloride
migration. Therefore, comparison of test results of concretes with and
without admixtures should be interpreted with care. The European test
that measures the presence of chlorides directly by the AgNO; solution is
therefore advantageous. The AASHTO TP 62 rapid migration test, which
is similar to ASTM C1202 in terms of the accelerating voltage conditions,
also measures the chloride penetration with the AgNO; solution.

These test methods, which are relatively simple to carry out within only
a few hours, can provide input for the chloride diffusion coefficient to be
used in models of service life prediction for durability design. They can also
serve as a means for quality control due to their simplicity of execution.
Classifications of this kind for the two test methods have been proposed
and they are compiled in Table 7.6.
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Figure 7.23 Relations between the conductivity (resistivity) and the coefficient of bulk
diffusion migration in the European test method. (After Hamilton, R. H. and
Boyd, A. J., 2007, Permeability of concrete—Comparison of conductivity
and diffusion methods, Research Report, UF Project No. 00026899, Civil
and Coastal Engineering, University of Florida.)
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Figure 7.24 Relation between resistivity and coulomb value reported for the ASTM
test. (After Bentur, A., Diamond, S., and Berke, N., 1997, Steel Corrosion
in Concrete, E&FN SPON/Chapman and Hall, London, UK; Adapted from
Berke, N. S. and Hicks, M. C,, 1992, The life cycle of reinforced concrete
decks and marine piles using laboratory diffusion and corrosion data, in
Corrsion Forms and Control for Infrastructure, V. Chaber, (ed.), ASTM STP 1137,
American Society of Testing and Materials, West Conshohocken, PA, pp.
207-231.)

Table 7.6 Classification of chloride penetration resistance of concrete
based on different test methods

Chloride penetration Charge (C) Diffusion coefficient
classification American test (10-'2 m?/s) European test
High >4000 100

Moderate 20004000 20

Low 1000-2000 10

Very low 1001000 2

Negligible <100 I

7.6 PENETRATION OF CO, AND CARBONATION

The penetration of CO, results in carbonation, which is the consequence
of a chemical reaction between the penetrating gas and the hydration
products. This reaction changes the composition of the hydration products
in contact with the pore solution resulting in a reduced pH of the solution.
For these chemical interactions and changes to occur, there is a need for
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the presence of moisture. Thus, the penetration of CO, into drastically dry
concrete will not result in any significant carbonation.

The outcome of this process, which is of engineering significance, is
the reduction in the pH of the pore solution to values which may facili-
tate depassivation of the steel. In view of this, the test methods of interest
are not just the ones which provide indication for the penetration of the
CO, gas, but rather those that reflect the penetration and the carbon-
ation reactions that follow. Evaluation of the resistance to penetration
of the gas itself might be obtained by using test results of penetration
of gases which are nonreactive, such as air and oxygen, as outlined in
Section 7.4.

The test methods used to monitor the extent of penetration combined
with the carbonation reactions are based on the evaluation of the chemical
changes in the concrete as a function of depth from the concrete surface.
These could either be characterization of the profile of hydration products
as a function of depth (e.g., following the conversion of calcium hydroxide
to calcium carbonate) or the change in the nature of the pore solution (e.g.,
change in the pH as it is reduced from values of about 13.5 to about 10).
The two are related, as can be seen in Figure 7.25.

120

e Accelerated carbonation 8 weeks
< Accelerated carbonation 16 weeks

<+—— D =-33.33 pH + 349.98

Carbonation degree (%)
o
)
|

40 —

| D¢ =-20 pH + 230 —»

20 —

pH value

Figure 7.25 Relations between pH and degree of carbonation (% conversion of calcium
hydroxide to calcium carbonate). (Adapted from Chang, C.-F. and Chen,
J.-W., 2006, Cement and Concrete Research, 36, 1760—1767.)
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Figure 7.26 Treatment of sawn concrete specimen with phenolphthalein indicator mark-
ing the border line between pore zones with pH below 9 (colorless zones
close to the surface) and above 9 (purple zone at the core). Width scale
100 mm.

It is easiest to follow the carbonation front by using indicator solutions
which change the color as a function of pH. Most common is the
phenolphthalein solution, which marks the boundary for a pH of 9: zones
where the pH is above 9 are colorless and those with pH below 9 are purple
(Figure 7.26).

The zone marked by the phenolphthalein indicator reflects the zone in
which 50% of the conversion of calcium hydroxide due to carbonation has
taken place (X, in Figure 7.27). Full conversion is at a deeper location,
X.. From a practical point of view, the X depth is of most interest since it
is at this location that the pH of the pore solution has declined to values
that can no longer assure passivation. Thus, the depth X, marked by the
phenolphthalein indicator is usually noted as the “depth of carbonation.”

Carbonation tests are based on the exposure of concrete specimens in the
laboratory to a carbonating environment, in which the humidity, tempera-
ture, and CO, concentration are controlled to provide accelerated condi-
tions. Periodically, samples are taken out of the carbonating chamber and
the depth of carbonation is determined by the phenolphthalein indicator.
In such tests, all of the faces of the specimen are usually exposed to
carbonation, and the representative depth is taken as the average of all
of the faces except the troweled one, which may have different proper-
ties. Guidelines for measuring the depth and averaging are provided in the
RILEM recommendation (RILEM CPC-18, 1988).

The results of the test are presented in terms of depth of carbonation
against time, and usually linear relationships are obtained when using
square root of time.

The carbonation—time curves can thus be described in terms of a linear
relation between the depth of carbonation and the square root of time. The
carbonation rate coefficient can be defined in terms of the following equation:

d=K* t0-5 (77)
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Figure 7.27 Conversion of calcium hydroxide to calcium carbonate as a function of depth
of concrete and the location of the carbonation level X, denoted by phe-
nolphthalein indicator. (Adapted from Chang, C.-F. and Chen, J.-W., 2006,
The experimental investigation of concrete carbonation depth, Cement and
Concrete Research, 36, 1760—1767.)

where d is the depth of carbonation (mm), ¢ is the exposure time (years),
and K is the carbonation rate constant (mm/year®).

The value of K depends on the carbonation conditions and the quality
of the concrete. It can be determined empirically or based on some models
in which the carbonating conditions and concrete quality are considered
separately. Correlations have been reported between the K values obtained
in natural conditions and in accelerated ones.

Accelerated tests are carried out in specially designed chambers and a
range of conditions have been reported in literature with temperatures from
30°C to 60°C; relative humidity of 30%-60%RH; and CO, concentration
over a wide range from 0.3% to 5%.
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Chapter 8

Durability testing

Degradation mechanisms

8.1 INTRODUCTION

This chapter deals with durability tests intended to characterize the distress
caused by the interaction of penetrating deleterious agents with concrete
components, leading to deterioration of the concrete itself or of the rein-
forcing steel embedded in it. Such tests are intended to assess the nature and
the level of damage that may be caused, as well as the choice of materials
to be used to minimize such effects. These tests also serve the research and
development of new materials and systems of enhanced durability perfor-
mance. In some cases, the tests are used as a basis for specifications by
providing limiting values on materials to be applied in structures exposed
to various classes of environmental exposures.

Frequently, the tests involve accelerating techniques such as cycling of
weathering effects. Investigations have been carried out to correlate the
results of the accelerated tests with natural exposure.

Overviews of these tests are presented in many references, and those that
have been particularly used here are ACI (2000, 2008), Andrade etal. (2007),
Bentur et al. (1997), Bickley et al. (2006), Duracrete (2000), Darts (2004a,b),
Lobo (2007), Carino (1999, 2004), Sagues (1993), Wong (2007), Lindgard
et al. (2012), Torrent and Luco (2007), and RILEM TC116 (1999a,b).

8.2 TESTS IDENTIFYING AND QUANTIFYING
DEGRADATION PROCESSES OF CONCRETE

Numerous tests have been developed over the years to identify degrada-
tion processes and quantify their influence. The most common processes
addressed in such tests include sulfate attack, alkali-aggregate reactions and
frost attack. The tests are mainly intended to identify the risks involved in the
various concrete ingredients (e.g., susceptibility of aggregates to alkali attack
and cements to sulfate attack) and the effectiveness of various means to pro-
vide resistance to the attack (e.g., pozzolans to mitigate alkali aggregate reac-
tion and sulfate attacks; air to provide frost resistance). The tests can provide
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the basis for determination of the quantitative parameters needed for guide-
lines for specification and use of various materials and technologies in terms
of the risks involved. They are particularly useful for comparative purposes.

The common feature of all of these tests is the quantification of the
distress induced by the attack by measuring the overall damage that occurs.
These show up in behaviors such as length change and reduction in modulus
of elasticity of the tested specimens. These characteristics are determined
as a function of time. The specifications set for passing the test require that
the extent of damage should not exceed a critical value within a specified
time of testing or number of cycles applied. The tests are designed to have
in them accelerating factors such as intensive cycling of freeze—thaw and
exposure to very concentrated sulfate solutions. Even with these means,
they often take quite a long time, several months in duration.

8.2.1 Alkali-aggregate reaction tests

Alkali—aggregate tests are intended not only to quantify the risk involved in
the aggregates used, but also the influence of the nature of the cement, par-
ticularly in view of its alkali content. The outcome of the tests is used for
specifications of aggregates, such as in ASTM C33 “Standard Specification
for Concrete Aggregates.” This standard refers to the various test methods
but does not provide guidance to a preferred test.

The quality of aggregates in combination with the cement can be evalu-
ated by ASTM C227, ASTM C287, ASTM C289, ASTM C1260, ASTM
C1105, and ASTM C1293. They include tests based on graded and ground
aggregates evaluated in mortars (ASTM C227 and ASTM C1260), full size
aggregates in concrete (ASTM C1105 and ASTM C1293), chemical tests
to evaluate the reactivity of the aggregates in solution (ASTM C289), and
special tests to assess the effectiveness of supplementary cementitious mate-
rials to reduce the alkali attack (ASTM C441 and ASTM C1567).

The evaluation of the deleterious reaction with cement is based on the
measurement of length changes. In addition to length change measure-
ments, it is recommended to provide qualitative assessment of the damage
in terms of the extent of warping, cracking, surface mottling, and depos-
its or exudations, including their nature and thickness. The deleterious
reaction in these tests is often accelerated by means of exposure to high
temperatures. The tests can be classified into mortar tests, concrete tests,
chemical tests of the stability of the aggregates, and tests for assessing the
effectiveness of supplementary cementitious materials.

a. Mortar tests:

e Test at 38°C in water: ASTM C227 “Potential Alkali Reactivity
of Cement-Aggregate Combinations (Mortar-Bar Method)”
using cement of the highest alkali content, which may be used in
practice for the tested aggregate.
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e Test at 80°C in NaOH solution: ASTM C1260 “Potential Alkali
Reactivity of Aggregates (Mortar-Bar Method).” This test uses
a highly alkaline solution to screen for deleterious or non-
deleterious aggregates. The criterion set in the ASTM C1260 test
states that expansion of less than 0.10% at 16 days after casting
is indicative of innocuous behavior, while expansion of more than
0.20% at 16 days after casting is indicative of potentially deleteri-
ous expansion.

b. Concrete tests:

e ASTM C1105 “Length Change of Concrete Due to Alkali-
Carbonate Rock Reaction” requires conditioning of the concrete
with the tested aggregate in moist conditions, but not immersed
in water, using cement having the highest alkali content represen-
tative of the general use intended, or available to the laboratory
making the tests. It is commented in the standard that a cement—
aggregate combination might reasonably be classified as poten-
tially deleteriously reactive if the average expansion is equal to
or greater than 0.015% at 3 months; 0.025% at 6 months; or
0.030% at 1 year.

e ASTM C1293 “Determination of Length Change of Concrete
Due to Alkali-Silica Reaction” is based on adding NaOH to the
mix water so that the total equivalent alkali content in the mix
is 1.25% by weight of cement; the concretes are stored in sealed
conditions at 38°C. These are accelerated conditions in which
length changes are monitored. The standard does not provide
recommendations for acceptable expansion values and refers back
to the ASTM C33 standard, which sets the requirements for the
quality of aggregates.

c. Chemical test of aggregates:

e ASTM C289 “Potential Alkali-Silica Reactivity of Aggregates
(Chemical Method)” is chemical in nature and measures the dis-
solved silica and reduction in alkalinity of ground aggregate in
NaOH solution at 80°C. Some guidelines for classifying aggregate
as susceptible are provided in Figure 8.1.

d. Effectiveness of supplementary cementitious materials:

e The effectiveness of supplementary cementitious materials in
mitigating alkali attack on aggregates can be evaluated by means
of the ASTM C441 and ASTM C15672 tests.

e ASTM C441 “Effectiveness of Mineral Admixtures or Ground
Blast-Furnace Slag in Preventing Excessive Expansion of Concrete
Due to the Alkali-Silica Reaction” is based on testing the expan-
sion of mortars prepared with ground Pyrex aggregates (highly
reactive amorphous silica) in a 38°C wet environment. The binder
is made from Portland cement having an alkali content in the
range of 0.95%-1.05% by weight of cement and a mix in which
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Figure 8.1 lllustration of division between innocuous and deleterious aggregates on the
basis of reduction in alkalinity test. (Adapted from ASTM C289.)

25% of the volume of the cement has been replaced by the mineral
admixture. The effectiveness of the mineral admixture is quanti-
fied in terms of the relative reduction in the expansion.

e ASTM C1567 “Standard Test Method for Determining the
Potential Alkali-Silica Reactivity of Combinations of Cementitious
Materials and Aggregate (Accelerated Mortar-Bar Method)”
is similar in terms of the specimens prepared to ASTM C1260
(immersion of mortar in NaOH solution at 80°C). It evaluates
the reduction in expansion using mortars with the tested aggre-
gate due to the incorporation of pozzolans and ground-granulated
blast-furnace slag as partial replacement of the cement. The test
is based on the accelerated test method developed at the National
Building Research Institute (NBRI) in South Africa. It allows the
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detection within 16 days of the potential for deleterious alkali—
silica reaction of combinations of cementitious materials and
aggregate in mortar bars and its mitigation using various pro-
portions of hydraulic cement, pozzolans, and ground-granulated
blast-furnace slag.

Lindgard et al. (2012) reviewed the test methods and made some com-
ments on the issues that need to be considered in the mix design used for the
evaluation of the aggregates for susceptibility to alkali-aggregate attack:

e Water/binder ratio has a dual effect: decreasing the ratio may result in
higher OH ion concentration leading to enhanced attack while at the
same time restraining expansion due to the higher strength matrix.

e Alkali content is sometime boosted to accelerate the test and this may
mask its role on the actual job site.

e Alkali leaching should be minimized by having appropriate storage
conditions and specimen sizes: reduced leaching occurs with larger
specimen sizes, lower temperature, and less moisture condensation
on the specimens.

e The laboratory test should be designed to expose the specimens to
worst-case humidity conditions while at the same time making sure
that they will not lead to leaching of alkalis.

® When using high-strength, low w/c ratio concretes, internal desicca-
tion can take place and this should be taken into account to avoid a
too low internal RH in the concrete.

e Acceleration of the test by an increase in the temperature over 38°C
should be avoided as it may generate effects that do not reflect the
room temperature processes.

e The curing before the test is of particular importance when pozzola-
nic materials are used, to allow for sufficient reaction to take place
prior to accelerated exposure.

8.2.2 Sulfate resistance tests

The sulfate reaction results in expansion and therefore testing specimens
for expansion is the basis for test methods to evaluate sulfate resistance,
such as ASTM C452 “Test Method for Potential Expansion of Portland-
Cement Mortars Exposed to Sulfate” and ASTM C1012 “Test Method
for Length Change of Hydraulic-Cement Mortars Exposed to a Sulfate
Solution.” The sulfate attack is usually an external one, induced by sulfate
ions penetrating from the surface inward. Penetration into the concrete can
be quite slow in concrete specimens, which are several tens of millimeters
in cross section. Thus, sulfate resistance tests of concrete specimens can
take quite long, in contrast to tests of alkali—aggregate reaction, which are
much shorter in time since the degrading agents are within the concrete
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itself. As a result, many of the sulfate resistance tests are based on mortar
specimens, which can be made smaller in size.

In order to accelerate the sulfate test, ASTM C452 is based on the
production of specimens in which 7% sulfate is introduced into the mix by
incorporating the appropriate quantity of gypsum. This enables immediate
and accelerated interactions to determine the performance of the cement
used within 14 days of monitoring of expansion.

This test is not adequate for blended cements where the mitigating
mechanism involves the progress of the pozzolanic reaction to produce
hydration products and microstructure, which provide sulfate resistance.
Since sulfate is available immediately, there is no time for these internal
changes to occur in time to affect the sulfate attack. For that purpose,
ASTM C1012 is more appropriate since it measures the resistance by immer-
sion in sodium sulfate solution after 20 MPa strength has been attained.
This implies that sulfate ingress is initiated only after pozzolanic reactions
have taken place, which better represents the reality. Results of evaluations
using this test, demonstrating the positive influence of mineral additives,
are presented in Figure 8.2. Requirements specified by ACI with regard to
the results obtained from the ASTM C1012 test are presented in Table 8.1.

It should be noted that the immersion test does not represent the harsh
conditions that may occur in practice where wetting and drying of sulfate-
containing water may result in the buildup of sulfate concentrations, which

Immersion period (years)
0 1 2 3 4 5 6 7 8 9

4 ASTM C 1012
Control (no slag)
0.20 4 Type I PC with 11.8% C;A
L 40% slag
s ASTM limit for
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S
g 50% slag
o
S 0.10 1%
8
4 65% slag
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O T T T T
0 1000 3000
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Figure 8.2 Effect of mineral admixtures on sulfate resistance of mortars tested accord-
ing to the ASTM CI0I12 test. (From Hooton, R. D. and Emery, J. J., 1990,
Sulfate resistance of a Canadian slag cement, ACl Materials Journal, 87(6),
547-555. With permission.)
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Table 8.1 Limit of ACI 201 code on the resistance to sulfate in
various environmental condition specified in terms of
the ASTM CI012 expansion test

Exposure severity Expansion in the ASTM C1012 test

Class 0—Negligible

Class |—Moderate 0.10% at 6 months

Class 2—Severe 0.05% at 6 months or 0.10% at 12 months
Class 3—Very severe  0.10% at 18 months

are far larger than those simulated in the immersion test. Also, the immer-
sion in solution may lead to changes in the pH, which may not reflect real-
life conditions. There is a debate going on as to what effect this has on such
tests and their interpretation.

The acceleration provided in the standard tests reviewed above is not
always sufficient for laboratory testing, and so alternatives have been used
both in research and in evaluations of sulfate-resistant systems. These are
usually based on wetting and drying of the specimens in sulfate solutions
such as sodium sulfate, which simulates the action observed in exposure
to marine environments and contaminated soils. The ingress of the sulfate
into the concrete is driven in these tests by capillarity, which is a much more
intense penetration process than the diffusion in continuously immersed
solutions. Wetting and drying can, however, result also in the crystal-
lization of the salt in the pores, creating a pressure associated with the
increased volume occupied by the crystals, which can further accelerate
the deterioration process. This kind of effect may simulate the processes
taking place in the tidal zone in marine structures, which is the part of the
structure where the exposure conditions are the harshest.

8.2.3 Freeze-thaw resistance

The resistance to freeze—thaw cycles is dependent on the strength achieved
by the concrete and the quality of the air-void system induced into it.
The aim is to have the average bubble spacing not exceeding 230 um, with
no single value over 260 um. This can be tested by microscopic means
following the ASTM C457 test method for “Microscopical Determination
of Parameters of the Air-Void System in Hardened Concrete.”

The physical testing of the resistance to freeze-thaw cycles requires
careful conditioning of the moisture content in the concrete. The ASTM
C666 test “Method for Resistance of Concrete to Rapid Freezing and
Thawing” specifies two types of conditioning: (i) Procedure A in which
both freezing and thawing are carried out with the specimen submerged
in water and (ii) Procedure B where the freezing is in air and thawing is
in water. These tests provide an indication as to the effects of concrete
composition but cannot serve to estimate service life. The damage induced
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in the cycles is periodically monitored to determine internal damage by
evaluation of the changes in dynamic modulus of elasticity and length.

The amount of surface scaling can be measured by determining the
weight loss. In the European CIF (Capillary suction-Internal damage-
Freeze/thaw resistance) test (Setzer et al., 2001), concrete slabs are dried in
air at 65%RH for 21 days and then saturated by capillary absorption for 7
days, followed by exposure to the freezing and thawing cycles. Scaled mate-
rial is removed in an ultrasonic bath and weighed, while internal damage is
assessed by determining the ultrasonic pulse velocity.

The resistance to freezing and thawing in the presence of deicing salts
can be assessed by the ASTM C672 test “Scaling Resistance of Concrete
Surfaces Exposed to Deicing Chemicals.” (This test was withdrawn
in 2012.) The concrete surface is brushed as a final finishing operation.
After curing, the specimen is covered with a calcium chloride solution and
exposed to freezing and thawing cycles. The monitoring of damage is visual
and thus qualitative in nature.

Testing of the actual freeze—thaw resistance of the aggregates can be
done by subjecting them to wetting and drying cycles in salt solutions with
the resulting crystallization of the salt in the pores of the aggregates lead-
ing to expansion and cracking, simulating the action of freezing water.
The ASTM C88 test “Soundness of Aggregates by Use of Sodium Sulfate
or Magnesium Sulfate” is based on this principle. It uses sodium sulfate or
magnesium sulfate solutions, where the wetting cycle consists of immer-
sion in the solution for 16—18 hours at 21°C and the drying is carried out
at 110°C until weight equilibrium is achieved. The required number of
cycles and limits on weight loss are not set in the standard; they are to be
specified by the relevant agency requiring the test. Usually, the weight loss
limits are set at 12% and 18% for sodium sulfate and magnesium sulfate,
respectively. The standard also recommends qualitative characterization
after the cycling, looking into splitting, crumbling, cracking, and flaking.

8.3 CORROSION OF STEEL IN CONCRETE

8.3.1 Introduction

The electrochemical processes involved in steel corrosion were described
in detail in Chapter 4. The degradation processes associated with cor-
rosion of steel in concrete require monitoring of the actual state of the
steel, whether by laboratory tests or by site monitoring. Observation of the
steel bars themselves by measurement of the reduction in their diameter or
weight loss is a destructive test, which is obviously difficult to perform and
is thus very limited in practice. Evaluation of the state of the steel therefore
requires nondestructive tests. These are based on electrical monitoring,
which is made feasible by the fact that corrosion of steel in concrete is an
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electrochemical process involving changes which can be monitored by elec-
trical signals. The signals can be of various types, providing indirect indica-
tions of whether there is a potential for the corrosion process to take place
(i.e., whether depassivation has occurred) or more direct measurements of
the corrosion rate itself in systems where corrosion is ongoing. The main
tests will be reviewed here and discussed within the context of their sig-
nificance and limitations. The review is based on the following references:
Sagues (1993), Bentur et al. (1997), Carino (1999, 2004), and Wong and
Saraswathy (2007).

8.3.2 Electrochemical corrosion and
nondestructive testing techniques

The driving forces for creating the electrochemical process of corrosion
can be presented in electrical terms, which form the basis for various
nondestructive testing techniques. When the steel is in the active cor-
rosion state, that is, depassivation has occurred, it undergoes a change
in its potential, and potential differences are set up between anodic and
cathodic sites on the surface of the steel. Anodic sites are where depas-
sivation has occurred while at the cathodic sites passivation is still effec-
tive. At this stage, a galvanic cell is set up and current flows between the
cathodic and anodic sites (see Chapter 4) resulting in changes in the poten-
tial of each of the sites until equilibrium is reached, as shown schemati-
cally in Figure 8.3. The curves of the change in potential with increase
in the current are the polarization curves characterizing the behavior at
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Figure 8.3 Polarization curves in corrosion process simulated by short-circuited cell,
showing the corrosion potential E_,,, and the corrosion current |
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the anode and cathode. The equilibrium reached at the intersection of the
curves represents the steady-state corrosion process, which is character-
ized by the corrosion current, i, ., and the corrosion potential, E_,,. The
corrosion current is a direct measure of the rate of corrosion, and from
it one may calculate the rate of loss of steel in units of weight, diameter,
and cross section.

In a steel system which undergoes passivation, the anodic polarization
curve assumes a different form: a slight increase in current and potential
initially, representing an oxidation reaction, and thereafter a sharp decline
in the current with increase in potential, representing the formation of
the passivation film and the isolation of the steel from its surrounding,
causing the sharp decline in the current to negligible values (Figure 8.4a).
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Figure 8.4 Passivation and its disruption by chloride penetration: (a) anodic polariza-
tion curve of passivated system, (b) anodic polarization curves demonstrat-
ing the breakdown of passivation with increasing content of chlorides, and
(c) corrosion current and potential affected by increase in chloride content
as determined from the intersection of the anodic and cathodic polarization
curves. (After Bentur, A., Diamond, S., and Berke, N., 1997, Steel Corrosion in
Concrete, E&FN SPON/Chapman and Hall, London, UK.)
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Depassivation by the penetration of chloride shows up as a sharp rise in
current above a certain critical potential value, which is related to the
chloride content. A higher chloride content results in a lower depassivation
potential (Figure 8.4b) and higher corrosion current, as demonstrated in
Figure 8.4c for the intersection of the anodic and cathodic polarization
curves.

The electrical parameters outlined above (corrosion potential, corrosion
current, and electrical resistance) can be characterized, and their interpre-
tation by expert analysis can serve as the basis for a range of nondestructive
tests for assessing the corrosion behavior in the laboratory as well as on
site. Tests to determine the electrical parameters can assist in character-
izing the state of corrosion, whether the steel is in the active or passivated
state, as well as determine the rate of corrosion when in the active state.
Such tests will be reviewed in this section. Penetration tests of chloride
ingress and carbonation, such as those outlined in Chapter 7, can serve
to quantify the quality of the concrete cover with respect to the time until
depassivation. This has often been used to estimate the service life of the
reinforced system.

8.3.3 Half-cell potential method

Measurement of the potential of the steel embedded in the concrete can
provide an indication of whether it is in the active state. The half-cell
potential measurement can be used for this purpose, as illustrated in
Figure 8.5.

The test method, ASTM C876 “Half-Cell Potentials of Uncoated
Reinforcing Steel in Concrete,” uses a copper—copper sulfate half-cell (the
reference electrode which is made up of a copper rod immersed in a copper
sulfate solution) and is in electrical contact with the surface of the concrete
(achieved by means of a porous plug and a sponge which is moistened with
a wetting solution). The half-cell electrode is affected by the potential in
the concrete cover which is induced by the excess electrons flowing from
the corroding bar. The potential difference between the copper—copper
half-cell and the reinforcing bar measured by a high-impedance voltmeter
(connected on one side to the bare bar and the other side to the half-cell
electrode) is expected to become more negative as the bar corrodes since
more excess electrons become available.

A survey of the potentials measured by this method can be expressed in
terms of an equipotential map, as shown in Figure 8.6.

Guidelines for interpretation of the test results usually suggest that
when the potential is higher (i.e., more positive) than —200 mV it is
unlikely that the steel bar is active and corrosion is unlikely to occur.
When it is below =350 mV (i.e., more negative), it is likely that the steel
bar is active, implying that depassivation has taken place and corrosion
may be occurring.
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Figure 8.5 Test setup for half-cell potential measurements to determine the surface
potential associated with the corrosion current, ASTM C876. (Adapted
from Carino, N. J., 2004, Methods to evaluate corrosion of reinforcement,
in Handbook on Nondestructive Testing of Concrete, 2nd edition, V. M. Malhotra
and N. J. Carino (eds.), CRC Press, Chapter |1, Copyright 2004, reproduced
by permission of Taylor & Francis Group, LLC, a division of Informa plc.)

The results of this test should be viewed as qualitative in nature and
should be interpreted with care, due to some limitations as outlined
below:

® Even if the steel bar is depassivated, the corrosion rate might be low
since it depends on factors such as the availability of oxygen and the
electrical resistivity of the concrete. Relations reported between half-cell
potential and corrosion rates are therefore not clear-cut. Corrosion rates
above 1 WA/cm? can be considered to represent high corrosion while val-
ues below 0.1 uA/cm? are indicative of negligible corrosion rates.

e It should also be noted that the actual potential measured on the
surface of the concrete is not really the same as that of the concrete in
contact with the steel (Figure 8.7). The distribution of the potential on
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Figure 8.6 Example of equipotential contour map for bridge deck. (After Bentur, A.,
Diamond, S., and Berke, N., 1997, Steel Corrosion in Concrete, E&FN SPON/
Chapman and Hall, London, UK.)

the concrete surface is broader than that in contact with the steel, and
this broadening depends on the thickness of the cover and the electri-
cal resistivity of the concrete. Such broadening may detract from the
quality of the resolution of the test.

Reinforcing bar
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Figure 8.7 Schematic description of potential distribution on the concrete surface and
reinforcing bar. (Adapted from Sagues, A. A., 1993, Corrosion measurement
techniques for steel in concrete, Paper No. 353 in Corrosion 93, The NACE
Annual Conference and Corrosion Show; Kranc, S. C. and Sagues, A. A,, 1992,
Computation of corrosion macrocell current distribution and electro-
chemical impedance of reinforcing steel in concrete, in Computer Modeling in
Corrosion, ASTM STP 1154, R.S. Munn (ed.), American Society of Testing and
Materials, Philadelphia, PA, p. 95.)
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® The relationships with potential become very complicated and not
well established when the steel bar is coated with epoxy or galvanized
and when the concrete around the bar is carbonated. Under these
conditions, there is a special need for evaluation of the results by a
specialist. The ASTM standard calls for such precautions.

8.3.4 Concrete resistivity

The electrical resistivity of the concrete cover is an important parameter
controlling the rate of corrosion reactions once depassivation has taken
place. High resistivity will slow down these reactions and reduce them
to values which might be considered as insignificant. Thus, resistivity
measurements can provide a complementary input to potential measure-
ments, which are indicative of the likelihood for corrosion to occur.

The resistivity is dependent on the pore structure and moisture
state of the concrete. Higher resistivity values are obtained in denser
and drier concretes. Thus, measurement on concrete that is wetted can
serve as an indication for its quality, while for a known grade of con-
crete the resistivity can provide an input with regards to its moisture
content.

Resistivity (p) is defined in terms of the dimensions (length, L; and cross-
sectional area, A) and resistance (R) of a conductor:

L
R = P(A) (8.1)

The common test used to determine the resistivity of concrete cover is the
Wenner test (four-point test), shown schematically in Figure 8.8, which is
based on four equally spaced electrodes.

Alternating electric current is impressed on the outer electrodes and the
resulting current is measured between the inner electrodes. The lines of
equipotential and equicurrent are shown in Figure 8.8 and the calculation
of the resistivity is based on the Wenner equation:

The resistivity calculated is an “apparent” one because the Wenner
equation assumes that the material is semi-infinite and homogeneous
and that the electrodes are point shaped (infinitely small) and placed on
the surface. In order to obtain an estimate in which the deviations from
the “real” resistivity are as small as possible, the following needs to be
considered:

® The spacing between the electrodes should be significantly larger than
the maximum size of the aggregate.
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Figure 8.8 Four-probe Wenner test for resistivity. (Adapted from Carino, N. J.,
2004, Methods to evaluate corrosion of reinforcement, in Handbook on
Nondestructive Testing of Concrete, 2nd edition, V. M. Malhotra and N. J. Carino
(eds.), CRC Press, Chapter |I, Copyright 2004, reproduced by permission of
Taylor & Francis Group, LLC, a division of Informa plc.)

® The spacing should not be too large relative to the concrete cross
section in order to eliminate boundary effects.

® Measurements made too close to the steel bars can lead to erroneous
results.

In view of these constraints, recommendations for positioning of the probes
of the four-point Wenner test have been suggested as a function of the maxi-
mum aggregate size, d,,., and the slab thickness, » (Gowers and Millard, 1999;
Broomfield and Millard, 2002; Angst and Elsener, 2014). The probe spacing
should be greater than 1.5 d,,, and smaller than 0.5 4 to achieve a measure-
ment with less than 10% error, and less than 0.25-0.33 of the slab thickness 4,
to achieve a measurement with less than 5% error. The distance from the slab
edge should be greater than twice the spacing between the probes.

Angst and Elsener (2014) noted that the Wenner four-point measure-
ment on the surface yields values that are smaller than those obtained in
the bulk concrete. They attributed this difference to the influence of coarse
aggregates, which distort the current field and thus affect the measurement,
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especially at the sensing electrode. Angst and Elsener thus concluded that
the four-point surface measurement cannot reproduce the bulk concrete
values. Yet they noted that the difference is 10% or even much less if the
guidelines outlined above are followed.

In addition, precautions should be taken that the measurements are
not affected by the presence of reinforcing bars and for that purpose they
should be made midway between reinforcing bars.

8.3.5 Linear polarization resistance

The most direct and valuable way of quantifying the state of corrosion of
the steel in concrete is the evaluation of the corrosion current in the rein-
forcement when depassivation has taken place. In the equilibrium corroding
state, the corrosion current indicates the rate of corrosion. However, this
is an internal current within the system and cannot be directly measured.
Yet, it has been shown that by a small external intervention (change in
potential or impressed current) the equilibrium point is shifted slightly
and a linear relation can be established between the changes in the poten-
tial, AE, and the current, Ai, which is related to the corrosion current i_,,,.
This range, known also as the Tafel extrapolation range, has been quanti-
fied by Stern and Geary (1957) in terms of the polarization potential, R:

AE
R,=— 8.3
PA (8-3)
They showed that R is related to the corrosion current, i,
. _B
o = (8.4)

P

where B is a constant with a value of 26 mV and R, is in units of ohms times
area, and therefore it is not a true resistance although the term polarization
resistance is commonly used. The linear curve obtained in such a test is
shown in Figure 8.9.

On the basis of this concept, the linear polarization test method was
developed, as shown schematically in Figure 8.10.

The system consists of three electrodes, one being the reference half-cell,
the other the reinforcing bar itself (the working electrode), and the third
one being the counter electrode which supplies the current. The system is
equipped with devices to determine the current and the potential differ-
ence. It can operate in two modes:

e The potentiostatic mode in which the current is changed to provide a
constant potential of the working electrode
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Figure 8.9 Polarization resistance curve. (Adapted from Bentur, A., Diamond, S., and
Berke, N., 1997, Steel Corrosion in Concrete, E&FN SPON/Chapman and Hall,
London, UK; after Berke, N. S. and Hicks, M. C., 1990, Electrochemical
methods of determining the corrosivity of steel in concrete, ASTM STP 1000,
25th Anniversary Symposium Committee GI, American Society of Testing and
Materials, Philadelphia, PA, pp. 425-440.)

® The galvanostatic mode in which the potential is changed to pro-
vide a constant current from the counter electrode to the working
electrode

Open circuit potential, that is, the half-cell potential, can be measured by
setting the counter electrode switch open (Figure 8.10a). It is reccommended
to apply steps of voltage change of 4 mV for the polarization measurement.
The affected area of the working electrode is assumed to be the surface
area of the reinforcing bar just below the reference electrode. To assure
this assumption, a modification to the test method can be adopted using an
auxiliary electrode called a guard electrode (Figure 8.11). The guard elec-
trode is kept at a constant potential equal to that of the counter electrode.

Special guidelines and precautions that need to be taken in performing
the test were outlined by Carino (2004):

e The concrete surface has to be smooth (not cracked, scarred, or
uneven).

e The concrete surface has to be free of water, impermeable coatings,

or overlays.

The cover depth has to be less than 100 mm.

The reinforcing steel cannot be epoxy coated or galvanized.

The steel to be monitored has to be in direct contact with the concrete.

The reinforcement is not cathodically protected.

The reinforced concrete is not near areas of stray electric currents or

strong magnetic fields.
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Figure 8.10 Three-electrode system for linear polarization resistance tests: (a) Measure
open circuit potential, E, and (b) measured current i, to produce small
change in voltage AE. (Adapted from Carino, N. J., 2004, Methods to evalu-
ate corrosion of reinforcement, in Handbook on Nondestructive Testing of
Concrete, 2nd edition, V. M. Malhotra and N. J. Carino (eds.), CRC Press,
Chapter |, Copyright 2004, reproduced by permission of Taylor & Francis

Group, LLC, a division of Informa plc.)
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Figure 8.11 Linear polarization device using a guard electrode. (Adapted from Carino,
N. J., 2004, Methods to evaluate corrosion of reinforcement, in Handbook
on Nondestructive Testing of Concrete, 2nd edition, V. M. Malhotra and N. J.
Carino (eds.), CRC Press, Chapter |1, Copyright 2004, reproduced by per-

mission of Taylor & Francis Group, LLC, a division of Informa plc.)
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e The ambient temperature is between 5°C and 40°C.

e The concrete surface at the test location must be free of visible
moisture.

e Test locations must not be closer than 300 mm to discontinuities,
such as edges and joints.

Guidelines for assessing the corrosion risks based on the electrical cur-
rent measurements were proposed by Carino (2004), with classification of
corrosion risk into four categories: negligible, low, moderate, and high for
corrosion current intensities (WA/cm? units) in the ranges of <0.1, 0.1-0.5,
0.5-1.0, and >1 pA/cm?, respectively.

The rates of corrosion, which are measured in units of current density,
can be re-calculated to provide values of loss of weight using Faraday’s law
(ASTM G102), to express them in terms of steel bar diameter reduction.
This calculation provides values that are of direct engineering significance.
A 1 pA/em? current corresponds to 0.012 mm/year reduction in steel bar
diameter. It should be noted, however, that in a calculation of this kind it
is assumed that the corrosion is uniform across the bar. This is the case in
carbonation-induced corrosion but not in chloride corrosion where the deg-
radation process may be localized and the values for reduction in the steel
cross section might be considerably higher than the calculated average, by
a factor as large as one order of magnitude.

It should also be noted that the corrosion rate measurement reflects the
rate at the time of measurement and this is very sensitive to the conditions
at the time of test, such as the moisture content and temperature of the
concrete. These conditions can significantly affect the rates of corrosion of
active steel bar. Therefore, one should not rush to draw conclusions based
on a single test but rather make sure that periodic measurement are taken
over the period of a year, to obtain values which reflect the changes in the
environmental conditions.

8.3.6 Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) technique is based on
applying a sine or cosine wave of AC current with magnitude i, and frequency
f as input. The potential (voltage) response is recorded and characterized by
the magnitude of V;and a phase angle of ¢, with respect to the current, as
shown schematically in Figure 8.12. The measurements of the amplitude
and phase difference of the excitation current and the potential response are
carried out at various frequencies, usually in the range of 1 mHz to 1 kHz.
At each frequency, the electrochemical impedance is defined as a complex
vector equal to the ratio of the potential response to the excitation current.
The response at the different frequencies can be described in terms of pro-
cesses modeled by an electrical analogue consisting of resistance, capacitance,
and/or inductance, as shown in Figure 8.13 for the simplest description.
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Figure 8.12 Excitation current and resulting potential in the EIS method.
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Figure 8.13 Equivalent circuit used to model electrochemical processes at the interfaces.
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Figure 8.14 Nyquist plot.

In this model, the resistance of the concrete is represented by R, the
interfacial resistance (also referred to as polarization resistance) is
represented by R,, and the double layer at the steel-concrete interface is
represented by the capacitance (Cy) in parallel with R,

The impedance using this model can be described in terms of real (resis-
tance) and imaginary (capacitive or induction) components Z and Z”,
respectively. They can be obtained by plotting the imaginary impedance
against the real one; the result is a semicircle with a diameter of R, and
which is offset by a value of R, as shown schematically in Figure 8.14.
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The characteristic values obtained in this plot can be used to model
the system in terms of the ohmic resistance of the steel cover (between
the reference half-cell and the reinforcing bar) and the double-layer
capacitance, as shown in Figure 8.13.

R, is the concrete cover ohmic resistance.

The double-layer capacitance value, Cy;, can be calculated as

1
Cd1=z'TC'Rp'f (85)

where f is the frequency at the highest point on the semicircle.

Thus, the EIS method is more informative because it can provide assess-
ment of the processes at the steel/concrete interfaces and not just the
polarization resistance R,. However, the test is very time consuming and
therefore it has been used mainly for research.
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Chapter 9

Design of concrete
mixtures for durability

9.1 INTRODUCTION
Concrete mix design refers to the process of

1. Selecting the suitable ingredients (cement, supplementary cementing
materials [SCMs], aggregates, water, and admixtures) for a particular
concrete mix

2. Proportioning these ingredients in such a way as to produce a con-
crete that in the fresh state can, without segregating, be mixed, trans-
ported, compacted, and finished, and in the hardened state achieves
the required durability, strength, and dimensional stability

While a great deal of work has been done on the theoretical aspects of
mix design (e.g., de Larrard, 1999), in practice it remains largely an empir-
ical process, because of the large number of variables in the component
materials, production, and exposure conditions of the concrete. Indeed,
it is often considered to be more of an art than a science. In addition to
this theoretical work, there are also many more books, manuals, guides,
and technical papers dealing with the practical considerations involved
in proper mix design (e.g., Shilstone, 1990; ACI Committee 211, 1991;
Kosmatka et al., 2003; Day, 2006). As well, many concrete producers have
their own “in-house” design procedures, tailored to their own sources of
materials.

Before 1919, concrete mix design was a rather arbitrary procedure, with
no specific guidelines on how to develop a suitable mix. For instance, Sabin
(1905) merely states that “one should consider concrete...as a volume of
aggregate bound together by a mortar of the proper strength. The volume
of voids in the aggregate, the percent of the volume filled with mortar, and
the strength of this mortar become then the important considerations in
proportioning concrete.” Proportioning was carried out by volume, rather
than by weight (Thompson, 1909). Only after the publication of Design of
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Concrete Mixtures by Abrams (1919) did concrete mix design start to be
based on the wi/c ratio “law.”*

Abrams discussed concrete mix design almost entirely on the basis of
strength and workability, and this remains largely true today. Only after
certain concrete durability problems came to be understood (e.g., freeze—
thaw cycles, sulfate attack, alkali-aggregate reactions [AARs]) were mix
design procedures developed to deal with these issues. The first consider-
ation in mix design even now still mostly remains compressive strength,
with durability considered only secondarily. For instance, a recent book
edited by Brandt (1998) makes no mention of durability, while de Larrard
(1999) gives durability a scant three pages in a book of 423 pages. This
is most unfortunate; most concrete problems that occur are durability-
related, rather than due to inadequate strength. As well, the sustainability
of concrete is also largely a function of its durability (e.g., Gjorv, 2009;
Aitcin and Mindess, 2011). Thus, concrete mix design procedures based
first on durability considerations, and only secondarily on compressive
strength, would seem to make more sense. However, design based upon
durability is something that is still “more honor’d in the breach than the
observance.” Unfortunately, given the fixation of structural engineers on
compressive strength to the exclusion of other concrete properties, this is
unlikely to change anytime soon!

It is not the purpose here to provide a detailed description of concrete
mix design procedures. These can be found in the references listed above,
and from many other sources. Rather, the focus will be specifically on those
aspects of mix design that concern the durability of the hardened concrete.

9.2 FUNDAMENTALS OF MIX DESIGN

For any concrete mix design method, the basic design considerations are
the same:

e The economy of the mix, comprising the costs of the materials, labor,
and equipment

e The rheological properties of the fresh mix, taking into account the
equipment and personnel available

e The compressive strength of the hardened mix, including both the
rate of early strength gain and the design strength

e The durability of the resulting hardened concrete, considering the
expected environmental conditions to which the concrete will be
exposed

e The specified service life of the structure

* Feret (1896) had formulated a more general expression of concrete strength in terms of the
“cement/total voids” ratio, of which Abrams’ law is a special case.
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The mix design process thus requires a satisfactory resolution of all of
these requirements. Since these often cannot all be optimized simultane-
ously, some compromises (as between strength and workability or durabil-
ity and economy) may be required in any particular case. It should also be
emphasized that even a “perfect” mix will not perform adequately if the
proper mixing, placing, finishing, and curing procedures are not carried out.

Although the many different mix design procedures referred to above
differ in detail, they all do in the end lead to very similar concrete mixes;
the laws of physics and chemistry are, after all, universal. However, in any
comparison of these different methods, it must be remembered that dif-
ferent jurisdictions may measure strength in quite different ways, so that
a “North American” compressive strength determined from cylinder tests
is quite different from (and generally smaller than) a “British” compres-
sive strength determined by testing cubes. Moreover, cylinders (or cubes)
of different sizes also will yield different strengths. Similarly, the different
national test methods used to measure such things as sulfate concentra-
tions may also lead to somewhat different values. It is therefore important,
wherever possible, to work within the standards and specifications of the
jurisdiction in which the structure is being built. Transporting one’s own
national standards into a different country is never advisable.

9.2.1 Design procedures

In general, most design procedures involve the following steps:

1. Information is required about the structural requirements, such as
required strength, exposure conditions, types and dimensions of the
structural members, reinforcing details, and any other special require-
ments. As well, the properties of the available coarse and fine aggre-
gates such as their unit weights, sieve analyses, absorption capacities,
and so on must be determined. Finally, the types, properties, and
availabilities of the cementing materials (Portland cement, fly ash,
silica fume, filler materials, and other pozzolans) should be known.

2. The required slump (or other measure of workability) should be speci-
fied; ideally, one would choose the lowest slump that will permit ade-
quate placement and consolidation.

3. The maximum aggregate size should be selected. While the largest
size allowable will minimize the required binder content, more com-
monly now rather smaller sizes are chosen to make placement of the
fresh concrete easier.

4. Once the workability and maximum aggregate size are chosen, it is
possible to estimate the amount of water (and entrained air if freeze—
thaw exposure is a consideration) to provide the required workability.

5. Itis now possible to estimate the amount of cement (or binder) required
to provide a w/c (or w/b) that will provide the necessary strength and
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durability. Most national standards have fairly detailed guidelines as
to the selection of w/c, strength, and air content for different classes of
structures, depending on the severity of the environmental exposure
(see Chapter 5).

6. The volumes of coarse and fine aggregate are then determined, based
on the fineness modulus of the sand and the maximum aggregate size
and, of course, their specific gravities (or relative densities). Typically,
the coarse and fine aggregate will occupy about 65%-70% of the
concrete volume.

7. The relative amounts of the materials chosen may then be slightly
adjusted to make sure that they make up a volume of exactly 1.00 m3.

8. Finally, and perhaps most importantly, trial batches of the selected
mix design are prepared and tested, to ensure that all of the require-
ments of both the fresh and hardened concretes are met. If not, the
mix is adjusted to correct any deficiencies.

Of course, it is not necessary to go through this procedure for each differ-
ent project. The ready-mix concrete producers and large precast companies
all have detailed charts that provide the mix designs for a wide variety of
strength and durability requirements, including the use of blended cements.
These are based on their experience with their locally available materials, and
are generally highly reliable. Only for very special structures, or when having
to use unfamiliar materials, are these detailed mix design procedures used.

The procedures outlined above should provide satisfactory concrete.
However, it is worth emphasizing the special requirements for concretes
exposed to severe exposure conditions. In what follows, a number of dif-
ferent specific durability cases are examined in more detail.

9.2.2 Freezing and thawing

Concrete exposed to repeated cycles of freezing and thawing when in a
saturated or near-saturated (relative humidity >90%) state is susceptible to
severe damage if appropriate measures are not taken. This problem is par-
ticularly severe in northern Europe, the northern parts of North America,
and the northern parts of Asia. This is not a function of the chemistry of
the Portland cement, but rather a function of the porosity and pore size dis-
tribution of the hardened cement paste. (The voids in the concrete resulting
from incomplete compaction are most commonly filled with air rather than
water, and so do not play a significant role in freeze—thaw damage.) It has
long been known, however, that there is a relatively simple solution to this
problem: incorporating a small volume of entrained air, to provide some
empty space within the hardened cement paste in which the water can move
and freeze without causing damage. This can easily be done using any of
the many air-entraining admixtures commercially available. Typically, the
spherical entrained air bubbles range in size from about 0.05 to 1.25 mm.
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For good freeze—thaw resistance, the spacing factor (i.e., the average dis-
tance from any point in the paste to the edge of the nearest void) should
be less than 0.2 mm. In general, the total air content in the concrete as
measured by the standard tests should be in the range of about 5%-8%,
depending upon the maximum aggregate size. Optimum frost resistance is
achieved when the air content in the cement paste is about 17%. It should
be noted, however, that the entrained air does have an adverse effect on
strength; every additional 1% increase in entrained air reduces the com-
pressive strength by between about 2% to 9%, depending on the cement
source, admixtures, and the other mix ingredients (Kosmatka et al., 2003).
This can be overcome by appropriately reducing the wic ratio.

Like cement paste, aggregates themselves can be damaged by repeated
cycles of freezing and thawing. The susceptibility of an aggregate to freeze—
thaw damage depends on the porosity and permeability of the aggregate,
the degree of saturation, its tensile strength, and the size of the particle.
Fortunately, most aggregates have such a low porosity that the expansion of
any water on freezing causes strains too small to initiate cracking. As well,
even for complex pore systems, the critical degree of saturation is about
90% (Winslow, 1994). There is also a critical size below which freeze—thaw
damage will not occur; for most aggregates, this is larger than the typical
aggregate sizes used in construction. However, there are some aggregates
(poorly consolidated sedimentary rocks such as some shales, cherts, or lime-
stone) for which the critical size is less than the maximum size of aggregate
used in practice. Such aggregates typically have a total absorption of water
greater than 1.5%. Unfortunately, the various test methods that purport to
evaluate the freeze—thaw resistance of aggregates tend not to be very reliable.

9.2.3 Sulfate attack

Sulfate attack is one of the most common and widespread forms of chemi-
cal attack on concrete. Sulfates are often present in soils and groundwaters,
or may derive from industrial wastes such as mine tailings. If present in
sufficient concentration, cracking and expansion of the concrete will occur,
eventually leading to disintegration of the concrete, unless the concrete has
been specifically designed to withstand sulfate attack. Sulfate attack is a
highly complex process; depending on the particular sulfate, it may involve
some or all of the cement hydration products. Though there is still consid-
erable debate as to the precise mechanisms involved in sulfate attack, there
is general agreement on the cause: the susceptibility of concrete to sulfate
attack is directly related to the C;A content of the cement; the higher the
C;A content, the more severe the attack. There are basically two mecha-
nisms to be considered: formation of gypsum (gypsum corrosion) and for-
mation of ettringite (sulfoaluminate corrosion).

Gypsum corrosion involves the reaction between sulfate ions and cal-
cium hydroxide:
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Ca(OH), +SO,* (aq) <> CaSO, - 2H,0 + 20H (aq) (9.1)

This reaction is accompanied by an expansion in solid volume of about
120%. It encourages the penetration of sulfate ions into the concrete
and concentrates them in a form in which they can react directly with
monosulfoaluminate.

Sulfoaluminate corrosion involves the formation of ettringite from
monosulfoaluminate:

Ca4A12 (OH)12 . SO4 . 6H20 + 2C3804 . 2H20 + 16H20

monosulphate sum
ulp gyp: (9.2)

4 CaéAlz(OH)lz : (SO4 )3 . 26H20

ettringite

This reaction is accompanied by a volume increase of about 55%; this
volume expansion within the paste generates internal stresses that will
eventually lead to cracking.

The most common sulfates are calcium sulfate, sodium sulfate, magne-
sium sulfate, and ammonium sulfate, and each reacts somewhat differently
with hydrated Portland cement. As Taylor (1997) has pointed out, “the
reactions of the cations and anions in...solution are essentially separate,”
which adds to the complexity of sulfate attack.

There is general agreement on how to mitigate sulfate attack: use cement
with a low C;A content and use a low w/c concrete. The severity of the
attack dictates the details of how the concrete mix is to be designed. The
Canadian requirements are given in Table 9.1.

Other national standards are essentially similar; they differ mostly in the
limits on sulfate concentration used in their definitions of “severe” or “very
severe.” For higher sulfate concentrations, blended cements are most com-
monly used; the use of pozzolanic materials to replace some of the Portland
cement effectively reduces the C;A content of the binder.

Thaumasite sulfate attack is a particular form of sulfate attack that
also involves the aggregates. Thaumasite is a complex calcium carbonate—
silicate—sulfate hydrate (CaCO; - CaSiO, - CaSO, - 15H,0). The necessary
conditions for its formation are a cold (<15°C), wet environment, sulfates
or sulfides in the ground, moisture in the form of mobile groundwater, and
carbonate-bearing aggregates such as limestones or dolomites. This form
of attack ends with the conversion of the concrete to a mushy paste, as the
C-S-H breaks down in the presence of the sulfate and carbonate ions and
the binding properties of the matrix are destroyed.

Whether thaumasite is formed depends on the amount of CaCO; in
the aggregate: the risk of attack is reduced when the carbonate fraction is
below 10% of the fine aggregate or 30% of the coarse aggregate. As with
all other forms of chemical attack, the severity of attack is reduced with
high-quality, low w/c concrete.
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9.2.4 Alkali-aggregate reactions

The AAR (Blight and Alexander, 2011) refers to a reaction between alka-
lis (sodium and potassium) in the cement and certain types of aggregate.
The main types of these reactions are the alkali-silica reaction (ASR), and
the alkali-carbonate rock reaction (ACR).

The ASR involves the reactions between the alkalis in the pore solu-
tion and certain types of silica, such as volcanic glasses, opal, cristobalite,
tridymite, chert, chalcedony, microcrystalline quartz, and so on. These
reactions can lead to the formation of expansive alkali-silica gel in the con-
crete, which in turn may lead to extensive cracking. The ACR, on the other
hand, does not produce a swelling gel. Rather, the coarse aggregate par-
ticles themselves expand, due to the reaction between the alkali hydroxides
and small dolomite crystals within a clay matrix. This type of reaction is
limited to carbonate aggregates containing clay, such as certain argillaceous
dolomitic limestones. Fortunately, this type of reaction is quite rare, occur-
ring primarily in certain parts of Canada. There is a substantial literature
dealing with the mechanisms of ASR, which is summarized for instance in
Blight and Alexander 2011, or in any of the standard concrete textbooks;
it is thus not necessary to describe these mechanisms here. Instead, let us
consider how to assess aggregates for potential alkali—aggregate reactivity,
and how to mitigate against AAR if reactive aggregates must be used.

Ideally, of course, field performance over a long period of time is the best
indicator of the potential reactivity of an aggregate. However, these data
are often not available, and so a great many relatively short-term laboratory
tests for reactivity have been developed, though they do not necessarily cor-
relate all that well with field performance. As described by Alexander and
Mindess (2005), these tests fall into three broad categories: nonquantitative
tests used for initial screening; indicator tests to distinguish between reac-
tive and nonreactive aggregates; and performance tests, providing informa-
tion on how to avoid damaging expansions.

The most common screening test, and always a good place to start, is a
detailed petrographic examination of an aggregate source by a qualified
petrographer. The most common indicator tests involve producing mortar
bars containing the suspect aggregate, and measuring the length change
over a period of time, in some cases up to 1 year. Examples of such tests
are ASTM C227 and ASTM C1260, which are mortar-bar tests for poten-
tial alkali—aggregate reactivity, and the RILEM TC 106 “ultra-accelerated
mortar-bar test.” Performance tests, such as ASTM C1293, employ larger
prisms, so that actual concrete mixes may be tested; they also may be used
to evaluate the effects of SCMs. These tests generally require a long dura-
tion, typically 1 year, for meaningful results to be obtained. Finally, long-
term structural monitoring of actual structures must be used to monitor
structures undergoing AAR, in order to assess their structural integrity
over time.
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The ACR most commonly involves reactions with very fine-grained dolo-
mitic limestones [CaMg(CO;),] containing some clay; these reactions too
can cause expansion and cracking. Tests for these aggregates are described
in ASTM C586, which involves immersing a small rock cylinder in an
alkali solution, and ASTM C1105, which involves measuring the length
change of a concrete bar.

9.2.4.1 Mitigation of AAR

Of course, the easiest and best way to guard against AAR damage is to use
nonreactive aggregates, as indicated by the various tests mentioned above.
If it does become necessary to use potentially reactive aggregates, however,
there are a number of steps that can be taken to mitigate against AAR
damage.

9.2.4.2 Use of a low alkali cement

It has been established experimentally (first by Stanton, 1940) that below
a %Na,0 equivalent™ of 0.6%, deleterious expansions due to ASR do not
generally occur. (For ACR, the alkali content should be below 0.4% Na,O
equivalent.) More recent research (Hobbs, 1988) has suggested that the
total alkali content of the concrete is also important; the upper limit on the
Na,O equivalent to avoid damage appears to be about 4 kg/m? (but may be
significantly lower in some cases). Indeed, for concretes with high cement
contents (such as many high-strength concretes), it has been suggested that
a safe upper limit on alkalis would be about 3 kg/m3. Unfortunately, over
time, the alkali contents of cements have tended to increase, due to environ-
mental regulations and changes in manufacturing technology.

9.2.4.3 Use of a low wic

For AAR to occur, a supply of water is required to cause swelling of the
alkali-silica gel. Therefore, low w/c concretes with a reduced permeabil-
ity will at least delay the onset of deleterious expansions. If absolutely no
external water is available, such expansions will not occur.

9.2.4.4 Use of SCMs

Fly ash, silica fume, metakaolin, ground-granulated blast-furnace slag, and
other pozzolanic materials have been found to be effective in mitigating
AAR, by effectively reducing the alkali content of the cementitious material;

* The %Na,O equivalent is given by %Na,O + 0.658%K,0, where the factor 0.658 derives
from the ratio of the atomic mass of Na,O to K,O. That is, the equation describes the
equivalent effect of sodium in contributing alkalis.
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typically, a 15%-20% cement replacement by Class F fly ash is sufficient.
SCMs will also reduce the alkalinity of the pore solution, which is helpful.
Silica fume can be particularly effective in reducing AAR, through both
its pozzolanic action and its role in reducing the permeability of the con-
crete. This becomes particularly apparent in very high-strength concretes
(Xincheng, 2013). There are several test methods to evaluate the efficacy
of SCMs in reducing AAR expansion, such as ASTM C441 and ASTM
C1567, both of which employ mortar-bar specimens.

9.2.4.5 Other chemical additions

Lithium compounds (LiNO; and LiOH) have also been found to reduce
AAR expansions (Blight and Alexander, 2011), apparently due to the pref-
erential formation of nonswelling lithium silicate hydrates.

9.2.5 Abrasion and erosion

The abrasion and wear of concrete are governed primarily by the aggregate,
which is almost always harder and stronger than the cement paste (except
for extremely high-strength concretes). This is a significant issue for con-
cretes exposed to surface wear, such as pavements, airport runways, dam
spillways, concrete canals carrying silt or gravel, or abrasion-resistant floor
toppings. Abrasion of the aggregate in concrete will occur only after the
aggregate particles become exposed due to the wearing away of the origi-
nal concrete surface. In all cases, it is best to use aggregates that are hard,
strong, and free of soft or friable particles. A low wi/c ratio, high-strength
concrete is also useful. It has also been reported (Bentur and Mindess,
2007) that the use of fiber reinforced concrete can improve the abrasion
resistance. However, it must be remembered that stronger aggregates and a
better paste—aggregate bond can only delay wear and abrasion, but cannot
completely eliminate it (Mindess and Aitcin, 2014).

The type of abrasive wear does, however, impose somewhat different
aggregate requirements. For erosion due to suspended solids in flowing
water, larger aggregate particles work better; for concrete subjected to cavi-
tation, smaller (<20 mm) particles are preferred. For abrasion, the aggre-
gate behavior becomes increasingly important as the concrete strength falls
further and further below about 40 MPa.

9.2.6 Concrete exposed to sea water

Concrete in coastal areas will inevitably be exposed to sea water, which
contains about 3.4% of dissolved salts. These salts are mostly chlorides
and sulfates of sodium and magnesium (Table 9.2); all of these would be
expected to adversely affect the properties of both fresh and hardened
concrete.
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Table 9.2 Typical composition® of sea water (ppm)

Sodium chloride (NaCl) 27,000
Magnesium chloride (MgCl,) 3200
Magnesium sulfate (MgSO,) 2200
Calcium sulfate (CaSO,) 1100
Calcium chloride (CaCl,) 500

2 These are simply average values; they are slightly different
in different seas and oceans, and can be quite diluted near
the mouths of major rivers. For instance, values near the
mouth of the Fraser River in British Columbia are about
half of the numbers cited above. On the other hand, the
Dead Sea has a salinity of about 34.2%!

9.2.6.1 Fresh concrete

Sea water should never be used as mixing water for concrete, except in the
most extreme circumstances. The chlorides will lead to early corrosion of
the steel reinforcement, and the sea water will lower the ultimate strength
(though early strength gain will be accelerated because of the action of the

chlorides).

9.2.6.2 Hardened concrete

One of the most severe environments to which hardened concrete may be
exposed is seawater, particularly in structures subject to freezing and thaw-
ing cycles, such as the oil platforms in the North Sea. There are two dif-
ferent sets of mechanisms at play: deterioration of the concrete itself due
to chemical attack by the seawater, exacerbated by freeze—thaw cycles and
cycles of wetting and drying in the intertidal zone; and corrosion of the
reinforcing steel by the chlorides in the water. There may also be abrasion
of the concrete by ice floes.

Sea water is less corrosive than one might expect, given its chemical com-
position. This is in part due to the protective nature of the Mg(OH),, which
tends to seal the concrete by filling in some of the pores. As well, gypsum
and ettringite are more soluble in chloride solutions, which tend to limit
deleterious expansions. For the concrete itself, the leaching of lime and cal-
cium sulfate will lead to a gradual reduction in strength. The more serious
problem is corrosion of the steel reinforcement.

There is no simple solution to these problems. Again, a low w/b, air-
entrained concrete is a good start. For instance, for the Confederation
Bridge in Eastern Canada (Aitcin et al., 2016), located in a marine envi-
ronment and subject to both freeze—thaw cycles and ice abrasion, it was
ultimately decided to use a low alkali, blended cement containing 7.5%
silica fume, an air content of 5% after pumping, and a w/c of =0.30. This
provided a concrete with a compressive strength of 72 MPa that was able
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to meet the freeze—thaw requirements of Procedure A of ASTM C666 (300
cycles of freezing and thawing in water). The bubble spacing factor of the
concrete was 350 um. To help protect the steel, a concrete cover of 75 mm
was specified, taking into account the abrasion of the concrete piers by
moving ice. This example covers the elements needed for concrete designed
to be used in such severe marine environments:

Low w/b

Cement blended with silica fume
Low alkali cement

Additional cover over the steel

A somewhat different approach has been used in the North Sea offshore
structures built for the oil and gas industries. Those recommendations
include a maximum w/c of 0.40 or less, a minimum cement content of
400 kg/m3, and sufficient air entrainment (Gjerv, 2009). A 2- to 3-mm-
thick epoxy coating applied during slipforming was also found to be
effective.

9.2.7 Acid attack

Hardened cement paste is an alkaline material; the pH of the pore water
is about 13.0. Thus, concrete is subject to attack by acids in liquid form
(concrete can be used to store dry chemicals).

The principal reaction in acid attack is the leaching of calcium hydroxide
by hydrogen ions:

Ca(OH), + 2H" — Ca*" +2H,0 (9.3)

If the acid is concentrated, there may also be attack on the C-S-H, form-
ing silica gel:

3Ca0-2Si0, - 3H,0 + 6H* — 3Ca** +2(Si0, - nH,0) + 6H,0 (9.4)

C-S-H Silica gel

Of course, as for all other forms of chemical attack, the concrete should
be made as impermeable as possible. However, in this case, the chemistry
of the binder should be considered: binders based on pozzolanic cements or
on blast-furnace slag are more resistant to acid attack, because the CaO is
combined in a less soluble form.

One particularly common form of acid attack is the attack by sulfu-
ric acid in sewer pipes, where the sulfuric acid is produced through the
action of certain anaerobic bacteria. These bacteria cause the formation
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of hydrogen sulfide; if the sewer is not running full, the hydrogen sulfide
gas dissolves in the water films on the exposed concrete surfaces, leading
eventually to the formation of sulfuric acid. This is considerably exac-
erbated by the action of other sulfide-oxidizing bacteria on the exposed
pipe walls, which biogenically produce sulfuric acid. There are several
measures that can be taken to increase the service life of concrete in such
cases:

* Using limestone or dolomite aggregate instead of siliceous aggregate,
since calcareous aggregates help to neutralize the acid.

¢ Chemical treatments of the concrete surface that precipitate insoluble
salts to fill the pores, or to provide a resistant surface coating. Such
chemicals include sodium silicate (water glass), fluoride salts, and cer-
tain iron compounds.

e The surface can be treated with carbon dioxide gas or silicon tetra-
fluoride vapor. These gases form highly insoluble CaCO; or CaF,,
respectively, which seal the surfaces.

However, it is probably more economical to design the pipes so that they
always run full, though this is not easy in gravity sewers. A further measure
is the use of calcium aluminate cements, which appear to have a stifling
effect on biogenic acid production.

9.2.8 Corrosion of steel in concrete

The corrosion of steel in concrete is probably the most widespread and
serious durability problem in North America and wherever chloride based
deicing salts are used. As mentioned above, it is also a problem in marine
structures. Corrosion of steel results in the formation of rust, which is an
expansive reaction that can lead to cracking and spalling of the concrete.
This is accompanied by a loss of steel cross section due to the corrosion,
leading to a loss of load-bearing capacity of the structural member. Rusting
is an electrochemical process that requires a flow of electrical current for
the corrosion reactions to proceed. Oxygen and moisture must both be
available for rusting to occur. The chemistry of steel corrosion in concrete
has been described in detail elsewhere (Bentur et al., 1997; ACI 222R,
2001), as well as in Chapters 4 and 8 of this book, and will not be discussed
here. The focus will be on how it can be prevented, or at least mitigated, in
concrete design.

In order to protect steel against corrosion, it is necessary either to restrict
the availability of water and oxygen at the steel surface, or to prevent elec-
tron flow within the steel. As stated repeatedly above, a low w/b concrete
and the addition of some silica fume or other reactive cement extender will
help to minimize the permeability of the concrete, and at least delay the
penetration of chlorides to the level of the steel, and will also make it more
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difficult for water and oxygen to penetrate into the concrete. Protective
membranes and specially designed overlays can also be helpful in this
regard.

A number of corrosion-inhibiting admixtures are also now available.
The most common one is calcium nitrite (Ca(NO,),), which is added to
the mixing water. When used with high-quality concrete, and a sufficient
depth of cover over the steel, it has been successful in suppressing the elec-
trochemical process leading to corrosion. The calcium nitrite converts the
passive film of ferrous oxide to y-ferric oxide, which is then redeposited on
the surface of the steel:

Fe’* +(OH) + NO,” - NO T + y-FeOOH (9.5)

There are a number of organic corrosion inhibitors also available com-
mercially, primarily alkanolamines and amines and their salts (Elsener,
2011), combined with organic or inorganic salts. These are mostly propri-
etary formulations. Migrating corrosion inhibitors are also available. They
are applied on the concrete surface, and then migrate through the concrete
to the steel reinforcement.

At one time, fusion-bonded epoxy coatings on the steel surface were
thought to be the most effective means of preventing steel corrosion.
However, if the epoxy coating is damaged or scratched, very rapid local-
ized corrosion will take place at these areas. With the advent of the corro-
sion inhibitors, the use of this “green” reinforcement is now less common.
Similarly, stainless-steel reinforcing bars may be used. They are very effec-
tive in preventing corrosion, but are generally too expensive for “ordinary”
use. They have been used successfully in extreme marine exposure condi-
tions (Gjerv, 2009), where the increase in service life more than compen-
sates for the high cost of the steel.

9.3 CONCLUDING REMARKS

In the design of concrete mixtures, durability considerations should be
accorded the same importance as is given to strength and other mechani-
cal properties. Possible destructive mechanisms should be identified at the
beginning of a project, and it should then be possible to design a concrete
mix that meets both strength and durability requirements. In practice,
durability problems are more likely to occur through improper handling,
placing, and curing of the concrete, or through poor design details such as
inadequate drainage, than through poor materials selection. It should also
be emphasized that to maintain adequate concrete behavior throughout the
projected life of the structure, there must be a well-thought-out protocol for
regular monitoring and maintenance of the structure, with any necessary
repairs carried out in a timely manner.
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Chapter 10

Durability and construction

10.1 INTRODUCTION

Other chapters in this book have dealt with, inter alia, durability modeling
and design, specifications, use of durability indicators, durability testing,
and concrete mixtures for durability. These all relate to efforts by design-
ers and owners of infrastructure to achieve durable concrete construction.
Ultimately, durability is achieved, or frequently not achieved, during actual
construction. The best design intentions and use of the most appropriate
materials will be in vain if these intentions and the materials’ potential for
durability are not realized during construction.

The achievement of durability during the construction process is not
trivial. The many and varied operations on a construction site, whether
for a relatively small building or a large complex infrastructure project, all
contribute in different ways to the final quality of the built structure. Thus,
every step in the construction process needs to be carefully planned and
controlled by the constructor to achieve the desired quality of construction.

Many practical construction details are beyond the scope of this chapter,
and other comprehensive texts should be consulted (e.g., ACI 304R-00;
Murdock et al., 1991; Owens, 2009%; Kosmatka et al., 2003). This chapter
will cover certain critical issues in the practical achievement of durability
by focusing on aspects such as concrete manufacture, construction chal-
lenges and site practices, and quality control for durability. Two brief case
studies of durable construction are also given at the end.

The terms “durability” and “quality” need definition. “Durability” has
several formal definitions (see Chapter 3) relating to the ability of the struc-
ture to perform its intended function in the design environment over its
specified life. The emphasis is on functionality and there is acceptance of
a notional service life. “Quality” is a broader and more complex term.
According to the Oxford Dictionary, it is “The standard of something as
measured against other things of a similar kind; the degree of excellence

* Chapter 12 of Owens (2009)—Fulton’s Concrete Technology (9th edition) was useful in
the preparation of this chapter, and this source is hereby acknowledged.
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of something.” Thus, quality has to do with a standard of measurement;
we will take this to be the requirements of the construction specification,
although as noted previously, these can themselves be ambiguous and
vague. This requires dialogue between all concerned parties (client, engi-
neer, constructor, and material supplier) at the commencement of the work
to produce a durable structure. It also underlines the need for unambigu-
ous and clear performance-based specifications as a necessary though not
sufficient prerequisite for improving the quality of concrete construction.
In this chapter, “durability” and “quality” will be taken to refer broadly to
the same idea, that is, conformity with a given standard of performance.

10.2 CONCRETE MANUFACTURE

Concrete manufacture and construction are multistep processes, illus-
trated in Figure 10.1. They involve materials selection (depending on the
type of specification) and sampling, batching and mixing, and final finish-
ing and protection afforded the freshly cast concrete structure. Figure 10.1
relates mostly to the activities of the concrete constructor, where experi-
ence and expertise are essential for high-quality construction. The skills
involved in good concrete construction are as demanding as in any other
industry and need serious attention. Producing high-quality concrete is
not particularly difficult, provided attention is paid to the processes indi-
cated in Figure 10.1. What is challenging is to produce high-quality con-
crete consistently.

This section concentrates mainly on batching and mixing of concrete—
whether on-site or in a ready-mix operation. Other processes in Figure 10.1
are equally important, however. Advantages and disadvantages attach to
whether to use site production or ready-mix production. In the end, the
quality of the concrete as delivered to the final point of placing or discharge
is the critical issue; it is possible to obtain quality concrete from either pro-
duction process.

10.2.1 Batching of concrete mixes

Batching is the process of measuring the concrete ingredients accurately
and consistently, to produce mixes that are consistent in quality and in
properties related to processing or placing, such as workability. Batching
may be carried out by mass or by volume. The latter is not favored for pro-
duction of high-quality concrete mixes because of difficulties in obtaining
consistent proportions in the mix; for example, both sand and cement may
have very different loose bulk densities depending on their moisture and
aerated state.

Batching systems and equipment should be chosen to suit the particular
operation. Essential elements of such systems are reliable means of moving
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Figure 10.] Processes involved in concrete manufacture and construction. (After
Owens, G. (ed.), 2009, Fulton’s Concrete Technology, 9th edition, Cement &
Concrete Institute, Midrand, South Africa, Figure 12.1, reproduced with
permission from the Concrete Institute.)

materials around the plant; robust materials storage facilities, for example,
silos or bins; accurate and reliable mass-measuring devices that are regularly
calibrated and checked; and suitable protection from the elements and envi-
ronment so that ingredients are not contaminated. Daily checking and regu-
lar calibration of mass-measuring devices is very important. Guidance can
be found in, for example, BS EN 206-1, ASTM C94, and CSA A23.1/A23.2.

Batching operations may be manual, semiautomatic, or fully auto-
matic. Automated systems are needed for large production volumes where
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monitoring of material flows is continuous, with electronic switches being
activated to cut off flow when the required mass is reached. Interlocks
are included to interrupt an automatic cycle when preset mass tolerances
are exceeded. Automated systems should record the mix details and also
permit stock control since quantities of batched materials are continu-
ously recorded. Guidance can be found in, for example, SANS 878 and
ASTM C94.

10.2.1.1 Control of mixing water content

Control of mixing water content during the batching process is probably
the single most important operation (other than control of binder or cement
content) that influences consistent quality of concrete. In practice, final
control of water content is often done by observing the consistence (slump
or flowability) of concrete in the mixer or truck and withholding or adding
increments of water accordingly. This results in variable water contents in
the delivered mixes. Together with the poor practice of uncontrolled addi-
tion of water at the final point of discharge if the slump appears too low
(this is often not assessed properly), the consequence is that on-site concrete
may contain highly variable water contents that can have serious implica-
tions not only for durability but also for concrete strength.

ASTM C94/C94M-14b and ACI 117-10 state that the total mixing water
should be within +3% of the design mix quantity. Total mixing water
includes all water added to the batch during mixing, water from aggre-
gate moisture content, admixture water content, and so on. Most chemical
admixtures contain in excess of 60% water and this should be included in
the mixing water. Regarding batch mixing water, ASTM C94 requires that
this be accurate to within £1% of the design quantity. On the basis of a mix
water requirement of, say, 200 L/m3, the above tolerances translate into
ranges of 12 and 4 L/m?3, respectively. This could amount to a difference of
0.04 w/c ratio units (which could double if the tolerance for cement batch-
ing is added), which is very significant, with consequences for variation of
in situ properties, including durability.

The added water content is strongly influenced by the water content of the
aggregates, and this makes consistent concrete water content a challenge.
Water contributed by aggregates can be substantial, up to 50 L/m? of total
water content or more. Therefore, errors in estimating aggregate moisture
content have large influences on mixing water content and therefore also on
w/c ratio and consistence. Aggregate moisture content should be measured
or estimated to within 1% error, preferably by using laboratory methods
or calibrated aggregate moisture meters, which allow automatic compensa-
tion of batch water. Water content can then be controlled by a combina-
tion of adjustment due to moisture in the aggregate particularly the sand,
observation of consistence in the mixer, monitoring of mixer torque, and
carrying out of regular slump or other suitable workability tests.
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Water is also added to ready-mix trucks at various points, often deter-
mined by the truck operator based on visual observation. ASTM C94
allows a one-time addition of water so that concrete slump can be brought
to specified levels, provided the total design mixing water content is not
exceeded.

A further factor is the influence of temperature and delivery time on mix-
ing water requirement. An NRMCA* study (Gaynor et al., 1985) showed
that a mix designed for a concrete temperature of 18°C and delivery time of
20 minutes could have an increase in mixing water requirement of approxi-
mately 40 L/m?3 if the mix temperature increased to 35°C and delivery time
to 90 minutes. Such situations will obviously lead to increased standard
deviations in strength, and more importantly to durability variations.
(Refer to Gaynor et al. [1985], for further details.)

10.2.1.2 Quality control of concrete constituents
and concrete production

To produce good quality concrete consistently requires that the quality and
consistency of the constituent materials are maintained during the job, and
that close attention is given to all aspects of concrete production. A sam-
pling and testing program for quality control of concrete materials and
production must be introduced. BS EN 206-1 has an entire clause (Cl. 9)
dedicated to the issue of production quality control. According to this stan-
dard, production control comprises all measures necessary to maintain the
properties of concrete in conformity to specified requirements, including

Production control systems

Recorded data and other documents
Testing

Concrete composition and initial testing
Personnel, equipment, and installation
Batching of constituents

Mixing of concrete

Production control procedures

The relevant sections of BS EN 206-1 take account of the principles of
EN ISO 9001 (which is concerned with the criteria for a quality manage-
ment system).

Some practical issues that should be considered are mentioned here.

1. Where possible, raw materials should be inspected in the trucks before
unloading. Aggregates should be inspected for cleanliness, size, color,
and contamination. Admixture containers must be clearly identified

* National Ready Mixed Concrete Association (USA).
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and stored such that the contents are not exposed to extreme tem-
peratures. The seals on the inlet and discharge valves of tankers for
cementitious materials must be intact, must be the correct color, and
carry the correct code/serial/delivery number. Care must be taken to
discharge into the appropriate silo.

2. Materials must be handled and stored in such a way that their qual-
ity does not deteriorate. Aggregates may be stored in separate stock-
piles, ground storage bays, or overhead bins. Tipping and handling of
aggregates to prevent segregation and intermingling are important.
Stockpiles placed close together require partitions to prevent contami-
nation or mixing with adjacent materials. Suitable drainage is also
required, for example, a concrete floor laid with a fall. When loading
aggregates from stockpiles on the ground, care must be taken by the
loader operator not to contaminate the aggregate by scraping too low.
This not only contaminates the aggregate but also causes a depression
in which water will accumulate. The operator should be instructed
to leave at least 300 mm of aggregate on the ground. Where possible,
during inclement weather, variations in the aggregate moisture con-
tent can be minimized by covering with tarpaulins or heavy plastic
sheeting. During hot weather, coarse aggregates may be cooled by
water spraying (with suitable allowance made for adjustment to mix-
ing water content), while in cold areas, frosting of aggregates should
be minimized by steam heating or other methods of raising the tem-
perature or preventing freezing.

3. Cement may be delivered in bulk by road or rail tanker, or in bags.
Bagged cement requires special precautions during storage, to prevent
contamination and exposure to moist or humid conditions. A clear
system of “first in, first out” is required to ensure that cement is used
in the order in which it is delivered. Obviously, if cement silos are used
for storage, which is the preferred method, the cementitious materials
are better protected and used in the correct order of delivery.

Quality control for durability is specifically covered later in this chapter.

10.2.2 Concrete mixing

Concrete mixing is the process of ensuring that all ingredients are inti-
mately combined and evenly distributed throughout the mass of fresh
concrete, which is essential for homogenous and uniform concrete on the
job site. Mixing is an advanced technology in its own right, and specialist
texts should be consulted, for example, on types and proper operation of
mixers, machine versus hand mixing, and so on (see, e.g., ASTM C94M-
14b). Machine mixing is preferred, if not mandatory, for high-quality
jobs because of the better uniformity of mixing achieved. Mixing can be
accomplished in continuous or batch mixers of various designs. Pan mixers,
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Figure 10.2 Inside of modern mobile pan mixer.

such as the one shown in Figure 10.2, while sometimes of lesser capacity
than other types of mixers, are forced action mixers that can thoroughly
mix even low-slump concretes with mixing times of less than 1 minute per
batch. They are thus very efficient.

Truck mixers are usually of the reversing drum type. Ready-mix concrete
plants may have integral concrete mixers in their plant, or they may rely
on the truck to effect the mixing. Further agitation of the mix may occur
en route to the job site. In this case, adequate time must be allowed for the
concrete to be thoroughly mixed before discharge. The efficiency of truck
mixers is dependent upon cleanliness of blades, revolutions per minute, and
whether the blades are designed for mixing or agitation.

10.3 SITE CONSTRUCTION: CHALLENGES AND SITE
PRACTICES

Achieving durable concrete construction involves producing concrete to the
correct specification, mixing it to uniform consistency, and then transport-
ing, placing, and compacting it into the formwork with subsequent finish-
ing and curing such that the inherent properties of the concrete, including
its potential durability, are not compromised. This involves a series of steps,
each of which may result in the concrete not achieving its potential proper-
ties in the actual structure. Proper attention to detail in the processes of site
concreting is absolutely essential to achieving quality concrete.

As indicated earlier, specialist texts or commercial advice should be con-
sulted for details on site concreting practices. However, there are particular
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practices or processes where the possibility of the concrete quality being
compromised is high, and these are discussed below.

10.3.1 Concrete handling, placing, and compaction

A basic requirement of handling and placing is to maintain the potential
quality and uniformity of the concrete. Because placing and compaction
are done almost simultaneously and are interdependent, they should be
considered as one operation. Placing equipment should be capable of deliv-
ering the concrete as close as possible to its final position without segrega-
tion. Segregation may occur particularly during discharge, when concrete
is allowed to free-fall or drop continuously and collect in a heap, or when
discharge is from the ends of chutes or conveyors. If this occurs, it is very
difficult to re-mix the concrete to a consistent and uniform mass. Figure
10.3 indicates how to control discharge of concrete to avoid harmful segre-
gation (ACI 304-R-00). On large projects like dams, where larger aggregate
sizes are used and placement by conveyors is justified, segregation without
baffles or drop chutes is likely, mainly because of the larger (perhaps gap-
graded) aggregates, lower workability, and speed at which the concrete is
transported/placed in large-volume concrete pours. Table 10.1 provides a
summary of the various methods and equipment for transporting and han-
dling concrete.

Once the concrete has been correctly placed in its final position, it must
be thoroughly compacted to expel entrapped air so as to achieve maximum
density, strength, and durability—assuming good curing is carried out. Air
voids include both entrapped air and voids from pockets or lenses of excess
water. As a rule of thumb, every additional 1% increase in entrained air
reduces the compressive strength by between about 2% to 9%, depending
on the cement source, admixtures, and the other mix ingredients (Kosmatka
et al., 2003), and the effects on penetrability (and hence potential durabil-
ity) are likely to be equally if not more serious.

Proper compaction requires consideration of the placing method and
concrete workability in relation to the compaction method chosen, and also
appropriate layer thicknesses of the concrete so that full compaction can be
done. Subsequent consolidation will not rectify or improve poorly placed
concrete which has segregated or has been placed in thick layers. This is
particularly important in walls, columns, or other thin vertical elements. In
general, mechanical compaction (poker, screed, or shutter vibrators) is pre-
ferred to hand compaction, but any method that ensures that the air is thor-
oughly excluded from the concrete and that the final product represents as
uniform and homogenous a material as possible is acceptable. It is also pos-
sible to segregate concrete during consolidation, particularly with higher
slump concretes that lack cohesiveness, by causing the heavier aggregates
to settle and allowing water and “slush” to be displaced upwards. Care
must be taken with the choice of appropriate mechanical vibration systems
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Figure 10.3 Avoidance of segregation during discharge of concrete into heaps.
(Authorized reproduction from ACI 304 R-00, 2009, Guide for Measuring,
Mixing, Transporting, and Placing Concrete, American Concrete Institute,
Farmington Hills, ML.)

in relation to the type of concrete being compacted (e.g., low slump). Labor
also needs to be well trained in the purpose and use of the equipment.

With the increasing use of self-compacting concrete (SCC), the under-
standing, skills, and art of good placing techniques may seem less impor-
tant. However, while compacting may seem less necessary with SCC, the
vast majority of concrete is still placed and compacted by conventional
means, and this is likely to continue into the foreseeable future.



288 Durability of Concrete

(panunuo)y)

uonedau3as juaraid oy papasu (adidumop)

sjuswa3ue.ue a8Jeydsip-pug 'suonisod |je

ul payaoddns Aj@enbape aq 3snw saanyd pue
€] PUe 7:| uaamiaq a8ued pjnoys sadojg

$19)2Nq BUBUE] UBY)
uone3a.8as ss9| Ul s3NsaJ 9S4BYDSIP [BIIIDA
"3|qe||0J3u0d 3q pjnoys ad.eydsiq Iuawdinba
Supdeld jo Luodedes pue yoreq 931845uU0d BY)
Jo 9zIs 03 wuojuod 03 A1deded 39y2nq 19|95
3129 uJ4n3ad
Uo JE)IOW OU dABd| puk uope3a.udas Jusaaaid
03 papaau sjuswague.Je 384eydsip-pug

J3A0D pasu 3j2q o saydeau Suoj

‘(Apuim 90Y) Jayream SsJaAPE U] 3j3q udmial

UO JE1IOW OU 9ABS| pue uonedaudss Juara.d
03 papaau sjuswasue.Je 384eydsip-pug

>JoMm 33 Jo Isow saop AiAedS (pauinbau
Jamod o UaAnaueW 03 ASES pUE 3SOD MO

sanijiqeded jo a3ued apIAA"84eYdSIp

ues|D ‘panlojdxa aq 01 suaadodijay pue
‘skema|qed ‘saue.d JO A1|13BSISA ||} S9|qRU]

paads

3|qelIBA pUB YdBaJ 9|qeasn(py ‘91940u0d
a3 yum saAlLe Juswdinba Suiksauor)

payuwy|

s ss925€ UaYm Appd1nb 83945U03 Jo sawinjoa
28.e| aoe|d UBY) "9SJ9AI pUB PUBMIOY

Y10q paads a|gelieA pue U4a1J3AIp SuljaAL.I)
‘Yoead a|qelsnipe sAey SJ0ASAUOD 399

UOIdNIISUOD 33340U0D
Jo sadA e uo ‘[aAs] punoud
MO[2q A|[ensn ‘|9A3| JOMO|

B 03 912.45U0d SulkdAUOD J0o4
juiod
a84eydsip A4epuodss 03 Jo

S domuw.ioy 03 Julod agueydsip

[e3uad wouy ApdauIp
91942U0D ASAUOY) "swep pue
s3uip|inq o UoNINIISUOD
Joy sumdooijay pue
‘SAeMB3|qeD ‘SDUBID UM pas
[9A9)
Jay31y Jo ‘[eIuozZIIoY USMO|
B 0] 91945u0d 3ulkeAUOD 404
ujod a8ueydsip AJepuodas
pue juiod adueydsip
ulew uaamilaq pauonisod
A|lens "[9A3] Jamoj Jo
Jaysiy & 01 Jo A|euoziioy
932.40U0 3uIkdAUOD JO4

sJaxIw
32NnJ41 Uo sa:NYD

s1ovPng
SJaXIW >2n.43
uo paaunow

SJ0A2AUOD J|3g

SJ0AdAUOD 3|39

10 Y2IDM 01 SIUIO4

S35DIUDAPY

pans 1s3q sI uawdinba yoiym

410 >jiom Jo a3ups pup adA|

wswdinby

919.45u02 3uljpuey pue SunJdodsue.l Joj Juswdinbs pue spoyisyy |°0] 3|9pL



289

Durability and construction

(panunuo))

pakojdwa aq pjnoys usws|zzou
pasualiadxa AjuQ 3uswdinba Buisn
asoyl Jo ||Bjs uo spuadap dJom jo Alend
a8ueyodsip uodn Apoq >pna jo
41| ySiy Joy papaau si Jy3iaH "uonedaudas jo
Ajiqissod "pauwi| aq pjnoys dwn|s 81845U0D)
ugisap xiw [euidlio ul asoy
03 [ed13USP] 39 Isnw s|elle}, 3uswdinba
uo weJ3oud adueusjuiew aApuUAId
poo3 saJinbau uoneado sauy-aiqnou|

[993s SurJojuiad Yam Suliagasiul

INOYIIM SJdoMWIo} 3yl olul Sunaasul nwaad
03 uasoyd aq pjnoys ainyddoup Jo uondds

ssoJd ay] "a3e||ids 3noyam padueydsip aq ued

93945uU0d Yd1ym o3ui sduiuado dol-pakelds
‘a3.e| Apuamiyns aAey pjnoys sanysdouq

Asnq aueud doay|

0} papaau s| suopieado pue sapedy Usamiaq
Suiinpayas |nyaaeD) Sjooy suo Ajuo seH

SwLIo} papIs-auo

yum s|jem 3uip|ing pue ‘s3uiul uiya ‘sdunneod
2ANnO304d .0} ‘saumonays Sutiredad Joy

‘sadeys w.ojeauy ul 93945u0d 3uide|d Joj [eap|

sJax|w
J0o sJ03e13e 32NJ3 JO JBYI UBY) JOMO]
s1 Juswdinba 8uneyBeuou jo 1501 [ender
uoneiado uosiad-suQ 91945U0d
payads jo 3uiuoniodoud asidaud pinb
Joj waisAs Suixiw pue 3uiydieq ajiqow
pue JajJodsuely sjelIa1eWw pauIquiod
s3dnJed
9sJe0D Jo uonesaudas Juanaud ||Im osfe
Aay] "paudads aJe sadeINs W.I0J-ay3-4o
USYM [njwiiey si YdIym ‘sapls w.io}
pUE |991s 3UI2J0julSJ UO 319.42U0D pue IN0US
Jo a8e||ids spioAe asn u1ay | "uonedaudas
INOYIIM SW.I0} JO WOLI0Qq 03 I AJJed pue
JOMUWLIO} 03Ul 91942U0D 123JIp saInyadouq
s3uIp|inq pawe.y-2313.4ouod
pue sa3pliq ul SWwall AIpUns pue >uoMW.Io}
‘|993s BuldJojulaJ ‘93940U0d 3|puRY UBD)

popa3u aJe seaJe 33.e|
PUE SUOII23S UIYl SJ9YM pue
suonedo| 3ndiyip ur padeld
9q 03 S| 912J2U0D dJAYM PasN
skempeo.
YI0O0OWS JIAO S|NBY 140YS UO
91942u0) 1Jodsueuy 01 pasn)
paJinbau aJe sennuenb
[lews Ajuo aJaym Jo ‘ausqol
& 91845U02 Jo uondnpoud
JUSNIWIAIUI 4O} PISN)
(s>unay Jueyds)e)
SJ9pUIlAd [e39W pajejndnJe
WO.y PI|qUISSSE AuB SIBYIO
‘onse|d Jo seAued paziiaqqnu
9]qIx3}} Jo apeW saqnl
9531d auo aJe saINYd dWOS
*SPUD| ||& JO SW.IO} [BD11IDA
ul 933.40u0d 3uideld uoj pasn

[9A3] PUNO.JS SAOQE >JOM
Joy auswdinba 1y8i sy

(s39um30US)
sung spewnaug

spnal
SunendeuoN

saaxiw
Jayd1eq 9|1qo

(1wan osye)
sainyodouq

s392Nnq
pue sauel)

10 yo1DM 01 SUIO4

S35DIUDAPY

pans 1s3q sI Juawdinba yoiym
10J 10m Jo asup. pup 3dA|

uswdinby

93245u05 3ujjpuey pue 3unJaodsuedy Joj Juswdinba pue spoyialy (panunuod) ') 3|qoL



290 Durability of Concrete

(panunuo))

uoneiqiA Aue InoyIMm
9JBPI|OSUOD pUB MO[} ISNW 93340UOD 3sneddq
‘(‘ur g—9) ww 0g7—05 | ‘dwnis us1e248
pue ‘(PA/q] 859) ¢LW/3 06€ IUSWD Si0wW
SPS3U JMIXIW 313.45U0D) *3|qe|IeAR S| aJnssaud
ssajun (Ul Z|—01) Ww 00E—0ST 29 PInoys
J919We|(] "SSEW 91942U0D PUE IJBM U39MID]
paAJasa.d si [e9s B 3Byl OS ‘913.40U0D Ysouy
ul paling sAeme s| pua a8JeydsIp dlwa.al

SY32 1BY2 94NSUS 01 PIPI3U SJB SUONNEIAY

paijdde si uoneuqia auoyaq Suipeauds
Joj pasn aq pjnoys Aay] "uresy Suiaed e

0 1Jed se pasn A|[ew.ou aJe siapealds maudg
douessip Suidwnd
wnwixew ay) adnpaJ A|qe.Japisuod [|Im asoy
9]qIx3}} ySnoaya pue ‘spusq punoJe A|[ednJsa
Suidwny ‘uonetado yoes jo uolisnpuod
7€ INO UBS|D O) PUE MO[} USAS UB INSUD
03 auljadid unesado ur usyjel aq Isnw
aJeD) ‘91edaudas 03 Aouspusl Aue JNOYIIM
pue Ad>ua31sisuod a3eIaAE YlIM papasu

S| 93245U0d paxiw A|ysaJy jo A|ddns jueasuor)

1582 3uI9q 94n32N.3s 3Y3 Jo 1Jed usylo
JO UoIIEpUNO} Y3 OJUI JSIBM 33 ySnodya
UMOP 933J2U0D [dUun) 01 pash aq ueD)
uonoedwod |euly Joj pasn S| UONEBIGIA
a40j2q uondedwod jo Aywiojun poos
sey 91245u0d peadds ay] ‘yadep waopun
B 0] BaJE SPIM B U9A0 peauds Appainb
9q UED DNl JO 19XdNq B WOy padieydsip
91942U0) JO ydIeq € Yapeaads Mauds B YIAA
uononJIsuod 3ulpjing
[[E3 40} 93842U0D shonuuod apiro.d
swooq dwnd pajunow aueJd-1amo|
's309foud a3.e| 4o ||ews 01 AUeSSED9U USYM
paJaAlap 2q ued sdwnd pajunow->and|
‘A|[e3UOZIIOY pUE A|[eD13J9A Y30q 91940U0D
aAow ued dwing "wWeaJls snonuRuod
Ul 919J2U0D SUBAI[D( "PIPUIXD A|Ipeau
9q ued pue adeds 91| dn e sauladly

Jaremiapun
33245u0d 3upde|d Joq

So9p

23pluq pue sauswaAed ul

se yons ‘seade Jej4 93.e| JOAO
31940u0d 3ulpeauds Joj pasn

ujod adueydsip

AJBpUOI3S 01 JO YJOMW.IO)

03 ausqol e Juiod a8ueydsip

[ea3uad wouy A3dauIp
91945U0d A9AUOD 0} pas

(ssanyodoup
os|e) salwau]

sJapeadds maudg

sdwng

10J Y21DM 01 SUIogd

sa3p1ubApy

pans 1s3q sI uawdinba yoiym
10J 40m Jo a3up. pup 3dA|

juswdinby

91945u0d 3uljpuey pue SunJdodsue.y Joj Juswdinba pue spoyisyy (panunuod) [0 3oL



291

"VDd Woudj uoissiwiad yaim | ‘ap|od|S ‘UoIBIDOSSY

Durability and construction

IUSWSD) PUB[IIO ‘UORIPS Y| ‘[ 00gT ‘Se4mxily 912.0u0) Jo j0.u0) pup udisag ‘€00T “D M ‘©SoJeued Pue “g ‘POUlISY| “H 'S ‘BYIBWSOY Wody padnpoddsy :924nog
pa33143sad s| eade
J4om 01 A31[IGISSaIIE UBYM
SuiBueyd Apueisuod Ajjedadsa ‘uononuisuod
aJe suonipuod 3uideld ausym saaisqol uo 91942U02 3IsUo Jo sadfy sa138nq pue

SAISURIUI JOGE| PUE MOIS

SuIXiw [eJ3uad yam

se poog se jou s| Aljenb a32.40u00 jo josu0D)

*31945U0D 3|puey 03 33is-uo ApeaJ 3q Isnw

ausawdinba pue maud 938.45u07) "uoneziuedio
qol 3Ins pjnoys sal4aAldp jo Suiwi |

93245U0D 3|puky 03 31s-uo ApeaJ 3q Isnw
juawdinba pue maud 93845u07) "uoneziuedio
qol 3Ins p|noys salaAlap jo Sutwi |

PUE SpIsul [eSp! 9.10J9.49Y) PUE S|1BSISA AJISA

Joreyde yonaa Joy

se swes s| 93Jeyds| JIXIW >INJ1 Ul paxiw
Aj239]dwod s1 33945U0 dduls queld Suiydieq
& Ajuo ‘papaau jue|d Suixiw [es3uad ON

98.eydsIp uo 33940U00

Jo Arsusdowoy pue AwJojiun si aJay ]

*P3]|02U0D ||9M s saoreSe wouy a3aeydsiq

*SUOIIIPUOD P3||0J3U0d Japun pasnpo.d

s| 2.4ou0d Aijenb ausym saueld Suixiw
[e43u3d wouy d3eJdado Ajjensn s.aoeyiSe dond|

[[e uo s|ney Je}} 30Ys J0]
S9OUBISWNDUID
UI143D J3pUN PIAIEM
aq Aew wi| Inq ‘sunoy §'|
UIYIIM 919J4U0D Jo 33JeydsIp
MOJ[€ ISNW SIOUBISIP |NEH
's3ulp|ing pue ‘saun1on.as
‘syuswaaed u sasn Joy
93342u03 Ju0dsue.y 03 pasn

S9dUBISWNDUI
UIB1ISD J3pUN PAAIBM

aq Aew 3jwi| 3nq ‘sanoy §'|
UIY3IM 912J40U0D jo 33JeydsIp
MOJ[E 3sNW SadUEISIp [NeH
‘s8ulp|ing pue ‘saun3onuis
‘syusawaAed ul sasn |[e Joy
919.45U0D 140dsueay 01 pasn

SMOIBGI9SYAA

SJaXIW Yona|

saozende yondj

10J Yy21bM 01 SUIog

S33DIUDAPY

pans 1s3q sI uawdinba yoiym
10J 40m Jo a3up. pup 3dA|

juswdinby

91945u0d 3uljpuey pue unJdodsue.y Joj Juswdinba pue spoyisyy (panunuod) [0 3oL



292 Durability of Concrete

10 mm
[ N’

Approx. Scale

Figure 10.4 Detail of fabric used for controlled permeability form liner, to allow near-
surface drainage of excess water and expulsion of air from cast face of con-
crete. The filter layer is made of thermally bonded polypropylene fibers
laminated to a plastic mesh with openings of 4 mm. (Courtesy of G. Evans.)

Re-vibration, done typically 1-2 hours after placing the concrete, is a
technique that, if correctly applied, can assist in improving in situ quality
of the concrete by eliminating defects from bleeding, plastic shrinkage, and
restrained settlement. It is particularly effective in concrete displaying pro-
longed bleeding under evaporative conditions and settlement of the solids.
Re-vibration is thus not harmful provided the concrete is still plastic enough
to respond to vibration, and the hole left by the poker vibrator can still be
closed. Unfortunately, there is little data showing the effects of re-vibration
on, say, penetrability of concrete, but the effects are likely to be positive.

If a high-quality and impermeable cover layer of concrete is required,
controlled permeability formwork (CPF) may be used. This is a cellular
synthetic liner that is fixed to the inside of the forms and permits drainage
of excess water from the surface after consolidation, while trapping the
fine materials such as cement and fine aggregate particles. Thus, it ensures
that the surface layer is not adversely affected by a higher w/b ratio than
the bulk of the concrete and also assists in densifying this layer. Figure 10.4
shows a typical CPF fabric.

10.3.2 Protection and curing

Protection is normally applied to concrete in its fresh state (before it sets),
and curing is normally applied to concrete after setting or removal of form-
work. Both protection and curing are processes to maintain the humidity
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and temperature conditions to ensure that the potential quality of concrete
is achieved through effective hydration.

Freshly placed concrete can deteriorate rapidly if it is not adequately pro-
tected immediately after placement to mitigate the adverse effects of early
drying, high temperature, impact from rain, and so on. Since the external
“skin” of the concrete is most severely affected by a lack of early protection,
the consequent effects on durability particularly of reinforced concrete are
obvious. Unfortunately, early protection and curing are often neglected with
serious loss of potential durability of the concrete. It is not an exaggeration
to state that poor protection and curing practices are second possibly only to
inadequate steel cover in being the major causes of poor concrete durability.

Early protection is especially critical where rapid loss of moisture can
occur from the concrete surface, due to environmental conditions of low
relative humidity, high wind speed, and high ambient and concrete temper-
atures. Particularly at risk are large expanses of flatwork such as concrete
floor slabs. In addition to adversely affecting the early hydration reactions
and the capillary pore structure, loss of moisture causes shrinkage that may
induce plastic cracking, which will permanently impair the concrete qual-
ity. Under evaporative conditions, highly cohesive and low bleed concretes
such as SCC and those containing CSF or fine fillers are very susceptible
to these effects. Suitable protection measures are erection of windbreaks
and sunshades for slabs placed in exposed conditions; placing of moisture-
retaining coverings during delays between compacting and finishing; judi-
cial use of fog sprays above the surface to maintain a water sheen on the
concrete before final finishing and the start of curing; carrying out concret-
ing operations during the cooler part of the day; and the use of evaporation
retardants (spray-applied aliphatic alcohol-based films).

Curing is conceptually simple: provision of suitable moisture and tem-
perature conditions in the early period of the concrete’s life for the cement
to hydrate as fully as possible. In practice, however, curing is often difficult
to carry out effectively, depending also on the type of element, for example,
slabs, columns, walls, and so on. In general, any surface of a concrete ele-
ment that is unprotected and exposed to the environment during the first
days or weeks will result in a deterioration of properties of the surface
layer, which has major implications for durability. The effects on strength
of the element are likely to be less serious, since the interior of a member is
protected by the concrete cover and tends to cure reasonably well. Aspects
of concrete curing are covered below with an emphasis on concrete durabil-
ity. (Refer to Chapter 6 [section on durability indicators or indexes] where
the importance of measuring the surface or cover properties of concrete
was stressed, particularly in respect of potential durability.)

Curing allows mixing water—essential for ongoing hydration—to be
retained in the concrete. Where w/c is lower than about 0.5, curing should
also provide additional water for hydration. Thus, curing practices are
aimed at either moisture retention or moisture addition (or both). Delay in
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applying active curing will result in some drying of the surface, with the
resultant deposition of calcium hydroxide in the near-surface capillaries,
which tends to block them and hinders efforts at subsequent water ingress.
Curing by intermittent wetting is similarly ineffectual. Curing needs to
commence as soon as practicable and be applied continuously, as even a
short delay or a break of continuity in hot dry weather can irreparably
damage the concrete cover layer. Figure 10.5 shows the effect of concrete
and air temperatures, relative humidity, and wind velocity on evaporation
of surface moisture from concrete. As mentioned, curing is most critical to
preserve and develop the properties of the cover layer, which has to resist
chemical and physical attack and which must be as impermeable as pos-
sible. Proper curing of the cover layer helps to reduce the rate of ingress of
contaminants such as chlorides and carbon dioxide, protecting the steel
reinforcement from corrosion.

Blended cements with FA, GGBS, and CSF react more slowly than plain
Portland cement, particularly in cold weather, and require additional pro-
tection and extended curing. Low temperatures slow the rate of hydration
and require longer curing times, while high temperatures accelerate the
moisture loss at early ages, which will have detrimental effects on long-term
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Figure 10.5 Chart to estimate the evaporation of water from freshly placed concrete.
(Reproduced from Kosmatka, S. H., Kerkhoff, B., and Panarese, W. C.,
2003, Design and Control of Concrete Mixtures, EBOOI, 14th edition, Portland
Cement Association, Skokie, IL, with permission from PCA.)
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strength and durability. Curing temperatures and evaporative conditions
should be controlled to avoid these negative effects.

Curing practices are summarized in Table 10.2, while Table 10.3 gives
guidance on the duration of moist curing required (from the South African
Concrete Code). In this respect, note that the period of curing should ide-
ally be prescribed in terms of developing the required properties of a con-
crete to the required extent. Regarding Table 10.3, the SA concrete code

Table 10.2 Guide to site curing practices

Tybe of construction

Curing material

Application

Road and airfield
pavements

Floor slabs

Tops of beams and
columns

Concrete columns,
beams, walls, etc. in
hot dry conditions

Formed, permanently
exposed concrete
sections cast in cold
weather

Large concrete
sections with a
minimum dimension
exceeding | m

Pigmented resin-
based curing
compound with high
efficiency rating

Curing compound or
polythene or other
impervious sheeting

Polythene or other
impervious sheeting
material

Resin-based curing
compound

Polythene or other
impervious sheeting
material

Formwork itself

Insulation

Delayed removal of
formwork

Immediately after finishing process is
complete (concrete may have to be
protected from rapid drying out
before it sets to prevent plastic-
shrinkage cracking and excessive
heat buildup)

As above

Immediately after finishing process is
complete

Immediately formwork is removed
(some curing compounds may cause
debonding of subsequently applied
finishes)

Apply in close contact with surface
immediately formwork is removed

Leave undisturbed for at least 7 days
and longer in cold weather

As soon as concrete is placed, and
maintain for at least 7 days

Top surface insulation Maintain for at least 7 days and until

Delayed removal of
formwork or
replacement of
formwork by
insulating material

internal temperature gradient is less
than 20°C

Source: Adapted from Birt, J. C., 1984, Curing Concrete, Concrete Society (Digest No. 3), London,
UK; From Owens, G. (ed.), 2009, Fulton’s Concrete Technology, 9th edition, Cement &
Concrete Institute, Midrand, South Africa, based on Table 12.3, reproduced with permis-
sion from the Concrete Institute.

Note: Some manufacturers of resin-based curing compounds recommend re-wetting formed con-
crete surfaces before application.To avoid thermal shock, the temperature of water used for
this purpose must be close to the temperature of the surface of the concrete.
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Table 10.3 Guidance on minimum duration of curing?

) 2 3 4 5

Minimum curing period in days®

Concrete strength developmente (f_,, 5/f . 26) =1

Surface concrete Rapid Medium Slow Very slow
temperature t (°C) r=055 r=0.5 r=0.45 r=025
>25de 5 7 10 I5
25>t>15 5 7 10 I5
I15>t=5 7 10 15 21
t<5 10 14 20 30

Source: Taken from SANS 10100-2,2009, The Structural Use of Concrete, Part 2: Materials and Execution
of Work, 3rd edition, South African Bureau of Standards, Pretoria, South Africa, reproduced
with the permission of the South African Bureau of Standards (SABS). The South African
Bureau of Standards is the owner of the copyright therein and unauthorized use thereof
is prohibited. The standard may be obtained at the following: www.store.sabs.co.za

Note: Some curing compounds inhibit the bond of finishes, such as toppings, plasters, or paints,
applied to the hardened concrete. The compound used should therefore be suitable for the
intended finish.

2 Based on 70% of 28-day strength.

b Linear interpolation between values in the rows is acceptable.

¢ The concrete strength development is the ratio of the mean compressive strength after 3 days
(fm3) to the mean compressive strength after 28 days (f.,,,s) determined from initial tests or based
on known performance of concrete of comparable composition.

4 Where the ambient relative humidity is above 85%, this value may be reduced at the discretion of
the engineer.

¢ Where the ambient relative humidity is below 85%, this value may need to be increased as directed
by the engineer.

states, “In general, when the development of a given strength or durabil-
ity is critical to the performance of the concrete during construction or in
service, the minimum duration of curing shall be established on the basis
of tests of the required properties performed with the concrete mixture
in question. When no such test data are available, the minimum curing
period shall be as shown in Table 4” (reproduced here as Table 10.3). The
reference to the duration of curing being established on the basis of tests
of the required properties is interesting, particularly in regard to durabil-
ity properties. Unfortunately, there are as yet no standard in situ tests to
determine whether the required characteristics have indeed been met. With
progress in site techniques such as surface resistivity or permeability/sorp-
tion, it may be possible in the future to specify an in situ cover property
value, which ensures that adequate curing has been achieved. Techniques
involving removal of small samples from the cover layer, such as the oxygen
permeability index (OPI) test or similar (Chapter 6), are able to measure
the properties of the surface layer, and thus permit better decisions around
type and extent of curing.


www.store.sabs.co.za

Durability and construction 297

Curing compounds are frequently used to aid in concrete curing. These
are membrane-forming liquids sprayed onto the surface of the concrete
to inhibit evaporation of water, applied as soon as bleeding has stopped
and bleed water has evaporated from the surface. They may be convenient
means of curing concrete, but not all curing compounds are equally effec-
tive and this aspect must be discussed with the supplier of the particular
compound being used. Very few curing compounds are effective against
rapid early moisture loss. One study evaluated the practical effectiveness
of resin-based compounds on highway barrier walls in Cape Town, using
site-based tests on the actual cover layer of concrete. Results showed that
during cool wet weather, these materials prevented environmental moisture
from entering the concrete, thus stifling a possible means of ongoing cur-
ing, while in very hot dry weather, their effectiveness was marginal (Krook
and Alexander, 1996). These compounds need to be used in strict accor-
dance with the manufacturer’s recommendations with due understanding
of their likely benefits.

The Australian Standard, AS 3600 “Concrete Structures” (AS 3600, 2009)
uses the concept of “average strength at completion of curing,” in an attempt
to achieve quality of construction; while this is novel, it suffers from a lack of
guidance on acceptable curing methods and the fact that strength is measured
on samples made under lab conditions rather than the as-built structure. The
same comments apply to Table 10.3. This approach is further problematic as
it may discourage the use of SCMs such as slag or fly ash that are known to
enhance durability properties but have slower strength development.

10.3.3 Cover control and cover measurement

Cover is the distance from the surface of the concrete to the nearest rein-
forcing bar surface, including links. There are standard specifications
for steel reinforcing and prestressing in various countries, and reinforced
concrete design codes give guidance on the reinforcement cover needed to
protect it from various exposures. For example, BS 8500-1 and EN 1992-
1-1 provide cover depth requirements based on exposure classes defined
in EN 206-1. BS 8500-1 provides cover depth requirements for different
degradation mechanisms while EN 1992-1-1 gives cover depth for cor-
rosion protection only. For other degradation mechanisms, EN 1992-1-1
stresses concrete compositions and proportions (structural class) outlined
in Section 6 of EN 206-1. EN 1992-1-1 prescribes cover requirements in
terms of nominal cover that includes minimum cover plus any expected
deviation. In Canada, CSA A23.1/23.2 provides for minimum cover depth
to reinforcing steel based on the life expectancy of the structure, expo-
sure conditions, protective systems, and consequences of corrosion. SANS
10100-2 provides minimum cover depth to reinforcing steel based on the
grade (class) of concrete and the member or surface to which cover applies
for different conditions of exposure. This minimum cover depth applies
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for normal-density and low-density concrete. Guidance on minimum cover
from EN 1992-1-1, CSA 23.1/23.2, and SANS 10100-2 standards and for
various exposure conditions is summarized in Table 10.4.

Bending and fixing of reinforcement are carried out to certain accuracies
and tolerances as specified in the relevant standards. Reinforcement can-
not be fixed and bent better than the tolerances allowed, particularly when
larger bar sizes are used. Even with preassembled reinforcement cages, dif-
ficulty is often experienced in accurately aligning the bars. When this is
coupled with the allowable tolerances for assembling of formwork, it is
quite easy for cover to be compromised, for example, when a reinforcing
cage is assembled to its maximum tolerance and the formwork to its mini-
mum tolerance. Even a small reduction in cover can have serious effects
on durability and service life, since the relationship between service life
and cover is highly nonlinear. This is illustrated in Figure 10.6: hypotheti-
cally, halving a nominal cover of 26 mm can result in an 85% reduction in
corrosion-free service life (values are illustrative only).

10.3.3.1 Specification of cover and cover measurement

Numerous codes and standards such as ACI 318, AS 3600, CSA A23.1,
EN 206-1, and SANS 10100-2 have provisions for minimum cover depth
to reinforcing steel in reinforced concrete structures, although some do not
have similar direct links between the exposure environments, classes, or
categories and the cover depth. For example, ACI 318 has a very broad link
between the minimum cover depth to reinforcing steel and the exposure
conditions, which are defined in three categories; these are for concrete
cast against and permanently exposed to earth, concrete exposed to earth
or weather, and concrete not exposed to weather or in contact with ground.
On the other hand, AS 3600 introduces subclasses within particular expo-
sure environments. For example, for concrete members in contact with the
ground, the subclasses include members protected by a damp-proof mem-
brane, residential footings in nonaggressive soils, other members in nonag-
gressive soils, and so on. Further, these exposure conditions are related to
other parameters such as the initial duration of continuous curing and the
characteristic strength of concrete. This trend of incorporating exposure
subclasses and other parameters is mostly adopted by other codes such as
CSA A23.1, EN 206-1, and SANS 10100-2.

Various reinforced concrete design codes such as EN 1992-1-1, BS 8500-1,
and ACI 318 require that the nominal cover is specified on drawings. The
nominal cover is obtained by adding an allowance in design for tolerance
to the specified minimum value, subject to the quality assurance scheme
available on-site. It is important that the specification of cover is clear and
unambiguous, and allowance should be made for any surface details such
as recesses, treatment such as bush hammering, or where concrete is to be
cast against uneven surfaces.
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Figure 10.6 Reduction of initiation time of corrosion due to local reduction in concrete
cover (values illustrative only). (After Owens, G. (ed.), 2009, Fulton’s Concrete
Technology, 9th edition, Cement & Concrete Institute, Midrand, South Africa.
Figure 14.3, reproduced with permission from The Concrete Institute.)

When designing for durability requirements, there is a need to con-
sider the actual minimum cover required to provide the level of protection
assumed in the design. It should also be possible to take into account the
cover achieved in practice through consideration of an acceptable probabil-
ity of the cover being less than a certain value.

Concrete cover is generally measured through the use of electromagnetic
cover meters that comply with, for example, BS 1881-204. They should
be capable of identifying both the location and the depth of reinforcing
steel on a scanned area. However, many factors, both device-based and
operator-based, can influence the output from such devices, possibly lead-
ing to erroneous cover evaluations. It is therefore essential to calibrate such
devices against a series of known standard cover depths.

Figure 10.7 shows a reinforcing steel cage with fixed spacers in vertical
(wall) formwork, as well as problems associated with insufficient concrete
cover.

10.3.3.2 Spacers or spacer blocks

Practice around the use of spacer blocks is highly variable. The reality is
that poorly executed spacers represent a short circuit to the steel if they are
particularly permeable or a void is created during placing and compaction
due to their presence or type. Other problems relate to spacers that can
crush, break, or dislodge during heavy handling and poor placing. Spacers
that are displaced inside the forms can result in tie wire embedded in the
spacer extending effectively to the surface, and then readily corroding.
Particular care needs to be taken in obtaining high-quality spacers, and
placing and securing them properly during construction.
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Figure 10.7 Cover to steel in reinforced concrete structures. (a) Spacers in vertical
(wall) formwork. (b) Problems associated with insufficient concrete cover.

Adequate impermeable spacers of the correct size must be used and
must be firmly fixed to prevent displacement during concreting. Spacer
blocks should be made of at least the same grade of concrete used in the
structure, with the coarse aggregate sieved out. Alternatively, they can
be made from plastic with suitable profiles to allow effective embedment
(although some authorities believe plastic spacers represent a short cir-
cuit to the steel and forbid their use). If cementitious materials are used
for spacers, they must be manufactured well in advance and thoroughly
cured in a controlled curing tank prior to use. Figure 10.8 gives examples
of (a) commercially available plastic spacers fixed into position and (b) the
right and wrong way to install wire ties in a rounded-end, conventional
mortar type spacer.
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(b)

Figure 10.8 (a) Examples of plastic spacers in use and (b) right and wrong installation of
wire ties in a mortar spacer. (Courtesy of G. Evans.)

10.4 CONCRETING IN COLD AND HOT CONDITIONS

Concreting in cold and hot conditions presents particular challenges, not
only in respect of obtaining required strength, but also in terms of obtain-
ing needed durability of the cover layer. Further useful detail can be found
in ACI 306R-10 and ACI 305R-10; however, the following pertinent points
should be noted.

10.4.1 Concreting in cold weather

* Concrete should in all circumstances be prevented from freezing in
the plastic state or in the very early stages of setting and hardening.
If the concrete achieves a “green strength” of about 3-5 MPa, it can
withstand a freezing cycle. Bear in mind that at temperatures at or
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near freezing, the setting and hardening reactions will be consider-
ably retarded and the concrete will take much longer to achieve its
properties.

The minimum concrete temperature as mixed depends on the applica-
tion and the actual external temperatures. For mass concreting, lower
minimum temperatures are acceptable. In general, for air tempera-
tures between —18°C and —1°C, recommended concrete temperatures
vary between 7°C and 18°C. The differential between the concrete
temperature as placed and the ambient temperature should also be
controlled to prevent thermal shock and excessive thermal gradients.
Note also that concrete placed at low but nonfreezing temperatures
(5-13°C), protected against freezing and given adequate long-term
curing, develops a higher ultimate compressive strength.

Concerning protection and curing at low temperatures, heat loss from
the freshly placed concrete should be prevented, and immediate water
curing should be avoided. Heat may be retained by insulated forms,
covering exposed surfaces with insulating materials, or the erection
of covers with internal heating. Formwork and props must be left in
place longer than in normal weather.

Provided the protection mentioned above is given to concrete placed
in cold conditions, the interior of the concrete should develop accept-
able microstructure and properties. However, as in all cases of con-
crete placement and the early period, the surface “skin” of concrete is
particularly vulnerable in cold conditions. This layer will be the first
to experience freezing if it occurs, any heat exotherm generated inter-
nally may not diffuse to the outer skin, and cold conditions may also
be dry, which further exacerbates the need to protect the outer cover
layer. Thus, particular care needs to be taken with protecting the sur-
face of concrete in cold conditions and avoiding loss of moisture, par-
ticularly during the early stages of setting and strength development.
Attention must be given to aspects such as cement type, aggregate
protection or heating, lagging of water pipes, heating of mixing water,
and batching and mixing equipment during cold weather. Details can
be found in ACI 306R-10.

Concrete should not be placed on a 5°C and falling scale, unless
adequate protection against the effects of freezing is applied. Placing
of concrete should commence only when ambient temperatures are
above 3°C and on a rising scale.

10.4.2 Concreting in hot weather

Ambient temperatures above 32°C are normally taken to be “hot weather.”
However, any conditions involving temperatures exceeding about 25°C
together with low relative humidity and high wind velocity, high solar
radiation, or high concrete temperatures can also be treated as hot weather
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concreting, for which the main problem is rapid loss of water from the

concrete and acceleration of early cementing reactions. These will result in

reduced concrete quality, and once again, the surface cover zone will suf-

fer the most if proper protection and curing are not provided. The adverse

consequences of inadequate protection of concrete during hot weather are

likely to be more severe for concrete durability than for concrete strength.
Other aspects to be considered are the following;:

* During hot weather, the rate of slump loss and the incidence of plas-
tic-shrinkage cracking increase, setting time decreases, and water
requirement for a given consistence increases.

* Early-age strengths tend to be higher but long-term strengths and
impermeability are significantly lower. Figure 10.9 shows the effect
of elevated concrete temperature on both the early and long-term
strength gain. Cements containing extenders such as FA or GGBS
tend to be less affected than PC mixes, but require greater attention
to protection and curing systems.

70

Curing at 20°C

Compressive strength, MPa

0 1 1 1
1 3 7 28 90

Age, days

Figure 10.9 Effect of curing temperature on strength of concrete at ages of 1-90 days
(for concrete with a wic ratio of 0.47). (From Murdock, L. J., Brook, K. M.,
and Dewar, J. D., 1991, Concrete Materials and Practice, 6th edition, Edward
Arnold, London, UK. With Permission from Hodder Arnold.)
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e It is important to control concrete temperatures during hot weather.
This can involve some or all of the following: cooling aggregate stock-
piles; keeping mixing water as cool as possible; using refrigerated
water or even injected liquid nitrogen directly into the concrete mixer
or truck mixer to reduce concrete temperatures, or using crushed ice
as part of the mixing water; keeping equipment cool; reducing trans-
port times to a minimum; using retarding admixtures; and selecting
an appropriate cement incorporating FA or GGBS.

Further useful information can be found in ACI 305R-10.

10.5 QUALITY CONTROL FOR DURABILITY

Chapter 6 indicated that durability of reinforced concrete structures is
largely related to the quality and thickness of the cover layer. The required
concrete durability must also be established with reference to the structure
and the environmental exposure. The desired end is a durable structure—
that is, a structure that will endure for the required life in the design envi-
ronment with acceptable levels of maintenance. The desired properties of
the concrete cover layer must be quantified by the owner or designer. Bulk
properties such as compressive strength are inadequate for specifying cover
quality, and other means must be used such as durability indicators (see
Chapter 6). Limits for these indicators are needed in the specification to
help ensure durability.

In practical construction, the responsibility for producing a quality
structure is shared by the concrete material supplier and the constructor.
Therefore, a distinction must be made between material potential and as-
built quality of the cover layer (discussed in Chapter 6). The former is the
potential of the material to be durable (i.e., what can be achieved), while
the latter is the durability exhibited by the structure using the material in
service (i.e., what is actually achieved). Durability performance will depend
on both these aspects, and they must be allowed for in design and construc-
tion. Means need to be put in place for evaluating concrete cover quality at
the material production phase and at the construction phase.

As-built durability performance is typically more sensitive to construc-
tion processes than as-built strength performance. Except in cases of gross
under-compaction, the internal concrete core, which primarily provides
strength, is much less affected by most construction processes.

10.5.1 Evaluating material potential quality

To evaluate the material potential, standard specimens (e.g., cubes or cyl-
inders) should be prepared from the concrete supplied, and cured appro-
priately, which might involve standard curing after demolding. This might
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be the “standard” 28 days, or a greater (or lesser) period if desired. The
specimens should then be tested for the cover properties. The object is to
evaluate the representative properties of the concrete under “best scenario”
conditions in order to determine if it has the potential to be durable. If
concrete is being supplied by a party other than the constructor, for exam-
ple, by a ready-mix supplier, the supplier should verify that concrete of
the desired quality has been provided. Clearly, contractual arrangements
in respect of payment for concrete supplied versus concrete placed in the
actual structure need to be devised in advance, as well as the responsibility
for testing, to avoid subsequent disputes.

As a general rule, concrete in the as-built structure may be of lower qual-
ity compared with the same concrete cured under controlled laboratory
conditions. To account for this, the characteristic values for the durabil-
ity properties of the laboratory concrete should represent higher quality
on a statistical basis. This will permit some margin between as-delivered
quality and as-built quality to allow for any reduction in quality during
construction.

10.5.2 Evaluating as-built concrete quality

To evaluate the combined effects of material potential and on-site process-
ing, samples should be taken from the structure (or some appropriate test
member that is representative of the actual structure) at an agreed age and
tested for the durability properties. This age may be the normal 28 days,
but longer if blended cements are used, for which properties take longer
to develop. Alternatively, a technology that is available and approved for
in situ determination of cover properties (such as a Torrent Meter or sur-
face resistivity) can be used. The characteristic values of these properties
should be determined, which in general may be somewhat “poorer” than
the values achieved for material potential. Other aspects to be considered
in this general scheme are the following;:

o Testing frequency for material potential and as-built values: This
will depend on the importance of the job, capacity to carry out test-
ing, and representativeness of the actual construction.

o Testing locations: Small areas with obvious physical defects should
be avoided. Furthermore, unavoidable spatial variations in concrete
quality across a section (e.g., vertical variations in a single pour height
of a wall) should be acknowledged and accounted for.

o Conformity criteria and conformity control: Conformity control
involves the combination of actions and decisions taken in accor-
dance with conformity rules, in order to check the conformity of the
concrete with the construction specification. Conformity control is
an integral part of production control. Conformity criteria must be
agreed in advance and clearly communicated and understood by all
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parties. The possibility of incentives for excellent performance and
penalties for poor performance can also be considered.

For example, EN 206-1 deals with conformity control in Clause 8,

and other standards have similar clauses dealing with this issue, such
as CSA A23.1. EN 206-1 covers conformity criteria for compres-
sive strength (individual results and mean results), tensile splitting
strength, and other properties of concrete such as consistence, viscos-
ity, passing ability, segregation resistance, and air content. Important
points are the following:

The properties of concrete for conformity control are measured
by appropriate tests using standardized procedures. The actual
values of the properties of the concrete in the structure may differ
from those determined by the tests depending on, for example,
dimensions of the structure, placing, compaction, curing, sam-
pling, and environment.

A sampling and testing plan and conformity criteria should be
drawn up in advance.

Sampling positions for conformity tests should be chosen such
that the relevant concrete properties and concrete composition do
not change significantly between the place of sampling and the
place of delivery. Some specifications identify the point of sam-
pling to be as close as possible to the point of discharge so that the
sample represents the concrete being cast into the structure (but
then, the as-built properties cannot be evaluated!)

Tests for production control may be the same as those required for
conformity control.

Conformity or nonconformity is judged against the conformity
criteria. Nonconformity may lead to further action at the place of
production and on the construction site.

e The relevant standards should be consulted for further details.

The above is necessarily brief, and further guidance can be found in the
following references: RILEM TC 189-NEC (2007), Alexander et al. (2008),
RILEM TC 230-PSC (2016), and CSA A23.1/A23.2.

10.6 CASE STUDIES OF DURABLE CONSTRUCTION

This section contains two examples from recent large infrastructure proj-
ects in which durability was a dominant feature. Although brief, they indi-
cate different ways in which owners and designers have grappled with the
problem of actually achieving structures that will be durable for a substan-
tial period of time. Importantly, in these projects, the owners foresaw the
durability challenges and were explicit in requiring rational engineering
approaches to overcome these challenges.
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Figure 10.10 @resund Link between Denmark and Sweden.

10.6.1 Concrete bridge, Dresund Link*
10.6.1.1 Background and design

The 16-km Dresund Link between Copenhagen in Denmark and Malmo
in southern Sweden has numerous and substantial structures associated
with it, including a tunnel and concrete bridge (Figure 10.10) (Gimsing and
Georgakis, 2012; Russel, 2000; Munch-Petersen, 2003). Construction on
this prestigious project ran between 1995 and 2000. The bridge of inter-
est is 7.8 km long, making it Europe’s longest combined road and rail-
way bridge. It comprises a 490-m cable-stayed span with a navigational
height of 57 m, the largest cable-stayed bridge span in the world in terms
of length combined with traffic load (at the time of writing). The western
approach has 22 spans (4 spans of 120 m each, and 18 spans of 140 m
each), and the eastern approach has 27 spans (3 spans of 120 m each, and
24 spans of 140 m each). The bridge superstructure has an upper level with
a four-lane motorway, and a lower level with a dual track railway, sepa-
rated by two parallel Warren-type steel trusses in composite action with
the transversely prestressed concrete top flange. A photo of the completed
bridge is given in Figure 10.11.

* This section is based on a chapter by Braestrup (2016), “Danish strait crossings: Lillebelt,
Storebaelt, Oresund, Femern Bealt,” in Marine Concrete Structures—Design, Durability,
and Performance, edited by M. G. Alexander, Woodhead Publishing, an imprint of
Elsevier, 2016.
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Figure 10.11 Completed @resund Link Bridge. (Courtesy of Henry von Platen/CC, 2013.)

The project was undertaken as a “design and construct” project, with the
detailed design done by the contractors based upon conceptual designs and the
contract documents. These documents were prepared by the owner, assisted
by in-house consultants, and included design and construction requirements,
and the functional and durability criteria for the bridge. The design require-
ments encompassed the design basis and codes and standards (including the
Eurocode Project Application Document). The functional criteria were in the
form of definition drawings specifying dimensions (e.g., sections, profiles),
as well as an illustrative design, prepared by the in-house consultants, show-
ing one way of satisfying the criteria. The durability criteria, included in the
construction requirements, specified the design life (120 years), the mix and
cover design, and requirements for simulation of early-age cracking and an
extensive program of pretesting and full-scale trial casting.

10.6.1.2 Concrete materials, mix designs, and
other relevant information

Some typical concrete mix designs and materials are given in Table 10.5.
The contractor was permitted to adapt the concrete to the chosen method
of execution, subject to the following requirements: minimum total binder
content—340 kg/m3; minimum Portland cement content—325 kg/m?
(bridge); maximum PFA content—0% (bridge) and 15% (tunnel) (efficiency
factor 0.3); maximum MS (microsilica) content—5.0% (efficiency factor
2.0); and maximum water/binder ratio—0.40 (Type A—see Table 10.5).
The specification was developed by a joint Swedish-Danish working party,
and the restrictions on the use of fly ash in the bridge structure (but not the
tunnel) reflect Swedish reserve with this mineral addition. The bridge struc-
tures used concrete type A, from the lower limit of the splash zone (level
—3.0 m) to a level 6.0 m above the deck.
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Table 10.5 Typical concrete compositions
for the @resund Link

Concrete type A A*
PC 375 380
PFA - —
MS 12.5 19
Water 145 134
Sand 0-2 mm 647 561
Stone 2-8 mm 288 141
Stone 8-16 mm 439 447
Stone 16-25 mm 466 621
Water/binder ratio 0.36 0.32

Note: A¥, concrete mix for concrete road deck.
All values (except water/binder ratio) are
in kg/m? (dry mass);amounts of admixtures
(air entrainer, retarder, plasticizer, super-
plasticizer, and stabilizer) are omitted.

The specified minimum cover to the reinforcement was 30 mm (internal
faces in box girders), 50 mm (structures below the splash zone, external
faces under waterproofing, internal faces in general), and 75 mm (external
faces in general).

Only ordinary black steel reinforcement was used, in addition to pre-
stressing steel. For prestressing steel, the concrete cover was generally speci-
fied as 5 mm greater than the values mentioned above.

10.6.1.3 Construction and quality management

Computer simulations were used to predict early-age temperatures and
stresses in the concrete sections. No early-age cracking was accepted for
parts of the bridge structure in the splash zone. For other parts, the maxi-
mum allowable early-age crack width was 0.2 mm.

Significantly, the only component of the bridge constructed in situ was
the bridge towers, with the rest of the elements being prefabricated to
help ensure quality of construction. For construction of the 204 m high
tower legs, a floating concrete production plant was anchored alongside
the bridge, with the use of climbing formwork in lifts of 4 m, the concrete
being lifted by buckets, with a cycle time of 5-8 days in two shifts. On the
western pylon, some cracking was observed on early pours, and on parts
of the northern leg, the concrete did not meet required standards. The
cracks were repaired, but two lifts on the northern leg were demolished
and recast.

During all phases of production, concreting, and curing, strong empha-
sis was placed on pretesting and production testing, and on the contrac-
tor’s quality management systems, including inspection plans and quality
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documentation. Pretesting comprised standard testing of constituents and
trial mixes (including air content and salt scaling by the Swedish Bords
method), as well as full-scale casting to prove that the selected production
method matched the intended concrete mix. Production testing included air
content and salt scaling. Furthermore, the installation of corrosion moni-
tors was specified.

The concrete caissons, pier shafts, and troughs for the railway deck of the
approach bridges were constructed using onshore prefabrication, allowing
higher quality control and timeous production of these elements. Approach
span steel trusses, including the concrete road deck, were prefabricated in
Cadiz (southern Spain), using concrete type A* (see Table 10.5), and trans-
ported to the site on sea barges. The concrete strength for the road deck
was 50 MPa, with air entrainment for frost resistance. The requirement
was a minimum of 3% air in hardened concrete unless the specified pretest-
ing had shown that higher air contents were necessary in order to comply
with the requirements for frost scaling (max. 0.5 kg/m? after 56 cycles;
salt scaling testing according to Swedish Standard SS 137 244 (the Boras
method, 2005)).

Figure 10.12 shows a photograph of a road span being hoisted onto the
bridge.

The quality management approach required the contractors to approve
their own work. They executed quality system audits on all aspects of the
work, including subcontractors and suppliers, to check whether the con-
tractor’s actual execution of the various activities complied with their qual-
ity plans. The owner’s staff also conducted regular audits on predefined
areas of each contractor’s activities. Ultimately, the two audit programs

Figure 10.12 @resund Bridge, approach span erection using the heavy-lift vessel “Svanen.”
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were coordinated to avoid unnecessary duplication; interestingly, as coop-
eration evolved, the contractors invited the owner and his or her consul-
tants to attend their audits as observers.

10.6.1.4 Inspection and maintenance

A detailed inspection plan for the concrete structures was prepared, speci-
fying inspection periods, test procedures, monitoring of the structure, and
recording of observations. The inspection plan also included actions to be
taken after inspection, such as modified inspection frequencies, initiation
of cathodic protection, and repair or replacement of elements.

In brief, inspection was needed to confirm that drainage of water occurred
from all concrete surfaces for the roadway bridge deck and the railway con-
tainment troughs, which are exposed to freezing and some chlorides from
deicing salts. The edge beams in particular are highly exposed, and there-
fore subjected to detailed inspection. Minor repairs of edge beams may be
envisaged in the future, with replacement being considered as an alternative
to larger repairs.

The bridge piers and pylons are exposed to chlorides, to freezing up
to some distance above the bridge deck, and also to deicing salts at the
deck level. Consequently, exposed parts of pylons have been prepared for
cathodic protection and equipped with corrosion monitors for timely acti-
vation of the cathodic protection. If needed, cores and samples may also be
taken to verify the chloride transportation model.

The bridge abutments and viaduct are in some areas exposed to chlo-
rides, freezing, and deicing salts. They were handled in a similar way to the
bridge piers and pylons. The viaduct beam elements are less exposed and
possible repairs may be limited to edge beams only.

10.6.1.5 Summary

The DOresund Link Bridge was conceived, designed, and constructed with
clear durability considerations in mind. Considering best practice at that
time, concrete materials and construction methods were chosen and a
specification put in place to ensure maximum protection against the main
causes of deterioration to the bridge structure and its elements: chloride
ingress and freeze—thaw. Use of a supplementary cementitious material in
the form of microsilica (silica fume) was considered essential for long-term
durability. Although the structures were built using essentially a prescrip-
tive approach, much emphasis was placed on pretesting and production
testing and on the contractors’ quality management systems, including
inspection plans and quality documentation. A regular inspection and
maintenance program is in place to detect problems timeously and limit
possible repair costs.
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10.6.2 Construction of the new Panama Canal*

10.6.2.1 Introduction: background, structures,
and environment

The original Panama Canal was built 100 years ago, comprising a canal from
the Pacific side to Lake Gatun (26 m above sea level) in the interior, with a
shorter canal from Lake Gatun to the Gulf of Mexico, and several locks.

For decades, there has been recognition of the need to enlarge the width
of the canal to take wider and heavier ships. The Panama government
finally decided to undertake the upgrade, and during 2006, a tender for the
construction of two lanes for the new locks was issued. The construction
project was awarded to a consortium Grupo Unidos por el Canal (GUPC),
with completion scheduled for 2016.

The new construction, from a concrete perspective, involved cast-
ing about 4.7 million cubic meters of concrete representing, at the time,
the world’s largest single concrete production site. Concrete plants were
installed on each site, with nominal capacities of 540 m3/hour. The Pacific
site is shown in Figure 10.13.

The coarse and fine aggregates comprised basalt quarried from the site
quarry, and processed in crushing plants. The aggregate was not as sound
as expected, producing a large amount of “superfine” material. Later, this
superfine fraction, after verifying its pozzolanic activity, was added to the
concrete to improve chloride resistance.

The exposure environment for the concrete structures differed depending
on the locality: the lock nearer the sea (i.e., the lower chamber) has salini-
ties of up to 34 g/L, while the interior sections adjacent to Lake Gatun,
which contains fresh water (i.e., the upper chamber), had salinities as low
as 0.6 g/L. These values can be compared to typical seawater salinities of
around 35 g/L, although this varies widely in different oceans.

10.6.2.2 Concrete design philosophy and basis

Concrete for the new canal structures required to be reinforced as an
antiseismic precaution. Two concrete types were specified: marine and
standard concrete. The marine concrete, placed in the external exposed
surfaces of the elements, had more stringent requirements. The concrete
had to be cast on site and be pumpable. The maximum w/b ratio was 0.4.

The specification of the Panama Canal Authority required a 100-year
service life for the marine concrete in all members, and also a maximum
1000-coulomb criterion according to ASTM C1202. However, no details
were given on what the 100-year service life meant, or how to demonstrate

* This section is based on a chapter by Andrade et al. (2016), “Concrete durability of the
new Panama Canal: Background and aspects of testing,” in Marine Concrete Structures—
Design, Durability, and Performance, edited by M. G. Alexander, Woodhead Publishing,
an imprint of Elsevier, 2016.
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Figure 10.13 View of the Pacific concrete plant for the new Panama Canal, with the silos
and the refrigeration plant.

it, although calculations regarding chloride penetration were required.
Minimum cover depths of 75 mm were specified, with requirements for
temperature control of not higher than 70°C in the center of the elements to
avoid thermal cracking. This necessitated the use of ice in the mixes during
casting, and temperatures were checked using thermocouples in the fresh
and hardening concrete, together with theoretical heat development studies
at element size. A curing time of 14 days was also prescribed.

10.6.2.3 Durability aspects and critique of specification

The specification requirements for assuring the 100-year service life were
the following;:
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For all concretes irrespective of exposure class:

* A maximum of 1000 coulombs in ASTM C1202 (rapid chloride per-
meability test [RCPT]). However, there was no indication of the age
at which this was to be met.

e Minimum of 100 years to corrosion initiation.

¢ Low shrinkage cracking (a maximum temperature of 70°C in the cast
concrete in the early stages of hydration, and less than 20°C differ-
ence in the interior of the concrete).

Further requirements of the specification were a maximum w/b ratio of
0.40, as stated before, and concrete shrinkage testing according to ASTM
C157.

Concerning the minimum 100-year corrosion-free life, a service life
prediction model was suggested, which was accepted by the consortium
building the canal (Andrade and Whiting, 1996; Andrade, 2004; Andrade
and Tavares, 2012; Andrade et al., 2014). In general, the specification had
shortcomings and limitations, leading to the following critique:

1. The deterioration mechanism for which there was a coulomb limita-
tion was not defined. This criterion was linked with “permeability”
and “durability” requirements.

a. No tests directly measuring the diffusion coefficient of chlorides
were prescribed.

b. No age was specified for the conformity requirement. The “aging”
of the concrete was not taken into account.

2. The characteristics or basis for the 100-year calculation of service life
were not specified.

3. No link was established between the coulomb limitation and the 100-
year service life requirement.

4. There was no mention of a test relating to the calculation method.

5. No tolerance for the 1000-coulomb was specified, and it was not

explicit whether this was a mean-coulomb or characteristic value.

. No tolerance or accepted deviation on the lifetime was given.

7. The same concrete quality was required for all water salinities in spite of
the fact that they were very different. Two of the newly constructed cham-
bers contain waters with chlorides insufficient to induce depassivation.

)

10.6.2.4 Construction, testing, and verification

Construction work on the new canal started in January 2011, with a labo-
ratory in charge of verifying compliance with the 1000-coulomb electrical
charge and calculating the 100-year service life. For the latter require-
ment, the consortium engaged the services of IETcc,* who suggested

* El Instituto de Ciencias de la Construccion Eduardo Torroja (IETcc), Madrid, Spain.
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using alternative approaches to ensure compliance with the specifications.
These entailed use of different primary materials and batching processes
to manufacture a series of alternative concrete mixes; testing natural chlo-
ride diffusion (ponding tests); continuous monitoring by measuring elec-
trical resistivity over time; and the use of LIFEPRED, a numerical model
developed at IETcc for calculating service life based on Fick’s law (Andrade
et al., 2011).

An experimental program was developed between GUPC and IETcc,
involving testing of concrete mixes from the construction sites for RCPT
value, resistivity, natural chloride diffusion (ponding), water penetrable
porosity, and mercury intrusion porosimetry (MIP). Ultimately, four con-
crete mixes from the Pacific and Atlantic sites, out of more than 16 mixes
studied, were selected for final testing. A “natural pozzolan” supplied by the
cement producer and silica fume was also used in the mixes. Interestingly,
the “superfine” fraction of the basaltic crusher sand was found to have
pozzolanic properties and was used in the mixes. Final w/b ratios were of
the order of 0.3. It was also decided to study concrete from the old canal
by way of drilled cores, for chloride profiles and electrical resistivity, MIP,
and DTA/TG.

In summary, the results showed that it was possible to replace measur-
ing electrical charge (coulombs) in the RCPT test, with measurements of
resistivity. The natural diffusion tests permitted the accurate calibration of
the Fick’s Law Model used in the LIFEPRED Program. Mixes that would
achieve the 100-year corrosion-free service life requirement according to
the modeling could then be more confidently selected and used in construc-
tion. Of course, it was realized that there are no 100-year data available to
verify the model, but the requirements of the client were fulfilled. The vari-
ous critiques of the specification were also a valuable learning experience.
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resistance, 171
Absorption, 56-57

of water, 169-170

tests, 214-216
Acid attack, 40, 73, 274-275
Admixtures, 24-28, 49, 276
Aggregates, 43—-47
Air permeability, 220-225
Alkalis, 71
Alkali-aggregate reaction, 39, 74,

79,107

mitigation of, 271-272

tests, 242-245,270-271
“As-built” material quality, 166-169
Atmospheric gases, 71

Batching of concrete, 280-282
Biodegradation mechanisms, 75

C;A (tricalcium aluminate), 41-42
chemical reaction, 61
effect on durability, 41-42
effect on rheology, 41-42
Carbonation depth, 106
Carbonation tests, 234-237
Case studies of durable construction,
308-317
Cavitation, 69
Cement
annual production, 1, 2
binder compositions, 14-18
chemical attack, 37-38
CO, emissions, 1
drying shrinkage, 32-34

fineness, 41
heat liberation on hydration, 22,
32-33, 61-62

hydration reactions, 14, 15, 21-23, 61

microstructure, 18-23

permeability, 19

physical attack of, 37-38

pore structure, 18-23

pore water composition, 23

strength vs. permeability, 20

sulfate-resisting, 13, 39-40
Chemical attack, 47, 71-76, 77-82,

146, 148

Chloride binding, 87
Chloride conductivity test, 197-198
Chloride diffusivity, 187-190
Chloride penetration, 106, 225-234
Coignet house, 8-9
Cold weather concreting, 303-304
Concrete

amount produced, 1, 2

chemical attack, 38-42

CO, emissions, 2

deformation, 32

density, 28

deterioration mechanisms, 55

embedded energy, 2

mechanical response, 11, 12

microcracks, 11

microstructure, 26-31

physical attack, 42-43

properties of, 59-62

stress vs. strain curves, 12, 30
Concrete handling, 286-292
Concrete manufacture, 280-285
Construction, site, 285-303
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Corrosion of reinforcement, 82—89,
120-143, 147-148, 248-261,
275-276

carbonation induced, 123-129
chloride-induced, 130-142
cracked concrete, 87-89
initiation, 85-86

mechanism, 83-84

products, 84-85

rate, 87, 90

tests for, 248-261

Corrosion-inhibiting admixtures, 276

Cover thickness, 151-152, 297-301

Cracking, 12, 62-66

Curing, 91-92, 292-297

Deemed to satisfy design approach,
146-152
Delayed ettringite formation, 79
Deterioration mechanisms, 6677
Diffusion, 5758, 130-136, 171-172,
226-227
Durability index, 160-162
framework, 163
indicators, 169-174
philosophy, 161-162
use in different countries, 176-202
Durability tests, 106-108
DURACON model, 186-188
DuraCrete model, 184-185

Efflorescence, 80-81

Electrical migration, 172-173

Electrochemical corrosion, 249-251

Electrochemical impedance
spectroscopy, 259-261

Epoxy coating of steel, 276

Equivalent performance concept,
104-105

Erosion, 69

Ettringite, 23

Exposure classes, 147-152

Fib model code (2010), 159-160
Fibers, 49-50
Figg air permeability test, 220
Fillers, 7
Fire damage, 71
Freeze-thaw
aggregates, 45
damage, 70, 81, 106, 143-146, 148
mix design for, 266-267
tests, 247-248

Gypsum corrosion, 262-266

Half-cell potential method, 251-254
Hoover dam, 2, 7

Hotel Europe, 2, 6

Hot weather concreting, 304-306
Hydrolysis, 79

Ingalls building, 2, §
lon
addition, 79
exchange, 77
removal, 79

Leaching, 72, 80, 107

Life-cycle cost analysis, 152

Limit states, 108-112
corrosion of steel, 120-143
design methods, 119-120
failure categories, 116
failure consequences, 116-118
partial factor design, 118-119
probabilistic, 112-118
serviceability, 109-112
ultimate, 109

Linear polarization resistance, 256-259

Material potential, 166-169
Maximum aggregate size, 46
Microcracking, 63, 66
Mix design
freezing and thawing, 266-267
fundamentals, 264-265
procedures, 265-266
sulfate attack, 267-269
Mixing of concrete, 284-285
Mixing water control, 282-283

Nondestructive testing, 249-256
NordTest rapid chloride migration test,
230-234

Oresund link bridge, 309-313

Oxygen permeability, 59-60

Oxygen permeability index (OPI), 60,
195-196, 200-202

Panama canal, 314-317
Pantheon, 2, 3, 4
Penetrability, 12, 27, 56-57
Penetration tests

CO,, 234-237

nonreactive fluids, 210-211
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nonreactive gases, 217-225
reactive fluids, 211-212
water transport, 212-217
Performance specification, 98-100,
174-176, 181-182
Permeability
air, 193-194,220-223
definition, 169
oxygen, 60, 219-220
vs. strength, 157-158
Permeation, 56
Physical deterioration mechanisms,
69-71
Pont du Gard, 2, 4
Porosity, 170
Portland cement, see Cement
Prescriptive specifications, 98-100, 174

Quality control
concrete production, 283-284
durability, 306-308

Rapid chloride permeability test, 17,

182, 229-230, 234
Recycled concrete aggregate, 46—47
Refractory concrete, 43
Reinforcement protection, 91, 156
Residual service life, 142-143
Resistivity, 172, 191-192, 254-256
Restrained shrinkage, 60-61
Rheology, 23-26

Salt crystallization, 70, 81
SCM, see Supplementary cementing
materials
Seawater, 47, 72, 272-274
Service life, 8, 53-54
design codes, 102-105
predictive models, 100-102
Spacers for reinforcement, 301-303
Steel corrosion, see Corrosion
Sulfate attack, 13, 39-40, 73-74,
76,106
design for, 267-269
mix requirements, 269
tests, 245-247
Sulfoaluminate corrosion, 268
Supplementary cementing materials, 4,
15-17, 38, 49, 62
Sustainability, 6-8

Thaumasite, 268

Thermal effects, 42-45, 70

Torrent air permeability test, 220-225
Transport properties, 56-59
Tricalcium aluminate, see C;A

Ultrahigh-performance concrete,
29-30

Water, impurities in, 47-48
Water sorptivity, 169-170, 196-197
Wenner test, 254-256
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