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Chapter 1

Fundamentals of materials

Christopher Hall School of Engineering, University of Edinburgh, UK

The long and still visible history of civil engineering shows how materials influence
construction practice and design. Modern materials are diverse in composition and in
internal microstructure. Broadly, we recognise three major families: metals, ceramics
and polymers. Scientifically, material properties are controlled by the atomic, molecular
and microstructural organisation, including pore structure. There is increasing
emphasis on sustainability in the selection and performance of materials, not least
because of the prodigious quantities consumed in civil engineering and building

throughout the world.

Introduction

Materials are at the heart of all branches of engineering. It
can be argued — and with not much exaggeration — that
engineering is the creative and rational use of materials
for practical purposes. Homo faber, man the maker,
works with what the material world permits and makes
possible. Engineers are better engineers if they have a
good understanding of the properties of the materials
which they use. In the long past this came from hands-on
familiarity rooted in tradition and craft practice. Now the
range and variety of materials is so great that this is
hardly feasible. The challenge to the engineer is also made
greater by the pace at which new materials are being devel-
oped. But, at the same time, scientific knowledge of
materials — of their composition, behaviour and properties
— is advancing rapidly. Science now provides a framework
for understanding materials, both new and old. Within
this framework we can include all types of materials, thus
to some extent unifying the treatment of the metals, cera-
mics, plastics and composites. This is the discipline of
materials science.

The purpose of the first two chapters is to describe these
generic aspects of materials, emphasising well-defined
engineering properties and sketching our scientific under-
standing of how some of these properties arise. In this
chapter we discuss materials from a broad social and
historical perspective; and mention two important contin-
gent issues: sustainability, and health and safety. We then
describe the composition and internal architecture of
materials as a basis for understanding the engineering
properties which are the subject of Chapter 2.

Evolution and innovation in
materials for civil engineering

No branch of engineering can provide such a long histori-
cal perspective on the significance of materials as civil
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construction. The survival of buildings, bridges and roads
from ancient to modern times shows clearly the methods
of construction in every era and region, and demonstrates
repeatedly the close relation between available materials
and structural and architectural design.

It is often noted that over several millenia until, say, the
eighteenth century, substantial buildings (pyramids,
temples, cathedrals, palaces, large houses and villas) and
also bridges were necessarily constructed in some form of
masonry, using ‘as-found’ materials: first quarried stone,
later supplemented by fired clay brick. Thus the mechanical
basis of most structures lay in compressive loading, which
eventually found its sublime expression in the arch, the
vault and the dome. Nonetheless, wood, another as-found
material, was used widely in construction. Being less
durable, such structures survive less frequently. Timber
beams resistant to bending carried tensile loads from
earliest times.

Masonry structures may be built without jointing
mortars but only at greater cost, requiring shaped stones;
and jointing materials such as gypsum, resins, bitumens,
and, later, limes have been of value since Egyptian times.
The role of lime as a binder and the eventual emergence
of recognisably modern Portland cements deserve more
detailed discussion (Box 1).

The metallic tradition

The metallic tradition (a phrase of J. E. Gordon) has been
dominant throughout engineering for the last two centuries.
It is from physical metallurgy that have emerged the
combustion engine, the jet engine, the oil tanker, the
turbine, the suspension bridge, the skyscraper (and indeed
the elevator), the petrochemical plant and the machines of
war. We can add to this list countless innovations in
electrical power engineering and in electrical machines,
including the engineering of building services. Metals, of
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Box 1 Cementitious materials

Binders in the earliest eras, notably in ancient Mesopotamia and
Egypt, were based on gypsum, clays and bitumens. These required
at most modest heating to make them workable, but they
conspicuously lacked durability and strength. Greek and Roman
construction made use of lime produced by burning limestone (at
around 700°C). Lime mortars and lime concretes harden slowly by
reaction with carbon dioxide from the air. However, in Roman
building there was a skilful understanding of how excellent binders
could be made by combining lime with various siliceous materials
(both natural, such as volcanic ashes and tuffs; and man-made,
such as powdered brick and tile). These rather reactive materials
combine chemically with the wet lime to form cementive minerals in
what is now called a pozzolanic hardening process.

Recognisably modern Portland cements began to appear in the
middle of the nineteenth century in Britain, France and Germany. This
was the result of new methods of firing lime and clay to higher
temperatures, sufficiently high not only to convert the limestone to
lime but also to drive complex chemical reactions between the lime
and the clay. The calcium silicates formed were hydraulic, reacting
with water to form cohesive solid materials: liquid stone. These first
cements were slower to develop strength and perhaps five times
weaker than modern Portland cements. Nonetheless, their
emergence marks the beginning of the modern cement industry, and
of modern concrete construction. Today’s industry produces some
2.6 billion tonnes of cement each year (van Oss, 2007), by far the
largest quantity of any manufactured material. The technology is
mature, but still capable of substantial if incremental improvement;
for example, in achieving high compressive strength in concrete by
using low water/binder ratio; or improving ductility by the use of
short polymer or metallic fibres.

course, have a much longer history than that, but their
dominance has depended on cheap energy and an industrial
scale of production. Above all, it was the emergence of iron-
making and steelmaking in the eighteenth and nineteenth
centuries that stimulated and sustained the metallic tradi-
tion in heavy engineering. Before that, metals (gold,
silver, bronze, steel, lead...) played mostly supporting
roles in building and construction as decorative elements
or as critical but minor functional components (nails,
hinges, bars), or in making handtools for the working of
wood or stone. Innovative architectural uses of unusual
metals such as titanium depend initially on the existence
of larger markets in aerospace and biomedical engineering.

Pipes

Dependable pipes and pipework systems are a prerequisite
for hydraulic engineering. For complex small-diameter
pipework, capable of fusion jointing, lead has been used
since Roman times. So have moulded fired clay ceramics,
Figure 1. Vitruvius Ten books on architecture comments
on both and notes the difficulty of jointing in ceramic
pipe systems. For large-diameter pipes, fired clay (vitrified
or salt-glazed to reduce permeability) was the workhorse
material throughout the nineteenth century well into the
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Figure 1 Terracotta pipéwork from Rom
internal diameter and with socketed joints (reprinted from C. R. Ortloff
and D. P. Crouch, Journal of Archeological Science ©2001 Elsevier)

twentieth, with some continuing use at the present time.
Wrought iron pipes came into use, and later steel. The
radical innovation has been in the rapid and general substi-
tution of polymer pipes over the last 20—30 years, primarily
high-density polyethylene (HDPE). The advantages of
good durability, low permeability and at least some flex-
ibility are clear. Flexibility largely eliminates the problems
of fracture caused by ground settlement. The long runs
(even continuous reeled pipe for smaller diameters) makes
trenchless installation possible; manufacturing technology
allows for effective jointing details to be incorporated,
even in some cases polymer welding to be applied. Other
polymer-based materials may also be used, for example
using glass-fibre reinforced polyester. Polypropylene pipes
(and couplings) complement the use of copper in small-
diameter plumbing systems.

Glass

The float process for manufacturing sheet glass (Pilkington,
1969), (Figure 2) made flat glass for windows widely avail-
able throughout the world. The process, in which a thin
layer of molten glass floats on the surface of a tank of
molten tin, produces a continuous ribbon of glass sheet of
high surface quality and free of distortions. Before the
float process, glass of such quality could only be produced
by the laborious and costly grinding and polishing of plate
glass. The availability of window glass strongly influences
fagade design and environmental performance in buildings
of all kinds. Here the innovation was in manufacturing
method rather than material composition, but this was
critical in making glass available in a form, of a quality
and at a cost which stimulated new engineering.

In turn, the widespread use of sheet glass has demanded
improvements in glass technology to meet deficiencies of
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Figure 2 The float glass manufacturing process (courtesy of Tangram Technology Ltd)

the standard material. Notably, laminated safety glass
sheet has been developed, most commonly by sandwiching
one or two layers of a transparent polymer film, usually
poly(vinyl butyral), between two or three glass sheets.
Surface treatments of sheet glass, in which extremely thin
coatings of transparent materials (such as titanium dioxide)
allow the glass to act as a selective filter for various compo-
nents of sunlight can provide solar control in the building
envelope.

In parallel with advances in flat glass have been numerous
innovations in materials which depend on the remarkable
properties of glass fibres. These range from short glass
fibres for incorporation into cement and concrete (for
which zirconia glasses were developed to avoid alkali
attack); glass fibre in the form of rovings and fabrics for
the manufacture of polymer-based composites; and, of
course, highly engineered optical fibres for communications.

Innovation in materials

Given the vast quantities of materials consumed in civil
engineering, it seems unlikely that radically new primary
or commodity materials will emerge in the near future.
There are profound differences between the economics,
needs and practices of civil engineering, and of sectors
such as information storage, communications and
biomedicine. While new high value-added materials
produced in small volumes using advanced manufacturing
processes may offer unique benefits, we are unlikely to see
radical displacement of the main materials: concrete,
steel, brick, stone, glass and polymers.

Nevertheless, civil engineering benefits in many ways
from developments in materials technology in roles which
are less apparent than as primary structural materials.
Concrete technology has exploited numerous chemical
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additives which modify, for example, workability or allow
air-entrainment to improve frost resistance. Civil engineer-
ing and construction now are among the largest end-uses of
polymers (plastics and rubbers), mostly in non-structural
applications such as membranes, geotextiles, fibres, coat-
ings, adhesives and sealants. Sometimes, however, such
materials come to the fore and find striking architectural
expression as, for example, in tension roof structures
using polymer/glass textiles.

There is also no doubt that the rate of innovation in
materials science and engineering as a whole is rapid.
These advances are on many fronts. Among the most
remarkable in the last two decades is the unexpected
discovery of new forms of pure carbon materials: the fuller-
enes, carbon nanotubes and most recently graphene. These
materials, made from one of the commonest of the chemical
elements, have extraordinary electrical, chemical and
mechanical properties. Carbon nanotubes, Figure 3, are
the stiffest materials yet known (stiffer than diamond),
and at least on the small scale the strongest. They demon-
strate the possibility (if not yet the sure prospect) of
ultra-stiff and ultra-strong bulk materials for structural
use based on a sustainable and abundant raw material of
intrinsically low cost. Of course, manufacturing processes
need to be developed but it is clear that proof of concept
has now been attained.

Other innovations in materials from many fields will also
diffuse into civil engineering over time. Examples can be
found in energy technology (for instance, in photoactive
materials for solar energy conversion); sensor materials
for structural health monitoring; and in superhydrophilic
photocatalytic coatings for self-cleaning surfaces such as
flat glass or superhydrophobic surfaces to shed water
(Figure 4).
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Figure 3 Multi-wall carbon nanotube (courtesy of Professor M. Endo,
Shinshu University, Japan)

Sustainability of materials

All materials have their origin in the natural resources of
the planet; all consume energy in primary manufacture, in
conversion to components and products, and subsequently
in transportation through the supply chain to the user.
During service life, the processes of deterioration and
cumulative damage entail further expenditures in mainten-
ance and conservation; and ultimately in replacement and
disposal. From the perspective of sustainability, we consider
how to analyse the entire life-cycle costs of materials to
provide a basis for rational choices in materials selection
and usage.

One important aspect of this analysis concerns the energy
costs of material manufacture (sometimes called the
embodied energy). Thus there are large differences in the
energy required to transform raw materials (metal ores,
other minerals, oil and gas feedstocks) to primary materials
such as iron and steel, aluminium, cement, plastics and

Figure 4 A water droplet (4.7 mm diameter) on a superhydrophobic
surface formed from PTFE-coated carbon nanotubes (reprinted from
Z. Yoshimitsu et al., Langauir ©2002 American Chemical Society)
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Figure 5 Embodied energy of materials (based on data from Hammond
and Jones, 2008)

rubbers. These primary energy costs are of course reflected
in the prices of the materials, but it is useful to identify the
embodied energy unambiguously. In Figure 5 we show
some representative values for major materials groups.
The strikingly high embodied energy of aluminium metal
is a direct consequence of the thermodynamic stability of
chemically combined aluminium. Huge amounts of energy
are required to release aluminium metal from its ores, and
aluminium manufacture is often located near to hydro-
electric power plants. The high embodied energy provides
a strong incentive for recycling of aluminium as fabrication
energies are much smaller than the primary energy of metal
winning. We note in passing that thermodynamic instability
of the metal with respect to the ore also provides the
inexorable driving force for aluminium corrosion. We
show the energy cycle for aluminium in Figure 6.

We may equally make estimates of the embodied carbon
(carbon dioxide) of materials, embodied water or other
environmental or resource costs. In civil engineering, Port-
land cement provides an important illustration of embodied
energy. There is a heavy direct energy requirement to heat
the large amounts of raw materials to kiln temperatures
around 1450°C. Estimated embodied energy is about
5.1 MJ/kg cement. Since cement is manufactured from clays
and limestone raw materials, and since carbon dioxide is
liberated in large quantities in the firing of the limestone
component, carbon dioxide is a major by-product of
cement manufacture. Additional embodied carbon comes
indirectly from the use of fossil fuels in kiln heating.
Estimated embodied carbon is about 0.80kg CO,/kg
cement produced. Because of the prodigious quantities of
cement manufactured throughout the world (about 2.55
billion tonnes in 2006), about 3% of total anthropogenic
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CO, is traceable to cement manufacture. It is true that, in
partial compensation, concrete also reabsorbs carbon dioxide
from the air but only slowly and mainly superficially.

Health and safety in materials
engineering

Many materials present some hazard both to workers at the
time of construction and thereafter to the public at large.
Health and safety considerations therefore receive attention
throughout the manufacturing and construction process,
and arise also at all subsequent stages throughout service
life. We can find several examples in the recent history of
materials in the construction industry to illustrate the
risks and problems that exist.

The first is the painful story of the industrial use of
asbestos. Asbestos is an inorganic mineral fibre which was
widely used for many decades in building construction
and shipbuilding as a thermal insulant and filler. Asbestos
occurs in several forms, all composed of brittle fibres
which, during handling, easily break into minute fibrils of
such a particle size that they are readily inhaled and
deposited deep in the lungs (Figure 7). After many years
of extensive use, it was established by occupational health
studies that these fine asbestos particles are extremely
carcinogenic. By the time that this was known, absestos
was already widely present in the built environment. The
importation, supply and use of various mineralogical
forms of asbestos were progressively banned in the UK in
the 1980s and 1990s, but the recovery and disposal of
asbestos from existing buildings remains a significant
health risk (Control of Asbestos Regulations, 2006). The
hazard arising from asbestos illustrates the dangers asso-
ciated with fine powders and dusts.

A second example is the role of trace levels of chromium
in cement in causing allergic contact dermatitis. This is a
serious disabling condition which affects construction
workers such as bricklayers and tilers who handle wet
cements. The disease has been traced to the presence of
water-soluble Cr(VI) in minute amounts in Portland
cements. In the UK, a COSSH directive (Control of
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Figure 7 Amosite asbes
USGS)

Substances Hazardous to Health Regulations, 2004) limited
the Cr(VI) content of manufactured cements to 2 parts per
million from 2005. A similar directive has been issued by the
European Union (EU, 2003). The reduction in Cr(VI) is
generally achieved by adding a small quantity of a reducing
agent such as ferrous sulfate to the manufactured cement,
so that in the wet mix the chromium is reduced to the less
hazardous oxidation state Cr(III). The ferrous sulfate is
effective for only a limited time, thus setting a corre-
sponding shelf life for cement, typically a few months
from the date of packing or dispatch. This is one example
of many to illustrate the importance of controlling the
exposure of construction workers to chemical substances.
Many others arise in the use of paints and coatings,
adhesives, solvents and concrete admixtures.

Types of materials: composition
and microstructure

Engineering as a whole makes use of a vast diversity of
materials. Civil engineering and building construction
worldwide consume large quantities of natural materials
such as stones, aggregates and wood. But there are also
important manufactured materials such as cements, fired
clay bricks and tiles, glass, plasters; an expanding use of
polymer materials particularly for pipework, in geo-
membranes, as well as for coatings, fibres and adhesives;
and of course all the major types of ferrous and non-ferrous
metals: the steels, copper, zinc, aluminium, lead and others.
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Figure 8 How the elements of the Periodic Table combine to form metals, ceramics and polymers

In materials science, it is conventional (and useful) to
classify materials into three broad groups: metals, ceramics
and polymers. These groups are distinguished fundamen-
tally by their composition and their chemical constitution.
The metals owe their useful engineering properties to the
distinctive chemical bonding which exists in certain
elements of the Periodic Table (Figure 8), such as iron,
aluminium and copper. This bonding provides strong
cohesion within bulk metallic materials, leading typically
(but not invariably) to high strength, high density as well
as high thermal and electrical conductivity. In contrast,
ceramics (and glasses) owe their cohesion to ionic and
covalent bonds. They are formed from combinations of
non-metallic and metallic elements: for example, sodium,
silicon and oxygen in simple glasses; or calcium, silicon
and oxygen in Portland cement. The cohesion in ceramics
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is also strong, and this yields stiff, strong materials,
generally less dense than metals but with high melting
temperatures. The more complex internal bonding makes
plastic adjustment to high stress more difficult than in
metals, so that ceramics and glasses are characteristically
brittle. Finally polymer materials are universally con-
structed from carbon, generally in combination with other
light non-metallic elements such as hydrogen and oxygen,
in distinctive chain and network structures. The interatomic
cohesion combines strong, stiff bonds within the chains and
weak interaction forces between them. This produces
materials with low stiffness, low melting temperature and
low density, but high plasticity.

Natural materials include both polymers such as wood
and ceramics such as rocks, building stones and innumer-
able minerals. There is renewed interest in these materials

ICE Manual of Construction Materials © 2009 Institution of Civil Engineers



Fundamentals of materials

from the standpoint of sustainability. It is striking, how-
ever, that the metallic elements are not found as simple
metals in nature, and biology has evolved without devel-
oping or using metals as structural materials. Load-bearing
materials in biology are invariably either polymers such as
wood, or polymer-ceramic composites such as bone and
shell.

The chemistry of materials

The fact that the main groups of materials map so clearly
on to the Periodic Table of the elements shows us that
ultimately and fundamentally the properties of materials
depend on the chemical bonds between the atoms. It is
these bonds that hold matter together. In the chemical
bonds lies the origin of cohesion in solid materials, on
which stiffness, strength and structural integrity depend.
But this also reminds us that materials are chemical
substances, able to participate in chemical reactions with
other substances.

We take advantage of this reactivity in numerous fabrica-
tion processes. In civil engineering, the most striking
example is the reactivity of cement towards water, a
thermodynamically driven chemical hydration reaction on
which the whole of cement and concrete technology turns.
Other chemical reactions occur in the setting of adhesives,
the hardening of polymer resins in the fabrication of
composites, in the drying of paints, in plaster setting.
However there are also chemical reactions between
materials and their environment, which frequently cause
degradation in materials and in their performance. A
common case is the corrosion of metals in wet conditions
caused by chemical reactions between the metal, water
and oxygen. All engineering metals (gold is the only
exception) are thermodynamically unstable with respect
to conversion to their oxides and hydroxides; the only
questions are how long does this reaction take? — and
how ingenious can we be in impeding it? Understanding
the chemistry of metal surfaces in contact with water and
air allows us to understand why changing the electrical
potential of a metal structure (say a buried pipe) is effective
in preventing corrosion. The different groups of materials
have different vulnerabilities. Polymer materials are gener-
ally unaffected by contact with water, but are degraded
by the joint action of oxygen and sunlight. Being mainly
composed of carbon and hydrogen, polymer materials are
generally also combustible: they burn freely in air with
low ignition temperatures. Ceramic materials are also
vulnerable to chemical processes of degradation. Concrete,
leached by water, loses some of its more soluble compo-
nents and is weakened. It is attacked by acids and suscep-
tible to damaging chemical alteration by dissolved
sulfates, for example from groundwaters. Fired-clay
products such as brick and tile are subject to long-term

ICE Manual of Construction Materials © 2009 Institution of Civil Engineers

Figure 9 Stone decay by chemical alteraﬁ’on‘(photograph by Andrea
Hamilton, University of Edinburgh)

progressive rehydration by water which leads to slow
expansion, with structural consequences in masonry.
Building stones (Figure 9) are damaged by many chemical
processes. Limestones are weakened by sulphur gases in
the atmosphere, carried by driving rain, through chemical
reactions in which calcite and dolomite minerals are
converted to gypsum. The theme of chemical reactivity in
construction materials is developed further in the chapter
on durability.

Composition of materials

The properties and behaviour of materials are fundamen-
tally determined by what they are made of and by their
internal architecture. We have defined the chemical
elements which constitute the main groups of materials.
In most materials, when we examine materials at the highest
resolution, we find that the atoms of the various elements
present usually take up regular geometric arrangements.
Such ordered crystalline structures are favourable for
maximising the energy of interaction between neighbouring
atoms. That is to say, the chemical bonding between adja-
cent atoms is at its strongest. These bonds, collectively,
provide the cohesion which is essential for engineering
materials. Figure 10 shows at nanoscale resolution (see
Box 2) the surface structure of the mineral magnetite
(which is found in black rusts on iron and is also the
material used in magnetic recording media). The image
was acquired with a scanning tunelling microscope which is
able to reveal the positions of individual atoms. Here we
see clearly the hexagonal crystalline packing of the
oxygen atoms. (We also see that a few positions are unoccu-
pied: such point defects or vacancies are almost always
present. These and other kinds of defect can have a
strong influence on the engineering properties of materials.)
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iron oxide. The left image shows two kinds of elementary steps in an
image field of 150 x 150 nm. The right image shows atomic resolution of
the hexagonal surface lattice with vacancies, image field 6 x 6 nm
(courtesy of P. W. Murray, University of Liverpool)

In Figure 11 we show the surface of a copper alloy, and
again a well-ordered crystalline arrangement is immediately
visible.

When we examine materials at a lower magnification, we
usually find that the bulk material is made up from a
myriad of crystalline regions randomly oriented in relation
to each other (Figures 13 and 14). At the engineering scale,
the materials are polycrystalline. The individual crystallites
or grains are typically micron to mm in size. In metals and
ceramics, the grains are commonly formed as the material
cools from the molten state during manufacture. During
cooling, the crystalline solid forms spontaneously at many
places throughout the material, and these crystallites
grow during solidification until they encounter other
grains, eventually forming a continuous solid material.
The final size of the grains is controlled by the ease of
nucleation and the velocity of the subsequent crystal
growth. These processes, in their turn, are strongly affected
by the cooling rate and the nature of the material. In metals,
in particular, the microstructure may be more or less
modified during processing. The grain structure is capable
of modification by heat treatment of the solid. The grain
boundaries play an important role in determining many
engineering properties. In minerals, crystallinity is also
the general rule. Figure 15 shows the surface of the mineral
portlandite formed in the hydration of Portland cement.

Box 2 The nanoscale: the smallness of atoms and molecules

In Figure 12 is a 2p coin, made from hard-wearing bronze alloy, a
mixture of copper and tin. One coin contains about one hundred
billion trillion (10%%) atoms. If we were to magnify the coin until it
covered most of western Europe and reached from Edinburgh to
Rome, then each atom (about 0.2 nm [2 x 10~ '° m] diameter) would
itself be about the size of a 2p coin. A typical polymer chain
molecule would be as big as a car, and a single particle of clay
would cover a football stadium.
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of metallic copper (reprinted from C. Nagl et al., Surface Science ©1994
Elsevier)

FR

Scanning tunnelling microscope STM views of the surface

The geometrical regularity of the surface reveals the
underlying crystallinity.

While regular crystalline arrangements of atoms are
almost invariably found in metals and minerals, frequently

Figure 12

A bronze coin enlarged to cover western Europe
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Figure 13 Nickel-based superalloy: Microstructure after casting and
heat-treating showing intermetallic particles. Scale bar 2 pym. (SEM image
by Jane Blackford, University of Edinburgh)

also in manufactured ceramics and sometimes in polymers,
there are important exceptions. In some materials, it proves
difficult for the constituent atoms and molecules to form
ordered crystalline arrangements in the solid state. Instead,
the distribution of atoms and molecules lacks the long-
range order found in crystals. Such materials are described

Figure 15 Portlandite 001 cleavage surface in air imaged by atomic
force microscopy. Image field 5 x 5 um. (C. Hall, D. Eger and Bosbach,
Universities of Edinburgh and Muenster)

as amorphous. Inorganic glasses (‘glass’) are such amor-
phous materials. The main constituent of inorganic glasses
is silica, which in the molten state forms strong three-
dimensional networks of Si—O chemical bonds. This leads
to a melt so viscous that the nucleation of crystalline
domains is severely impeded. In polymers, it often takes a
long time for long chain molecules to disentangle them-
selves sufficiently to form ordered arrangements. As a
result, the solid state of many carbon-based polymers is
amorphous and glassy. In other cases, the bulk polymer
materials are only partially crystalline: such semi-crystalline
polymers include both widely used commodity plastics such
as polyethylene PE and polypropylene PE as well as
advanced engineering plastics such as the aramid fibres.
In semi-crystalline polymers, however, the crystalline
domains may constitute the majority of the bulk material.
Typically, the crystallites combine to form complex
spherulites which can be seen easily in the light microscope,
see Figure 16.

A third example of a material with frustrated crystallinity

Figure 14 : y
back-scattered diffraction image shows the orientation of the grains after . . . o ; ! .
casting, deformation and heat treatment. (Image by Jane Blackford, is a material of unique value to civil engineering: the main

SLEIE G 2Rl ) constituent of the hydration of Portland cement is also
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Figure 16 Spherulitic microstructure in poly(vinylidene fluoride) PVDF.
Image field 725 x 630 um. (Image by Seyhan Ince-Gundoz and Peggy
Cebe, Tufts University)

largely amorphous or at least poorly crystalline. This
material, denoted C—S—H, is the complex product of the
chemical reaction of Portland cement with water. It is
C-S—H which provides the main binding agent in normal
concretes, responsible for cohesion, stiffness and strength.
When cements are hydrated at higher temperatures (as
they are in certain autoclave processes used in manufacture
or in cementing in high-temperature oil wells), the products
of hydration are usually crystalline. But in normal concrete
mixes, the lower temperatures mean that the chemical
reactions are sluggish and that the thermal energy is
insufficient to jog the complex constituents into long-
range crystalline arrangements. Even in this material, the
nanostructure shows an emergent regularity, although this
does not extend beyond a few nanometers (Figure 17).
The idea that most materials have a regular, ordered
structure at the nanoscale has greatly helped us to under-
stand the physical basis of engineering materials properties.
Without worrying too much about the fine details, we can
represent materials by a lattice model: a regular three-
dimensional array of atoms and molecules, held together
by chemical bonds. The stronger the bonds, the greater
the lattice energy. We expect strongly bonded materials to
have high melting temperatures, and probably to be stiff
and strong. Each atom or molecule of the lattice seeks a
site of minimum energy, and to break the cohesion of the
solid requires work or energy. It is found rather generally
that the interaction energy U of neighbouring atoms can
be represented by a curve such as that plotted in
Figure 18, the Universal Binding Energy Relation (UBER).
The UBER curve shows that close to r, the potential
energy U(r) is well represented by a parabola, and the
potential energy of the neighbouring atoms resembles that

10 www.icemanuals.com

Figure 17 Atomic structure of a C-S-H nanoparticle in hydrated
Portland cement (reprinted from I. G. Richardson, Cement and Concrete
Research ©2008 Elsevier)

of a simple spring. We can think of the lattice dynamically
as a vast three-dimensional network of springs. As a first
approximation, we may consider that the springs vibrate
symmetrically about their mean position, and this leads
to the concept of the harmonic lattice. In fact, as can be
seen, for large departures from the mean position, the
UBER curve is markedly asymmetric. By examining
the mechanical, thermal, dynamic and thermodynamic
behaviour of an extended lattice, we can learn a great
deal about the engineering properties of materials.

The crystalline organisation present at the nanostructural
level in most materials is almost invariably imperfect. That is
to say, our simple lattice model is an idealisation. Materials
science recognises the existence of several kinds or imperfec-
tions of defects. There may be isolated unoccupied lattice
sites (vacancies); or isolated lattice sites occupied by the
atoms of the wrong element (substitutional defects). Defects
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Figure 18 UBER: Universal Binding Energy Relation

such as these involving only single sites are called point
defects. Although point defects have only local effects, they
are important in introducing strain into the lattice and
distorting it in their neighbourhood. Vacancies play a role
in allowing long-range diffusion to occur by thermally
activated site-hopping movements, which occur more readily
as the temperature rises.

Of greater importance for material behaviour is the exis-
tence of larger-scale defects or dislocations, which extend in
two or three dimensions. A common dislocation is the edge
dislocation in which an entire sheet of atoms (a single lattice
plane) terminates abruptly within the lattice. The neigh-
bouring lattice planes then bend around the dislocation in
order to maintain lattice continuity. This produces a
strain in the lattice over the entire length of the edge.
Under an applied stress, the edge is able to move sideways
through the lattice, thus providing a powerful mechanism
for irreversible plastic deformation and yield. A geometri-
cally different dislocation is the screw dislocation in which
the lattice is twisted about an axis. Screw dislocations
play an active role in promoting crystallisation of solid
materials in crystal growth processes from solution. Dis-
locations (and their movement) may be observed at high
magnifications using the transmission electron microscope
(Figure 19).

Although most materials are essentially crystalline in con-
stitution, most conceal their crystallinity rather effectively.
The distinctive facetted shape of a large single crystal is
easily recognised but most materials develop as polycrystal-
line aggregates, and the distinctive crystallinity can be seen
only by microscopic examination. Figure 20 shows the
microstructure of an almost pure copper material, showing
that the solid material is composed of innumerable crystal-
lites or grains, all identical in composition (single phase)

ICE Manual of Construction Materials © 2009 Institution of Civil Engineers

Figure 19 Dislocation in a nickel-based superalloy observed by
transmission electron microscopy following creep testing. The
dislocations loop around 4/ intermetallic particles. Image field

1.25 x 1.15um (courtesy of Y. H. Zhang, Cambridge University and TWI,
UK)

but randomly oriented and separated by more or less straight
grain boundaries. The grain diameter in this structure is
about 125 microns. The crystallites develop from individual
nucleation events as the material cools from the molten state.
As the grains grow they eventually collide and adhere to
form a cohesive polycrystalline metal.

In many materials, the grains have different composi-
tions: polyphasic microstructures are commonly found in
all types of materials: metal alloys, in ceramics (and
rocks) and in polymer blends. For example, Figure 21
shows the microstructure of cement clinker, the fired
product of the cement kiln before grinding. Here we can
see four different components, each distinguishable in this
back-scattered electron image by the grey level. This
image is highly informative since important properties of
the cement (such as early-age rheology and strength) are
controlled by the relative proportions of these components,
which may be estimated by quantitative image analysis
methods.
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- Figure 22 Porosity in Lépine limestone, showing the packing of fine
Figure 20 Microstructure of a Cu50, Zn 50 (wt per cent) brass, chill cast. calcite grains (SEM image by Jane Blackford, University of Edinburgh)

Image field 1.5 x 1.5 mm (courtesy of Professor Robert Chocrane,
University of Leeds)

Porous and cellular materials

A common and distinctive microstructure found in many
materials is generated by porosity. Porosity is the rule
rather than the exception in the inorganic construction
materials such as fired clay brick, concrete and stone,
examples of which are shown in Figure 22. In these
materials, porosity arises mainly from the granular nature
of the materials, formed by compaction of mineral powders
in manufacturing or geological processes. The volume
fraction porosity f commonly lies in the range 0.1-0.3. The
pores usually form connected networks, so that water

e et A g

Microstructure of cement clinker, showing multi-mineral
composition. Image field is 200 um wide (back-scattered electron image
by Paul Stutzman, NIST)

Figure 23 SEM micrograph of transVerse cross-section of spruce wood.
Image width 240 um (reprinted from Trtik et al., ©2007 Elsevier)
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(and other liquids) are absorbed by capillary forces. In such
materials the transport of water plays a key role in long-
term deterioration and damage. In sedimentary building
stones such as limestones and sandstones the water trans-
port characteristics are generally different parallel and
perpendicular to the geological bedding plane: the materials
are anisotropic.

Wood is another porous material, with an intricate
cellular structure, also with anisotropic properties (Figure
23). Cellular forms of many manufactured materials,
including polymers and metals, as well as cement-based
materials, can be made to provide low-density and good
thermal barrier properties. In manufactured materials, the
porosity can be controlled and strongly influences the
properties of the material (Gibson and Ashby, 1997).

The porosity defines simply the fraction of voids within a
material but tells us nothing about the size of these voids.
Some properties (for example the density) depend only
on the porosity, but the transport properties such as the
permeability are sensitive to the dimensions of the pore
space and the pore network. To describe this, we develop
the idea of a pore size distribution. Characteristic pore
sizes differ enormously from material to material; and in
nearly all porous materials there are pores of many sizes.
Pores may be of molecular sizes, for example able to accom-
modate a few water molecules; or they may be large enough
to see with the naked eye. Normal concrete contains pores
of all such sizes.
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Chapter 2

Engineering properties of materials

Christopher Hall School of Engineering, University of Edinburgh, UK

Well defined engineering properties allow us to bring some order to the great diversity
of materials behaviour. In turn, we can make sense of these properties by examining
the composition and microscopic internal architecture of materials.

Introduction

An important element of the framework for describing
the behaviour of materials is the notion of engineering
properties. As a basis for the rational selection of
materials for particular engineering purposes, we try to
define key attributes, ideally in a way that can be quanti-
fied and measured by well defined procedures and which
are to a large extent common to different groups of
materials. In this way, engineers can obtain objective,
comparative data to guide the choice of materials and
with which to carry out design calculations. It is useful to
group these engineering properties into clusters, bringing
together, for example, the thermal properties which
describe the behaviour of materials under changes of
temperature or when heat flows through them. In this
chapter we discuss thermal properties as such a cluster.
We then describe mechanical behaviour and finally the
chemical properties which play an important role in the
durability and deterioration of materials in the working
environment. First of all we consider the density as an
engineering property.

We shall see that the key engineering properties also
provide a point of entry to the scientific understanding of
material behaviour: we can provide answers to a question
such as “Why is the density of steel greater than the density
of aluminium? Or ‘Why do stiff materials show low
thermal expansion? We find many answers to such ques-
tions through understanding the physical and chemical
processes which underlie the engineering properties. This
is often by examining the microscopic structure of materials
— the microstructure. The relation between material
properties on the engineering scale and the microscale can
provide a deeper insight into material behaviour. Equally
important, it can also suggest how properties may be
improved by microstructural modification.

Density

Density is a fundamental property of all engineering
materials. It enters into numerous engineering formulae
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and is a factor in the selection of materials for minimum
weight design. It is an unexpectedly interesting engineering
property. It is simply defined for a material as the ratio
mass/volume, and usually denoted by the symbol p. In
solid materials, it is determined primarily by the masses
of the constituent atoms. As the atomic number increases
(as we go from top to bottom and from left to right in the
Periodic Table of elements), the atom mass increases
much faster than the atom volume, so that the effective
atomic density rises rapidly. Materials such as polymers,
which are composed of light elements such as carbon (C),
oxygen (O) and hydrogen (H) (elements with a low
atomic number, found at the top of the Periodic Table)
have intrinsically low densities. Metallic materials contain
predominantly elements of higher atomic number and
consequently have much higher densities.

In addition, the density is influenced by the packing of
the atoms in the solid lattice. For a series of materials
with the same crystal structure, such as the face-centred
cubic (FCC) metals, the solid density and the atomic
number (or atomic mass) track each other quite closely.
Crystalline and amorphous forms of the same substance
have significantly different densities because the crystalline
material has more efficient lattice packing. Thus vitreous
silica which is amorphous has a density of about 2200 kg/
m® while the density of a-quartz, the crystalline form of
silica stable at normal temperatures, is 2650 kg/m®. Under
very high pressures, there is an even more close-packed
crystalline form of silica, stishovite, with a density of
4290 kg/m®. In the case of the semi-crystalline thermo-
plastics, the density varies with the degree of crystallinity.
Thus, low-density polyethylene (LDPE) with about 40%
crystallinity has typical density 910-930kg/m?, while
high-density polyethylene HDPE with about 80% crystal-
linity has a higher density around 960-970 kg/m?>.

Range of accessible densities

Figure 1 shows the densities of a number of engineering
materials. Note the logarithmic scale on the vertical axis.
The values spread over about three orders of magnitude.
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Figure 1 Density of some engineering materials

What is the highest density we can attain? The upper limit
is set by the available heavy elements. The highest density in
a solid engineering material is around 20000 kg/m>. The
materials with these high densities are tungsten, gold,
platinum and uranium. These metals are nearly three
times as dense as iron and steel. On the other hand, the
major ceramic materials, brick, glass and concrete, are
about three times less dense than steel.

What is the lowest solid density we can achieve? In
practice, in solid engineering materials we cannot go
much below about 800-900 kg/m?>, as in some hydrocarbon
polymers which contain only C and H. This is much the
same as the density of water (around 1000 kg/m?). Polymers
which contain other elements such as F, O and CIl have
significantly higher densities. For example, as we have
seen, the density of polyethylene (CH,), is about
910-970kg/m> but replacing half the H by O to produce
polyoxymethylene (POM or acetal) raises the density to
just 1100 kg/m>. Polytetrafluoroethylene (PTFE) in which
all the H is replaced by F has a density of 2280 kg/m°.

Porous materials

The only general route to low-density materials is by incor-
porating porosity, and much lower densities are attainable
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Figure 2 Xonotlité (scale bar 3 uim). (Electron microscope image
courtesy of Dr Andrea Hamilton, University of Edinburgh)

in porous and cellular materials than in solid materials.
Since the density of air is so low (1.2kg/m?), low bulk
densities can be achieved in porous or cellular materials.
Several processes are available to do this: for example,
foaming of metals, polymers and even cement-based
materials.

Lightweight concretes can also be made by including
porous low-density aggregates. In addition, porous
materials can be formed from fibres or from particles by
compaction or partial sintering. By these methods we can
make materials whose bulk density is much lower than
the solid density. The bulk density of a porous material
o = ps(1 —f) where f'is the volume fraction porosity and
ps 1s the solid density. The highly porous cement-based
material shown in Figure 2 is composed of the hydrated
mineral xonotlite which has a solid density of 2700 kg/m?
and which grows as long fibres in the hydrothermal manu-
facturing process. The randomly oriented fibrous particles
form a remarkably open haystack microstructure. This
material, used for thermal insulation in wall construction,
has a volume fraction porosity of 0.89 and a bulk density
of about 250 kg/m?.

In fact most non-metallic inorganic construction
materials are porous. Fired clay brick provides another
important example. Commercial bricks of the standard
format size vary considerably in weight, from 1.8-3.8 kg.
Although the chemical composition varies slightly
according to the raw materials used, the solid density p; is
generally close to 2600 kg/m>. The variation in dry bulk
density is largely determined by the porosity. Figure 3
shows the variation of porosity and bulk dry density for
some 60 British bricks of various types.

Woods are natural polymeric materials with complex
cellular structures and, as for bricks, the density in the dry
state is largely determined by the porosity. The solid density
of wood substance is about 1540 kg/m?, close to the densities
of cellulose and lignin, the main solid components of wood.
Because of wide variations in porosity, the dry bulk density
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ranges widely from species to species, as Figure 1 shows. In
the case of wood, the pores also contain water, so that the
so-called green or unseasoned density of the wood is rather
greater; in use, the water content depends on the environ-
mental humidity, so that the bulk density varies somewhat.

The manufactured materials with the lowest bulk density
are the silica aerogels: fragile materials composed of glassy
silica membranes. These have bulk densities in the range
20-100kg/m>. We see, therefore, that the overall range
of density available in engineering materials is about
20-20 000 kg/m?>.

Measurement of density

The density of homogeneous solid materials is generally
straightforward to determine. It requires only measure-
ments of mass (or weight) and of volume of a specimen of
material. Of these, the volume is the less easy to measure
accurately. For a regularly shaped specimen, the directly
measured dimensions may suffice. For an irregularly
shaped specimen the volume is usually (and best) obtained
from the so-called Archimedes’ weight (see, for example,
prEN 12390-7: 2008). This is the weight W, of the
specimen suspended in water. The specimen volume V =
(W, — W)/pw where W, is the weight in air and p,, is
the density of water. For porous materials, both bulk and
solid density may be required. As we have seen, these are
related through the porosity. The measurement of porosity
is fully described in Hall and Hoff (2002). For heterogeneous
and composite materials such as concrete, it is important to
measure the density on specimens which are sufficiently large
to be representative of the mean composition.
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Significance of density

The density is a significant property because it appears
widely in engineering calculations. It is found frequently
in formulae that relate one material property to another,
often where the underlying physics involves inertia. For
example, the Newton-Laplace equation v = (E/p)'"/? links
the velocity of sound v, the Young’s modulus £ and the
density p. In other cases, the density serves to relate
quantities defined in terms of mass to other properties
defined in terms of volume or length. Thus, the density p
enters into the definition of the composite engineering
property known as the thermal diffusivity a = \/pc,
where A is the thermal conductivity and ¢ is the specific
heat capacity. The quantity pc is the heat capacity per
unit volume.

Density may, of course, be an important criterion for
materials selection in its own right if weight is a primary
concern in design.

Thermal properties

In civil engineering, the thermal behaviour of materials is
important in many situations and for many reasons. It
controls the heat loss from buildings, and determines the
response of structures to fires, to mention two important
areas of design and performance. More generally, there is
often a close coupling between thermal and mechanical
effects, since in constrained components changes of
temperature may produce changes of stress (thermal stress).

The engineering properties in the thermal cluster allow us
to answer questions such as:

B How does an engineering component change size when heated?
B How well does it transmit heat?

B How will its temperature change when it is heated?

B At what temperatures can it be used?

There are four main engineering properties in the thermal
cluster. These are:

B thermal expansivity
B thermal conductivity
B specific heat capacity
B melting temperature.
Thermal expansivity
Its definition is simple and precise: we write
1 d/
“=7dr M

where / is a length and T the temperature. The equation
immediately makes clear what is the dimension and hence
what are the units of thermal expansivity: d/// is a strain
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(and itself dimensionless) and T is a temperature, so « has
dimension [temperature] ' and the SI unit is K.
Typical values of expansivity are:

B for metals, 10-20 x 107 °K™!
B for ceramics and glasses, 1-10 x 107 ° K ™!
W for polymers, 30-300 x 10 K"

A factor of about 300 spans the thermal expansivities found
in engineering materials.

In many cases, we find that the value of « is more or less
independent of temperature. This is generally true of engin-
eering metals and ceramics but less so for polymers. If « is
independent of T we can write Equation (1) in the more
practical form oo = (I — 1)) /[I[(T — Ty)]. The thermal expan-
sivity as defined in Equation (1) describes the change in
linear dimension, such as the change in length of a bar (or
equally its width). It should be clearly distinguished from
the volume thermal expansivity [, but for isotropic
materials § = 3a exactly. It follows directly that the
change in density p with temperature is given by dp/
dT = —pp.

Figure 4 shows density data for pure iron over a large
temperature range. The density falls as the temperature
increases because the material expands. The thermal expan-
sivity can be calculated from the slope of the line. It is
evident that from ambient temperatures up to about
700°C the expansion of iron is an approximately (but not
exactly) linear function of temperature, so that a single
value of « adequately describes the expansion behaviour.
However, we see a striking discontinuity in the density at
912°C, where the density abruptly increases by about 1%.
Beyond the discontinuity, the expansion once again
continues, but with a slightly greater slope.
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Figure 4 Density of iron vs temperature
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The discontinuity is caused by a structural reorganisation
of the iron crystal lattice — the arrangement of iron atoms
within the material. At the lower temperatures, the iron
atoms are arranged on a cubic grid, with atoms located
not only at the grid points but also at the centres of each
elementary cube. This is the so-called body-centred cubic
or BCC structure. Above the transition temperature, a
different structure becomes thermodynamically more
stable (has lower energy). This high temperature structure
is also a cubic lattice but now iron atoms are located at
the centres of the faces of each elementary cube rather
than at the cube centres.

This face-centred cubic or FCC structure has a higher
packing factor (0.74) than the BCC structure (packing
factor 0.68), hence the increase in density as we pass
upwards through the transition temperature. Because
pure iron can pass from one structure to another by a rela-
tively slight and easy repositioning of atoms, the transition
is rapid and reversible. We shall see later, however, that, in
the case of steels, in which iron is combined with small
amounts of other elements, notably carbon, this transition
is strongly modified. It occurs at lower temperatures
(adding 0.3 wt% carbon lowers the transition temperature
to 700°C) and it may become sluggish, allowing the high
temperature structure to be trapped at lower temperatures.
On this phenomenon depends much of the practice of steel
production. Another example is the a—( phase transition in
quartz, which occurs at 573°C. This is also a rapid struc-
tural phase change, giving rise to a 2% volume increase
on heating. Quartz is a primary component of granite,
quartzite and other siliceous aggregates used in concrete,
and this phase can produce explosive spalling in concretes
under fire conditions. Generally, structural transitions of
this kind are common in materials. Their possible occur-
rence should always be considered.

Volume expansion occurs with increasing temperature
not only for solids but also, of course, for both liquids
and gases. As in Figure 5 we sec again a graph with
volume (or density changes) which are smooth, roughly
linear functions of temperature but interrupted by a discon-
tinuity, here the ice-water solid-liquid melting transition.
The well-known increase in density on melting is evident,
as also is the highly unusual behaviour of water from
0-4°C where water contracts as the temperature increases,
thus exhibiting a negative thermal expansivity. 3 for
water increases markedly with increasing temperature: it
is 0.88x 10°*K™" at 10°C but 2.6 x 10 "K' at 25°C.
For gases, volume thermal expansion can be calculated
from the gas laws, so that § = (1/V)dV/dT is approxi-
mately 1/T for all gases since PV = nRT. At normal
temperatures, therefore, 3 = 3 x 10> K ! for all gases.

The thermal expansion of materials with increasing
temperature is essentially universal behaviour. It arises
because as temperature rises the material stores increasing
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Figure 5 Density of the ice-water system

amounts of thermal kinetic energy, mostly as vibrations
within the lattice. At the atomic level, atoms vibrate
about their mean lattice positions with ever greater ampli-
tude. In the case of metals, electrons also carry increasing
thermal kinetic energy. The vibrational motions of the
lattice (or phonons) are kept in check by the cohesive
forces acting between the atoms and molecules, but as the
phonon energy increases, the mean separation of the
atoms and molecules increases and we see thermal
expansion. The expansion depends on the fact that the
interatomic energy curve (the UBER curve of Chapter 1)
is decidedly asymmetric (the lattice is anharmonic), so that
as the vibrational amplitude increases, the mean separation
of the atoms becomes larger. In fact, the simple harmonic
lattice has zero thermal expansivity. This shows that the
thermal expansion depends on rather subtle features of
the interatomic bonding. However, we can broadly say
that the deeper and steeper the interatomic potential
energy curve is, the smaller is the thermal expansivity.

We note finally that although positive thermal expansion
by simple bond extension is an almost universal feature of
the solid state lattice, examples are known of materials
with negative thermal expansivities. These arise from
rather unusual changes in lattice bonding geometry. They
typically involve concertina motions of rigid polyatomic
units. An example of such a material is the ceramic zirco-
nium tungstate ZrW,Og. A more consequential example
in building engineering is the crystal of calcite, which has
thermal expansivity of 26 x 107° K~ parallel to the c-axis
of the lattice; but —3.7 x 10 ®* K ! normal to this direction
(Pavese et al., 1996). Calcite is a primary constituent of
marble, and the strongly directional differential thermal
strain caused by temperature changes is considered to be
a prime cause of deterioration in marble slabs, for example
used for cladding. In other materials, progressive changes in
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Box 1 Invars: iron-nickel alloys

Iron-nickel alloys with about 36 wt% Ni are known as invars. They
have unusual properties; in particular they have very low thermal
expansivity (for invar 36, 1.18 x 1078 K" in the temperature range
25-100°C) and several important specialised applications as a result.
Alexander and Street (1988) state: ‘A tape of aluminium laid from
Marble Arch to Dover would increase in length by 2 m if the
temperature rose by 1°C; a similar tape of invar would expand only
7 cm.” Strictly speaking, the term invar is restricted to the 36% Ni
composition with the lowest thermal expansivity. By slightly
increasing the Ni content in the range 36-50%, alloys may be
produced to match the thermal expansivity of many common glass
compositions.

Discovery. In 1896, by Swiss physicist Charles-Edouard Guillaume
(1861-1938). Invar = ‘invariant” in length. Guillaume won the Nobel
Prize in 1920, the only Nobel Prize ever awarded for a metallurgical
discovery.

Structure. Invars have the FCC Fe lattice with random substitution
of Ni. The origin of the low thermal expansivity is now known to lie in
the highly unusual magnetic behaviour of these alloys. Around the
invar composition, the Fe-Ni alloys can exist in two magnetic states
(ferromagnetic and antiferromagnetic) which have very similar
energies. The antiferromagnetic state has the lower volume and it is
favoured by higher temperatures. Therefore, as the alloy is raised in
temperature the normal thermal expansion due to the anharmonicity
of the interatomic bonding is opposed by the shift towards the
antiferromagnetic state. The details of this magneto-volume effect are
only now becoming fully clear, since it requires massive computing
power to simulate the magnetic interactions in the unit cell (van
Schilfgaarde et al., 1999).

Applications. Invars are widely used in the construction of
precision instruments, notably in making rods, staffs and tapes for
accurate geodetic survey work. A 3m invar tape changes length by
only about 0.04 mm for a 10°C temperature change. Invar alloys are
also used in the construction of double-skin hulls for liquified natural
gas tankers. The low thermal expansivity greatly reduces thermal
stresses.

crystal structure can largely or entirely cancel out the
underlying positive lattice expansion, at least over a range
of temperatures. Such is the explanation for the remarkable
properties of the iron—nickel alloys of the invar family.
Invars (Box 1) have very low thermal expansivities and
the numerical value can be tailored by tuning the Fe:Ni
ratio of the alloy.

Thermal conductivity

The thermal conductivity is the property which tells us how
well a material transmits heat. Materials with low thermal
conductivity can be used as insulators to impede the flow
of heat, for example to reduce heat loss from buildings.
The defining equation is:
dr

Jo=—-A—. 2

q dx (2)
Here J is the heat flux density (heat flow per unit area), and
dT/dx the temperature gradient. It follows that A\ has
the dimension [energy/(time x length x temperature)], and
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Figure 8 Yield and irrecoverable plastic deformation. Y, Y’ are

successive yield points in a strain-hardening material

metals on which they are based. For example the high
chromium stainless steels have thermal conductivities
about 10 times smaller than that of pure iron.

While phonon diffusion transports heat in all materials,
there is a second mechanism of heat conduction in metals
in which thermal energy is carried by free electrons. This
explains why metals have relatively high thermal conductiv-
ities. It also underlies the empirical Wiedemann—Franz law
which states that the ratio of the electrical conductivity and
the thermal conductivity of a metal at any temperature is
roughly constant. Lorenz later showed that this ratio in
fact increases roughly linearly with temperature.

We have noted that materials with strongly bonded
lattices tend to have both low thermal expansivity and
high thermal conductivity. This provides an example of a
correlation between engineering properties which might
appear at first sight to have little to do with each other.
Figure 8 shows that over the great variety of engineering
materials there is a broadly inverse correlation between
these two properties. Of course, it is far from an exact rela-
tion. The thermal expansivity is dominated by the intera-
tomic bonding and is not sensitive to defects (or indeed
the presence of free electrons), while the thermal conduc-
tivity is a more complex structure-sensitive property. None-
theless the broad inverse correlation is found. The Ashby
chart shows also the range of thermal expansivities found
in engineering materials. For civil engineering, it is a
remarkable fact that the thermal expansivities of steel and
concrete are more or less the same. If it were not so, then
thermal stresses in reinforced concrete would be much
greater than they are.

Specific heat capacity

It takes twice as much heat to raise the temperature of a kg
of aluminium by 10°C as to raise the temperature of a kg of
iron by the same amount. The material property that

describes that relation is the specific heat capacity
¢=(1/m)dQ/dT, where Q is the heat energy, T the
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temperature, and m the mass of material. It follows that ¢
has dimension [length? x time > x temperature '] and has
SI units J kg™' K~'. The designation specific indicates that
this is the heat capacity per unit mass.

The specific heat capacity has a small numerical range.
Representative values are: polyethylene HDPE 2.3, magne-
sium 1.02, aluminium 0.88, glass 0.78, iron 0.39, lead
0.13kJ kg ' K~'. It has long been known in solid state
physics that the specific heat capacities of solid materials
vary significantly with temperature (tending to increase
towards a limit as temperature rises) and also to decrease
with atomic number or atomic weight. Indeed the classical
law of Du-long and Petit claims that the specific heat of any
substance ¢ = 3R/M, where R is the gas constant and M,
the mean molar mass. This is in fact a simple consequence
of the fact that as temperature rises the increasing thermal
energy of the lattice is spread equally between the various
vibration modes, and depends mainly on how many of
them there are, rather than the atomic or compositional
details. Thus, at room temperature and above, for the
metals the law holds rather closely. The law does less well
for non-metals, although the trends are correct, low-density
materials in general having higher specific heat capacities
than high-density materials.

Although the specific heat capacity is of fundamental
importance in solid state physics, it is much less significant
from an engineering standpoint because of its small
numerical range. We have already seen in the previous
chapter that it appears in the definition of thermal diffu-
sivity, the material property which controls the response
of materials to non-steady heat flow.

Melting temperature

The melting temperature of a substance is a good indication
of the strength of its lattice cohesion. A high melting
temperature shows clearly that the lattice bonding is able
to resist intense thermal vibrations without collapsing to
form a liquid. Iron melts at about 1540°C, tungsten much
higher at 3420°C. The hard ceramic alumina (aluminium
oxide or corundum) melts at 2054°C and diamond at
about 3550°C. Thermoplastic polymers, on the other
hand, have weak inter-chain cohesion and melt readily;
polyethylene at around 100°C. The macromolecular
chains themselves retain their integrity in the melt but can
move around like snakes in a box. Some high-performance
engineering polymers, such as polyetheretherketone (PEEK),
have melting temperatures of 300-400°C. For thermo-
plastics which are often processed by extrusion or moulding,
these high melting temperatures may present manufacturing
challenges.

Some materials may decompose chemically on heating
before they melt. Gypsum, for example, loses water and
converts to the lower hydrate mineral bassanite at about
55°C, and by further loss of water to the mineral anhydrite

www.icemanuals.com 21



Fundamentals and theory

at higher temperature. The melting temperature is of course
often of direct engineering significance in relation to the
design of components for use at high service temperature.
More fundamentally, it is often useful to consider material
properties in relation to the homologous temperature, the
ratio T/T,, where T is the working temperature. In calcu-
lating the homologous temperature, the absolute (kelvin)
temperature is used. As a rule of thumb, phenomena such
as creep which depend on thermally activated transport
processes become much more pronounced at homologous
temperatures greater than about 0.7. For polyethylene
(PE), normal ambient temperatures correspond to an
homologous temperature of about 0.75, while for steel the
homologous temperature under ambient conditions is
only about 0.2.

The existence of a sharp melting temperature 7, at which
a material transforms from a solid to a liquid is characteristic
of a simple single-phase crystalline material: the melting
temperature marks a thermodynamically well defined first
order phase transition. We note in passing that experience
shows that solids can never overshoot the melting tempera-
ture, but on cooling the melt can often persist to tempera-
tures well below T},,. In fact melts always supercool to some
degree before the crystalline solid nucleates.

In multiphase materials, the individual phases each have
their own characteristic melting temperatures. Frequently,
the phase or phases with the higher melting temperatures
are at least partly soluble in the melt formed by the lower
melting phases. This leads to the existence of a range of
melting temperature for the material, and a more or less
complicated phase diagram. A sharply defined melting
temperature occurs only at the eutectic composition(s),
for example in a lead-tin solder containing 37 wt% lead.
For other compositions the material is in a pasty or
mushy state throughout its melting range. Non-eutectic
solders were widely used for making ‘wiped’ joints in
traditional lead pipework.

In glassy (amorphous) materials, there is no sharp
melting/freezing transition. Such materials characteristi-
cally exhibit a progressive softening on heating (most
easily expressed as a decrease in viscosity). Similarly, ther-
moset polymers and elastomers which are cross-linked
into a single giant network structure do not have a liquid
state and do not therefore show a melting transition with
a recognisable melting temperature.

Other thermal properties

The melting point sets an absolute upper limit to the
temperature at which solid materials can be used. But, in
practice, the maximum working temperature is always
appreciably lower. In many materials, there are significant
changes in mechanical properties at high homologous
temperatures: frequently materials become less stiff, and
we have already noted the tendency towards increased
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creep rates. Durability may also be impaired at high
temperatures, with increased rates of oxidation, embrittle-
ment and corrosion. To provide guidance on materials
selection, it is common for materials suppliers to speak of
an upper service temperature or a maximum working
temperature. This is generally a conservative indication
based on practical experience, although in some cases well
defined test procedures may be used.

Mechanical properties

Mechanical behaviour in materials is considerably more
diverse and difficult to describe than thermal behaviour.
While simple linear laws are largely adequate as a basis
for defining thermal properties, linear laws provide only a
starting point for describing the mechanics of materials.
Furthermore, the mechanical behaviours of metals, cera-
mics and polymers are qualitatively different and a fully
integrated description is elusive. There is, however, some
common ground in small strain elastic phenomena.

The diversity and complexity of mechanical behaviour in
engineering materials can be seen immediately if we try to
attach precise scientific meanings to everyday descriptors
such as stiff, rigid, strong, brittle, tough, hard. To capture
these attributes in well defined and distinct engineering
properties is an important aim. Likewise we shall see that
materials science can to some extent account for the charac-
teristics that they describe through an underlying lattice
model of the solid state.

Reversible (elastic) deformation

We want to define engineering properties which describe
how materials respond to stress and deformation. For
example, we might ask how a rod of uniform cross-section
behaves when a constant tensile load is applied. (Equally
well, we might examine deformation caused by the axial
compression of a solid cylinder or the bending of a rectan-
gular plate.) For all solid materials, for sufficiently small
strains (up to a more or less well defined proportional
limit), we find that the longitudinal strain ¢ is proportional
to the longitudinal stress o, so that we have the simple linear
law o = Ee. Such behaviour is similar to that of a Hooke’s
law spring and materials which behave in this way are said
to be hookean (Box 2). The stress depends only on the strain
and vice versa. The response is generally essentially instan-
taneous and fully reversible. On removal of the stress the
strain returns to zero. This fully reversible behaviour is
said to be elastic, and the simple constitutive equation is
that of linear elasticity. E is an elastic modulus, the Young’s
modulus, a property of the material. E is a measure of the
stiffness of the material. £ can be defined and measured
for all materials. It has a large numerical range in engineer-
ing materials. For many materials, £ changes little over
practical temperature ranges, although this should not be
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Box 2 Hooke, Young and Poisson

Robert Hooke 1635—-1703. Hooke’s main scientific contributions
were in writing the first book on microscopy and in original work on
springs and clocks. His linear law of the spring (‘Ut tensio, sic vis’) is
the basis of the simplest constitutive law of linear elasticity. Solid
materials which behave in a linear elastic manner are often described
as hookean.

Thomas Young 1773-1829. Young made important contributions
to solid mechanics, fluid mechanics and optics. His valuable legacy
in elasticity was in identifying the modulus as a material property
rather than a system property. His important work in capillarity
phenomena was clouded by acrimonious relations with Laplace, with
whom he is nonetheless perpetually associated through the
Young-Laplace equation for the pressure in a bubble.

Simeéon Denis Poisson 1781-1840. Poisson was a nineteenth
century French scientist of extraordinary range who contributed to
the mathematical development of solid mechanics.

assumed in materials with low melting temperatures,
notably polymers. Polymers are much stiffer below their
glass transition temperatures than above.

The general linear elastic response of materials at suffi-
ciently small strains can be traced to the nature of cohesive
forces within engineering materials. The chemical bonds
acting between atoms and molecules are deformable and
for small departures from the equilibrium configurations
can be closely approximated by linear deformation laws.
The bulk behaviour is simply the collective consequence
of a myriad of such interactions. In the lattice model, we
see (Box 3) that the small strain elastic modulus is directly
related to the properties of the lattice bonds. In the
harmonic lattice, the modulus has the same value for tensile
and compressive deformations, as is generally found for
small strains in engineering materials. Materials with
strong chemical bonds are stiff (large F) and for the same
underlying reason have low thermal expansivity, high
melting temperatures (and tend to have high thermal

conductivity).
In simple uniaxial deformation, the transverse strain
obeys the linear law ¢, = —ve,. The constant v is an

important material property known as Poisson’s ratio.
This property has a small numerical range but plays an
important role in the mechanics of materials. We can
easily show that if a material under uniaxial stress main-
tains constant volume as it deforms, v would have the
value 0.5. For many engineering materials, v is found to
be around 0.2-0.3. If such a material is subject to a uniaxial
tensile stress, the lateral contraction is less than required to
compensate for the increase in length, and therefore as the
tensile stress is applied the material increases slightly in
volume: the volumetric strain or dilatation is (1 —2v)e,.
There is no fundamental reason why Poisson’s ratio
cannot take values <0, and indeed a few such auxetic
materials are known.
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Box 3 A simple lattice model of elastic deformation

The UBER model (shown in Chapter 1, Figure 18) describes the
lattice energy as a function of lattice spacing. In the absence of
applied forces, the lattice spacing has the equilibrium value rg at
energy Uy. The quantity d2U/dr? in the vicinity of ry represents the
force/deformation ratio, which we take as a rough measure of the
modulus. For small deformations, the force evidently depends
approximately linearly on the deformation (whence Hooke’s law) and
is about the same in tension and in compression.

Of course the UBER curve describes the interaction energy for
changes in separation along the line joining two neighbouring atoms
or molecules. The stiffness in other directions relative to the lattice
vectors is somewhat different, and the complete elastic response of
a single crystal must be defined by a stress—strain tensor. For a
cubic crystal, there are just three elastic constants, but for crystals of
low symmetry, the elastic stiffness tensor has many components (up
to a maximum of 21). The full stiffness tensor can be obtained by
acoustic or X-ray diffraction methods. Since most bulk materials are
polycrystalline and effectively isotropic, the engineering properties are
captured in a mean elastic modulus. For the important example of a-
iron, the body-centred cubic form of the metal stable at normal
temperatures, the elastic constants c; = 230 GPa and
c1o = 135GPa. These combine to give the engineering Young’s
modulus E = 217 GPa (Adams et al., 2006).

Our discussion of Poisson’s ratio shows that in uniaxial
deformation, such as is used to determine Young’s
modulus, the material changes in both shape and volume.
This suggests that E is a composite quantity. We therefore
introduce two further elastic moduli: the shear modulus G
defined by 7 = G~ which describes the response to a
shear stress 7 and which involves changes only of shape;
and the bulk (compressive) modulus K defined by
AP = —KAV/V which produces only changes in volume
(but not of shape) in response to an applied hydrostatic
pressure P.

The relations between E, G, K and v are important. Of
the four quantities (material properties) only two are
independent: knowing any two, the other two can be
calculated. We have £ =2G(1 +v), E=3K(l —2v) and
E =9KG/(3K + G). These relations are exact for linear
elastic materials. For soft (compliant) materials, G < K
and therefore F =~ 3G (and v =~ 1/2); for stiff materials,
the relations between E, G and K depend on Poisson’s
ratio. For many structural materials, v is about 1/3, so
that £ ~ 8G/3 ~ K. In advanced work on elasticity, it is
common to introduce a fifth quantity, the Lamé constant
(or Lamé modulus) A =2vG(l —2v). The use of the
Lamé constant simplifies many of the equations which
arise in elasticity theory, but treated as a material property
A does not have a simple defining equation nor a simple
physical interpretation. The relation between the five elastic
constants shows — once again — that material properties
may not be independent of one another.

We note that the linear equations such as o = Ee may
equally well be written with the strain as the dependent
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variable: € = Do where D is called the elastic compliance.
Here D = E~'. Similarly we may write the constitutive
equations v =J7 and AV /V = —KAP/P to define the
shear and bulk (compressive) compliances (also called
simply the bulk compressibility). The two conventions are
equivalent. Mechanical behaviour in metals and ceramics
is frequently described in modulus language; the behaviour
of polymer materials more often in terms of compliances.

The mechanical properties of the hookean solid form the
material basis of the mathematical theory of linear elasticity
(Timoshenko and Goodier, 1970).

Strength

A sample of material subject to pure hydrostatic compres-
sion (compressive stress equal in all directions) can only
respond by contracting in volume and increasing in density.
The atoms or molecules of which it is composed are
squeezed ever closer together but the concept of strength
has no meaning since the material cannot ‘fail’ or rupture.
Geoplanetary science provides many excellent illustrations
of how materials behave at extreme pressures. The Earth’s
core is composed of solid iron at a temperature of
about 6000K and a pressure of about 350 GPa. The
estimated density is about 13000kg/m® (Stixrude et al.
1997), slightly less than twice the density of unstressed
iron at the Earth’s surface. The opposing effects of pressure
and temperature have reduced the interatomic spacing by
about 30%.

In a perfect crystal lattice, it would be expected that even
under tensile and shear loading the chemical bonds would
be capable of extension by at least 10% and still maintain
the cohesion of the solid. Both experiment and theory
confirm that strains of the order of 0.1 can occur in small
defect-free crystals (such as carbon nanotubes and
graphene sheets) and even in small regions of bulk
materials. At higher strains comprehensive rupture of
chemical bonds occurs, so that we expect an ideal or
maximum strength of the order of 0.1F for a solid material
of any kind (for example about 20 GPa for iron, Clatter-
buck et al., 2003). In fact such elastic strains and ideal
strengths are never observed in bulk materials because at
much lower strains other processes intervene. In brittle
materials, materials fail in shear or tension by developing
cracks, which may propagate catastrophically to cause
brittle failure. In ductile or plastic materials, the material
yields irreversibly by one or more of several mechanisms,
notably by slip processes which take place by the movement
of dislocations. In both cases, the cohesion of almost all the
solid material is maintained after failure. In brittle fracture,
cohesion is lost only across the fracture surface; while in
plastic deformation there is no loss of cohesion, merely an
irreversible (and often radical) reshaping.

Practical measures of strength include the yield stress, the
ultimate tensile strength, the uniaxial compressive strength

24 www.icemanuals.com

and the failure stress. These quantities are not always well
defined operationally. In any case, test results are often
subject to considerable scatter. Strength is therefore an
engineering property that should be handled with great
care.

Non-hookean mechanical behaviour

The hookean solid provides only a starting point for
describing the huge variety of behaviour found in the
mechanics of engineering materials. There are many exten-
sions to this description, although most retain the hookean
response for small strains. Of the many extensions, we list:

B Nonlinear but fully elastic stress—strain behaviour (beyond the
proportional limit) (nonlinear elastic).

B Retarded elastic or anelastic behaviour, where the elastic
stress—strain response is not instantaneous.

B Plastic behaviour, where deformation is permanent and not
recovered beyond a more or less well defined yield stress
(plastic or elastoplastic).

B Time-dependent linear stress—strain behaviour (linear visco-
elasticity).

B Behaviour in granular materials such as soils and porous
materials such as rocks where stress—strain relations depend
on liquid pressure.

We discuss briefly what underlies some of these
phenomena and some additional engineering properties
which arise in developing constitutive models of such
behaviour.

Irreversible (plastic) deformation

Elastic (fully reversible) deformation is a general property
of solid materials found universally at sufficiently small
strains. In brittle materials, behaviour is elastic up to a
point at which catastrophic failure occurs. However, in
many materials, elastic behaviour extends only as far as a
more or less well defined yield point, beyond which the
material maintains cohesion but deforms plastically,
Figure 9. Plastic deformation is not recovered or reversed
on removal of the applied stress. From a microstructural
point of view, the crossover from elastic to plastic beha-
viour occurs when simple lattice stretching (without bond
breaking) is overtaken by large-scale displacement of lattice
planes. This occurs commonly through the movement of
dislocations on slip planes. Such dislocation slip is generally
easy in pure metals, especially in those with FCC lattice
structures, where numerous slip planes exist. The move-
ment of dislocations is significantly impeded by grain
boundaries in polycrystalline materials. By making the
grain size smaller, the onset of plastic deformation is
delayed and the yield stress, o, is raised. According to
the Hall-Petch relationship o, = a + bd~"/* where d is the

¥
grain size and ¢ and b are material constants. Dislocation
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Figure 9 Deformation mechanisms at different normalised stresses and
homologous temperatures (adapted from Ashby and Jones, 2005)

movements are impeded by various distortions introduced
by alloying, so that alloys are stronger than pure metals.
In particular, solute atoms in alloys stabilise dislocations.
The microstructure is also greatly altered by annealing,
where soaking at a high homologous temperature brings
about diffusive recrystallisation of the grain structure; and
work hardening in which plastic deformation causes disloca-
tions to become entangled and less mobile. Thus, in metals,
there are a number of powerful methods of modifying the
mechanical properties by control of microstructure and
dislocation density. Plastic deformation occurs in polymer
materials largely through thermally activated slip between
adjacent polymer chains. Here, plastic deformation may
be prevented by chemical bonding between chains, as in
cross-linked rubbers. The cross-linking tags the chains so
that on relaxation of stress the chains can recover their
original positions even though very large strains may have
been imposed.

Soft materials: viscoelastic behaviour

An important deviation from hookean behaviour is found
in many polymers (plastics and rubbers), which can also
include bitumens. A sample of material subject to a
constant applied stress shows a strain which increases
with time. The stress—strain ratio o/n = E is no longer a
material constant but a function of time, that is E(¢).
Such materials exhibit pronounced creep. Likewise, if we
deform a material to a constant strain, we observe that
the stress falls with time: the sample exhibits stress
relaxation. These are two important manifestations of
viscoelastic behaviour, in which the material exhibits a
combination of elastic and viscous flow characteristics.
Models of viscoelastic constitutive behaviour can be
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developed by considering series and parallel combinations
of hookean and newtonian elements.

The creep and stress relaxation which are characteristic
of thermoplastic polymers arise because the separate
polymer chains are not linked through primary chemical
bonds and, given time and adequate thermal energy,
can slide past each other in response to an applied stress.
The relative motion of polymer chains is impeded by
entanglement but occurs given sufficient time. Most
mobility resides in the amorphous regions of a semi-
crystalline polymer and the crystallites also serve to tie
separate chains together. Because mobility depends on
thermal energy, creep rates (measured, for example, by
some suitably defined creep strain rate 7) are strongly
temperature dependent. On cooling, a temperature 7, is
reached at which molecular mobility is frozen out. This
marks the glass transition below which large-scale chain
mobility is absent. The material becomes brittle and glassy.

Creep

Creep is a familiar characteristic of polymer materials
which are above their glass transition at normal service
temperatures. It arises because, superimposed on the
instantaneous elastic response, slower irreversible or
retarded deformation processes come into play. This is
one example of a more general feature of the mechanics
of materials: that if we explore a sufficiently wide range of
conditions, most materials exhibit complex responses
going well beyond simple elastic hookean behaviour. We
have seen that high homologous temperatures promote
creep, and that dynamic response depends on timescales
of internal microstructural reorganisation. We have also
seen that high stress promotes plastic yield in ductile
materials. Constant stress creep rates are generally not
proportional to the stress but increase more rapidly, often
following a power law such that ¥ = ac” where a is a
constant and the power 7 is in the range 3-8. Power law
creep is found widely in metals, ceramics and polymer
materials.

It is therefore challenging to describe and integrate such
diverse behaviour, and this makes the definition of
mechanical properties difficult. However, a synoptic view
is provided by the deformation-mechanism maps con-
structed by Frost and Ashby (1982). Figure 10 shows such
a map in schematic form. Here the stress normalised by
the shear modulus is used as a master variable together
with the homologous temperature 7/7,,. At the left side
at low homologous temperature, we see the familiar low
stress elastic behaviour which gives way at a well defined
yield stress to purely plastic deformation. At higher homo-
logous temperatures, creep becomes significant at stresses
well below the yield stress and which fall with temperature.
Power law creep involving dislocation motion gives way to
diffusion mechanisms at higher temperatures.
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Figure 10 Ashby chart: fracture toughness vs strength (reprinted from Michael F. Ashby, Materials Selection in Mechanical Design, 3rd edition ©2005

Elsevier)

Fracture toughness and impact

Brittle materials characteristically fail by catastrophic frac-
ture without any prefailure or premonitory yield. This
behaviour is generally found in materials in which mechan-
isms of plastic deformation and yield such as slip or creep
do not operate. In such cases, it might be hoped that
materials would show high failure strengths approaching
those of the ideal solid, but it is generally found that failure
strengths in brittle materials are disappointingly low. The
subject of fracture mechanics (and especially linear elastic
fracture mechanics in which hookean constitutive beha-
viour is assumed) has developed to guide safe design in
brittle materials and to underpin improvements in their
mechanical properties.

The early experiments of Griffith (Box 4) on glass showed
that freshly drawn glass fibres showed remarkably high
tensile strength, but that this rapidly declined with age
over days and weeks. Griffith suggested that the glass was
progressively weakened by microscopic flaws or micro-
cracks. In the vicinity of the tip of an elongated microcrack,
the far-field or mean stress acting on the material is greatly
amplified, typically by several orders of magnitude, to the
point where the material ruptures at something which
may approach the ideal strength. For sharp cracks, the
stress concentration factor scales as /'/% the square root
of the crack length /.
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Griffith was concerned with the question of why cracks
of this kind may sometimes be stable and sometimes
propagate rapidly and catastrophically (Box 4). He
proposed a fundamental stability criterion which, in a
generalised form, is the basis of modern fracture mechanics.
According to Griffith’s theory, a crack becomes unstable
when the elastic strain energy released by an incremental
increase in crack length equals or exceeds the increase in
fracture surface energy. Broadly speaking, the incremental
strain energy released increases as /'%, while the surface
energy required to extend the crack is independent of
crack length. Therefore, as cracks become longer, a critical
length is reached at which the Griffith energy balance
criterion is satisfied and at which the crack becomes
unstable. In glass, an ideal brittle material, the energy

Box 4 Alan Arnold Griffith 1893-1963

Griffith made seminal contributions to understanding the difficult
topic of brittle fracture. He established that brittle materials such as
glass, ceramics and many metals are weakened greatly by the
presence of microscopic flaws and defects (Griffith flaws), which act
as stress concentrators. He proposed the energy balance criterion
for unstable crack growth which led to the development of linear
elastic fracture mechanics. He made fundamental advances in the
design of gas turbines and jet engines during a career at the Royal
Aeronautical Establishment, Farnborough and with Rolls Royce.
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needed to extend a crack is indeed mainly crack surface
energy. In other materials (glassy polymers, metals) other
processes such as crazing and local plastic deformation
may absorb energy in the vicinity of the growing crack tip
and these increase the critical crack length. The resistance
of a material to unstable crack growth is embodied in the
fracture toughness property.

Fracture toughness is a complex material property which
is measured in several standard test procedures, most of
which determine the influence of a deliberately created
sharp-tipped notch on the strength of a material specimen
in tensile loading or bending. Although the stress distribu-
tion around the crack may be unknown in detail, it is a
general result that the stress amplification or intensity
factor K scales with /', so that, for any material failing
by a brittle process, the measured failure stress oy varies
with /"2, Thus we can define a quantity Ky = o' as a
measure of the fracture toughness. The dimension of Kj,
is [stress x L'?] and common units MPam'/?,

Typical values of the fracture toughness are: for metals
(and some fibre-reinforced composites), 10-100 MPam'/;
for polymers and ceramics 1-10 MPam'?. The Ashby
chart showing the relation between fracture toughness
and strength is shown in Figure 10. The toughest materials
are metals capable of relieving stress concentrations in the
crack tip by extensive plastic yield. Polymer materials
above their glass transition temperatures can also be
usefully tough, although their intrinsic strength is more
modest. Below their glass transition temperatures, where
polymers are stiffer, the toughness is enhanced by polymer
chain extension across crack surfaces (crazing). Similar
dissipation mechanisms act on a larger scale in fibre-
reinforced concrete, where fibre pull-out stabilises cracks
and promotes a valuable pseudo-plastic yield. Ceramics
and glass as a group have low toughness, and good general
toughening mechanisms have proved elusive. In zirconia,
an unusual mechanism associated with a polymorphic
phase transformation in the process zone significantly
increases the fracture toughness.

Resistance to impact damage is an important practical
requirement in many materials. There are several well-
established test methods for obtaining an empirical impact
strength, notably the Charpy and Izod tests. These tests
both use a pendulum to deliver an impact to a notched
test specimen, and can be used on all major types of
materials.

Hardness

Hardness is used in the mechanics of materials to mean
resistance to indentation by a point load. It is therefore a
useful property to describe resistance to particular kinds
of damage in service. Hardness is measured by several
long-established test methods in which the size of the
indentation formed by a shaped indenter under a prescribed
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load is measured. Hardness is an example of a property
which is only defined operationally in relation to closely
specified test procedures. It is not a fundamental material
property. The Vickers, Rockwell and Brinell hardness
scales are the most widely used for metals; the Vickers
scale is used for ceramics; and the Shore durometer scale
is used for polymers and particularly rubbers.

The mechanics of the indentation process is highly
complex, so that hardness values obtained in these tests
cannot be expressed generally in terms of more fundamental
mechanical properties. However, it is well established that
for certain metals the hardness is proportional to the yield
stress (see, for example, Tabor, 1951).

Fatigue

In service, many engineering structures are subject to
variable or repeated stresses. Causes may lie in traffic or
wind loading, for example; or in repeated cycles of pressuri-
sation in tanks and pipes. For many materials, it is found
that the failure stress decreases as the number of stress
cycles increases. This phenomenon is called fatigue. It
can be attributed to the slow accumulation of material
damage (for example, microcrack or dislocation formation,
or subcritical crack extension) (Figure 11). Fatigue processes
occur in all families of materials: metals, polymers and cera-
mics. Standard tests for characterising fatigue apply cyclic
stress to the sample until failure occurs. The well-known
Wohler S/N curve shows how the number of cycles to failure
varies with stress amplitude o,. For some materials, there is a
more or less clearly defined limiting stress (fatigue limit)
below which cyclic loading does not produce further reduc-
tions in strength. In a cyclic strain test, the peak stress may
increase or decrease with time for metals; but polymers
invariably exhibit cyclic softening. According to Basquin’s

s Tl : T :

Figure 11 Beach marks indicating sldw crack growth in cyclic fatigue
(courtesy of Metallurgical Technologies Inc., PA.)
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empirical power law, the fatigue failure lifetime # ~ ag
where (§ is a constant, which however varies widely from
material to material. This law is now understood to be a
statistical consequence of how microscopic damage accumu-
lates within the material.

In some materials, even prolonged static loading is
sufficient to produce a decrease in failure stress. Such is
the case in glass, where static fatigue has long been
recognised. Here the origin of the effect lies in chemical
interactions between material and environment. Similar
effects are found also in many polymers.

We also note that in viscoelastic or plastic materials in
which a rapid cyclic deformation produces a non-elastic
response, the dissipation of energy generates heat within
the material. This thermal effect may contribute greatly to
fatigue damage. Apart from reducing stiffness, the rise
in temperature may cause polymer molecular chains to
break. Polymers are particularly prone to thermal fatigue
because of their generally low thermal conductivities.

Friction

The classical laws of friction (Amontons’ laws) state that
the force needed to achieve steady sliding between a block
and an extended surface is proportional to the normal
force acting on the block; and is independent both of the
area of contact and of the sliding speed. The coefficient of
friction is the constant of proportionality . p depends on
both materials: the slider and the block. In fact the laws
hold quite well for hard, stiff materials (ceramics and
many metals), but less well for soft, deformable materials
such as viscoelastic polymers (thermoplastics and rubbers).
The friction process has a microscopic underpinning: the
inevitable roughness of surface and countersurface mean
that the true contact area is less (often much less) than
the apparent contact area. The surfaces touch only at the
tips of the asperities, where the local stress is high. A
simple elastic deformation model shows that the true
contact area increases as the normal stress. Energy is
dissipated in breaking the cohesive bonds formed during
these transient contacts. Amontons’ laws fail for polymers
because the deformation dynamics involves viscoelastic
processes, which introduces a complex dependency of u
on sliding speed and temperature. p does not have a large
numerical range: it lies between about 5 (rubber on steel)
and about 0.05 (PTFE on steel).

Properties of liquids

Most engineering is done with solid materials — but not
all. It is therefore worth giving some attention to the
engineering properties of liquids. We have already
mentioned the volume thermal expansivity of liquid
water. Our discussion of viscoelasticity suggests that newto-
nian liquids can be considered as a limiting case of the
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viscoelastic material with zero shear modulus. The shear
behaviour is described through a simple viscous flow law
(due to Newton), in which the shear strain rate is propor-
tional to the shear strain rate (or velocity gradient). Liquids
which show this linear behaviour are known as newtonian.
The viscosity of liquids generally decreases noticeably as
the temperature rises. The viscosity controls Darcian flow
through permeable materials such as concrete and soils;
and underlies Poiseuille’s equation for pipe flow under
laminar flow conditions at low Reynold’s numbers. We
note that the Reynold’s number is not a material property
since it depends on the velocity of flow, so it is an intensive
system property. However, the Reynold’s number contains
the property factor n/p, sometimes called the kinematic
viscosity. This is another example of the involvement of
density in a composite engineering property.

In some other respects, liquids behave like solids: the
same definition of compressibility applies to both, so that
a bulk compressibility can be defined and measured for
liquids as for solid materials. For water at 25°C this is
0.452GPa!, about three times larger than that of ice at
0°C. Of particular importance in the mechanics of liquids
is the surface tension property which controls capillarity
phenomena, including wetting and spreading behaviour,
and the shapes of droplets, bubbles and menisci. Some
property data for water are collected in Table 1. These
data show that some engineering properties vary appreci-
ably with temperature, especially as here at high homolo-
gous temperature. Liquids are of course isotropic in their
properties. The definitions of thermal properties that
apply to solid materials carry over to liquids for the most
part unchanged. Values of volume thermal expansivity g
are generally around 1-10 x 1074 K.

Mass transfer properties

The ability of a material to resist penetration by substances
such as water, oil and oxygen (to take just three common
examples) is often an important consideration in engineer-
ing design. This is an obvious requirement in choosing
materials for tanks, pipes and membranes. However, mass
transfer (especially transport of water) is intimately
involved in many processes of material degradation.
Understanding water absorption (and water flux) therefore
contributes greatly to our knowledge of durability. This is
conspicuously true in civil and construction engineering
since so many of the primary materials (brick, stone and
concrete, soil, and wood) are porous and permeable.

In describing mass transfer processes, we make use (once
again) of some simple linear laws, here relating flux to
pressure or concentration gradients. Similar models apply
whether the fluid is a liquid or a gas. However, it is useful
to distinguish between situations where the fluid passes
more or less as a bulk substance through distinct pores or
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channels within the material; and where it moves as a
molecular substance after dissolving in the material
through which it is passing. In the latter case, the material
need not be porous.

Permeability

In materials with open or connected porosity, water and
other liquids can be absorbed by the action of capillary
forces and can flow under the action of hydrostatic pressure
gradients. The importance of such processes in civil engin-
eering can hardly be overstated since all the main inorganic
construction materials — brick, stone and concrete — are
porous. Water in these materials mediates many processes
of alteration and deterioration, and so mass transfer
properties are closely linked to durability.

The water absorption and flow processes are essentially
much the same as those which occur in soils. How easily
water may flow through the material is captured in the
permeability property. Following the original work of
Henry Darcy, mathematical descriptions of liquid flow in
porous media are based on Darcy’s law. This states that
the volumetric flow rate Q of liquid through a specimen
of porous material is proportional to the hydrostatic pres-
sure difference p across the specimen, inversely propor-
tional to the length L of the specimen, and proportional
to the cross-sectional area A. Darcy’s law is expressed
simply as Q = kAAp/L. We call the constant of propor-
tionality defined by Darcy’s law the Darcy permeabilitly
of the material. The quantity Q/4 has dimension [LT ']
and is the flow rate, flux or Darcy velocity u, so that Darcy’s
law is more commonly written as u = kAp/ L. It is clear that
Darcy’s law is a simple linear transport law and has exactly
the same form as Ohm’s law, Fick’s law and the heat
conduction equation. Each of these laws defines a transport
property, a conductivity, that relates to the flow process
that each describes, and we might envisage a unifying
theoretical framework which could have application to
heat, diffusion and electrical current and to water flow. In
fact valuable insights into water flow processes may be
gained by comparing these with heat flow problems.

If AB in Figure 12 is fully saturated with liquid, then
imposing a difference in hydrostatic pressure Ap =
pa — pp between A and B leads to a steady Darcian flow
u=kép/L. u is the (scalar) flow rate (dimensions [LT')).
Darcy’s law may be expressed locally as u = kVp, with u
the vector flow velocity. We do not assume that the
Darcy permeability k is necessarily constant in time and
indeed for water in concrete there is evidence that this is
not always the case.

The permeability k as defined in this equation has
dimensions [M~'L°T]. However, it is common to express
hydrostatic pressures in terms of the pressure potential
P/pg, where p is the liquid density. P has dimension L
and is entirely equivalent to the hydrostatic head. We
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p-Ap

Figure 12 Darcy flow and capillary absorption (adapted from Hall and
Hoff, 2002)

then express Darcy’s law as
u=-—-K\VP (3)

where K, = kpg. The quantity K is the conventional
satur?ted permeability of the material, with dimensions
[LT™].

Intrinsic permeability

The permeability K depends both on the material and on the
fluid. For permeation flows which are geometrically similar
(such as newtonian liquids in laminar flow in inert non-
swelling media), the permeability & (and K also) varies
inversely as the fluid viscosity n. We can therefore define
an intrinsic permeability X" such that u = —(k'/n)Vp, in
which k' is a material property independent of the fluid
used to measure it. X’ has the dimensions [L?]. Both defini-
tions of permeability are used, although K, more widely
than &'. The conversion between the two depends not only
on the viscosity but also on the density of the fluid at the
temperature of measurement since k' = K,n/pg. For water
at 25°C, k'/K,is 9.1 x 10°% ms.

Some indicative values of permeability for construction
materials are given in Table 1. In this small group of
common materials, the highest and lowest permeability
differ by a factor of 10°. This reflects the underlying depen-
dence of the intrinsic permeability & on /. where /. is some
characteristic length scale of the pore system. Of course
these materials are not geometrically similar, but nonethe-
less the sensitivity of the permeability to the fine-grained-
ness of the porosity is apparent. There are some examples
of the permeability of cement-based materials in Table 2.
The wide range of these values is notable, extending over
at least four orders of magnitude. This of course is hugely
greater than the range of porosity and reflects the connec-
tivity and the length scale of the percolating porosity. In
dense well-compacted cement-based materials, the pore
space is extremely fine-grained. This is the case with
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Temperature: Density: Viscosity: Surface Vapour
°C kg m3 mPa s tension: pressure:
mNm’ kPa
0 999.84 1.792 75.64 0.611
5 999.91 1.518 74.94 0.873
10 999.65 1.306 74.23 1.23
15 999.10 1187 73.49 1.71
20 998.20 1.002 72.74 2.34
25 997.04 0.8901 71.98 3.17
30 995.64 0.7974 71.19 4.25
Table 1 Physical and chemical properties of water from 0 to 30°C

(adapted from Hall and Hoff, 2002)

hardened cement paste and high-performance concretes
made at low water/cement w/c ratios. The wide range of
permeabilities and how they depend on free water content,
w/c ratios, curing and drying conditions is clear from recent
research.

Sorptivity

The conventional permeability just discussed is defined for
situations in which the material through which the water
flows is fully saturated at all times. In this case, there is
no change in the water content of the material during
flow, and the total flow inwards across some boundary
surface is equal to the total flow outwards through a
boundary surface elsewhere. There are situations where
structures are fully saturated in use (some marine and
underground structures, for example) and for these a
knowledge of permeability is necessary. However, it is
much more common for construction materials to have
moisture contents less than full saturation and for these

Material Permeability K;:  Sorptivity S:
ms! mmmin~ /2

Lépine limestone 25x107° 1.00

St Maximin fine limestone 25x107° 0.39

Clay brick, f = 0.40 3.2x1078 =

Clay brick, f = 0.46 - 2.35

Clay brick, f = 0.30 3.8x107° =

Clay brick, f = 0.07 - 0.09

1:3 cement-sand mortar 46x107" -

1:8:10 cement-lime-sand mortar — 1.94

High strength concrete, moist-cured 7.7x107"® =

High strength concrete, air-cured 1.9x 107" -

1:2:4 cement-sand-aggregate - 0.19

concrete w/c 0.55
Table 2 Typical values of water permeability and sorptivity of
construction materials (adapted from Hall and Hoff, 2002)
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to vary with time, according to season or circumstance. In
such cases, water is absorbed into a porous material by
the action of capillary forces, and it is gradients of these
capillary forces which cause moisture to move and redistri-
bute within a structure. For these situations (which closely
resemble those in the vadose zone in soils), the permeability
is not an appropriate engineering property. We need instead
a property which describes the tendency of a material to
absorb and transmit water (or other liquid) by capillarity.
This property is the sorptivity.

The sorptivity can most easily be defined by means of a
simple experiment. An initially dry block of material is
placed in a shallow tray of water, so that water is absorbed
by capillarity through its base. The amount of water
absorbed Aw is measured from time to time by weighing
the block. If the area of the base of the block is 4, then
the cumulative absorbed volume per unit area is
i = Aw/pyA. Plotting i against 1'%, the square root of the
elapsed time r generally gives a good straight line. The
slope of this line is the sorptivity S, with dimension
[LTfl/ 2], and commonly used units mm/min'/. In Table 2
we give sorptivity values for a number of construction
materials.

Diffusion

It is not necessary for a material to contain even micro-
scopic pores for substances to pass through it. Molecules
may pass through a material by diffusion, working their
way through the solid material by thermally activated
jumps making use of atomic-scale lattice vacancies or
passing through cavities of atomic dimensions (Crank,
1975). Such processes are usually rather slow except at
high temperatures, but even so can be important especially
in thin materials. Thus both oxygen and water can diffuse
through paint coatings to feed corrosion reactions even if
the coating contains no detectable porosity. Oxygen can
enter polymer materials and cause embrittlement by slow
chemical oxidation reactions. In most cases, the mass
transfer is adequately described by Fick’s diffusion law
u; = DVp where Vp is the gradient of the partial pressure
p of the diffusing substance.

A rather different example of molecular diffusion occurs
in salt solutions where ions such as chloride and sodium
move by random motion through a solvent such as water.
This process occurs in wet porous materials such as
concrete, brick, stone and soils. The ions migrate under
the action of concentration gradients by diffusion through
the water in the pores, even if the water itself is stationary.
Diffusion through liquids is considerably more rapid than
diffusion in the solid state, so that processes of this kind
can transport salts deep into the interior of, for example,
concrete structures. In these cases, we can define a fickian
diffusivity property D by u; = DVe¢; where Ve is the
gradient of the ion concentration ¢;. In some cases, diffusion
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through the water is retarded by adsorption of the ions on
the pore walls, so that the diffusivity is a property of the
salt/water/matrix system, rather than of the salt solution
itself.
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Chapter 3

Durability

Sandy Mackay Building Research Establishment, Watford, UK

This chapter explains the importance of durable construction and provides guidance
on current best practice in this area. There is an overview of the current and proposed
international standards on durability and service life planning, as well as the new
Standardised Method of Life Cycle Costing for Construction which is intended for
British use. These are becoming essential reading as clients seek to obtain better

value from the built assets they are commissioning.

There is also an overview of the need to construct, maintain and repair buildings as
well as guidance on the ways in which different agents cause degradation of
buildings, materials and components in the built environment. The chapter ends by
looking at what happens when built assets and their components reach the end of
their functional life, including the choices to reuse, recycle or put to landfill. This
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chapter will assist readers of other chapters understand the ageing process that

affects all materials.

Why durability is important

Although it is often taken for granted, the durability of the
built environment is of the greatest importance. The cost
and difficulty of constructing the infrastructure of roads,
railways and buildings means that most societies cannot
afford to recreate them every few years. Many roads still
in use in Europe are on the alignment of roads first set
out by the Romans. Towns and cities are positioned
where they are because of the transport routes which were
essential to trade and defence, and there has been a huge
investment by successive administrations over the centuries
in constructing towns and cities and their associated infra-
structure.

If none of this was durable and so had to be replaced
with the same frequency as clothes, shoes and other
consumer goods, the world would be a very different
place. In countries where there are few durable shelters,
such as parts of Africa, Asia and South America, the
advancement of civilisation in Western terms has been
held back as the people need to spend more time and
energy on the basics of life, including regularly rebuilding
their villages.

Because most of our built environment is durable, the
expenditure is effectively spread over very many years and
with appropriate maintenance, life-spans of structures in
excess of a hundred years are commonplace. It is therefore
important to consider the durability of all forms of
construction as part of the design process. As this chapter
will go on to demonstrate, durability of the materials and
components needs to be considered from the earliest
stages of design if the intended service life of the construc-
tion is to be delivered in practice.
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What is meant by ‘durable’

The term ‘durable’ in the construction industry tends to be
used to indicate that a particular material or product has a
longer predicted life than its competitors. This can be
misleading as a ‘durable’ sealant might last only 10 years
before needing replacement, while the stone it is applied
to could last for many centuries, but might not be classed
as particularly durable.

All materials are affected by the process of ageing, with
the appearance and physical properties changing over
time, dependent upon the conditions they are exposed to.
Some of the visible changes may not affect the functional
performance and vice versa. In general, this chapter looks
at functional performance as the measure of durability.

Materials that are capable of being durable can fail in a
short time span if used inappropriately or if placed in loca-
tions where they are exposed to conditions that are deleter-
ious to them. The purpose of this chapter is to provide an
insight into the methods and processes by which each
material or component can be made to last for as long as
possible and also to avoid situations where they may
adversely affect any neighbouring materials.

Because durability is important, it should be a primary
consideration of any designer embarking upon a new
project. The first question directed at the client should
always be — how long has this got to last? Extreme
durability is not normally required, but selection of the
appropriate materials can only be achieved if the projected
life of the construction is known. It is unnecessary and
wasteful for very durable materials to be used in a built
asset that has a short predicted life, unless the intention is
to disassemble the asset and reuse the components again.
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It is therefore important that the intended service life of
any construction is agreed as part of the initial briefing
process.

The design process should consider the selection of
materials and components in the context of the total antici-
pated life of the built asset and to tie in with any predicted
major maintenance activities. Materials that are used to
form the foundations and structure need to last for the
life of the building, but windows, doors and similar compo-
nents can be replaced easily and therefore do not need to be
as durable. In this way, the best value for the owner and
end-user can be delivered across the life of the structure.

Standards relating to durability

British Standard Code of Practice 3
Chapter IX

This standard was issued in 1950 by the British Standards
Institution (BSI) as a part of the postwar awareness that
Britain had to be rebuilt after the war to a better standard
than had been prevalent during the interwar years, when
there was a concern that poor-quality buildings were
being erected using materials that were neither robust nor
durable. It set out the ‘designed life of a building or its
component parts or installations’ so that designers knew
what the anticipated life of each building type should be.
This was stated as periods of less than 10 years, 10 years,
40 years and 100 years.

It also identified a range of causes of deterioration of the
materials and the need to maintain buildings to achieve the
best life from them. Although this was potentially a huge
step forward in setting standards, the reality was that this
advice was widely ignored by the construction industry and
the need to achieve durable construction was not seen as a
priority. The lack of interest may have been partly because
the standard did not explain how to achieve the design life.
It was therefore seen as aspirational rather than a practical
tool to enable design of appropriately durable buildings.

From 1950 until the 1980s, the general opinion was that
buildings were meant to last 60 years. This was because
government funding for buildings such as council housing,
hospitals and so on were based on loans being repaid over
that period. Little attention was paid to the ultimate life
that would be achieved and even less attention to the
need to maintain and replace parts of the buildings
during their life.

BS 7543: 2003 Guide to the Durability of
Buildings and Building Elements
Products and Components

This standard was first published in 1992 and was revised in
2003. It has not been well known or extensively used and has
recently been simplified as certain aspects are now covered by
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parts of ISO 15686. It deals with civil engineering projects
involving buildings but is only partially relevant to other
civil engineering projects such as roads bridges and dams.

The core of the standard is about the need to state a
required service life for a building, so that appropriate
components can be selected, taking into account the condi-
tions of use and the probable maintenance levels.

The standard provides a useful introduction to the need
to consider durability and provides details in Annex A of
the factors that cause deterioration of materials, so limiting
their durability (see Table 1). A key concept is that it is a
combination of factors that causes the most rapid deterior-
ation, so an effort to control or limit contact with one agent
can exert an influence on the performance of other agents of
decay.

Although not widely recognised, this standard did at
least provide in 1992 an informed opinion on the way to
achieve durable constructions and it was a useful stepping
stone to the more thorough understanding of achieving
durability which is contained in ISO 15686, first published
in 2000.

ISO 15686: Building and Constructed
Assets - Service Life Planning

This standard is still being completed, with Parts 1 to 8
(with the exception of 4) already published and Parts 4, 9
and 10 in the process of drafting. It represents the most
recent thinking on planning to achieve a particular service
life for a building or constructed asset and as such needs
to be considered as an integral part of selecting materials
or components for a project.
The parts deal with different aspects as follows:

Part 1: General Principles
Part 2: Service Life Prediction Procedures

Part 3: Performance Audits and Reviews

[ |
|
[ |
B Part 4: Data Structures for Service Life Planning (in draft only)
B Part 5: Life-cycle Costing

B Part 6: Procedures for Considering Environmental Impacts

|

Part 7: Performance Evaluation for Feedback of Service Life
Data from Practice

M Part 8: Reference Service Life and Service Life Estimation.
The following parts are in preparation:
B Part 9: Guidance on Assessment of Service Life Data

B Part 10: Levels of Functional Requirements and Levels of
Serviceability — Principles, Measurement and Use.

Part 1: General Principles

This part of the standard sets out the principles that are
embodied in service-life planning, including definition of
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Nature Origin
External to the building Internal to the building
Atmosphere Ground Occupancy Design consequences
Mechanical agents
Gravitation Snow loads, rain water loads Ground pressure, water Live loads Dead loads

pressure

Forces and imposed or
restrained deformations

Ice formation pressure,
thermal and moisture
expansion

Subsidence, slip, heave

Handling forces, indentation

Shrinkage, creep, force and
imposed deformations

Kinetic energy

Wind, hail, external impacts,
sand-storm

Earthquakes

Internal impacts, wear

Water hammer

Vibration and noises

Wind, thunder, aeroplanes
explosions, traffic, machinery
noises

Traffic and machinery
vibrations

Noise and vibration from
music, dancers, domestic
appliances

Services noises and vibrations

Electro-magnetic agents

Radiation Solar radiation, radioactive Radioactive radiation Lamps, radioactive radiation Radiating surface
radiation
Electricity Lightning Stray currents - Static electricity, electrical
supply
Magnetism - - Magnetic fields Magnetic fields
Thermal agents Heat, frost, thermal shock Ground heat, frost User emitted heat, cigarette Heating, fire

Chemical agents

Water and solvents

Air humidity, condensation,
precipitation

Surface water, groundwater

Water sprays, condensation,
detergents, alcohol

Water supply, waste water,
seepage

Oxidizing agents

Oxygen, ozone, oxides of
nitrogen

Positive electrochemical
potentials

Disinfectant, bleach

Positive electrochemical
potentials

Reducing agents

Sulfides

Agents of combustion,
ammonia

Agents of combustion,
negative electrochemical
potentials

Acids Carbonic acid, bird droppings, Carbonic acid, humic acids Vinegar, citric acid, carbonic Sulfuric acid, carbonic acid
sulfuric acid acid
Bases - Lime Sodium hydroxide, potassium  Sodium hydroxide, cement
hydroxide, ammonium
hydroxide
Salts Salty fog Nitrates, phosphates, Sodium chloride Calcium chloride, sulfates,

chlorides, sulfates

plaster

Chemically neutral

Neutral dust

Limestone, silica

Fat, oil, ink, neutral dust

Fat, oil, neutral dust

Expansive materials

Steel, slag, pyritic shale

Biological agents

Vegetable and microbial

Bacteria, seeds, moulds,
fungi, algae

Bacteria, moulds, fungi, roots

Bacteria, fungi, moulds

Need to exclude moisture
ventilation

Animal

Insects, birds

Rodents, termites, worms

Domestic animals

Note: This table is based on Table 4 of ISO 6241

Table 1 Agents relevant to building performance (reproduced with kind permission from BSI)

the different types of ‘service life’ relating to a component or
a built asset.

It is important to understand the exact terms, as otherwise
itis difficult to comprehend the differences between them. Use
of the wrong term will lead to misunderstandings and so
potentially to mistakes in the specification of materials and
components. The most useful terms are ‘reference service
life’, which is the default life for a building or component
when exposed to standardised conditions and the ‘estimated
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service life” which is what that building or component should
achieve when exposed to the actual conditions of use and
maintenance patterns on that particular site. These are then
related to the ‘design life’, which is what the designer is
seeking to achieve. The estimated service life should equal
or exceed the ‘design life’ (but not exceed it by too much,
otherwise there has been overdesign of the built asset).
There is then the concept of parts of the building or built
asset that are considered to be permanent (e.g. structure,
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Agents Factor Relevant conditions (examples)
Agent related to the inherent A Quality of components Manufacture, storage, transport, materials, protective coatings (factory-applied)
quality characteristics B Design level Incorporation, sheltering by rest of structure
C Work execution level Site management, level of workmanship, climatic conditions during execution of the work
Environment D Indoor environment Aggressiveness of environment, ventilation, condensation
E Outdoor environment Elevation of the building, microenvironment conditions, traffic emissions, weathering
factors
Operation conditions F In-use conditions Mechanical impact, category of users, wear and tear

Maintenance level

Quality and frequency of maintenance, accessibility for maintenance

This method uses the following equation:

ESLC =RSLC x factor A x factor B x factor C x factor D x factor E x factor F x factor G

where

ESLC is the estimated service life; RSLC is the reference service life of the components;

factors are as given in Table E.1.

Table 2 Agents relevant to building performance (from ISO 15686-1 Annex E Table E1) (reproduced with kind permission from BSI)

foundations) or replaceable (e.g. windows, roof finish).
Parts that are replaceable should be designed to be replaced
without causing damage or disruption to the permanent
parts. This allows economic replacement of the relevant
parts to be carried out at the appropriate intervals as the
extent of the work required is minimised.

The standard goes on to offer guidance on how to carry
out service-life planning during the design stage and how to
forecast the estimated service life using data derived either
from experience in use or from the application of the
factor method. The factor method takes the various
causes of deterioration in a component and combines
them by applying a factor that is greater or less than one
to arrive at an estimated service life. The factors are listed
from A to G (see Table 2) and require the designer to
consider whether the component is likely to be affected or
exposed to a lesser or greater degree than normal. Annex
F of the standard gives a worked example. This means
that the quality of the component, quality of installation
and exposure during use (among other things) are all
taken into account. In this way, the financial and environ-
mental costs over time of the specification, installation,
use, maintenance and disposal of each major component
are examined and an estimated service-life figure is provided.

The difference between LCA (life-cycle assessment) and
LCC (life-cycle costing) is explained within this part of
the standard. The former deals with the environmental
impact of a product from ‘cradle to grave’, while the
latter looks at the cost over a specific period of time.
There is the potential for some tension between the two
approaches, as the most economic choice may not be the
one with least environmental impact.

The service-life planning process does not provide a
method for calculating the risk of functional, technical or
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economic obsolescence of a component or built asset, but
the standard advises that these risks should be considered,
as a replacement may be carried out of a component that
1s still serviceable, but which has become obsolete. This is
a particular issue with emerging sustainable technologies
as further research and development in this field creates
products that are more efficient than their predecessors.

The Annexes to Part 1 provide guidance on ways in
which you should carry out the estimation of future costs,
estimated design lives and so on.

Overall, Part 1 provides a good introduction to the
concepts, techniques and processes of service life planning.
It should be noted that the factor method will be taken out
of Part 1 when it is next revised as the factor method is now
included in Part 8.

Part 2: Service Life Prediction Procedures

This part builds upon the structure provided in Part 1 and
provides guidance on how to assess components to obtain a
predicted service life using different approaches and tech-
niques including accelerated testing.

As the various agents of degradation can operate at
different rates, depending on the extent of exposure, this
means that the critical factor that determines the end of
the service life could be different in practice from that
shown in the accelerated test result. An understanding of
the dose response function, where the extent of degradation
for a known dose of the agent is measured, can help in
predicting the rate of degradation in a particular location
and exposure condition.

Where manufacturers are providing a reference service
life, it is important to be able to access information on
the exposure levels used in any testing associated with deter-
mining the reference service life, or the location used to
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provide actual data if it is related to experience in use.
Without this data, it is hard to predict the estimated service
life in another location with different levels of exposure.

Part 3: Performance Audits and Reviews

Because the durability of the building or built asset is
critical in assembling a business case for the construction
to proceed, it is important that the data used can be checked
and verified. Auditing is an important management tool for
ensuring that stated performance requirements are capable
of being met. This means that the data used in the design
process must be clearly recorded in a standardised format
and be made available to the auditor or reviewer to check
when required. Where the audit is being carried out as
part of a bid review process, such as in private finance
initiative contracts, the quality and accuracy of the life-
cycle costing can win or lose the bid.

The use of audits and reviews also improves the quality of
the data being used, by increasing knowledge of the actual
performance achieved in use, thus providing a feedback
loop that can be used to further improve performance.

Part 4: Data Structures for Service Life
Planning

This has been partly drafted and is currently a technical
document rather than a standard. It deals with the use of
building information models and the application of
industry foundation classes as defined by the International
Association for Interoperability (IAI) in identifying various
components and the related durability data. Once
published as a standard, it will provide the means to
assemble and check durability data within the building
information model and so make it easier to achieve the
required durability within the overall design process.

Part 5: Life-cycle Costing

This part of the standard is of crucial importance as it
enables selection of the best value materials and compo-
nents for the projected built asset. Best value can only be
delivered where the cost of the built asset is measured
against the benefits it can deliver over its whole life.

This part explains the difference between life-cycle cost,
which is ‘the cost of an asset or its parts throughout its
life-cycle while fulfilling its performance requirements’
and whole-life costing, which is described as ‘the meth-
odology for the systematic economic consideration of
whole life costs and benefits over a period of analysis as
defined in the agreed scope’. It also provides guidance on
other aspects that should be considered, such as the
social, environmental and sustainable aspects within the
long-term measurements of the performance of the built
asset. Intangibles such as business reputation, functional
efficiency and workforce comfort can also be included in
the appraisal of whole-life value.
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There is guidance on the use of real, nominal and
discounted costs, and the formulae to calculate these and
net present value and net present cost are provided.

Because the analysis of the built asset is looking into the
future, it is important to decide where the data contain any
elements of uncertainty and risk and to factor this into the
calculations, using Monte Carlo analysis and confidence
modelling to check the sensitivity of various possible
scenarios based on key assumptions.

This process is most useful when decisions are being
taken on the materials to be selected for major components
and finishes. Best value may be delivered by the cheapest or
the most expensive component (or one in between), but this
is not apparent until the calculations have been done.

Standardised Method of Life-cycle Costing for
Construction Procurement

This forms a supplement to Part 5 of ISO 15686 and is
published by BCIS and BSI for use in the United Kingdom
as guidance on the use of Part 5. It has also been written to
be able to stand alone as more accessible guidance on what
is seen as best practice by experienced practitioners of life-
cycle costing. As such it provides a good place to start if you
wish to understand how life-cycle costing works and to
discover the potential benefits of using the process as part
of building and built asset procurement.

The publication of this supplement makes it much easier
to compare alternative solutions using robust data, as
previously it had been left open to the life-cycle assessor
as to where various headings of cost were placed and
what was included or excluded in each heading. This
meant it was not easy to compare two or more life-cycle
plans in a tendering situation as the same headings could
contain different assumptions. Adherence to the standar-
dised method will simplify such comparison exercises and
so speed up the process while increasing confidence in the
results.

Part 6: Procedures for Considering
Environmental Impacts

This part provides a link to the ISO 14000 series which deals
with environmental management and in particular with
ISO 14040: 2006 on environmental management life-cycle
assessment procedures.

It provides guidance on how a life-cycle assessment
prepared under ISO 14040 can be integrated into a service
life plan prepared under ISO 15686. This provides the
facility within a financial model to introduce aspects of
sustainable construction and look at the benefits that can
be delivered over the lifetime use of the building or built
asset. At present there are little data available on sustain-
able technologies that consider their full life-cycle impact,
but hopefully this situation will improve as environmental
impacts become part of service-life planning.
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Part 7: Performance Evaluation for Feedback
of Service Life Data from Practice

This part provides the methods that allow the actual
performance in use to be measured, along with the impact
of various levels of maintenance and usage patterns. Per-
formance assessment in use compares the factors used to
provide the estimated service life with what has actually
taken place. This provides benefits to the building owner,
who can amend the predicted service life of components,
taking the actual condition at the time of assessment into
account. This may mean that maintenance cycles can be
extended, or planned replacements moved back, but it
could also mean the reverse.

This information can then be used to amend the data that
will be used in future projects through applying this feed-
back. There is clearly a need for a centralised data source
so that experience of performance in use is shared and
kept up to date.

Part 8: Reference Service Life and Service Life
Estimation

This part deals in more detail with applying the factor
method to arrive at estimated service lives from reference
service lives, and this information will be removed from
Part 1 when it is next reviewed and revised.

The calculations required look quite complex at first, but
are actually relatively easy as the majority of factors have a
reference level which represents normal usage. It should
also be noted that not all components need this assessment
to be carried out, and it is for the project team and the
building/asset owner to decide which should be checked.
The need for service life estimation is most important for
those components upon which the timing of repair or repla-
cement may be critical to the use of the building. A typical
example could be an assessment of the durability of a floor
in a hospital operating theatre, where replacement could
mean the closure of an operating suite for a period, with
the associated disruption to the running of the hospital.

Agents of degradation

All materials used in the construction of built assets, no
matter how durable, have a finite serviceable life, after
which they cease to perform the function expected of
them by the designer or constructor. The degradation of
the material is caused by exposure to various agents that
cause wear and damage, but different agents affect different
materials in different ways. Some may cause a slow decay in
performance, while others can result in an abrupt failure.
Because of this, it is important to be aware of which
materials are affected by what agents and how modification
of the behaviour can be achieved by the use of protective
coatings, regular cleaning and effective maintenance.
Where a particular agent of degradation is prevalent, a
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designer should consider the use of materials that are
most resistant to that agent.

Water

Water is probably the most damaging agent for the
majority of materials as, apart from its own properties, it
can carry with it other agents of degradation such as
salts, acids, alkalis and other pollutants.

Moving water alone can erode quite hard materials over
time, so the management of water flows over surfaces is
important if damage is to be limited. Traditional building
design provided projections with grooves beneath them to
throw water away from the face of the building. Rainwater
is normally collected at roof level and piped to a drainage
system to reduce the amount of wetting and erosion experi-
enced by the building’s exterior. Modern architecture
appears to have forgotten the importance of these tech-
niques, but it is hoped that measurement of the conse-
quences of poor water management will enable an
assessment of where better water control will bring benefits.

Reducing the period during which a material is wet
extends its life, as a wet surface can support algal growth,
which in turn leads to mosses colonising the surface and
then larger plants. The action of the roots of larger plants
within crevices and cracks opens these up, so assisting the
water to reach further into the structure. By keeping
surfaces as dry as possible, this process of degradation is
minimised. It is noticeable that buildings can remain in a
serviceable condition for a long period while the roof is
sound and the walls are kept dry, but then quickly turn
into a ruin as soon as water begins to reach the walls and
interior through a defective roof.

Wet surfaces are also prone to damage if the water within
the material freezes. This causes spalling and a breakdown
in the surface, allowing more water to enter the pores and so
cause further damage upon freezing. This freeze—thaw cycle
can be simulated in accelerated testing and the results of
such tests are used to classify certain materials for frost
resistance, such as bricks.

The impact of water on durability varies with different
materials. Some species of timber are naturally resistant
to decay caused by moisture, and the performance of less
durable timber can be improved by treatment with anti-
fungal compounds. However, without regular maintenance
of a protective coating, most timber will decay if exposed to
a combination of water and air. Timber when fully
immersed in water can last for a long time under the right
conditions as evidenced by wrecks such as the Vasa and
Mary Rose.

Although a particular timber might be classed as durable,
it is important to also consider the type of fixings that are
used and the proximity of other materials to the timber.
Oak is durable when exposed externally, but tannins
within the timber will leach out and can cause unsightly
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staining where water runs off. The tannic acid also attacks
any ferrous fixings to create black stains; this reduces the
tensile strength of the oak, so brass or another non-ferrous
metal should be used to avoid premature failure in such
locations.

Most of the metals commonly used in construction are
adversely affected by a combination of water and air,
which causes corrosion to take place. Stainless steel is
normally resistant to corrosion, but can be attacked
where water is present but air excluded, such as at laps in
cladding. A notable case was at St Mary’s Hospital on
the Isle of Wight, where the stainless steel cladding had to
be replaced due to corrosion damage after only six years.
Two articles concerning the need for replacement and the
costs incurred are available on the internet.

Structures in saltwater face particular difficulties as the
presence of both water and salt in copious quantities
provides a very aggressive environment for metals. An article
dealing with these issues can be found on the internet.

Aluminium can be durable when exposed, as the surface
oxide layer protects the metal beneath, but, if this is
removed or electrolytic action takes place, then the life of
exposed aluminium is significantly reduced.

Corrosion of metals can be accelerated by salts or acids
carried by the water, as these accelerate the corrosion
process by acting as an electrolyte or dissolving the metal
surface. Chlorides can attack stainless steel and reinforce-
ment in concrete is dependent upon an alkaline environ-
ment to prevent corrosion taking place. Corrosion has
two major consequences. First, the corroded section loses
strength compared to the initially installed section, giving
rise to risk of failure and collapse. Second, the corrosion
process adds volume to the section, and if this is restrained
by being cast within concrete or built into brickwork, the
expansion cracks the surrounding material, allowing
water easy access to the metal and thus further accelerating
the decay.

It follows that, to achieve the maximum longevity from a
building or built asset, care and consideration in the
capturing and effective disposal of rainwater is critically
important.

Water is also present within the ground, where it can
have salts, acids and alkalis dissolved in it, depending on
the ground conditions. The foundations of any structure
are difficult or impossible to replace, so to achieve a durable
building or built asset, it is important to know the ground
conditions and design any parts of the building in contact
with the ground to be as resistant as possible to any deleter-
ious substances that are present.

The third situation is where the structure contains water,
such as a dam or swimming pool, or is built within water,
such as port installations or bridge piers. Here the water
exerts forces upon the structure that can cause movement
which can give rise to cracking. It is clearly important
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that any allowance for movement does not permit cracking
to take place, as entry of water into the structure will
accelerate decay and reduce the achieved life.

Temperature changes

The majority of structures are subject to temperature varia-
tions, both short term as the sun heats exposed surfaces and
longer term as the air temperature changes through the
days, months and years. In general, materials expand as
they are heated but by differing amounts, dependent upon
the coeflicient of expansion of the material and its colour.
Differential movement causes stresses which can result in
cracking where the stress exceeds the material’s inherent
strength. There are also stresses where different materials
are fixed together, but have different coefficients of expan-
sion, such as where a metal coping is fixed to a masonry
wall. Temperature changes can also cause stresses when
differential heating occurs, such as within insulated
cladding systems where the exterior faces heat rapidly on
exposure to the sun, but the substrate is kept at a steady
temperature by the insulation within the cladding.

It is important in designing structures and assemblies
that these movements due to temperature changes are
considered and a capacity for movement is incorporated
into the design solution. The thermal stresses can be as
large as or larger than the structural loading and their
repetitive cycling nature can cause significant damage to
occur. If full allowance for movement is not provided,
durability will be affected as materials and finishes are
damaged, allowing water and other deleterious agents to
enter the building or built asset.

Applied loads

All constructions carry load, including self-weight. To be
durable, the structure has to be designed to resist all the
applied loads without excessive deflections. Where struc-
tures are overloaded, damage can result, which will
reduce the service life of the structure.

Some loads on the structure change due to the different
characteristics of materials. Where a concrete structure
has a brick infill, the concrete shrinks over time, while the
brick expands. This can build up significant forces, which
can result in failure of the bricks as the compressive
strength is exceeded. Designers should provide soft joints
to allow this interaction to take place without causing
damage.

There are also instances where loads are applied that
have not been considered in the design. This can occur
where the building user is not aware of the limits of the
existing structure, such as erecting scaffolding on a roof
without checking the loads that are being applied. Most
structures are designed to be adequately robust due to the
requirements of the structural codes, but a designer
should consider potential situations that will arise in the
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life of a building such as during recladding, where parts of
the building that may be part of the structure need to be
removed, to enable this to be done without recourse to
major propping.

There is also a need to consider the demolition or decon-
struction of the building as it is important that the partially
demolished structure remains safe and stable during the
demolition procedure.

Abrasion

One agent of degradation is abrasion, where protective
coatings and surface finishes are abraded by blown sand
or grit. This can be controlled by use of appropriate finishes
to protect the underlying components and also by planning
to repair or replace abraded areas before the damage
becomes irreversible. Where the coating is performing a
critical function, such as intumescent paint on steelwork,
it becomes even more important to prevent loss of perfor-
mance by protecting these areas.

Impact

Impacts can cause damage to buildings and built assets.
Generally, the impact will not of itself reduce the life of
the structure, but the consequences are often rain ingress
or wind action in the damaged area that cause further
more serious damage. To achieve good durability, it is
important that the designer considers the risk of impacts
causing damage and chooses suitably robust materials in
locations where impacts could occur.

Typical impacts are those caused by vehicle movements,
vandalism, unrestrained doors and windows, and flying
objects in high winds. Designers who wish to achieve
optimum durability should carry out a risk analysis of the
likelihood of such impacts occurring and then specify
appropriate materials to reduce the potential for damage
to take place.

Ultraviolet light

Sunshine contains a significant proportion of ultraviolet
light, which causes a breakdown in certain plastics. In
areas where there is strong sunlight and at high altitudes
where the atmosphere is thinner and UV levels are higher,
the effect of ultraviolet light needs to be considered in the
specification of exposed areas.

A number of pigments used in paints, coatings and plas-
tics are also subject to damage by exposure to ultraviolet
light, causing a chalky appearance. While the underlying
material may be sound, the poor appearance can lead to
the premature recoating or replacement of these compo-
nents for aesthetic reasons.

Chemical agents

These comprise a wide range of substances, some of which
are highly deleterious to certain building materials. Annex
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C of ISO 15686: Part 1 lists a number of these, including
water (see above). In selecting a material to perform a
certain duty, it is important to consider what substances
will come into contact with it. These may be in the atmos-
phere, carried by water, contained within the building or
within other components in close proximity.

When designing for durability, it is easiest to use a small
range of materials, so that all the potential interactions
between different combinations can be considered and
compatibility between them can be assured. As the range
of materials being used increases, so does the number of
potential interfaces and also the risk of an unforeseen
chemical reaction. Whilst some interactions are well docu-
mented and therefore can be avoided with care, there is
an increased risk, when many different materials are present
in a building, of one substance acting as a catalyst in the
reaction between two other materials and so causing accel-
erated degradation.

Importance of specification

Achieving the required degree of durability in a construc-
tion starts with gaining a clear understanding of the client’s
requirements for the projected life of the building. In some
cases low cost and speedy construction are required and
there is no particular requirement for the completed
building to be durable. In this case the client should be
advised that durability has not been considered and that
the anticipated life of the building is therefore unknown.

If a particular building life is required, it is also important
to know what level of maintenance will be acceptable. This
will then allow the specification of materials and compo-
nents to be carried out to meet these requirements. As an
example, it is hard to replace the floor finish in a commer-
cial kitchen without removing all the equipment. This
requires the closure of the kitchen for an extended period,
which may not be acceptable to the client if its income is
dependent upon it. It is therefore important that the esti-
mated life of the kitchen floor is the same as the life of
the major equipment within the kitchen, so that it is
closed for a refit at agreed intervals only.

Specification for durability is best carried out within the
context of ISO 15686, as this enables the process to be
managed effectively. The end result can also be audited to
assure the client or the funders that the building is capable
of performing as planned.

Service-life planning

Service-life planning is the process described in ISO 15686.
It provides detailed guidance and, when used with the
Standardised Method of Measurement as produced for
UK projects, it enables different potential solutions to be
compared in terms of their value to the client.
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Although this process is relatively new, it is anticipated
that increasing numbers of clients will demand it when
the benefits are known to them.

To carry out effective service-life planning, a number of
factors need to be considered.

Incompatible materials

As stated under chemical agents, there are a number of
materials used in construction that are mutually incompa-
tible. Copper and aluminium are two such materials as
the runoff of water from copper causes rapid corrosion of
the aluminium. Bitumen and polysulfide sealants also
have known incompatibilities.

There are too many known incompatibilities to mention
individually in this chapter, but any specifier would be well
advised to be careful in selecting materials which have little
published guidance on their properties. Most of the
traditional materials have a reasonable track record, and
reliable information on their strengths and weaknesses is
accessible from many sources. Newer materials or those
that have unusual coatings or are combined with other
materials in an innovative product should be treated with
caution, particularly if the only data available come from
one manufacturer with no independent verification.

Manufacturer’s data

Where construction materials are being selected for a parti-
cular purpose, up-to-date manufacturer’s information
should be obtained, as formulations can and do change
from time to time. There is normally a range of potentially
suitable materials on offer for each use, often for widely
varying prices and with subtly differing properties. Before
making a selection, it is worth comparing the life-cycle
cost of the options available, as it may be that a more
expensive product, perhaps with a factory-applied finish,
could represent better long-term value than a cheaper
material that has to be painted on site.

As stated above, treat all information from the product
and component manufacturers with care as certain proper-
ties may have been measured using standard tests that do
not show the full picture. It is helpful to consider each
material choice in the context of the use to which it is
being put and the hazards that it will face in that location.
Make sure that you are comparing like with like, as compo-
nents sold for the same function can be made from different
substances that perform differently in moisture absorption,
movement under temperature change and so on.

Importance of correct construction

While the materials may have been chosen with care and
consideration, this is only the start of achieving the desired
durability from the building or built asset. If the construc-
tion process is not carried out with due care and to the
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appropriate standards, then the durability of the final
building will be adversely affected.

Workmanship

With the increasing fragmentation of the construction
industry, the operatives carrying out the work on site can
be several contractual steps away from the main contractor.
This means that drawings, specifications and working
instructions can be ‘lost in translation’ with the result that
the construction process is not as closely controlled as the
designer had intended. If durable construction is to be
achieved, then it must comply with good practice and this
needs to be assured by putting in place appropriate contrac-
tual arrangements to ensure that the requirements of the
designer are understood and properly carried out.

The contractual documents for a project need to contain
clear guidance on the standards of workmanship that are
required and attention needs to be given to how these will
be achieved by the contactor and the subcontractors. If
the operation can be carried out easily using normal skills
and supervision, it is more likely to be carried out correctly.
Insistence on complex details with tight tolerances and
limited working space can result in poor compliance and
subsequent problems when the lack of accuracy becomes
apparent.

Assuring quality on site used to be the domain of a Clerk
of Works, but fewer sites now have the benefit of an inde-
pendent inspection by a properly experienced inspector.
Such checks that are carried out are often perfunctory
and focus more on percentage completion that on the
quality of work or compliance with the drawings. To
achieve the design life, each material or component has to
be installed to a reasonably good standard — poor work-
manship can result in replacement of the installed material
or component before the building is handed over, which
means that it has not achieved any service life at all!

Where possible, the team that will be carrying out the
actual work on site should be consulted about the practical-
ities of each operation, as often they can offer simpler
methods that will achieve a more reliable result.

Storage and handling

A number of components and materials are easily damaged
during storage and handling on site, so that their service
life is reduced. Where particular storage conditions are
required by the manufacturer, it is important that these
are complied with. Handling methods on site should be
discussed with the main contractor and steps taken to
minimise the number of times each component or material
is handled. Where possible, ‘just in time’ delivery to the site
should be preferred, as it reduces the risk of storage and
handling damage to the minimum.

If damaged materials are installed in spite of appropriate
precautions, then the achievement of the estimated service
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life is compromised and this should be picked up and
factored into the need for an amended maintenance plan
or by a reduction in the estimated service life.

Accidental damage and protection

As for storage and handling, further damage can occur on
site after installation if adequate protection of the compo-
nent is not provided. Any damage sustained can signifi-
cantly affect the achievement of the estimated service life.
Accordingly, steps should be taken to ensure that adequate
protection has been priced for within the contract and that
it is clear whose responsibility it is to install and maintain
the protection. The timing of the removal of protection is
also critically important, as there needs to be sufficient
time to inspect the installation after the protection has
been removed and for repairs or replacements to be carried
out if damage has occurred.

While many product manufacturers can provide repair
materials to hide damage, these products are generally
not as durable as the original materials and it is prudent
to record where repairs are carried out as these areas
will probably require a different maintenance regime
from the undamaged areas if the overall durability is
not to be affected. Once again, the estimated life-cycle
should be amended as appropriate to reflect the actual
situation, rather than the predictions made during the
design phase.

Importance of maintenance

Once the building or built asset is complete and handed
over, most construction professionals will walk away
without a backward glance. However, the building is just
at the start of its life and is now in a position to deliver
value to the owner and users, rather than being a drain
on their resources.

If the building design process has been carried out with
durability as a required attribute, then there should be a
review of the quality of the building as delivered by the
construction process. Post-occupancy evaluations have
been carried out for some time, but are still not common-
place. The type of checks on delivered quality that should
be carried out are included in Part 3 of ISO 15686 and
these should enable the estimated service lives to be
adjusted to reflect the quality of construction that was
achieved.

The next stage following handover should be to put in
hand the maintenance plan so that appropriate actions are
taken at timely intervals. Without maintenance, the rate of
deterioration of the building or built asset will increase.
While short delays in carrying out the defined tasks can be
accepted and may have little effect, continued avoidance of
necessary maintenance will result in unplanned failures and
premature replacement of components.
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At the design stage, it should be considered whether fixed
inspection and maintenance intervals are appropriate or if
condition-based maintenance is to be used, where the
frequency of maintenance is predicated on the condition
of the item being maintained. There are strong arguments
for and against both approaches, but it is better to decide
during the design phase which items will come under each
regime. There is otherwise a risk that neither approach
will be applied effectively and certain components will
therefore fall between the two systems.

Protective coatings

The category of protective coatings includes paints, seals,
anodising and so on. They share the property that they
are specified to protect the underlying material and can be
considered in most cases as sacrificial in that they can (in
most cases) be replaced by overcovering at intervals in the
life of the component or material.

As with general maintenance, undue delay in recoating
will increase the cost and difficulty of the operation and
may result in irreversible damage to the substrate. When
specifying coatings, it is important to remember that they
will normally require to be replaced within the lifespan of
the component and that such replacement needs to be
carried out without adversely affecting the performance of
the component. Problems with the operation of joinery
are quite common after repainting, because there was an
inadequate allowance for the increasing thickness of
coating.

Water ingress

Poor maintenance can result in the entry of water to within
the structure or materials of the building. As noted above,
water causes deterioration in many materials and so exclu-
sion of water is important if the estimated service life is to
be reached. There is a need to check the condition of
roofs and other water-controlling measures so that the
risk of water penetration is kept to the minimum. Failure
to carry out simple tasks, such as regularly clearing leaves
from gutters, can result in serious damage to building
materials and interiors.

Where water ingress would be catastrophic, for example
in a computer server room, then it may be appropriate to
consider the installation of secondary means of defence
so that failure of the primary layer does not affect
the performance of the critical operation. This then
allows the planning and subsequent replacement of the
primary layer without the function of the protected space
being compromised. A decision on whether it is prudent
to take this approach can be assessed using life-cycle
costing of the combined systems and advice from the
users on the probable cost of a failure without secondary
protection.
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Lubrication

Quite simple maintenance tasks can have far-reaching
consequences on the performance of certain components.
Hinges which are exposed externally, or are rarely used,
are often left without any maintenance, so that they fail
prematurely. Providing them with occasional lubrication
means that they can reach their estimated service life. A
good maintenance plan will have considered these more
minor components and included the requisite maintenance
in the schedule of planned operations.

Correct cleaning

Manufacturers often specify that components or finishes
are cleaned at regular intervals. Again, this is often ignored,
so that by the time cleaning is attempted, the dirt has
stained the surface and pollutants may have degraded the
finish. While the correct cleaning frequency will depend
on the location of the building or built asset, this should
be considered at the design stage and provision made for
access to be achieved without requiring major temporary
works.

When cleaning does take place, it is important that the
correct cleaning agents are used and the runoff does not
damage other surfaces below the area being cleaned. Some
cleaning chemicals are highly corrosive and can cause
severe damage if applied to the wrong types of surface.

Provision for the appropriate maintenance operations
should be included in the life-cycle costs prepared during
the design phase of the project. This information needs to
be transmitted to (and understood by) the owner and
users of the building or built asset and the responsibility
for carrying out the required maintenance clearly assigned
to the appropriate staff.

If the life-cycle costing has been carried out correctly,
the owner or tenant of the building should be aware of
the maintenance requirements before they take over the
building and the appropriate budgets should be available
throughout the life of the building or built asset. As noted
above, failure to maintain and clean the building will in
time result in higher bills and reduced functionality, thus
making short-term savings a poor option.

Importance of repair

Early repair

The need to carry out repairs to installed components and
materials needs to be monitored, as a series of individual
minor repairs may be an indication that there is a
common defect or that usage is more severe than had
been anticipated. It is possible that prompt intervention
can reduce or prevent further defects. If, for example,
doors are being damaged by being thrust against the end
of the hinge travel, installation of a limiting stay could
prevent this happening.
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All installed components are prone to a series of early
failures, generally known as ‘burn-in failures’, where a
manufacturing flaw in a proportion of the installation
causes a few defects to occur. As above, these need to be
investigated and monitored. If they are burn-in failures
then the incidence will drop with time.

Correct materials

When repairs are carried out to installed components and
materials there is a tendency to do the minimum required
to make the repair. This can mean using a nail instead of a
hinge pin, or tape to cover a split in vinyl flooring. These
poor repairs can result in further failures, but these would
be due to the repair failing rather than the component.

A good maintenance plan will include information on the
manufacturer and model of all components, so that repairs
can be carried out by replacing like with like. Exceptions
should be made when it is clear that the installed compo-
nent is not robust enough for the duty cycle that it is experi-
encing. Here it is important to involve the original designer
and manufacturer, as they need to know of the problem if
future shortfalls are to be avoided. Their advice should be
sought on the replacement component, because a stronger
component will exert greater load transfer to its fixings
and surrounding materials, so one failure mode may be
replaced with another.

Workmanship

As for the construction phase, good workmanship in carrying
out repairs is equally important. Much maintenance work is
carried out by multi-skilled individuals, but it is important
that they receive training in the correct methods of dis-
mantling, repairing and installing the various components.
There can be a tendency to replace rivets with screws, or
use the tape or sealant that is to hand, rather than the correct
material. This can lead to continuing minor failures which are
an irritation and reduce confidence in the durability of the
affected components. It is often better to spend more on a
thorough repair or replace the affected unit.

Understanding of failure mode

When a component fails, it is important to consider the
reasons for that failure. The correct and early diagnosis
of a failure can allow changes to be made to maintenance
or usage regimes so that further failures can be avoided.
Most industries are much further advanced than construc-
tion in failure mode effect analysis (FMEA). This process
looks at the failures that occur and analyses what caused
the failure. This allows changes to be made in the design
and fabrication so that the incidence of that particular
failure is reduced or takes place after more duty cycles.
This approach to failure needs to be introduced to
construction failures so that the industry understands the
causes of premature failures and is able to respond by
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producing an improved product. ISO 15686 Parts 3 and 7
go some way towards this but the key issue is that the
industry as a whole needs to be much more open about
failures when they occur and to share understanding on
the causes and remedies.

End-of-life issues

Ease of replacement

As various components and materials reach the end of their
service life, the replacements planned for during the design
stage need to be carried out. If the design process has been
thorough, the replacement should be straightforward, as
the fixings will be accessible and the perimeter seals or over-
laps will have been designed to permit the easy removal and
replacement of the time-expired item.

It is also possible that some components may have failed
prematurely, or a defect has led to a component not
designed for replacement to need repair or replacement.
These problems should be recorded and fed back to the
designers, manufacturers and constructors so that this
information can be used to reduce the instances where
this will recur.

As the industry has not been accustomed to designing
components for replacement, the current cost of replacing
components is far greater than it should be since adjacent
finishes and components are often damaged during the
replacement operation. Provision for easy access has also
not generally been considered, requiring a significant
investment in temporary works.

Designing for replacement means considering exactly
what package of works will be required and making provi-
sion to minimise collateral damage.

Damage to surrounding materials

As noted above, all replacements involve an interface with
adjacent components and materials. Use of cover trims and
push in/pull out seals can enable the time-expired compo-
nent to be removed and replaced with no damage to the
surroundings. These provisions need to form part of the
original design and the additional cost over, for example,
plastering up to the interface has to be justified in life-
cycle cost terms. These decisions need to be expressed in
the maintenance manual so that when the time comes for
the replacement to take place, the decision tree can be revis-
ited and the perimeter detail either replaced as originally
planned or changed to reflect greater knowledge of the
costs and difficulties of the replacement when it occurs.

Access provision

As noted above, the need for component replacement,
where the estimated service life is less than that of the
complete building, has to be considered in developing the
original design. This should include making provision for
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ease of access, such as installing screws in eyes to restrain
access equipment, as this costs little at the time of construc-
tion and enables any replacement operation to take place
more quickly and safely.

The size and weight of components to be replaced have to
be considered, as larger items may need mechanical hand-
ling to allow safe removal and replacement.

The Construction (Design and Management) Act
requires designers to consider the risks of cleaning and
maintenance operations and to ensure that any risk
inherent in these operations is minimised.

Disposal issues

Once the time-expired components have been removed, a
decision will be required on what is done with them.
Disposal to land fill is an expensive option and may not
be available in future, so the two main options are reuse
or recycling.

Reuse

Reuse is where the removed components are put back into
use with minimal remanufacturing. Reuse is generally
achieved where components can be repaired or refurbished
to restore them to a usable condition. Because less energy is
required, it is generally more economical to reuse compo-
nents rather than recycle them.

Some materials can be cut down to smaller sizes to permit
reuse with minimal cost, such as timber from demolition
which can be planed down to smaller sizes. Other compo-
nents can be reused after parts such as seals have been
replaced with new. Reuse may also be achieved by changing
the use to which the component is being put, such as incor-
porating glass bottles on their side to provide an insulated
wall that allows light to enter the building while maintaining
privacy. By identifying potential for reuse at the end of the
service life, the value delivered by that component can be
increased, as it can have a positive value when removed.

Recycling

Recycling of removed components and materials means
that they either return to the raw material chain by being
shredded or smelted down or alternatively they are used
only after a significant manufacturing input. A typical
example is the conversion of concrete from demolition
into aggregate for new concrete.

The value of materials for recycling can be affected by the
use of coatings and treatments applied for the original use.
Plain glass is comparatively easy to recycle, but tinted glass
with an applied surface film which is part of a double-glazed
unit is much less easy to prepare for melting down.

As with reuse, early identification of the recycling
potential can benefit the value of the component, particu-
larly if the component is designed so that the recycling
value can be enhanced. European and American legislation
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is requiring an increasing number of manufacturers to
consider the end-of-use situation for their products. This
can mean that a product is made of only one type of plastic
or that the different plastics can easily be clicked apart, as
this makes it easier to shred and recycle the individual parts.

Conclusion

Durability can only be achieved in construction by the
combined efforts of the designer, constructor, maintainer
and client. Where life-cycle costing is carried out to provide
an assessment of the whole-life value that can be delivered
by the building or built asset, the benefit that can be
delivered by working to the plan is understood and it is
easier for each of the parties to play its part. Without
consideration of durability as part of service-life planning,
it is highly probable that the end result will not perform
as well as it might and that defects in construction and
premature failure of components will be more likely.
Because achieving appropriate durability is important, it
is critical that it is put high on the agenda from the begin-
ning of the building procurement process and that the
results are measured and reported back to all parties. In
this way the virtuous circle of continuous improvement
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can be created and the construction process can start to
move towards the best practice used in other manufacturing
environments.
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Chapter 4

The economics of materials supply
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Almost all finished structures can be achieved by more than one approach and most
approaches will have the potential to feature different components and mixes of those
components. Every location throws up its own idiosyncrasies with respect to surety of
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quality, timely availability and cost, and almost every project’s macro- and micro-
economic environments, from government imposed trade barriers to local problems
such as suppliers going out of business, will demand changes to theorised
procurement function. Decision tree analysis may reveal to the civil engineer an
unsettling degree of complexity and risk. It is likely, however, that even the most well-
researched analysis of this type will not reveal the full extent of the complexity and
risk, nor necessarily provide any meaningful insights into how to manage them.

Introduction

The economics of materials supply is a vast subject and
could provide enough content for an entire series of
books. In order to tackle the subject in a relatively brief
chapter such as this, therefore, the economics of materials
supply is addressed by focusing broadly on one of the
more important items, namely steel. Steel has been chosen
for the following three reasons:

B Steel is one of the higher price items and important to get right;
if there are problems with the supply during construction, it
can lead to other, greater problems.

B There are other chapters on steel in this book to which the
engineer can refer.

B By taking steel as a representative material, the reader is invited
to examine the economics of materials supply across the
breadth of inputs required on an engineering project, and
thereby appreciate the challenges of each supply chain,
consider how to minimise the risks at the outset, and think
about how to approach or overcome the issues that will
inevitably arise from time to time.

Through this focus the chapter aims to illustrate to the
civil engineer the challenges to understanding the
complexity and risk involved when choosing any materials
for a project, and how to ensure enough redundancy and
contingency in the chosen approach to accommodate
both foreseen and unforeseen changes to the economics of
materials supply.

The chapter begins with a brief look at areas for consid-
eration when discussing how a particular structure is going
to be built, before focusing on the economics of supply of
the steel component parts of the project once the high-
level decision (e.g. whether to use a steel frame or concrete
reinforcement) has been made. At each stage the chapter
will demonstrate the importance of identifying and
mitigating the risks involved (e.g. price risk, product risk,
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delivery risk, inventory risk), in order to equip the civil
engineer with the skills required to undertake similarly
detailed analysis for any material inputs to a project.

Economics of materials: steel frame
VS rebar

At the macro level, the key consideration is steel frame vs
concrete reinforcement.

Steel-frame buildings are usually constructed from a
combination of hot-rolled steel sections and/or pre-engi-
neered steel sections.

There are three primary families of hot-rolled steel
section, defined by their shape:

B European, including IPE/IPN, HEA/HEB, and UPE/UPN,
within which there are further sub-categories of sizes. For
example, IPE 100s come in three sizes — IPE, IPEA and
IPEAA. The same goes for HEAs.

B Imperials, which have two dominant families: UK imperials,
commonly known as UB/UC, and US imperials, commonly
known as W-sections. They are similar, but not identical.
Each section size also comes in a number of sub-sizes,
commonly referred to by their kg/m or 1b/ft figures (foot
weights).

B Japanese, commonly referred to as JIS sections.

Pre-engineered sections tend to be built from hot-rolled
steel sheet (decoiled flat steel) and/or hot-rolled steel plate
(flat steel derived directly from slab; not previously
coiled). It is quite possible to have a steel plate and a steel
sheet in exactly the same dimensions and made from exactly
the same grade of steel, and even produced by the same
producing mill, which nevertheless behave differently in
certain applications. It is important to consider, therefore,
whether the project in question will be sensitive to this
difference.
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Reinforced concrete

Production of reinforcing bar (rebar) is more or less stan-
dard throughout the world, so the physical shape of the
bar varies little according to region.

Much of the following section is devoted to availability,
since the first thing to consider before settling on and
accepting a design is the consistent availability and surety
of the specified product, as well as suitable contingencies.

1 Availability of the product:
B dimensions:
B shape
B size (foot weights)
B lengths
B tolerances.

2 Availability of grade, and certification of grade:
B availability of volume
B availability of pre-fabrication
B surety of delivery
B surety of price.

Availability of the product
1 Dimensions.

B Shape: how consistently can a specified size (e.g. UB
533 x 197) be secured? Is the guarantee presented by the
chosen supplier reliable? How does the supplier propose
to guarantee it? Does the supplier produce the materials
themselves, and how many times a year. (All rolling
programmes require a minimum number of tonnes to justify
them. It is likely that your order alone will not be enough to
justify such a program)

B Size: 533 x 197 comes in three different combinations. Are
all the ones needed consistently available?

B Lengths: if required, are ‘outsize’ lengths readily available?

M Dimension tolerances.

B The rolling tolerances of the various standards used are
often employed differently by producing mills around the
world. This is mostly due to commercial reasons, e.g.
payments made on theoretical weight vs gross weight vs
net weight vs actual weight. What tolerances are applied
to the product in your market? Do your drawings reflect
this? Can you live with sections with different tolerances,
should only those become available in a few months time?

Availability of grade/quality
1 Grade.

B Commercial quality steels in standard sizes tend to be avail-
able everywhere, as long as the money is there to pay for
them. The same cannot be said for high-tensile varieties,
or those with particular properties, such as steel with high
chromium content for corrosion resistance and ductility.
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2 Origin.

B There are some very good steel mills in China, making state-
of-the-art steels. However, there are also some very bad steel
mills in China producing steels of less than adequate quality.
The same is true of almost every country with a steel
production industry. Origin is, therefore, no determinant
of quality. Indeed, many of the larger steel companies that
have emerged in the last decade have several production
lines in several countries, ostensibly capable of making the
same product. Despite this the product from each line is
rarely of the same quality. Producer name is also, therefore,
no guarantee of steel quality. Generally the most important
factor that influences decisions regarding suppliers tends to
be previous knowledge of the producing plant’s capabilities
and product. Close attention should also be paid to certifi-
cation, traceability and protection.

3 Certification.

B Even if the product is traceable to the producing mill, you
should consider whether the mill actually produced the
steel, or whether it merely converted steel made somewhere
else. It is important to be sure you know what you are buying.

B The consultant might demand rebar from CARES-approved
mills only, or EN 10204: 3.1b certs on all procured steel. How
will you manage if only 2.2 certs — or no certs — are available?

B Do you have access to retesting laboratories with suitable
equipment which offers an acceptable turnaround time?

B Can you place a third-party inspector at the mill to check
your steel as it goes through production and dispatch?

4 Protection.

B Will the supplier duly protect steel that is perhaps more
perishable or prone to damage? In the Middle East, the
chloride-laden atmosphere encourages the development of
rust in steel with concentrations of chloride contamination
that are unacceptably high for immersion into concrete.
You should consider whether the supplier is protecting the
rebar suitably.

B Epoxy-coated rebar is widely accepted as a suitable
protective coating, but this protection is only effective if
the rebar’s epoxy coating is completely intact when the
steel is immersed in concrete. Even if the epoxy-coating
plant delivers a pin-hole/holiday-free coating, most
transit/processing/site handling will induce gaps in the
coating, which can lead to major problems down the line.

5 Packing.

B will the lighter section and rebar be suitably packed so that
it remains straight, or indeed, in the processed dimensions to
which it was ordered when it eventually arrives at the point
of construction?

Availability of volume

Here it is necessary to consider a (chosen) supplier’s
capacity to deliver, in all circumstances. Can they deliver:

B the contractual volumes of each shape and size of section/rebar
in the stipulated grade?

B the necessary volumes in the contracted time?
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Most frequently the supplier will not have direct control
over their supplies. Rather they will act as go-between — or
will be dependent on at least one or more such go-betweens
— in a complex supply chain usually originating before the
producing mill.

Consider the traditional rebar supply chain:

scrap collector

scrap trader

EAF (electric-arc furnace) mill, converting scrap to billet
billet trader

billet re-roller, converting billet to rebar

local stockist, possibly with their own cut and bend
processing operation

contractor

developer.

QAU AW -

IR |

There are up to seven possible parties within this chain
taking title to the goods, and taking price risk too. Inter-
nationally, on average, rebar trades 4.5 times in the
supply chain, while sections (beams/joists/columns, etc.)
trade 3.5 times.

Most local stockists’ business model is to purchase stock
based on predictions of what they think the market will
need in three to six months time, at prices that make
those future sales profitable. Rarely do they know exactly
what the market will need, and rarely will they know the
market price even for the following week, let alone as far
ahead as three to six months. It is almost certain that
they will run out of particular sizes, shapes and grades
from time to time. With the lead time on most locally
produced steels of two to six weeks, and of imported
steels two to five months, delivery of the required volume
at the required time is uncertain at best. It is important to
have contingency suppliers and/or to be able to use alterna-
tive dimension steels as the circumstances dictate.

Availability of prefabrication

Many jobs will out-source prefabrication of steel prior
to its arrival on site. Off-site prefabrication may be under-
taken by the contractor, by some joint-venture (jv) or a
third party. Consider, though, whether that supply is
assured.

The product may be purchased by the contractor/
developer and then free-issued to the fabricator, the service
fee, therefore, essentially being one of tolling. It is arguably
a safer set-up than having the fabricator purchase on your
behalf, as you then become reliant on their procurement
processes and cannot ensure that delivery will be taken in
a manner that ensures the timely supply of prefabricated
product to site.

Free-issuing is not without its pitfalls. Often the fabri-
cator will have a strong relationship with a string of
suppliers, ensuring that they can get a product when
perhaps you cannot.
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In considering these issues, the following questions
should also be posed: will the fabricator be in business
throughout the project? Do you have a contingency?

Can the prefabricated pieces be transported to the site
easily, within budget and on time? Will large pieces fit
under bridges? Is a police escort necessary? Will long
pieces get around bends in the road from the fabrication
yard to the site?

Surety of delivery and surety of price

As mentioned above, the steel supply chain is a complex
one. Late delivery ex-mill is endemic, and rarely compen-
sated.

The fact is, however, that there is very rarely an actual
shortage of any steel product. What is much more
common is that certain steels are not readily available at
a price a buyer somewhere along the supply chain is
prepared to pay. The surety of delivery is inextricably
linked to surety of price.

Is it possible, therefore, to ensure delivery at the budgeted
price? More often than not, the answer is no. This is because
there are too many links in the supply chain between which
price certainty cannot be maintained over extended periods.
This phenomenon largely arises due to the lack of tools
or contractual arrangements required to overcome the
conflicts of interests and differences in business models
between the buyers and sellers in the supply chain.

The project will assume a fixed price for 12-24 months.
Yet:

B Scrap prices vary by the hour; a scrap trader is usually long or
short of scrap and gambles according to their market view.

B The EAF mill tends to be long in scrap; it is obliged to be so if
the plant is to continue working. The question is whether it is
one week, one month, or one quarter long. This will depend on
the mills owner’s view of the market. It may seem prudent to
keep certain volumes of finished product in ready stock, but
almost all steel is made to order, and mill inventories of
finished steels are generally kept as low as possible.

B The billet trader also tends to be long or short and may try to
back-to-back a deal. However, even back-to-back deals will
mean the trader is exposed for at least half a day, and some-
times as long as two or three days. Often a long or short
position will be adopted according to assumptions made
regarding market conditions. Billet prices vary by the hour.

B Aswith EAF mills, stockists also tend to be structurally long of
steel in stock and on order. The question is whether they
consistently hold ‘enough’ volume of all shapes, sizes and
grades. Market prices available to the stockist for finished
steels tend not to be volatile intraday, but they can vary from
day to day or week to week. The decision as to when to buy
depends not only on the tonnage the stockist expects to be
able to move in three to six months time, but on the price it
is expected to fetch. It is unlikely that you will be the only
party being supplied.
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B Consider now whether the fixed price that has been agreed
with the supplier is going to be sufficiently attractive, in all
market conditions that may occur during the supply
contract, to ensure good supplier performance.

B Are the prices of the supplier’s other customers higher or
lower than your agreed price? When the going gets tough,
suppliers are more likely to supply the higher paying
customer first.

B Has the supplier already paid, or agreed to pay, prices that
in turn ensure performance of their supplier? Your supplier
may have a fixed price contract signed with their supplier,
but if the market has moved too much against their
supplier, it is possible that the contract will not be fulfilled
at the agreed contract price. On the other hand, the
supplier may be gambling that they will be able to purchase
your product cost-effectively some time hence. If this
gamble does not pay off there could be serious ramifica-
tions.

Each floating price market (for scrap, billet, rebar, iron
ore, and section) is less well correlated than the supply-
chain participants would ideally like, with 90-day volatili-
ties well over 20% (in 2008 this was more than 50%), and
there are basically no derivatives with which to mitigate
steel price risk in the same way risk can be mitigated for
currency fluctuation, or even price fluctuations for other
metals (copper, aluminium, zinc, gold, etc.). The steel
supply chain is rife with price risk; this along with price
volatility and the resulting absolute steel prices creates the
conditions for delivery risk.

A long-term fixed-price contract is probably only effec-
tive if price volatility along the supply chain is limited,
ensuring that all commitments between the various parties
are honoured in a timely fashion. The final contract in the
supply chain — between the stockist and contractor — is
probably the most strained there is, as this is where all the
floating price risk must be converted into fixed prices.
Contracted price escalation clauses only help to deal with
the problem at times of low price volatility. Contract
price-renegotiation is endemic in the steel industry, from
lowly players such as the local scrap yard right up to the
big-hitting suppliers like Arcelor Mittal. This is because
the methods by which price risk is managed are not as
well established in the steel supply chain as they are in
other metal supply chains.

Availability of logistics

For jobs which are dependent on imported steels, a small
but important consideration is the cost of transporting
the materials. Due to fluctuations in price, it is not always
easy to keep this within budget. By way of an example, in
2008 international freight rates quadrupled, and force
majeure was claimed by many international importers as
they and their suppliers were simply unable to find vessels
at a price they were comfortable paying.
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Trade barriers are another critical aspect of logistics,
delivery and price surety. These can be imposed by national
governments (e.g. the US) and supra-national bodies (e.g.
the EU) on certain types of steel (defined usually by HS
codes) from certain origins. There are numerous variations,
but a few of the most common are:

B export taxes and/or anti-dumping duties
B import tariffs and/or quotas
B availability of export and/or import licences.

Should your supply chain involve international trans-
port, and thereby import—export, it is important to be
aware of the problems that trade barriers can pose to
your logistics, sometimes making it impossible — or at
least very expensive — to get what you ordered.

Availability of finance

Trade finance is a key element of steel supply chains, and its
cost and availability have much to do with what types of
steel are available when, and at what price. Traditional
trade flows can be switched off overnight should financing
dry up (e.g. due to political reasons).

Financing lines may become limited to your supplier
through no fault of their own, making it impossible for
them to pay for the steel which they intend to supply.

Factoring and credit insurance can similarly determine
whether the local supplier is able to procure steels.

Managing the economics of
material supply

Having looked at some of the things that can go wrong in
steel supply, the following section focuses on some of the
methods that can be employed to build in sufficient contin-
gency/redundancy with regard to steel supply, in order to
ensure that the project does not suffer unduly from things
beyond your control, and, as is often the case, beyond the
control of your selected supplier(s). This is a key point;
simply having a contractual obligation with the supplier
will rarely be enough, since litigation is unlikely to solve
any problems in a time- and cost-effective manner. An
essential element in managing the economics of material
supply is a partnership understanding in which contractual
parties are aware of more than just the key drivers for each
other’s businesses and are prepared to work together to
overcome the issues that will surely arise over the lifetime
of a project.

1 Availability of product.
B dimensions:
B shape
M size (foot weights)
B lengths
M tolerances.
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2 Availability of grade, and certification of grade.
3 Auvailability of volume.

4 Availability of prefabrication.

5 Surety of delivery.

6 Surety of price.

Availability of product
Dimensions

As mentioned in the Introduction to this chapter, the
engineer is obliged to make an assessment on the avail-
ability of the chosen materials, and primary contingencies.
So, for example, if the structure is to be built largely from
hot-rolled sections supplied from a local (regional) stock-
holder, the engineer should be satisfied that:

B The stockholder has more than one source for each of the
section sizes. If this is not the case (perhaps the chosen supplier
is the exclusive agent for a particular steel mill’s section
products) then the question arises as to how the stockholder
can guarantee timely delivery of the agreed sizes at the
agreed price should their (favoured) supplier not perform. It
should be noted that the realisation a favoured supplier is
going to be unable to perform is unlikely to happen in time
for the stockholder to order fresh production from an alternate
source mill. It is, therefore, prudent to ensure wherever
possible that the sizes you require are commonly available in
the local/regional market. This gives both you and your
supplier greater options and contingencies to go elsewhere
for product should the necessity arise.

B The required dimensions are frequently available from more
than one producing mill, and not subject to minimum order
volumes or irregular mill rolling programmes.

In most parts of the world you will not have access to
both imperial and metric sizes of rebar, nor is there likely
to be an equal availability of more than one series of
sections (e.g. Japanese or European).

It is worth noting that the common commercial rule of
thumb — that the advantage of using the more common
product is that competition tends to drive down the price
of that product — is far from assured when it comes to
steel. Dominant suppliers tend to operate on the assump-
tion that their clients cannot afford to take the risk of
relying on a less common product in case of supply chain
disruptions. It may seem counter-intuitive, but it is gener-
ally the more ubiquitously available product that is the
most expensive. Engineers can think of this ‘extra’ cost as
an insurance premium; a price worth paying for the
reassurance that chosen product sizes will be available
locally most or all of the time.

Grade

It is rare to find commonly available sizes in anything other
than so-called commercial grades or qualities. If the grades
you require are different from what is commonly available,
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it is best to have a contingency design for every line item,
which can be employed in the event of a local shortage of
the specified non-commercial grade. This should make use
of the market’s commonly available commercial grades
and be in line with the above product dimensions.

An alternative approach often used is to establish a direct
relationship with one or more producers of both commer-
cially available grades and those grades less frequently
available ‘off the shelf’. The purpose of the relationship is
not to buy direct — although this could be one development
— but primarily so both sides fully appreciate the
importance of timely delivery (particularly with regard to
the less commercially available product specifications).
This approach can work well, but equally, can also fail
drastically, for example when:

B the local supplier feels uncomfortable with their customer
making direct contact with the producing mill, creating
unease or mistrust between the supplier and contractor;

B the producing mill realises the engineer’s lack of alternatives
and uses this as leverage to solicit more favourable commercial
terms — now or by later renegotiation — either directly or
through the local supplier.

Origins and national standards

Grade complications can also arise when material lists have
been developed exclusively with reference to a single
national standard, such as British (BS), German (DIN) or
American (ASTM or AISI or SAE) standards, but the
only product available at a particular time is certified to a
different standard. Within Europe the homogenisation of
BS, DIN et al. into the EuroNorm (EN) standards has, to
some extent, resolved these issues, but it has far from eradi-
cated their occurrence altogether. Furthermore, outside
Europe, engineers often face repeated challenges if the
local stockholder’s inventory of a specific line item has,
for example, initially been sourced from Korea, but
during the project’s lifetime is also sourced from South
Africa, Brazil, the US, Ukraine and India, all of which
have their own standards.

Certification and origin

As touched on in the Introduction, certification can be a
minefield. Despite the producer and origin claims on Mill
Test Certificates (mtc’s), in many cases the steel itself may
have originated as far as a continent away. More than
100 million metric tonnes per annum of (i) round billet
(for seamless tubes), (ii) square billet (for all long steel
products such as rebar, rod and sections) and (iii) slab
(for all flat products, such as plate, sheet and coil) are
shipped from producing mills to ‘re-rollers’, where these
‘semis’ products are merely processed into finished steel
shapes. The re-roller’s mtc very rarely indicates where the
steel was actually made. Indeed, with so much rebar and
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section made from scrap, the reality is that such steels are
most likely to be a blend of steels produced several years
previously in a variety of different countries.

Certification levels

If you go into the detail of the EN 10204 standard, you will
find that, with most commercial steel grades, the specific
piece of steel for which you have an mtc was never itself
tested, either for its quality or indeed its dimensions.

Whatever the production routing, all producers ‘blend’
their ingredients to deliver steels within certain specification
ranges. At the base level, their mtc’s reflect this blend. In
essence, the mtc merely reports that the steel is within the
stated range, which is itself permitted under the stated
specification. This is as much as can be expected for
lower-end product from lower-end producers.

At the next level up, the producer actually has to sample
the chemistry of each ‘heat’ of steel. That sample, taken
from the 60-250mt bucket of molten metal, is clearly
only representative of the achieved chemistry. With so
much production a result of continuous casting, there is
undoubtedly a blending that occurs between the steels of
each successive heat. The mtc is a good guide to the
chemistry of the rebar or section, but not much more.

When it comes to recorded mechanical properties (e.g.
tensile, yield, elongation, hardness), mills again have a
variety of options concerning levels of testing. At the
bottom end ‘typical values’ of the steel produced will be
indicated, whereas at the top end every piece of steel is
tested individually.

The same is true of dimensions; the mill will set its
equipment up to roll product to within a certain range
allowed under the standard to which it is being certified.
The mtc will tend to record the nominal dimensions only.
It is highly unlikely any single piece of steel will exactly
match the dimensions stated on the mtc.

The engineer should make a point of understanding the
nature of the testing authority, the equipment used, and
its maintenance/recalibration regime. For example, if the
mill itself is the testing authority, there is a question as to
how diligent it is likely to be in its testing regime and main-
tenance programme. Few mills can afford higher rejection
rates of overzealous inspectors. Keeping things in-house —
having the inspectors on your payroll — might just lower
the rejection rate to an acceptable number.

Most, but by no means all mills create a totally separate
company for their inspection services, and ensure their
maintenance and recalibration programmes conform to
the approved norms. It does not quite constitute outsour-
cing, but the quasi-independence of such facilities tends to
be accepted by most buyers for most steels.

Every buyer is entitled, of course, to demand third-party
inspections, which are usually performed on the mill’s
equipment, or otherwise on samples taken away to
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independent laboratories. It is obviously important to be
vigilant in assessing the integrity of the chosen surveyor,
as well as their ability to recognise whether or not the
steel sample they have been given is in fact from the piece
of steel you want testing. This is not easy to achieve, and
the engineer is going to have to trust a great many people
along the way.

Ultimately it is up to the engineer to determine what level
of testing is required for the steel being used in the project.
They must consider whether the commercial cost (in money
and time) of top-level, detailed independent testing is really
appropriate for all the steels in question, and whether the
resulting paperwork will give an accurate indication of
the integrity of each rebar or section.

Packing and protection

Strict conformity to minimum standards of packing and
protection can do much to ensure the physical integrity of
delivered steels. Mills accustomed to international export
tend to ensure their product is appropriately packed for
the journey to their local port. Where they frequently
make errors is in their assessment of the equipment and
conditions at the port of discharge, as well as the subse-
quent transit and handling of the steel in the destination
country. These are factors not necessarily known to the
producing mill. To this end it is incumbent on each buyer
in the supply chain to ensure the packing and protection
is sufficient for the multiple handling and transit prior to
arrival with the ultimate consumer. This is often not the
case, particularly with lighter weight/strength steels which
are prone to damage.

Even reputable mills make out-of-specification/junk
steel, while mills of a lower standing sometimes produce
first-class steels. Both frequently provide less than
adequate packing. The better mills will diligently ensure
all non-conforming steel is never allowed out of its
premises labelled as ‘prime’ steel, but rather set aside to
be graded and sold in a wide variety of sub-prime
categories. Commercial pressures or human error can,
however, combine to cause problems to parties later in
the supply chain. The scope and frequency of claims in
the industry suggest that this is a far from rare
occurrence.

In practical terms, the most important steps to be taken
with regard to origin, certification, etc. are to clearly
document what is required from the outset, but also to
provide the local supplier with an acceptable degree of
source flexibility in order to meet your needs. For example,
the engineer could consider the following:

B Supplier lists should not be specific as to the country of origin.
Rather, if employed, they should be producing mill-specific,
with enough options for the local supplier to pursue depending
on market circumstances. Relying on one mill is a recipe for
disaster.
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B Supplier lists detailing grades as defined by one national
standard would do well to list alternative grades as defined
by other national standards (with specific amendments if so
required), giving the local supplier an acceptable degree of
source flexibility to meet your needs.

B Insert a clause enabling you to fund spot checks by appointed
third-party agencies at the producing mill, for quality, certifica-
tion and packing integrity.

B Be accommodating of dual/triple/quadruple certified product.
This tends to cost the local stock holder extra, but is sometimes
a lifeline which enables them to deliver the same product into
the various projects within their jurisdiction that have been
specified in different standards.

B Establish a minimum level of certification, perhaps using
EN 10204 or its equivalent (nearly every standard’s authority
issues such a standard). Then engage the supplier in the appro-
priate courses of remedial action, such as local testing of
samples taken from representative pieces at local independent
laboratories, should they or their suppliers be unable to come
up with mtc’s meeting the requisite level of testing/informa-
tion/independence. Ensure that the certification levels enable
full traceability back to the producing mill, and not just to
the middle men.

B Establish a minimum level of packing and protection, and
perhaps insist on taking delivery of product with the original
mill packing still intact to discourage the local supplier from
repacking loose or broken bundles, which provides scope for
the inclusion of odd pieces of non-conforming steel.

B Recognise that stock-holders themselves will rarely undertake
on-site physical or laboratory inspections of their inventory.
They are, after all, just middle men passing on product made
by others, so you should ensure that you have the resources
to impose spot checks on your product at the supplier’s facility
or at your job site (preferably the former).

B Ensure that those in charge of receiving physical product dili-
gently check conformity and traceability between the supplied
steel and accompanying mtc’s, perhaps initiating a protocol
whereby nothing gets accepted on site without due sign-off of
this conformity.

B Rotate the personnel and shift patterns of those in charge of
accepting product.

Availability of volume

In the Introduction to this chapter I stated that commercial
quality steels in standard sizes tend to be available every-
where, as long as the money is there to pay for them.
While this is the case for the most part, the reality is that
along the supply chain certain parties will not be prepared
to pay enough, and this is when volume shortfalls tend to
occur.

Rarely do regional markets run totally dry of product, as
there is a whole sector of industry traders who make a living
by spotting market shortfalls earlier than most and intelli-
gently arbitrating that supply and demand (and therefore
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price) imbalance between national or regional steel markets.
True non-availability is limited to those products which are
(i) only capable of being produced by a few mills around
the world (e.g. heavy plate of >5000 mm in width in a sour
service, ultra-low sulphur, HIC tested grade), and (ii)
unsuited to air-freight (a 5000 x 12000 mm plate weighing
18 mt cannot be feasibly transported on an average cargo
plane). As mentioned before, in general however, the
engineer is unlikely to be faced with a genuine non-
availability of product. What is more common is that the
product will not be available at the price you, or someone
further up the chain, is prepared to pay.

I have also discussed previously the gamble most stock-
holders take when ordering their inventory 3—6 months in
advance of receipt, and how it is inevitable that they will
occasionally run out of certain sizes or grades, particularly
when market prices are falling, recession is looming, or
financing is proving to be expensive or in short supply. It
is also the case that the stockholder may ‘have a run’ on
some items due to variable, unpredictable market
demand, and simply sell out of certain items before stock
replenishment occurs. It is evident that local markets (e.g.
the south of England) as opposed to single suppliers can
run out of certain items. But such events tend to be resolved
provided that the sizes or grades are commonly available in
the regional market or are made locally, and that one party
(the engineer or the local stockholder) is under contractual
obligation to pay higher prices to purchase the product ex-
stock elsewhere.

It does not help the stockist that mills have rolling
programmes demanding minimum quantities before certain
sizes or grades will be produced. For example, the produ-
cing mill may demand 1200 mt to roll a particular section
size, or a minimum of two heats to make a particular
grade, and if it does not get orders for those volumes,
production/rolling will be delayed. As such, published
rolling programmes should be considered primarily as
guides, and certainly not as guarantees of production.

There are also problems with international shipping,
when certain minimum volumes are required to induce a
vessel to call into specific load and discharge ports. If
those volumes are not met, then it can be commercially
unviable for the shipper to call into those ports. The steel
may be ready, but stuck at load port until more tonnage
is accumulated, or someone puts enough money on the
table to induce the vessel to make the call.

The wisdom of providing design scope to accommodate
steels of different dimensions and grade to accommodate
availability shortfalls in particular steels during a contract’s
lifetime has already been discussed earlier in this chapter.
Providing for contingency in suppliers is founded on similar
logic, and on occasion is inextricably linked to the avail-
ability of product. However, providing for contingency in
suppliers exacts different demands of the engineer.
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It is not unusual, for example, to find suppliers tied into
exclusive representation/agency arrangements with source
mills; arrangements which also severely limit the relevant
mill’s capacity to supply its products to the local agent’s
competitors. Thus, identifying alternative suppliers of the
same product specification is not always straightforward.

When the same products are available from a number of
suppliers, as is often the case with reinforcing bar, suppliers
will frequently seek to tie the buyer into ‘all-or-nothing’
arrangements, thereby limiting the capacity of the buyer
to source from competitors in even the most demanding
of circumstances. Often in conjunction with this, the local
stockholder may have exclusive arrangements with
processors (e.g. cut and bend) or fixing companies. This
‘full service’ offering is again used to tie projects up with
a single local supplier or processor. Should anything
untoward happen with one or more companies in this
‘closed’ relationship, competing suppliers are not always
ready to come to the engineer’s rescue for fear of retribution
in the future. When the timely delivery of required volume
is jeopardised, engineers all too often find that they are
helpless and unable to get out of supply commitments
with their chosen supplier, even though delays and penalties
will inevitably ensue.

The key points about volume:

B Ensure that your contractual arrangements provide a clear list
of circumstances under which your chosen supplier is obliged
and/or you are able to source outside the usual channels,
with clear responsibility divisions on costs.

B Be acutely aware that your local supplier will 90% of the time
merely be a middle man, and not actually in as much control of
the inventory as you may be led to believe. You should, there-
fore, bear in mind that if the supplier unduly ‘loses’ under the
contractual obligations (to cover for shortfalls), they will
almost certainly look to recoup the losses incurred with you
by means fair or foul. Just because you have a contract clearly
defining obligations, this does not mean you have mitigated
against the problem; it will likely raise its head in another
form elsewhere on the project unless you have truly instigated
a partnership relationship with the supplier.

Availability of prefabrication

If you have outsourced prefabrication, there are some
obvious pitfalls to be aware of. For example:

B The prefabricator may not remain in business. In this case it is
important to have put in place contingency fabricators.

B The delivery of the correct shape, grade and volume of ordered
unfabricated steel to the fabricator may not be reliable (see
above).

B You may not have much control over the fabricator’s
processing function. It is obviously preferable if you are able
to identify and do something about shoddy workmanship
before it leaves the factory, rather than when it arrives on site.
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Some of the most ugly and costly disputes involving
fabricators tend not to involve shoddy workmanship, but
rather the fabricator leveraging exhaustive ‘rents’ from
their customer once they become aware of just how few
alternatives, if any, the customer has. As in any business
relationship, if the party with the upper hand learns of
their power, they may well abuse it when particular
situations arise (this is usually related to an imbalance origi-
nating in the commercial arrangements and/or working
relationships between the counterparties). The following
section considers how the commercial element of contrac-
tual arrangements can be kept fair even during times of
market volatility.

Surety of delivery/surety of price

The preceding sections have covered most of what needs to

be understood about providing surety of timely delivery of

the right steel. The following addresses the issues and prob-
lems associated with the provision of timely delivery at the
right price, that is to say, ‘within budget’.

It has already been established that standard-sized steels
in the common ‘commercial quality’ grades tend to be
ubiquitously available ex stock, although it may be neces-
sary to pay an increased price should local demand outstrip
local supply demand. The world will, in fact, rarely ever run
out of such steels.

The first thing to understand with regard to surety of
price is that if product shortages occur, they can generally
be quickly and easily resolved by throwing money at
them. A contingency fund should be provided for this
eventuality as it will almost certainly arise.

More important than this, however, is the incompatibility
of the traditional fixed price, lump sum contract with true
price surety. This incompatibility derives from the nature
of the long steel product supply chain, because, as explained
above, the market is based on floating prices, no matter what
the production routing. The contractor or developer that
demands a fixed price lump sum is asking for trouble.

The following scenario illustrates this inherent incompat-
ibility:

B [t is September 2007, and a contractor is finalising a lump sum
contract for 100000 mt of rebar to be delivered over 18
months, with peak demand — 60000 mt — due Q2 and Q3
2008. International rebar prices had been modestly volatile
over the preceding 2 years. Absolute prices had ranged between
US$450-650 mt CFR international ports, and 90 days volati-
lity had its peak at 17% but averaged 9%.

It would not have been unreasonable for a contractor to
secure supply proposals based on raw rebar costing
US$600-700 mt and history shows that this is indeed
what happened.

However, history also shows us that international rebar
prices rose beyond US§$1500mt by the summer of 2008.
Let us recall that stockholders are just middle men taking
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a 3-6 month gamble on steel they hope to sell at a profit.
They need to make money when markets rise to ensure
they have some cover for when markets fall, leaving them
with unsold inventory purchased above local retail prices.
It is a margin business and few, if any, have pockets deep
enough to endure a loss of US$800-900 mt across their
product range. For this reason many lump sum contracts
were renegotiated or simply torn up as stockholders could
not endure the loss.

In Q4 2008 and Q1 2009, the opposite happened. Lump
sum contracts confirmed at summer 2008 prices were
renegotiated or simply torn up, as contractors were
unable to endure the ‘loss’ of paying US$1500 mt when
the same rebar was readily available for US$1000 mt less.
The cost of reneging on the contract was less than the
loss incurred on the steel.

Lump sum contracts become unhinged when price
volatility in the product supply chain exceeds ‘manageable’
levels.

Some common methods of addressing this reality are
reviewed below:

1 Price escalation clauses.

B If material input prices increase by 10%, the contractor will
absorb them. The developer must absorb increases above
10%.

B If material input prices increase by 10%, the stockholder
must absorb them. The stockholder and contractor will
absorb increases above 10% at a ratio of 50:50.

2 Min—max clauses.
B The contractor will pay the market price (e.g. average per

month) within a certain range. Any costs above and/or
below the min—max range are shared.

Regardless of how they are divided, such exercises of
‘managing’ and ‘absorbing’ costs simply keep the price
risk (the risk of prices moving against you) within the
steel supply chain. To cover for their share of the price
risk, each party in the supply chain duly loads up their
onward sales price according to the share of the risk they
are taking. Ultimately, the developer pays a hefty price
for the steel because each party in the supply chain has
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successively inflated their onward sales price. The actual
prices of scrap, billet and rebar, however, are correlated.
Mathematically there is only one price risk, rather than a
series of separate price risks. By focusing only on individual
price exposure, the links in the steel supply chain have
grossly miscalculated and over-charged the cost of that
risk, and while the party that pays for that risk is
the developer, in actual fact the party ultimately footing
the bill is the general public. Now multiply that by all the
products with similar supply chains and no tools with
which to efficiently hedge away the price risk. Price surety
has been achieved perhaps, but at an inflated cost.

There is a different, lower cost way to achieve price
surety. Take for a moment the energy supply chain, or
that of base metals (aluminium, copper, zinc, lead, tin
and nickel). These supply chains use derivatives such as
futures, options and swaps to ‘sell’ the price risk outside
the physical supply chain, to competing investment banks
and trading companies. In effect, these parties offer ‘price
risk insurance’, and the industrial supply chain pays them
an ‘insurance premium’ to have them remove the price
risk — indeed, to offer them fixed prices. Derivatives are
merely tools to manage price risk and achieve price
certainty in an efficient manner.

When the physical supply chain uses derivatives to
achieve price certainty, this is referred to as hedging. The
buyers of that risk (investment banks, commodity trading
companies etc.) are, like all insurers, speculators. Insurance
companies speculate that the cost of all claims will be less
than the income from insurance premiums. They may
make it sound like a non-gambling business model, but
using complex mathematics and historical data to predict
the odds does not hide the fundamentals, namely that
insurance providers are speculators. Similarly, the buyers
of commodity price risk are also speculators.

Once the deal is done, financial performance is assured,
irrespective of the volatility in the market price of the
goods in question. Derivatives remove the incentive to
renegotiate and renege on contracts, because the net sales/
purchase price is guaranteed. The prudent use of derivatives
instruments is, therefore, the surest way to price certainty in
physical supply chains.
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Chapter 5

Concrete: an introduction

P. A. Muhammed Basheer School of Planning, Architecture and Civil Engineering, Queen’s University Belfast,
Northern Ireland, UK

A historical context is given in order to highlight the stages of development of
concrete, from 7000 BC to the present time. Using this section, the inherent
advantages and disadvantages of concrete as a construction material are given and
both reinforced and prestressed concretes and many special types of concrete which
can be used in construction are introduced. This chapter also highlights the need for
ensuring both the durability and sustainability of concrete as a construction material.
The currently used methods are listed and future trends are summarised. All these
topics are elaborated in different chapters within the section on Concrete and hence
only a brief summary is given in this chapter. No discussion on this versatile material
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can be confined to the different chapters in the section on Concrete and hence
readers are advised to refer to further reading materials listed in each chapter for a
thorough understanding of concrete as a construction material for the twenty-first

century.

Historical context

That knowledge which clings to one single effect as if it were the
whole, without reasons, without foundation in truth, is narrow
and therefore trivial. (from Srimad Bhagvad Gita)

Concrete is a mixture of loose gravel or crushed rock and
sand, held together by a cementing material (Figure 1).
The chemical reaction between cementing material and
water, known as hydration, leads to a rock-like mass and
its properties are influenced by the materials used and the
chemical reaction. The strength of the matrix is governed
by the porosity of the hardened mass, which depends on
the initial water/cement ratio (w/c) and the extent of the
chemical reaction (hydration). Both these influence other
properties of concrete, such as workability, dimensional
stability, early-age mechanical properties and durability.
While studying the different stages of development of
concrete, four key periods can be identified:

B ancient concrete (7000 BC to AD 500)

B emergence of Portland cement and reinforced and prestressed
concretes (AD 1700-1900)

B modern concretes (since 1900)

B sustainability of concrete (since 2000).

The contribution to the development and use of ancient
concrete was made by Egyptians, Greeks and Romans.
Structures built during their time are still landmarks to
their durability, thanks to the use of combinations of
volcanic ash and lime in inter-ground form. The Romans
used lightweight concrete for the construction of the Colos-
seum in AD 82 and the Pantheon in AD 127, both in Rome,
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Italy. Towards the end of the first century, the Romans
became conscious of the cost of manufacturing concrete
and started using local materials such as lime and incorpor-
ating crushed bricks, tiles and pottery as aggregates. This is
now a major area of research for making concrete a sustain-
able construction material. Quality control was also given
emphasis by rigorously following standard regulations and
the supervision of the work on site by qualified craftsmen.

Through John Smeaton’s experiments in the 1770s,
concrete re-emerged as a construction material, with the
ability to be used in challenging constructions, such as the
Eddystone Lighthouse, Plymouth, England (1756-1759).
He manufactured the lime mortar using limestone
containing clay impurities (clay and lime in proportions
varying from 3:14 to 1:17 to result in better strengths). In
1824, Joseph Aspdin, a brick layer from Leeds in England,
obtained a patent for a superior cement resembling Port-
land stone; thus emerged Portland cement. During the
nineteenth century, notable structures, such as the
Thames Tunnel in London (1825-1845) and Osborne
House on the Isle of Wight (1845-1848), were constructed
using Portland cement.

The world’s first use of reinforced concrete was in 1848
by Jean-Louis Lambot in France for the construction of a
boat. He plastered a layer of fine concrete (mortar) over a
network of iron rods and mesh, which is now known as
ferrocement. However, the inventor of reinforced concrete
was William Wilkinson, a Newcastle builder, who in 1854
embedded a network of flat iron bars or wire ropes in
floors and beams of flat or arched concrete. The first
reinforced concrete bridge was constructed in 1870 at
Homersfield near Bungay in Suffolk, England. Reinforced
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Figure 1 Concrete — the material which rationalised construction

concrete became popular due to its improved fire resistance,
and by the beginning of the twentieth century it emerged as
the foremost construction material.

However, a major drawback of the reinforced concrete
system was cracking in the tension zone under service
loading. In order to overcome this difficulty, Eugene
Freyssinet, a French pioneer, introduced the concept of pre-
stressed concrete in 1936 at a special meeting of the British
Institution of Structural Engineers in London. He
suggested that by combining concrete with high-strength
prestressing steel, a completely new material possessing
properties very different from those of ordinary reinforced
concrete could be obtained and this new material would
always be in compression and, hence, would not allow
tension cracking under service loads. During the post-
World War II period, numerous research led to the
advancement of this technique for the construction of
large-span bridges and other structures.

The use of chemical and mineral admixtures for
modifying both fresh and hardened concrete properties
led to development of different types of special concretes
since 1950s. The concrete mix design procedures were
refined during this period. These developments led to the
introduction of:

B no slump concrete

B lightweight concrete

B rapid hardening concrete
B heavyweight concrete

B foamed concrete

B pumped concrete

B sprayed concrete

B ferrocement

B fibre-reinforced concrete
B sclf-compacting concrete.

The application of concrete as a construction material
multiplied due to the ease of forming complex shapes
and constructing in severe environments, without compro-
mising on quality, safety and serviceability. C. D. Pomeroy
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stated in 1978:

If ordinary Portland cement had been an expensive product it
would still have been widely used, but much more highly respected.

One can justify this statement because the world produc-
tion of concrete is over 200 million cubic metres per year —
that is about 2 cubic metres per year per person in the
world, and it is the second largest used material in the
world, next to water. The lack of respect for the material
contributed to lack of quality assurance in construction,
which in turn led to the premature deterioration of
reinforced concrete structures. It is estimated that more
than 50% of the construction budget of developed
countries has been spent on repair and rehabilitation
projects due to the premature deterioration of concrete
structures. Therefore, ensuring durable structures has
been a priority for all structural engineers in the latter
part of the twentieth century.

The world consumption of Portland cement increased
from less than 2 billion tonnes in 1980 to more than 1.3
billion tonnes in 1996. Not only has this imposed huge
demands on concrete-making materials (raw materials
used to make cement, natural aggregates and water) but
also has increased the release of carbon dioxide at a rate
equal to the production of cement. The world is going
through a transition phase due to the ever-increasing
demands on its natural resources and a similar decrease in
availability of these to sustain living on earth; the situation
with concrete is exactly the same. Therefore, attention
recently has been to make concrete a sustainable construc-
tion material, by a combination of rationalisation of cement
manufacturing processes, use of waste materials instead of
natural resources and reducing the use of cement by either
substituting cement with supplementary cementitious
materials or using chemically activated low-energy binders
using waste materials.

Concrete as a structural material

Concrete is used in constructions nowadays in three different
forms (excluding special types), as plain, reinforced and pre-
stressed concrete. Properties of all these forms are controlled
by the materials used, the manufacturing processes and the
treatments given after their manufacturing. In plain
concrete, the properties of interest are:

B compressive strength and modulus of elasticity
B workability
B dimensional stability (bleeding, creep, shrinkage)

B tendency to cracking during service conditions (non-structural
and structural cracks)

B durability (resistance to freeze—thaw, salt scaling, chemical
reactions such as internal and external sulfate attack, acid
attack and alkali attack, alkali-aggregate reaction, etc.).
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Concrete: an introduction

The durability in general depends on interactions
between concrete and the exposure environment. There-
fore, concrete needs to be designed to resist a particular
service condition. This would also mean that there is a
need to analyse the exposure conditions carefully and
identify environmental parameters which are likely to
interact with the concrete.

In the case of reinforced concrete, as steel reinforcing
bars are used to provide tensile resistance to the concrete,
additional properties such as those listed below are of
interest:

B bond strength between reinforcement and concrete
B fire resistance
B corrosion of reinforcement.

The protection to embedded steel is provided by the
cover concrete and, hence, properties of the cover concrete
are extremely influential to the durability of reinforced
concrete structures. As in the case of plain concrete, the
deterioration of reinforced concrete is also influenced by
the interactions between the concrete and the service
environment. In particular, the corrosion of reinforcement
is dependent on the resistance of the cover concrete to the
transport of deleterious substances, such as carbon dioxide
and chlorides, from the environment to the steel. Therefore,
it is essential to limit the tensile crack widths to a minimum
so that reinforcement corrosion can be reduced.

As concrete is subjected to compressive stresses using
high-tensile steel in prestressed concrete, both creep and
shrinkage play a major role in the safety and serviceability
of prestressed concrete structures. In addition, corrosion of
prestressing tendons needs to be given attention because, as
in the case of reinforced concrete, steel tendons could
corrode when carbon dioxide or chlorides reach their loca-
tion.

The outcome of a survey by the author on factors
influencing the deterioration of concrete structures (from
published case studies) is shown in Figure 2. The impor-
tance to be given to proper selection of materials, quality
of the concrete and the specified cover can be seen in this
figure.

[ Low cover

& Poor-quality concrete

[ Poor design detailing

[ Poor workmanship

M Wrong specification

[ Failure of joint/waterproofing
Wrong material selection

Figure 2 Factors influencing deterioration of concrete structures
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Ensuring safe, durable and
sustainable concrete structures

The process of providing safe, durable and sustainable
concrete structures begins at the conceptual stage of a
project itself, when decisions on the type of construction,
design and detailing, material selection, method of
construction and strategy for continuous monitoring and
testing and maintenance management are taken. Structures
normally withstand the intended service load if durability is
not compromised. Therefore, extra attention needs to be
given to durability designs, which involve careful considera-
tion given to the 3 M’s, i.e. materials, methods and manual
labour (representing both male and female labour), as listed
below:

Materials:

B cement (type, quantity and quality), aggregate (type, size,
shape and grading), water (quality and quantity)
B supplementary cementitious materials (ground granulated

blastfurnace slag, pulverised fuel ash, microsilica, metakaolin,
etc.)

B admixtures (chemical and mineral) and additives.
Methods:
B design and detailing

B type of formwork (impermeable vs controlled permeability
formwork)

B manufacture of concrete (method of production of concrete,
placement, compaction, finish, etc.)

B treatment given after manufacturing (curing regimes, type of
surface treatment applied, etc.).

Manual labour:
B quality control
B workmanship.

With the judicial combination of the above 3 M’s, it is
now possible to manufacture high-performance concretes
(that is, concrete that would perform adequately when
exposed to a service environment for which it has been
designed). This should not be confused with high-strength
concrete because high-strength concrete may not give
long service life in all exposure environments; for instance,
high-strength concrete containing no air-entrainment may
not be resistant to freeze—thaw cycles.

The service life of concrete structures comprises two
stages, i.e. an initiation phase when material undergoes
changes due to interactions with the environment and the
propagation phase when active deterioration occurs. There-
fore, one of the approaches to ensure the intended service
life is to embed sensors which will monitor changes in the
material during the initiation phase so that any abnormality
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can be detected early and appropriate remedial actions put
in place before active deterioration occurs. This can be
complemented by regular non-destructive testing using
in situ methods which are capable of yielding information
on the progressive deterioration of a structure. For
example, it is known that transport properties, such as
absorption, diffusion and permeability, are related to the
durability of concrete structures and, hence, these proper-
ties may be measured on a regular basis to assess the
progressive deterioration of a structure.

Concrete as sustainable construction
material

As stated earlier, the production of each tonne of Portland
cement releases approximately the same quantity of carbon
dioxide to the atmosphere. This accounts for approximately
7% of the world’s carbon dioxide emission. However,
compared to other construction materials, such as steel,
the energy required for the production of concrete is
relatively low. The manufacture of steel per tonne requires
an energy input of 40 GJ, whereas the equivalent figure for
concrete 1s 1.5 GJ. However, the manufacture of concrete
utilises large quantities of natural resources. Therefore,
there is a need to conserve concrete-making materials and
improve the durability of concrete structures to establish
concrete as a sustainable construction material. The
former can be achieved either with the use of waste
materials as substitutes for natural resources or by resorting
to recycling old concrete for the production of new
concrete. The latter can be achieved by resorting to the 3
M’s listed above in addition to resorting to non-ferrous
reinforcement in constructions.

There are numerous applications where concrete could
be used for environmental protection as well. For instance,
it is an effective medium for the encapsulation of nuclear
waste and contaminants from derelict sites. It can also be
used to stabilise soils and immobilise heavy metals in soils.

Future trends

Concrete is continuously changing due to developments
in chemical admixtures and environmental pressures to
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reduce the emission of carbon dioxide. Many chemically
activated systems, where Portland cement is totally
replaced with activated industrial by-products as binders,
are emerging at the moment. These are likely to be
beneficial to the precast industry and many specialist
application areas. A close examination of the world trend
in construction materials would reveal the dominance of
concrete as a construction material. Therefore, there is a
need to change the attitude to this material, as highlighted
by C. D. Pomeroy, so that future structures will not only be
strong but also safe, durable and sustainable.
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Different types of cement used in
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Portland cement has been the most commonly used binder in concrete for a long
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period since its invention in the late nineteenth century, but due to the beneficial
effects of mineral admixtures, such as pulverised fuel ash, ground granulated
blastfurnace slag and microsilica, modern cements now contain one of these
materials, in addition to small quantities of other types of fine powder used as filler
material. Therefore, knowledge of the different types of cements available on the
market and their chemical and mineralogical characteristics is important for selecting
cements for different exposure conditions. In this chapter, different types of cement
specified in the new European Standard on cementitious material are introduced and

a discussion on various special types of cements is given.

Introduction

Properties of concrete in both fresh and hardened states
depend, to a greater or lesser extent, on the properties of
cement used. However, the wide variety of cement types
and the use of various types of cementitious and other
materials in blended cements may result in confusion
regarding the type of cement to be used for a particular
work. Therefore, it is important to understand how the
various types of cement affect the fresh and hardened
properties of concrete. In this chapter an attempt is made
to provide a general background and description of various
Portland cement types, along with brief discussions on the
way they affect properties of the concrete. The general
background and description of normal Portland cement is
not included. Such information is available in any textbook
on concrete, as well as many specialised books on cement; a
particularly recommended reference is the ACI Committee
225 Guide to the Selection and Use of Hydraulic Cements
(ACI Committee 225, 1987). This chapter also introduces
two other types of cement, namely high alumina cement
and alkali-activated cement.

Main cement types

In order to facilitate the discussion, a list of various generic
types of Portland cement produced around the world is
summarised in Table 1. It is to be noted that the descrip-
tions given in this table are very general and national
standards may have specific limits for the contents of
constituents and there may be several different ‘sub-types’
of cement with different levels of pulverised fuel ash (pfa,
also known as fly ash) and ground granulated blastfurnace
slag (ggbs) and mixes of slag, pfa and limestone powder.
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The types of cement and their composition, as given in
BSEN197-1: 2000 (BSI, 2000), are summarised in
Table 2.

The composite cements are those in which a proportion
of the Portland clinker is replaced by industrial by-
products, such as ggbs and pfa, certain types of volcanic
materials (natural pozzolans) or limestone. Table 3 gives
the characteristics of the constituents of composite cements.
In addition, microsilica (MS), also known as silica fume,
and metakaolin (MK) are also used as supplementary
cementitious material in concrete to improve various physi-
cal and durability properties of concrete. The characteris-
tics of MS and MK are summarised in Table 4.

The mineralogical composition of cements used in special
purposes varies, as can be seen from Table 5. In this table,
the typical chemical compositions of normal, sulfate-resist-
ing and white Portland cement are summarised.

Sulfate-resisting Portland cement

Sulfate-resisting Portland cement (SRPC) is a special type
of cement, which is used in conditions where there is a
risk of damage to the concrete due to sulfate attack.
SRPC is produced by fusing together a precisely controlled
blend of very finely ground limestone, shale and iron oxide
at high temperatures to form clinker. A small quantity of
gypsum is then added to this clinker before grinding to
produce the final product. As the tricalcium aluminate
phase (C3A) of cement is attacked by sulfates, the sulfate
resistance in SRPC is achieved by adjusting its chemical
composition so that the C;A content is less than 5%
(Tikalskya et al., 2002). Due to the lower-level alkalis in
SRPC, it is sometimes used to minimise the alkali-silica
reactivity in concrete.
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Type Designation BS EN 197-1 notation

Normal Portland cement Pure CEM |

Constituents

Clinker and calcium sulfate

Applications

All types of construction except those exposed to
sulfate exposure

Sulfate-resisting Portland cementPure BS EN 197-4 (2004)

Low C3A clinker and calcium

Concrete exposed to sulfate attack

(BS!I, 2000) sulfate
White Portland cement Pure CEM | Special low iron content Architectural finishes
clinker and calcium sulfate
Portland pulverized fuel ash Composite CEM II Clinker, pulverised fuel All types of construction, where concrete is required
cement ash and calcium sulfate to have improved sulfate resistance and protection
against alkali-silica reaction, mass concrete
Portland slag cement Composite CEM Il Clinker, granulated All types of construction, where concrete is required
blastfurnace slag and to have improved sulfate resistance and protection
calcium sulfate against alkali-silica reaction, mass concrete
Portland limestone cement Composite CEM II Clinker, limestone and All types of construction
calcium sulfate
Pozzolanic cement Composite CEM II Clinker, natural pozzolan and Al types of construction, particularly where concrete
calcium sulfate is to improve the durability
Masonry cement Composite BS EN 413-1 (2004) Clinker, limestone and Brickwork, blockwork and rendering

(BSI, 2004)

air-entraining agent

Table 1 Main types of cement produced around the world

The use of SRPC is recommended for the following
applications:

B structures in sewage treatment plants;

M structures in coastal areas;

B piers and foundations;

B structures in chemical, fertiliser and food processing industries.

In concrete containing SRPC, a lower amount of C;A is
available for binding the chloride ions (Suryavanshi et al.,
1995), therefore the use of SRPC may be disadvantageous
if there is a risk of the presence of chloride ions in concrete
containing steel reinforcement.

White Portland cement

White Portland cement is similar to normal Portland
cement in all respects except its whitish colour. It is
somewhat more expensive than the normal Portland
cement. This is due to the requirement of substantial
modifications in the manufacturing method to obtain the
white colour.

China clay, containing little or no iron or manganese
oxide, is fired with chalk or limestone to produce white
Portland cement (Gani, 1997). As the use of coal results
in the addition of ash to the clinker and this can be a poten-
tial source of iron impurities, either gas or oil is normally
used as fuel for the production of white cement clinker.
To avoid contamination, special precautions also have to
be taken in the grinding process. All these aspects increase
the cost of white Portland cement by about three times the
price of normal Portland cement. White Portland cement is
generally used for architectural projects, where pure white
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concrete is specified. It is also used to produce vibrant
colour concrete and mortar.

Portland pulverised fuel ash cement

Pulverised fuel ash (pfa), otherwise known as fly ash (fa), is
defined in ACI Committee 116 document Cement and
Concrete Terminology (ACI Committee 116, 1988) as ‘the
finely divided residue resulting from the combustion of
ground or powdered coal, which is transported from the
firebox through the boiler by flue gases’. Pulverised fuel
ash is usually finer than the normal Portland cement, has
a very rounded shape as opposed to the extremely jagged
particle shape of cement and is of lower density (Day,
20006) (specific gravity usually 1.9-2.4 compared to 3.15
for cement).

Pulverised fuel ash is used as a constituent of blended
cement or in combination with normal Portland cement.
In either case the normal proportion of pfa is 20-35% of
the total cement (Berry and Malhotra, 1980; Al-Ani and
Hughes, 1989; Lam et al., 1998; Joshi and Lohtia, 1999;
Han et al., 2003). Portland pfa cement is manufactured
by burning a precisely specified mix of raw materials
containing lime, silica, alumina and small quantities of
other materials to form a clinker and then inter-grinding
that clinker with pfa and calcium sulfate, the latter being
added to control the setting. Although Portland pfa
cement can be used in concrete, mortar, render, screed
and grout, it is ideal for self-compacting concrete.

The hydration of Portland pfa cement includes two pro-
cesses: first, the hydration of cement particles and, second,
the pozzolanic reaction between pfa and Ca(OH),, which is
released in the cement hydration. It has been observed by
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Different types of cement used in concrete

Cement BS EN Clinker Content of Constituents Natural PFA GGBS Limestone
cement content other main pozzolan
notation” % constituents %
Reaction type Pozzolanic Latently Hydration
Portland cement CEM [* 95-100 <5 hydraulic modifier
Portland-slag cement CEM II/A-S 80-94 6-20 SiO, (%) 60-75 38-64 30-37 3
CEMIVB-S*  ©65-79 21-35 ALOs (%) 10-20 20-36 9-17 0.5
Portland-silica fume cement ~ CEM II/A-D 90-94 6-10 Fe,05 (%) 1-10 4-18 0.2-2 0.5
Portland-pozzolana cement ~ CEM II/A-P 80-94 6-20 Ca0 (%) 1-5 1-10 34-45 51
CEM II/B-P 65-79 21-35 5
CEM I/A-Q 80-94 6-20 MgO %) 0.2=2 0.5-2 418 2
CEMI/B-Q 6579 21-35 =0 < Oezs e hz e
Portland-pulverized fuel ash ~ CEM I/A-V 80-94 6-20 NayO (%) 0.5-4 0.2-1.5 0.2-1 0.2
cement CEM II/B-V* 65-79 21-35 K50 (%) 1-6 04-4 0.3-1 0.1
CEM I/A-W 80-94 6-20 Loss on ignition (%) 2-12 2-7 0.02-1 42
S WY Eal El Specific gravity 2.30-2.80 2.30 2.90 2.70
Portland-burnt shale cement  CEM I/A-T 80-94 6-20 .
fi rf; — 400
CEM I/B-T 65-79 21-35 (Sn‘?;ﬁ! g;)c surface area 300-600 300-600 300-500 00-900
Portland-limestone cement CEM II/A-L 80-94 6-20
CEM I/A-LL* 80-94 6-20 Table 3 Nature of composite cement constituents (adapted from
CEM I/B-L 65-79 21-35 Newman and Choo, 2003)
CEM II/B-LL 65-79 21-35
Portland-composite cement ~ CEM II/A-M 80-94 6-20
CEM II/B-M 65-79 21-35 Oxides (%) Microsilica Metakaolin
Blastfurnace cement CEM lII/A* 35-64 36-65 )
CEM III/B* 20-34 66-80 SiO, 92.0 52.1
CEM IIi/C 5-19 81-95 Al,Og 0.70 41.0
Pozzalanic cement CEM IV/A 65-89 11-35 Fe, O3 1.23 4.3
CEM IvV/B 45-64 36-55 Ccao 0.30 0.09
Composite cement CEM V/A 40-64 36-60 MgO 0.21 14
CEM V/B 20-39 61-80 SO, 033 ~
Note:* Explanation of the notation used: Na,O 1.23 0.01
CEM II/A=S 42.5 N: CEM Il - Main cement type; indicates higher (A), medium KO 0.82 0.62
(B) and lower (C) proportion of Portland cement clinker; S — sub-type indicates —
the second main constituent (in this case blastfurnace slag); 42.5N — standard Less @ filten cie e
strength class; N — sub-class, N indicates normal early strength and R indicates Specific gravity 2.20 2.40
rapid early strength. Specific surface area (m?/kg) 15000-20000 12000-15000

The code letters used to indicate the sub-type and thus the second main
constituent are:

S - blastfurnace slag; D - silica fume; P — natural pozzolana; Q — natural
calcined pozzolana; V -siliceous fly ash (e.g. pfa); W — calcareous fly ash (e.g.
high-lime fly ash); T — burnt shale; L — limestone; M — two or more of the above.

* Cement manufactured in the UK.

Table 2 Types of cement and their composition as in BS EN 197-1: 2000

researchers (Aiqin, 1995; Aiqin et al., 1997) that in the
case of Portland pfa cement hydration process, both the
hydration of cement particles and the pozzolanic reaction
of pfa accelerate each other. The Ca(OH), released in
the cement hydration gives a condition for the pozzolanic
reaction of pfa. On the other hand, in the pozzolanic
reaction pfa absorbs the Ca(OH), and promotes the
cement hydration. However, the degree of hydration of
the system reduces with the increase in pfa content because
the activity of pfa is lower than that of cement (Aiqin et al.,
2004).

The following benefits can be obtained with the use of
Portland pfa cement in concrete compared with that of
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Table 4 Characteristics of microsilica and metakaolin (adapted from
Newman and Choo, 2003)

the normal Portland cement concrete at equal water-
cement ratio (Virtanen, 1983; Idorn and Henrisken, 1984;
Malhotra, 1990; Bilodeau and Malhotra, 1992; Bilodeau
and Malhotra, 2000):

B improved workability and cohesion;

B reduced bleeding;

M enhanced resistance to sulfate attack;

B enhanced resistance to chloride ingress;

B more effective mitigation of damaging alkali-silica reaction.

The drawbacks of using Portland pfa cement in concrete are
as follows (Halstead, 1986; Langey et al., 1992):

B increased setting time;

B reduced early strength;
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Normal Sulfate- White
resisting

SiO, 20.4 20.3 24.6
Insoluble residue 0.6 0.4 0.07
Al,Og 5.1 3.6 1.9
Fe, O3 2.9 5,1 0.3
Ca0 64.8 64.3 69.1
MgO 1.3 21 0.55
SO3 2.7 2.2 2.1
Na,O 0.11 0.10 0.14
K>O 0.77 0.50 0.02
Loss on ignition 1.3 1.3 0.85
Free lime (%) 1.5 2.0 2.3
LSF (%) 96.6 97.3 95
SR (%) 2.55 2.33 11.2
AR (%) 1.76 0.71 6.3
Calculated mineral composition
CsS 57 62 67
C,S 16 12 20
CsA 9 0.9 4.5
C4AF 9 16 0.9
Table 5 Typical composition (%) of normal, sulfate-resisting and white

Portland cement (adapted from Newman and Choo, 2003)

B reduced heat generation, which is advantageous in hot
weather.

Portland slag cement

Slag (also known as blastfurnace slag) is a by-product from
the manufacture of iron in a blastfurnace. The slag is used
in granulated form to manufacture either the blended slag
cement or slag concrete. Portland slag cement is most
widely used in concrete, either as a separate cementitious
component or as part of a blended cement. It can be
manufactured by two different methods. In the first
method, it is manufactured by inter-grinding clinker and
granulated slag in the ball mills, while in the second
method normal Portland cement and granulated slag are
blended to manufacture the Portland slag cement. A
separate grinding followed by factory blending of the two
powders is used by most of the cement producers in
Europe (Newman and Choo, 2003).

Normally, Portland slag cements show a higher fineness
than normal Portland cement with the same strength class
(Lang, 2002). Therefore, in concrete containing Portland
slag cements, a higher water demand can be expected.
The setting times of Portland slag cement increase with
the increase in the slag content (Carette and Malhotra,
1984; Lang, 2002). This is due to the lower hydraulic prop-
erties of Portland slag cements compared to the normal
Portland cement. As the heat development in concrete
containing Portland slag cement is less compared to the
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normal Portland cement, it is particularly suitable for
mass concrete works. Moreover, as Portland slag cement
hydrates more slowly than that of the normal Portland
cement, the strength development of Portland slag cement
concrete at early age is also lower. However, if sufficient
moisture is available, the long-term strength of such
concrete could be higher (Newman and Choo, 2003). The
improvement in the strength at later age is due to (i) the
prolonged hydration reaction of the Portland slag cement
and (ii) the denser microstructure that is formed as a result
of the slower hydration reaction. However, it is to be
noted that the hydration reaction of Portland slag cement
is temperature dependent. An increase in the temperature
increases the rate of strength gain of Portland slag cement
and the opposite is true as the temperature decreases. Con-
crete containing Portland slag cement if cured properly is
likely to be more durable than similar normal Portland
cement concretes.

Portland slag cement can be used in concrete applications
such as:

B mass concreting in dams and retaining walls;
B pavements and foundations;

B concrete structures exposed to harsh environments, such as
wastewater treatment and marine applications.

Portland limestone cement

Portland limestone cement (PLC) contains a controlled
level of high purity limestone and can be used as an alterna-
tive to normal Portland cement. PLC is produced by milling
clinker, limestone and a given amount of gypsum. The
European Standard EN 197-1 (BSI, 2000) identifies four
types of PLC according to the amount of limestone in it.
Types II/A-L and II/A-LL contain 6-20% limestone,
whereas types II/B-L and II/B-LL contain 21-35%
limestone (Table 2). PLC containing limestone as high as
30% has been produced and used in various construction
applications in France and Italy for many years (Newman
and Choo, 2003).

The use of PLC in concrete has both technical and eco-
nomical benefits. The technical benefits are the satisfactory
physical properties of PLC with a reduction in the water
demand and important in the workability (Baron and
Dourve, 1987; Schmidt, 1992; Neville, 2003). The eco-
nomical benefit is achieved by a reduction in the energy
consumption in producing PLC (Tsilvis et al., 1998).

PLC is used in constructions where there is no risk of
chemical or thermal attack. Applications may include
ready-mixed concrete, precast concrete, grouts, screeds,
concrete blocks, renders and mortars for block and
bricklaying. As PLC has a lighter colour than normal
Portland cement, it is particularly suitable for decorative
and architectural works.
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Pozzolanic cement

The ASTM C 618 (ASTM, 1994), in the definition of
pozzolan, states the following: ‘Pozzolans are siliceous or
alumino-siliceous materials which have little or no cement-
ing value by themselves, but when finely ground and in the
presence of water, they chemically react with calcium
hydroxide at room temperature in order to form com-
pounds with cementing properties.’

Pozzolanic cement is produced by mixing a material
known as pozzolan and finely ground calcium hydrate.
Pozzolanic cement is of low mechanical strength and its
rate of setting is slower than the normal Portland cement.
Therefore, it is mainly used in masonry applications. As
pozzolanic cement paste has a high content of large pores,
the total porosity is higher (Takemoto and Uchikawa,
1980). However, these pores are connected with thinner
and more segmented pores and this decreases the perme-
ability (Massazza, 1993). Therefore, the use of pozzolanic
cement improves various durability properties of concrete.

Pozzolanic cements can be used for concrete in:

B aggressive environments;
B hydraulic, port and coastal works;
B road and tunnel works;

B geologic consolidation works.

Masonry cement

Masonry cement is produced by mixing normal Portland
cement and plasticising materials, such as limestone or
hydrated lime. As the name suggests, masonry cement is
specially formulated and manufactured to produce
masonry mortar for use in brick, block and stone masonry
works. It can also used to produce stucco. Mortars
produced with masonry cement provide an excellent perfor-
mance in terms of workability, strength and durability
(Dubovoy and Ribar, 1990; Davison, 1981; Zamatis, 1959).

Microsilica as a supplementary
cementitious material

Microsilica (MS) is a by-product of the silicon and ferro-
silicon industries. Due to its extreme fineness and high
silica content, MS is a highly effective pozzolanic material
(ACI Committee 226, 1987). The use of MS as a supplemen-
tary cementitious material in concrete provides the follow-
ing benefits (Asgeirsson and Gudmundsson, 1979; Perry
and Gillot, 1985; Mehta, 1985; Gautefall, 1986):

B increased compressive strength;

B reduced absorption and permeability;
B very low chloride ion diffusion;

B improved sulfate resistance;

B improved resistance to chemical attack.
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The improved behaviour of concrete containing MS is
due to a combination of its pozzolanic reaction and the
micro-filler effect. The pozzolanic reaction converts the
most vulnerable calcium hydroxide that is produced
during the hydration of cement into durable calcium silicate
hydrates. On the other hand, the extremely fine particles
of MS produce the so-called ‘micro-filler effect’, which
distributes the hydration products in a more homogeneous
fashion in the available space which makes the matrix much
denser.
The main applications of MS in concrete include:

B high-strength concrete;
M shotcretes;

B structures requiring good surface finish.

Metakaolin as a supplementary
cementitious material

Metakaolin (MK) is a thermally activated alumino-silicate
material obtained by calcining kaolin clay within a tem-
perature range of 650-800°C (Sabir et al., 2001). Due to
its high pozzolanic properties, the utilisation of MK as a
supplementary cementitious material in concrete has
received considerable interest in recent years (Wild ez al.,
1996; Coleman and Page, 1997; Frias and Cabrera, 2000;
Asbridge et al., 2002). An important difference between
MK and other supplementary cementitious materials used
in concrete is that MK is a primary product, while others
are either secondary products or by-products. Therefore,
MK can be produced with a controlled process to achieve
the desired properties.

The use of MK improves the compressive strength of
concrete, especially during the early stages of hydration
(Zhang and Malhotra, 1995; Curcio et al., 1996; McCabe,
1999). The increase in the strength of MK concrete is due
to: (i) the filling effect where MK particles fill the space
between cement particles; (ii) acceleration of cement hydra-
tion; and (iii) the pozzolanic reaction. However, after an
age of 14 days the contribution that MK makes to
concrete’s strength is reduced (Sabir et al., 2001). The
white colour of MK also results in a concrete with lighter
colour, which is suitable for colour matching in various
architectural applications. Nowadays MK is increasingly
used to produce high-strength and high-performance
concretes with improved durability properties.

Other cement types

High alumina cement

High alumina cement (HAC) is neither a type of normal
Portland cement nor a blend of normal Portland cement.
It is a special type of cement, made of raw materials,
which are different from those used to manufacture
normal Portland cement. The main compound in HAC is
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calcium aluminates, unlike in normal Portland cement in
which it is calcium silicates. The main advantages of
HAC over normal Portland cement are its high early
strength, high temperature resistance and good chemical
resistance (Neville, 2006). However, the hydration products
of HAC are chemically unstable and undergo a change
known as conversion (Taylor, 1990). The conversion
increases the density of the cement hydrates, which results
in an increase in the porosity of HAC hydration products.
The increase in the porosity and the micro-cracks formed
during the conversion reduces the strength of HAC
concrete. The use of HAC in new structural concrete was
effectively banned in the UK following a few well-known
collapses in the 1970s. However, later on it was found
that the primary cause of such collapses was either the
poor construction details or the chemical attack and not
the problems with the concrete itself (Mangalbhai, 1990).
The use of HAC can show rapid hardening and strong
resistance to corrosion if the recommended guidelines
(George, 1975; Mangalbhai, 1990) are followed.

Alkali-activated cement

Alkali activation is a process in which the cement particles
are initiated to react with the addition of alkali in the early
mixing stages. This activation releases certain chemical
constituents, which form the new binding phase, along
with preparing the particle surface for bonding. The main
difference between normal Portland cement and alkali-
activated cement is in the hydration product. The major
hydration products in the former are calcium silicate
hydrate and portlandite, whereas in the latter cements the
hydration products are mainly the poorly crystallised
alumino-silicate gels containing alkalis. Based on the com-
positions, alkali-activated cements can be grouped into
geo-cements, alkali-activated pulverised fuel ash, alkali-
activated slag, and aluminate cements (Shi er al., 2000).
The use of alkali-activated cements has gained considerable
interest during the last two decades, mainly because of its
low energy cost, high strength and improved durability
performance compared to normal Portland cements
(Davidovits, 1982; Davidodvits and Sawyer, 1985). The
presence of excess alkali in alkali-activated cement systems
is likely to bring about an increase in the susceptibility of
these materials to alkali—aggregate reactions. However, it
has been demonstrated by researchers (Bakharev et al.,
2001; Fernandez-Jimenez and Puertas, 2002; Xie et al.,
2003) that the presence of excess alkali does not greatly
enhance the occurrence of alkali-aggregate reactions.
Alkali—activated cements have been commercially
produced and used in the former Soviet Union, China
and some other countries for the following applications:

B concrete pavements

B concrete pipes

66 www.icemanuals.com

B concrete sinks and trenches
M structural concrete

B masonry blocks

M autoclaved aerated concrete
B refractory concrete

M oil-well cement.

Summary

In this chapter, the range of cements available for today’s
manufacturing of concrete products and structures is
summarised. Features of some of the special cements have
been elaborated so that users can identify their strengths
and limitations. It is important to consider both the func-
tionality of the cement type and its impact on both physical
and durability properties when choosing a particular
cement type for any specific job application.
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Chapter 7

Hydration of cementitious materials

Paul Brown School of Materials Science and Engineering, Pennsylvania State University, USA

The mechanisms of hydration are described in the context of concrete mix design.
Properties of hydration products are described with emphasis being placed on those
of calcium silicate hydrates. The evolution in the volumes of solids present and in their
compositions with hydration is discussed. Relationships between cement
composition, mix design proportions and property development in concrete as

influenced by hydration are reviewed.

Overview of concrete

In its simplest form, fresh concrete is a physical mixture of
one of any number of types of Portland cement, sand,
aggregate and water. Various chemical and mineral
admixtures, which affect the properties of the fresh and
the hardened concrete and the economics of concrete
production, may also be present. Commonly used mineral
admixtures include filler materials, such as ground lime-
stone, pozzolans, such as fly ash or silica fume, and
ground air-granulated or water-granulated slags. Cements
are hydraulic in that they react with water to produce a
hardened mass. For Portland cements the primary binder
compound produced during hydration is calcium silicate
hydrate, or C—S—H in cement chemistry notation. Pozzo-
lans are particulate solids that contain reactive forms of
silica or aluminosilicates. Pozzolans may be natural, such
as volcanic ash or man-made, such as fly ash, silica fume
or calcined clays. Pozzolans are not hydraulic in them-
selves, but are capable of reacting with the calcium
hydroxide produced during cement hydration to form
additional C-S—H. Slags are latent hydraulic materials,
containing both calcium and silica. Their hydration is facili-
tated by the highly basic solutions produced as cements
hydrate. The term ‘cementitious material’ is applied to the
combination of cement and pozzolan and/or slag that is
present in a concrete mix. While chemically inert, limestone
fillers are thought to exhibit beneficial effects with regard to
space filling and, possibly, in providing templates for the
deposition of hydration products. Overview discussions of
the principal topic of this chapter can be found in a variety
of texts (Bogue, 1955; Lea, 1971; Mindness and Young,
1981; Neville, 1996; Hewlett, 1998; Mehta and Monteiro,
20006).

Chemical admixtures are added to concrete for various
purposes (Ramachandran, 1984). Water-reducing admix-
tures or superplasticisers are used to facilitate concrete
placement at low water-to-cementitious materials ratios.
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Accelerating admixtures are used to increase the rate of
set and strength development, particularly when concrete
is placed in cold weather. Alternatively, set retarders may
be employed to avoid premature stiffening when concrete
is placed in hot weather. Durability admixtures include
those to entrain air with the objective of distributing
small air bubbles throughout the concrete. When the pore
solution starts to freeze, the liquid partially filling these
bubbles will do so first. That process draws liquid from
the cement paste and allows it to freeze in locations where
expansion associated with ice formation can be accom-
modated with minimal damage. Corrosion-inhibiting
admixtures are added to afford protection to embedded
steel. The most common of these, calcium nitrite, acts by
rapidly oxidising ferrous ion produced by chloride-induced
corrosion to ferric ion. The latter rapidly reacts with local
hydroxyl ions to form a ferric hydroxide precipitate barrier
over the steel thereby reducing access of the chloride ions to
the metal surface (Bentur et al., 1997).

Cements

Origins

While commonly attributed to the Romans, the develop-
ment of cement is more likely an innovation of the ancient
Greeks. Construction of durable facilities needed to
support transportation infrastructure in ancient Naples, a
Greek colony, was the same problem faced by Smeaton in
the 1780s. Cement capable of hardening under water
and resistant to being washed out was required for both
the docks of Naples and the Eddystone lighthouse. The
Greeks combined volcanic ash with calcined limestone
while Smeaton fired limestone and clay to produce
impure dicalcium silicate. Although the reactants
differ, both hydration reactions produced calcium silicate
hydrate.
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Modern cements

Modern Portland cements consist of four major
compounds. These are impure 3CaO-SiO, (tricalcium
silicate), 2Ca0-SiO, (dicalcium silicate), 3Ca0-Al,O5 (tri-
calcium aluminate) and 4Ca0O-Al,05-Fe,05 (tetracalcium
aluminoferrite). These are produced by firing limestone
and clay at approximately 1450°C. It is usual to denote
these compounds using cement chemistry notation as
C;S, G,S, CG3A, C4AF, respectively. In addition, calcium
sulfate is introduced to the cement when the clinker is
being ground to cement fineness. The compound composi-
tions of cements are assessed from the proportions of CaO,
SiO,, Al,O3, Fe,O; and ‘SO;’ by calculation using the
Bogue equation (Bogue, 1955; Lea, 1971).

The silicate-containing compounds in Portland cements
are primarily responsible for concrete strength develop-
ment. Tricalcium silicate is more reactive than dicalcium
silicate but requires higher kiln temperatures to form. The
cement first commercialised by Aspdin in the 1820s relied
on the hydration of dicalcium silicate for strength develop-
ment. Subsequent technological advances have resulted in
compositions containing tricalcium silicate as well as in
cements being ground to smaller average particle sizes.
3Ca0-Al,O5 and 4Ca0-Al,05-Fe,05 are called interstitial
phases and their presence is not regarded as meaningfully
contributing to the strength development of mature
concrete. These compounds are present as the result of
the benefit of iron and aluminum oxides fluxing the forma-
tion of the silicate-containing phases during cement
production. Calcium sulfate is present in finished cement
as a result of being added to cement clinker during the
grinding process. Other compounds typically present in
cement include free lime, alkali oxides Na,O and K,O,
MgO and a variety of incidental compounds.

The proportions of the compounds present in cements
and the fineness to which they are ground are the subjects
of various national and international standards (e.g.
ASTM, 2006a). Traditionally, these standards have been
prescriptive and directed towards strength gain and
durability attributes. There is, however, a trend towards
performance-based specifications, thereby allowing some
departure from standards-based restrictions on the selec-
tion of cementitious materials and concrete mix designs
(see http://www.nrmca.org/P2P/).

The cementitious materials components of concretes can
be combined during cement production or can be separately
mixed in producing fresh concrete and practices differ
between the US and Europe. Intergrinding mineral admix-
tures with cement is the norm in Europe. Separate addition
of pozzolan or slag at the time of concrete production is
common in the US. Cements interground with fly ash or
slag at a cement production facility are called blended
cements in the US to distinguish them from ‘pure’ Portland
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cements. ASTM specifications recognise both the propor-
tions and the compositions of the pozzolan or slag used
in blended cements. The compositions of fly ashes vary
greatly depending on the source of the coal and the
manner in which it is fired. Fly ash may contain a relatively
high proportion of lime (ASTM Class C ash) and ashes of
this type will behave differently in concrete than do the
low lime ashes whose compositions are dominated by
silica, alumina and iron oxide (ASTM Class F ash)
(ASTM, 2006b).

Hydration
Overview

Several aspects of the behaviour of major cement
compounds confer great technological importance to
them. First, they dissolve in water. Second, they lack true
solubilities. Thus, it is not possible to form a solution satu-
rated with respect to C;S. Rather, C;S will continue to
dissolve as long as water is accessible. Third, they dissolve
at rates that are sluggish from a chemical perspective, but
appropriate for their intended use and the rates of dissolu-
tion can be controlled by grinding and by addition of
appropriate chemicals. Fourth, they form hydration
products that are of lower densities than the parent solids
and in doing so they incorporate water. Thus, space origin-
ally occupied by water becomes occupied by solids. Finally,
it is the property of these hydration products to accommo-
date to the space available to them rather than to signifi-
cantly expand or contract. An excellent discussion of
hydration can be found in Taylor (1997).

Hydration of the calcium silicates

Overview of hydration reactions

The silicate phases, namely impure tricalcium silicate
(3Ca0-Si0,) called alite and impure dicalcium silicate
(2Ca0-Si0,) called belite, collectively constitute about
80% by weight of Portland cement. It is the hydration
reactions of these silicate phases that are primarily respon-
sible for the development of concrete strength. Alite and
belite hydrate to form the same hydration products,
calcium silicate hydrate, C—-S—-H and calcium hydroxide
(Ca(OH),). The hydration reactions for these phases may
be expressed as follows:

3Ca0-Si0; + 5.3H,0 —
1.7Ca0-Si0,-4H,0 + 1.3Ca(OH), (1)
2Ca0-Si0, + 4.3H,0 —
1.7Ca0-Si0,-4H,0 + 0.3Ca(OH), (2)

where the composition of C-S-H is taken to be
1.7Ca0-8i0,-4H,0. It should be noted, however, that
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C-S—H is not a compound of fixed composition. The Ca/Si
ratio in C-S—H varies between 0.83 and about 2. Older
literature frequently cites the Ca/Si ratio to be 1.5 or
3Ca0-2Si0,-nH,0. The water content of C-S—-H also
varies, decreasing with drying. When equilibrated to 11%
relative humidity, the value of n is about 2.1. For so-
called D dried C-S—H, which is equilibrated at —79°C,
the value of n is 1.3-1.5 (Taylor, 2006).

While the hydration reactions for C5S and C,S produce
the same products, their rates and the relative proportions
of the hydration products formed are quite different. The
rate of alite hydration is significantly more rapid than
that of belite. The primary hydraulic compound produced
by Smeaton in his experiments and in early Portland
cements was belite; thus the hydration reaction expressed
in equation (2), has its origins in the eighteenth century.

The hydration reactions shown in equations (1) and (2)
produce calcium hydroxide. The physical properties that
calcium hydroxide imparts to concrete are inferior to
those imparted by C-S—-H. Consequently, if a portion of
this calcium hydroxide can be consumed in the formation
of additional C—S-H, improved concrete properties can
be realised. This is the basis for the pozzolanic reaction
wherein fly ash, silica fume and other pozzolans react to
produce additional C-S-H according to the following
reaction:

1.7Ca(OH), + SiO, — 1.7Ca0-Si0,-4H,0 (3)

Thus, in blended cements a third hydration reaction, the
pozzolanic reaction, involving C—S—H formation, occurs.
The pozzolanic reaction improves both the long-term
strength of concrete and reduces permeability. However,
this reaction is sluggish and strength gain during the first
28 days or more can be lower.

Because of its importance in determining property devel-
opment in concrete, the hydration characteristics of C;S
have been extensively studied. From a mechanistic stand-
point, C3S hydration occurs in three stages. The first of
these is responsible for the onset of the induction period
and is the result of a layer of C—S—H forming on the surfaces
of the hydrating particles. The formation of this layer causes
hydration to become diffusionally controlled, with the rate of
C5S hydration depending on the rate of diffusional transport
through this layer. The rate of hydration during this stage of
hydration is slow and does not appear to be strongly depen-
dent on fineness. This period of hydration is called the
‘induction period’. Eventually this layer becomes unstable
and a morphological transformation to an acicular, cauli-
flower-like, C—S—H hydration product occurs. The specific
reason for this transformation remains a matter of debate;
however, there is evidence to suggest that it is associated
with a silicate polymerisation reaction.

Once the initial layer of C—-S—H has undergone the trans-
formation to an acicular product, the anhydrous C;S

ICE Manual of Construction Materials © 2009 Institution of Civil Engineers

particle surfaces are again exposed to the concrete pore solu-
tion. This results in the onset of a period of rapid hydration,
referred to as the ‘acceleratory period’. A significant fraction
of the alite in cement is consumed during the acceleratory
period with the proportion depending on the cement fine-
ness. The acceleratory period eventually comes to an end
before hydration is complete and the rate of hydration
decreases again because the small particles of C;S have
been consumed and the layers of hydration products that
have formed around the larger particles thicken. Transition
to a ‘post-acceleratory period’ is complete when the layers
of C—S—H surrounding the hydrating particles are sufficiently
thick to cause hydration to again become diffusionally
controlled. It appears that the hydration rate during the
post-acceleratory period is also independent of fineness.
Thus, in the hydration of cement, it appears that the primary
difference in behaviour between ordinary Portland cement
and that ground to high fineness lies in the amount of hydra-
tion that occurs during the acceleratory period.

Hydration of tricalcium aluminate

The percentage of the aluminate phase in Portland cements
may vary from essentially sero in so-called ‘sero C;A
cements’ to as high as 14% or more. C;A is a highly reactive
phase. If mixed with water at room temperature, the rate of
heat evolution associated with its rapid hydration may be
sufficient to cause the water to boil. The rapidity of this
reaction leads to a phenomenon in concrete called ‘flash
set’. Flash set results because the products of aluminate
phase hydration cause a stiffening of the fresh concrete.
Premature stiffening associated with aluminate hydration
makes placement and finishing difficult. The wuse of
gypsum as a means for controlling flash set goes back
over a century to the studies of Michaelis in 1870
(Kanare, 1985). While the mechanistic details by which
the hydration of the aluminate phase in cement is retarded
by calcium sulfate have remained a matter of debate
(Brown et al., 1986), it is generally recognised that retarda-
tion is associated with the formation of ettringite,
3Ca0-Al,05-3CaS0,4-32H,0. The reaction of C;A in the
presence of gypsum to form ettringite may be written as
follows:

3Ca0-ALO; + 3CaS0,-2H,0 + 26H,0 —
3C30A12033CHSO432H20 (4)

The amount of calcium sulfate interground with cement
clinker is carefully proportioned to ensure that ettringite
formation does not continue to any significant extent after
about one day when the concrete has started to gain strength.
The formation of ettringite is an expansive reaction. It is
usually undesirable that an expansive reaction occur in hard-
ening concrete because dimensional instability and cracking
may result. An exception is shrinkage-compensating cements

www.icemanuals.com 71



where slight expansion counteracts the tendency of concrete
to shrink when curing.

The expansion associated with ettringite formation can
be accommodated when concrete is in a plastic state and
the formation of ettringite formation contributes to set.
This is because ettringite crystallites are needle-like and
the formation of needle-like structures in the plastic
cement matrix causes it to stiffen.

Equation (4) shows how 3 moles of calcium sulfate react
with one mole of C;A to form ettringite. A typical molar
ratio of CaSO,4-t0-C3A in Portland cement is 0.65-to-1.
Hence, there is insufficient sulfate in cement to react will
all the available C5A to form ettringite. Sequentially, C;A
first reacts to form ettringite. When the source of calcium
sulfate is exhausted, the unhydrated C;A will then react
with previously formed ettringite to produce 3CaO-
Al,05-CaS0Oy4-12H,0. This compound is commonly called
monosulfate. The reaction is:

2[3Ca0-AlL,0;3] + 3Ca0-Al,05-3CaS0,-32H,0 + 4H,0
— 3[3Ca0-Al,05-CaS0,-12H,0]  (5)

and monosulfate is commonly observed in mature
concretes.

If sulfate from an external source enters the concrete pore
structure, monosulfate can convert back to ettringite. This
is the mechanism of classical sulfate attack (Hobbs, 1998;
Skalny et al., 2002). Under some circumstances, ettringite
can form in hardened concrete in the absence of external
sulfate. This can occur when concrete is cured at a high
temperature. Under conditions of high-temperature
curing, C-S-H and C;A compete for sulfate. However,
some of the sulfate which is incorporated in C-S—-H at
high temperature is exsolved at low temperatures and
becomes available to react with monosulfate to form ettrin-
gite. This process is called delayed ettringite formation and
has been found to be damaging to steam-cured concrete
(Skalny et al., 2002).

There are two reasons why ettringite formation is
damaging to hardened concrete. First, the solid volume of
the ettringite exceeds solid volume of the monosulfate
from which it forms. Second, ettringite needles tend to
bridge pores in the hardening concrete. Once ettringite
needles have bridged a pore its continued growth will
generate a tensile stress on the pore walls. It is these
internal tensile stresses that may eventually lead to crack
formation.

Ferrite phase hydration

The proportion of the ferrite phase in Portland cements is in
the same range as that of the aluminate phase or slightly
lower. As a practical matter, the ferrite phase is unreactive
and does not meaningfully contribute to concrete strength
development.
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Relationships between hydration
and concrete property
development

Overview of physical changes during
hydration reactions

While hydration of individual cement compounds has been
studied as model systems for the hydration of cement, it is
important to state that physical changes occur in concrete
which are not very well approximated by individual
cement compounds. For the most part these changes have
to do with mechanical property development. In general,
this relies on filling of internal spaces originally occupied
by the mixing water. For a mix having a water-to-cement
ratio of 0.5 by weight, the difference in densities of water
and cement indicate that about 75% of the volume is occu-
pied by water. As the hydration reactions in cement
proceed, the higher-density cement compounds are
replaced by lower-density hydrates and the mixing water
is consumed. These coupled events result in the diminution
in the total volume of the water-filled space. However, as is
discussed in greater detail below, the reactions described
above do not all occur at the same rates nor do the reaction
products distribute themselves homogeneously throughout
the space originally filled by the mixing water. In particular,
the hydration of C;A rapidly produces ettringite. Ettringite
forms as needle-like crystal which facilitates the conversion
concrete from a plastic to a hardened state and ettringite
formation significantly contributes to setting. This is occur-
ring to a large extent during a period in which there is not
extensive hydration of C;S.

As C;S hydration advances, continued infilling of the
water-filled space by C-S—H and Ca(OH), occurs, even-
tually resulting a continuous but porous solid. It is during
this period that the previously formed ettringite is
converted to monosulfate that becomes highly intermixed
with the C—S—-H. While details regarding the structure of
the C—S—H continue to be debated, it is generally viewed
as being formed of irregular layers of solid (gel) with
nanometer-scale spaces in between filled with water (gel
porosity). The distribution of the gel defines the larger
remaining porosity, that was originally filled with water,
as capillary porosity. Continued hydration both reduces
the volume of capillary porosity while increasing its tortu-
osity thereby reducing the permeability of concrete. The
slow hydration of C,S results in the further increase in
strength and reduction in permeability. The pozzolanic
reaction contributes to longer-term properties as well.

Volume relationships

In addition to the chemical changes that occur with
hydration, hydration is also responsible for the physical
changes which affect property development. When describing
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concrete it is more usual to consider curing than hydration.
Proper curing ensures that sufficient water is available to
the concrete to support ongoing hydration. Calculation of
the proportion of water needed on a weight ratio basis to
completely hydrate a typical cement would produce a
water-to-cement (w/c) ratio of about 0.26. Because
concretes are not normally produced at this w/c ratio, resi-
dual porosity is present. This would suggest the concrete
constituted at this w/c ratio would produce a solid free of
porosity. However, even concrete produced at w/c=0.26
would contain some porosity. Porosity is conferred to
concrete in three ways. First, any water not consumed in
hydration will produce capillary porosity; second there is
gel porosity inherent in C—S—H; and, third, porosity will
develop as a result of a process called chemical shrinkage.
Capillary porosity is that which remains in the spaces in
the fresh concrete originally occupied by water. As hydra-
tion proceeds, this space, along with that created as the
anhydrous cement grains are consumed, becomes occupied
by hydration products. The hydration products in mature
concrete are primarily calcium hydroxide, which tends to
form preferentially near the surfaces of the aggregate
particle, and C—S—H in which monosulfate is dispersed. In
well-mixed concrete these hydration products distribute
themselves as ribbons of paste between aggregate particles,
typically ranging from 100 to 200 um in thickness. Any of
this space which remains unfilled by a hydration product
is capillary porosity and it is this type of porosity which
controls concrete permeability. A typical variation in
capillary porosity with w/c ratio is shown in Table 1.

When the w/c ratio is 0.70, even complete hydration is
regarded as incapable for segmenting the capillary porosity
as a means to reduce permeability.

A third mechanism that results in porosity is associated
with the volume changes that occur with hydration. While
the conversion of C3S to C—S—-H and Ca(OH), according
to results an increase in the volume solids present, the
total volume decreases. In particular V(C5S) + V(H,O) >
V(Ca(OH),) + V(C-S-H). This volume decrease with
hydration is called the chemical shrinkage and it occurs

w/c ratio by mass Vol % capillary porosity

0.40 8
0.45 14
0.50 19
0.55 24
0.60 28
0.65 32
0.70 35

Table 1 Variation in capillary porosity with w/c ratio
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because the hydration products occupy less volume than
did the reactants. Chemical shrinkage can manifest in two
ways: formation of porosity within the concrete or a
slight contraction of the concrete element. Thus because
chemical shrinkage is inherent in hydration, this analysis
shows the importance in minimising the w/c ratio in order
to minimise capillary porosity.

Maturity

While it is these chemical events that result in strength gain,
there is not a linear relationship between the extent of
hydration and the extent of the strength gain. During
early hydration there is significant consumption of anhy-
drous cement without meaningful strength development.
Only when the hydration products have formed a contin-
uous solid between the aggregate particles does meaningful
strength occur. These events are typically characterised in
terms of initial set, final set and the 28-day strength.
While the 28-day strength will likely remain an important
design parameter, it is based on the assumption that the
concrete is being cured at about + 8°C room temperature.
However, the hydration phenomena leading to strength
development are strongly dependent on temperature and
ambient temperature variations may significantly affect
the strength gain characteristics of field concrete. The
understanding of the relationship between curing time
and temperature has led to the maturity concept. This
concept is based on the premise that: concrete strength
increases with hydration, the rate of hydration increases
with increasing temperature, strength can be expressed as
a function of a time-temperature combination, and
maturity is » (time interval x temperature). Maturity is
expressed in °C-hrs or °C-days and temperature in this
context is the difference between the actual temperature
and —10° (the datum temperature) at which hydration is
regarded to stop. Various equations have been derived to
express maturity and compressive strength which is
predicted based on a plot of the log of the maturity param-
eter as the abscissa against compressive strength as the
ordinate (Neville, 1996).

Miscellaneous cements

Belite cements

Portland cements are mature industrial commodities, their
chemical and physical characteristics are the subjects of
various codes and standards, and production of Portland
cement is capital intensive. These factors suggest that
significant changes in Portland cements will only be realised
with difficulty. For these reasons, changes in cementitious
materials used in concrete have been evolutionary and
can be categorised as follows: increased C;S contents,
finer grinding and the use of mineral and chemical
admixtures. However, one change of great potential
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significance would be the commercial production of
belite cements. Belite cement production would produce
less CO, as only 2 moles of CaCOj5 are required to produce
a mole of belite, while 3 moles are required to produce a
mole of alite. Belite production also offers the opportunity
to save energy by reducing kiln temperatures. Because
inherently less Ca(OH), is produced during hydration,
equation (2), as compared with equation (1), changes in
the use of mineral admixtures would be anticipated and
an altered overall rate of hydration would affect maturity
calculations and concrete practice in general. The chal-
lenges in realising concretes based on belite cements is
both in the identification of means to accelerate its rate
of hydration and in facilitating changes to relevant
standards.

Shrinkage-compensating, and regulated
set cements (ACI, 1970)

In a Portland cement the amount of calcium sulfate
interground with the clinker is proportioned to preclude
the ettringite formation after about the first day of
hydration. Although the expansive reaction associated
with ettringite formation can be accommodated while
concrete is in a plastic state, the occurrence of an expansive
reaction in hardened concrete used in ordinary construction
is undesirable. There are, however, exceptions to this and
cements have been formulated based, in part, on the
formation of ettringite. These cements fall into two general
categories: shrinkage-compensating and regulated set
cements.

Shrinkage-compensating cements are formulated such
that an expansive reaction compensates for the early
shrinkage typical in Portland cement concretes. In cements
of this type, ettringite is formed as a result of the reaction
between gypsum and the compound 4CaO-3A1,05-SO;
according to the reaction:

4Ca0-3A1,05-SO; + 8CaS0,-2H,0 + 6Ca0 + 80H,0
— 3(3Ca0-AL0;-3CaS0,-32H,0)  (6)

Shrinkage-compensating cements are also referred to as
expansive cements or self-stressing cements.

Regulated set cements contain the compounds that react
rapidly with sources of calcium sulfate to form ettringite.
The early strength gain in regulated set cements is asso-
ciated with ettringite formation. After ettringite formation
has reached virtual completion, reaction of the silicate
phases results in continued strength gain. In one class of
regulated set cements, 11Ca0-7A1,05-CaF, is added. This
compound is rapidly hydraulic and ettringite is rapidly
formed when a source of calcium sulfate is present. In a
second class, the compound 4Ca0-3A1,05-SO;5 is present
but in higher proportion than that used in shrinkage-
compensating cements.
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High-alumina cement (Neville and
Wainwright, 1975)

High-alumina cement is a non-Portland cement composed
essentially of monocalcium aluminate, CaO-Al,O;. The
hydration reaction in this cement is:

CaO-Ale3 + IOHzo — CaOA120310H20 (7)

High-alumina cement offers the desirable features of
high early strength and resistance to chemical attack. The
source of resistance to chemical attack is that the calcium
aluminate hydrate formed is of low basicity and is resis-
tant to attack by mild acids.

High alumina cements perform adequately providing the
exposure condition does not promote the conversion of the
monocalcium aluminate hydrate to tricalcium aluminate
hexahydrate. This conversion reaction may be written as
follows:

3(CaOA120310H20) —
3Ca0-ALO;-6H,0 + 2A1,05-3H,0 + 18H,0  (8)

and results in a significant reduction in the total volume
of the solids present. The monocalcium aluminate hydrate
phase becomes increasingly unstable with respect to tri-
calcium aluminate hexahydrate as the temperature is
increased above room temperature. This conversion
reaction leads to a loss of strength that has resulted in
structural failures (BRE, 1975).

Other cements

A variety of cements used for specialised applications,
such as oil well cements, refractory cements, etc., have
not been considered. In addition, the above discussion of
shrinkage-compensating, regulated set, and high-alumina
cements is cursory and reference may be made to a variety
of sources regarding these types of cements (e.g. Bensted,
1983; Ramachandran et al., 1981).

Concrete mix designs and the
opportunity for innovation

There is large body of reference material intended to aid in
the design of concrete mixes (e.g. ACI, 2006; Kosmatka
et al., 2002; Concrete Manual, 1998) and various sources
of commentary on the standard tests used to evaluate
cements, fresh concrete and hardened concrete (Lamond
and Pielert, 2006). In designing a concrete mixture for a
particular application, three general aspects of a mix
design can be controlled. These are compositional control,
permeability control, and strength control. Collectively,
these parameters determine both the short-term and long-
term performance of a concrete and each of them is
influenced by hydration phenomena.
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At present it is common for prescription to govern mix
designs. Various code organisations may specify maximum
w/c materials ratios, minimum 28-day strengths, minimum
cement contents and the like. It has been argued that a
prescriptive specification serves to ensure that a concrete will
adequately serve its intended function. Alternatively, it is
being argued that concretes are routinely overspecified,
which leads to economic waste, and that prescriptive specifica-
tions stifle innovation. This latter argument is the basis for
evolving performance-based specifications that allow the
specifier far more latitude in designing a mix that will be
optimal for its purpose both in terms of cost and performance.

Further reading and reference

In providing citations for the topics in this section, reference
has been made to standard texts and overview publications,
publications by trade associations and publications by the
voluntary consensus organisation ASTM. Depending on
specific interests, trade associations and technical societies
produce a variety of publications. Examples of these include
Special Technical Publications (STPs) by ASTM and Special
Publications (SPs) by ACI, and topical publications such as
those produced by the Materials Science of Concrete and by
the Materials Research Society.

Regarding sources cited herein, reference to Bogue and
Lee in particular, while published over 50 and 35 years
ago, respectively, is not coincidental; these references
remain relevant and cite much early literature which is still
the basis for presently accepted concepts and practice. Refer-
ences (ASTM, 2006a, 2006b; 4AC1, 2006) are revised annually
and the five volumes of ACI Manual of Concrete Practice
(2006) cover a broad range of topics relevant to concrete
technology. References (Kosmatka er al., 2002; Lamond
and Pielert, 2006) are periodically updated and provide valu-
able reference to changes in concrete practice and in standard
tests for concrete and concrete materials.

In addition to the above sources, a variety of journals
publish on topics related to hydration and associated
changes in physical and chemical properties of concrete.
Representative examples of these are Cement and Concrete
Research, Advances in Cement Research, ACI Materials
Journal, Concrete International, Magazine of Concrete
Research, Journal of Materials in Civil Engineering,
Cement and Concrete Composites, Journal of the American
Ceramic Society, Materials and Structures, and Transporta-
tion Research Record.
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Chapter 8

Aggregates for concrete

Kevin Sutherland Tarmac Limited, UK

Salim Barbhuiya School of Planning, Architecture and Civil Engineering, Queen’s University Belfast,

Northern Ireland, UK

The Standard definition of aggregate is a granular material used in construction; it may
be natural, manufactured or recycled. Typically, concrete is comprised of 70%
aggregate and the remaining 30% is water, air and cementitious material. However, it
is true to say that the fundamental characteristics of concrete are greatly influenced by
the physical and chemical properties of the aggregate. There are two factors which
determine these characteristics: first, the geological origin and deposition of the
material; and second, the physical processing by the aggregate producer. This
chapter considers the geological classification of aggregates and the physical and
chemical properties resulting from formation and deposition, properties which result
from processing into a concrete aggregate and how size, shape, texture, strength and
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chemical stability impact the properties of concrete and its durability. The chapter also
considers lightweight and heavyweight aggregates, both natural and manufactured

and recycled aggregates.

Geological origin and deposition

Rocks are divided into three groups defined by the parti-
cular mode of deposition:

1 igneous rocks formed by solidification of the earth’s
internal molten magma;

2 sedimentary rocks formed by accumulation and deposi-
tion of fragmentary materials or organic remains; and

3 metamorphic rocks formed by alteration of existing
rocks by heat, pressure or other processes in the earth’s
crust.

A full explanation of the formation and deposition of
these rocks can be found at the British geological society
website: http://www.geolsoc.org.uk/rockcycle.

Igneous rocks

Igneous rocks fall into two categories intrusive and
extrusive. Intrusive rocks are further divided into large
intrusions (plutonic) and small intrusions (hypabyssal).
Plutonic rocks cool slowly and therefore have a larger
grain structure. Hypabyssal rocks cool more quickly and
have an intermediate grain size 0.5-2.0 mm. Extrusive or
volcanic rocks cool very quickly and are fine grained, less
than 0.5mm and may be amorphous or glassy. Intrusive
igneous rocks are subdivided into acidic, intermediate,
basic and ultra-basic melts, the acidic melts being material
from the continental crust and the more basic rocks are
from the mantle beneath the oceanic crust. Acidic melts
are rich in silica (greater than 65%), have densities in the
range of 2.4 to 2.7 and contain light-coloured (leucratic)
minerals, these form the granite series of rocks. Basic
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melts have lower silica content, typically 45-55%, have
densities in the range of 2.9-3.0 and contain dark-coloured
[melanocratic] minerals, these are the gabbro series of
rocks. Rocks which fall between acidic and basic are
described as intermediate and have densities, silica content
and colour in the middle of the ranges. Table 1 shows the
classification and properties of igneous rocks. These types
of rock are quarried extensively for use in construction
and in particular for producing asphalt and concrete
aggregate.

Igneous rock types generally make good concrete aggre-
gate. This is because the extraction and processing methods
result in angular-shaped material thus providing aggregate
interlock. The rough crystalline texture enables strong
bonds between the coarse particles and the sand—cement
paste and the crystalline characteristics of these rocks
provide hard durable aggregate.

Sedimentary rocks

Sedimentary rocks are usually classified into the following
three groups (Table 2) depending on the mode of deposi-
tion:

1 clastic sediments derived from erosion, transport and
deposition of existing rocks;

2 chemical sediments produced by precipitation, particu-
larly in super-saturated seas and lakes;

3 organic or biochemical sediments.

Clastic sediments

Clastic sediments include sandstones, shale and conglomer-
ates in addition to unlithified deposits of sands and gravels.
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Acidic Intermediate Basic Ultra basic Occurrence
% Silica >65 55-65 45-55 <45
Quartz content High Low Very low None
Colour Pale Medium Dark Very dark
Density 2427 2.7-2.8 2.8-3.0 3.0
Coarse grained >2 mm Granite Diorite Gabbro Peridotite Batholiths and large sills
Medium grained 2-0.5 mm Micro-granite Micro-diorite Dolerite Laccoliths, sills and dykes
Fine grained <0.5 mm Rhyolite Andesite Basalt Lava flows and small dykes

Table 1 Classification and properties of igneous rocks

The latter deposits have been a common source of concrete
aggregates for many years, partly due to the ease with which
they can be won and processed.

Fluvial action over time leaves river terrace and flood-
plain deposits comprised of materials eroded from the
upper reaches of the river. The particle size of the material
reduces with the distance from the river’s source and flood-
plain deposits tend to be quite shallow but spread over a
wide area. These alluvial deposits are usually well sorted
in particle size, clean and rounded to irregular in shape.

Glacial deposits were formed as a result of physical
erosion by moving ice sheets. The material transported by
the ice was deposited as the ice melted during warm periods
in between ice ages. Glacial deposits can be variable in
shape, have a high clay and silt content, can be angular in
shape and include a higher proportion of weathered rock
particles. In contrast, materials transported away by melt
water are described as fluvio-glacial deposits; these are
characteristically more similar to alluvial sand and gravel
deposits.

Alluvial deposits of well-sorted rounded sands and
gravels are also found on the sea bed, having been deposited
at times when the sea level was significantly lower than
today. These marine deposits are also exploited for concrete
aggregates.

Material deposited in river deltas tends to be fine-grained
sediments and over time these produce sandstones,
mudstones and siltstones. As the sea depth increases, the
sediments become finer. A rock type frequently used as an
aggregate and formed in this environment is greywacke, a
type of sandstone having angular grains and a proportion
of the mineral feldspar. Clastic rock types are not always
the most suitable for concrete aggregate since they can be
porous and have high water absorption, consequently
durability may be affected.

Chemical sediments

These are formed from chemical precipitation in lakes and
seas when the water is in supersaturated condition; the rock
types include some limestones, gypsum, rock salt and chert.

Organic or biochemical sediments

These deposits are principally limestone formed by the
deposition of calcium carbonate, the rock having dense,
durable crystalline structure. Limestones formed from the
biochemical deposition of skeletal remains do not make
viable concrete aggregates due to high porosity; limestone
formed from coral reefs and shell also falls in to this cate-
gory. Limestone can vary in colour from dark grey to
white depending on the inclusion of other minerals;

Clastic Organic Chemical

Grain size Unlithified Lithified

Rudaceous >200 mm Boulders Conglomerate Calcareous Calcareous
60-200 mm Cobbles Limestone Limestone
2-60mm Gravel Dolomite

Aranaceous 0.6-2mm Coarse sand Sandstone Carbonaceous Gypsum
0.2-0.6 mm Medium sand Coal Ironstone
0.05-0.2mm Fine sand

Argillaceous 0.02-0.06 mm Silt Siltstone Siliceous Siliceous
<0.02mm Clay Shale Chert Chert

Mudstone Diatomaceous earth

Table 2 Simplified classification of sedimentary deposits
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Aggregates for concrete

Pressure Dynamic Regional Contact Heat
mode mode mode
Low — Slate — Low
Moderate — Schist Marble «— Moderate
High — Mylonite Gneiss Hornfels «— High
Granulite Quartzite

Table 3 Metamorphic rock formation and types

however, it can be simply identified by immersion in dilute
hydrochloric acid which results in some effervescence. Flint
is also formed by chemical sedimentation and occurs in
bands or nodules in chalk deposits. Erosion of soft chalk
over time leaves deposits of sand and gravel, principally
comprising flint. Such deposits are relatively widespread
in the south-east of England.

Metamorphic rocks

Metamorphic rocks are formed when existing rock forma-
tions are subjected to heat and/or pressure; these forces
alter the composition and texture of the rocks. The mode
of formation can be divided into the following three
simple groups (Table 3):

1 dynamic metamorphism
2 regional metamorphism
3 contact metamorphism.

Dynamic metamorphism is the action of pressure only; as
the pressure increases, hard-wearing fine-grained rocks are
formed. Changes in texture are due to the realignment of
grains along the plane of pressure and this may produce
flaky aggregates that break down easily and have high
water demand in concrete.

Regional metamorphism is the action of both pressure
and heat together; the severity of the combined forces deter-
mines the resulting rock type. Contact metamorphism is the
action of heat only; the intense heat fuses the rock particles
together although, overall, the structure remains the same.

It can be seen from Table 3 that when mudstones are
subjected to increasing heat and pressure the rocks formed
are: slate, with flaky layers oriented at right angles to the
applied pressure; schist, where the flaky layers are being
changed by increasing pressure and new minerals are
forming due to the heat; gneiss, where most of the previous
texture has now gone and rock grains are beginning to fuse
together; and granulite, where none of the original texture
remains and grains are totally fused together.

Rock types commonly used for
aggregates

Table 4 (BS812-102: 1989) lists the rock types commonly
used for aggregates. Some aggregates may require a
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cautious approach if there is any indication that they may
be susceptible or potentially susceptible to alkali-silica
reaction (ASR); in particular siliceous aggregates have
been identified in the majority of confirmed cases of ASR
in the UK. However, the history of use of a particular
source of aggregate should give a safe indication of suit-
ability for making concrete and other measures can be
taken such as reducing the total alkali content of the
concrete (BRE Digest 330: 2004).

Extraction and processing of
natural aggregates

The method of extraction is always dependent on the type
of rock and location of the deposit to be worked. Sand
and gravel deposits may be dug or dredged if the deposit
lies under water or is marine based while rock deposits
usually require blasting. Actual processing methods are
both similar and different because while rock extraction
may require extensive crushing, this is not usually the case
with sand and gravels except as a secondary process for
oversize material.

Sand and gravel

The nature of the deposit to be worked will determine the
type of plant required. Deposits that are principally sand
generally only require systems to separate coarse and fine
sands and remove materials such as lignite or other organic
contaminants. Further, where deposits are principally clean
sand that is free of clay seams, for some applications sand is
only dry screened and not subjected to any washing or silt
removal process.

Wet processing of sand is normally done through gravi-
tational hydraulic classifiers or centrifugal hydraulic
(cyclonic) classifiers, these types of plants are widely used
in sand processing operations. This process is known as
elutriation and is defined as separation of coarse and fine
particles by washing, the principle being that if a particle
is falling at a particular velocity through water and an
upward current has a higher velocity than that rate, the
particle will be carried upwards to the overflow. Both
types of plant rely on the behaviour of particles in a
water stream. In the first case the degree of drag and
terminal velocity is affected by the particle size and a
vertically rising water stream is used to cause finer
fractions to overflow a weir and then directed to a silt
lagoon. The coarser fraction is then collected from the
system by helical rakes or drag bucket system and is then
fed to stockpile via a de-watering system. This type of
plant can be used to make sands of varying grades of fine-
ness. The cyclonic type of plant works on very similar
principles: the plant creates a vortex within the vessel by
pumping the feed of raw material and water into the
system at the required pressure and again the finer
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Concrete

Petrological term Description

Andesite® A fine-grained, usually volcanic, variety of diorite

Arkose A type of sandstone or gritstone containing over 25% feldspar

Basalt A fine-grained basic rock, similar in composition to gabbro, usually volcanic

Breccia® Rock consisting of angular, unworn rock fragments, bonded by natural cement

Chalk A very fine-grained cretaceous limestone, usually white

Chert Cryptocrystalline silica

Conglomerate® Rock consisting of rounded pebbles bonded by natural cement

Diorite An intermediate plutonic rock, consisting mainly of plagioclase, with hornblende, augite or biotite

Dolerite A basic rock, with grain size intermediate between that of gabbro and basalt

Dolomite A rock or mineral composed of calcium magnesium carbonate

Flint Cryptocrystalline silica originating as nodules or layers in chalk

Gabbro A coarse-grained, basic, plutonic rock, consisting essentially of calcic plagioclase and pyroxene, sometimes with olivine

Gneiss A banded rock produced by intense metamorphic conditions

Granite An acidic, plutonic rock, consisting essentially of alkali feldspars and quartz

Granulite A metamorphic rock with granular texture and no preferred orientation of the minerals

Greywacke An impure type of sandstone or gritstone, composed of poorly sorted fragments of quartz, other minerals and rocks; the coarser grains are
usually strongly cemented in a fine matrix

Gritstone A sandstone with coarse usually angular grains

Hornfels A thermally metamorphosed rock containing substantial amounts of rock-forming silicate minerals

Limestone A sedimentary rock, consisting predominantly of calcium carbonate

Marble A metamorphosed limestone

Microgranite® An acidic rock with grain size intermediate between that of granite and rhyolite

Quartzite A metamorphic or sedimentary rock, almost entirely composed of quartz grains

Rhyolite® A fine-grained or glassy acidic rock, usually volcanic

Sandstone A sedimentary rock composed of sand grains naturally cemented together

Schist A metamorphic rock in which the minerals are arranged in nearly parallel bands or layers. Plate-like or elongate minerals such as mica or
hornblende cause fissility in the rock which distinguishes it from gneiss

Slate A rock derived from argillaceous sediments or volcanic ash by metamorphism, characterised by cleavage planes independent of the original
stratification

Syenite An intermediate plutonic rock consisting mainly of alkali feldspar with plagioclase, hornblende, biotite or augite

Trachyte® A fine-grained, usually volcanic, variety of syenite

Tuff Consolidated volcanic ash

Notes:

@The terms microgranite, rhyolite, andesite and trachyte, as appropriate, are preferred for rocks alternatively described as porphyry or felsite.
Some terms refer to structure or texture only, e.g. breccia or conglomerate and these terms cannot be used alone to provide a full description.
¢ Composed of crystals so fine that they can be resolved only with the aid of a high-power microscope.

Table 4 Rock types commonly used for aggregates (BS 812-102: 1989) (reproduced with kind permission from BSI)

particles are carried by a rising water current to the
vortex finder while the coarser material falls in a down-
ward current.

Where the deposit also has a significant proportion of
gravel; more intensive processing is required, the extracted
material is passed over a grizzly screen to remove oversize
material then put through a washing process, first to
break down agglomerates and separate the sand, material
finer than 4-5mm in dimension, from the coarse material.
The fine material is then processed as described above to
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remove deleterious materials and make the required
grades of sand. The gravel is then passed over a screen
deck to remove oversize particles and separate the rest
into single-size material; this process may include further
washing to remove clay and silt. The oversized material is
then returned through the process via a tertiary crusher as
shown in Figures 1(a), 1(b) and 1(c). It should be noted
that sea-dredged material is generally clean, and the main
reason for a washing plant is to reduce the chloride level
in the aggregates to within recognised acceptable limits.
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Aggregates for concrete

Extract raw feed

Screen off oversize/organic material

Feed to classifier
(gravitational/centrifugal
hydraulic classifiers)

Coarse and fine particles are
separated and fed to different
stockpiles via de-watering plant

Figure 1(a) Flow diagrams of typical processes for sand and gravel
production (land based - principally sand)

Crushed rock aggregate

The production of crushed rock aggregate is a more energy-
intensive process and requires a significantly higher capital
investment than a sand and gravel operation. The flow

diagram for a basic crushed rock quarry is shown in
Figure 2. The term for the reduction of blasted rock, or
gravel, to usable sizes is communition; the resulting
aggregate and its properties are influenced by the natural
properties of the rock and also the type of crusher(s) used.
The primary crusher is usually either a jaw or a gyratory
type, its principal purpose being to reduce material to a
more transportable size for the secondary circuit. In lime-
stone quarries impact crushers may be used but not for
hard rock since maintenance costs would be too high.
Secondary crushers can be jaw, cone or impact types and
the decision is normally dependent on the hardness of the
stone. Both jaw and cone types will produce aggregates
with a higher flakiness index when compared to impact
crushers; the latter tends to produce aggregates of ideal
angular shape. The actual equipment choice will depend
almost entirely on the end uses of the crushed rock and
also the economic viability of the operation; certainly a

Extraction As dug feed stockpile Grizzly screen
De-watering Sand classifier Barrel washer <5 mm +5 mm

Stockpiles Silt Tertiary Screens and

coarse/fine sand crusher extra washing

Silt lagoon

Single-size gravel storage
32 mm, 20 mm and 10 mm

Figure 1(b) Flow diagrams of typical processes for sand and gravel production (land based - sand and gravel)

Primary screening on dredger or at dock of
+5 mm and -5 mm

+5 mm

Sand classifier

Washing plant to
reduce chloride content

Dredging
De-watering
Stockpiles Tertiary
coarse/fine sand crusher

Oversize Screening

material plant

Single-size gravel storage
32 mm, 20 mm and 10 mm

Figure 1c Flow diagrams of typical processes for sand and gravel production (sea-dredged sand and gravel)
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| Extraction by blasting |
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| Feed to surge hopper |
1 -) =)
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| Primary crusher |<7

| Secondary crusher | -)

| Surge pile |._

-)
4@—{ Screen house |

@) ]

—| Tertiary crushers |

| Single-size product |

1

| Concrete plant/customer |

Figure 2 Flow diagram for a basic crushed rock quarry

more angular shape allows concrete design to be more
economic — generally as flakiness reduces then so does the
cementitious content necessary to produce a given strength
or to meet a specified water/cement (w/c) ratio.

As with all quarrying operations sustainability both
economic and environmental, requires that as much of
the extracted material as possible is used for downstream
products: for every tonne of coarse aggregate produced
there is also a significant quantity of crushed rock fines.
The latter material is now widely used in concrete to replace
or reduce natural sand content; substitution up to 100%
may be possible dependent on the end use of the concrete.
It has been found that these materials can significantly
increase strength for a given cementitious content due to
the densification of the concrete matrix by the fine fraction
(particles less than 0.063 mm in maximum dimension).

Influence of aggregate
characteristics on properties of
concrete

Apart from affecting the fresh and hardened properties of
concrete, aggregates strongly influence its mix proportions
and economy. There are various characteristics of aggre-
gates. BSEN 12620+ A1: 2008 specifies the characteristics
of aggregates and filler aggregates obtained by processing
natural, manufactured or recycled materials and mixes of
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these materials for use in concrete. The characteristics
of aggregates discussed in this section are those that are
of prime importance in concrete production.

Shape and surface texture

Particle shape and surface texture of aggregates can have
marked effects on the properties of both fresh and hardened
concrete (Mehta and Monteiro, 2005). However, shape and
surface texture influence the properties of freshly mixed
concrete more than the properties of hardened concrete.
These effects could be beneficial where the predominant
particle shape is equi-dimensional and detrimental where
it is flaky and/or elongated (Neville, 1996). Flakiness of
coarse aggregate can have an adverse influence on the
workability and mobility of concrete and may cause
blockage in pump pipelines due to particle interference.
Experiments have shown that the workability of concrete
as measured by the compacting factor is reduced by 10%
if the shape of the particles is changed from rounded to
angular. The strength of concrete also decreases with the
increase in aggregate flakiness, with flexural strength
being more affected than the compressive strength. Flaki-
ness in fine aggregate can lead to problems of ‘bleeding’
(Mehta and Monteiro, 2005) and segregation in the fresh
mix leading to reduced strength and durability of the resul-
tant hardened concrete.

The main influence of surface texture is on the bond
between the aggregate and the cement paste in hardened
concrete. Surface texture is generally considered to have
greater influence on concrete flexural strengths, which
are frequently found to reduce with increasing particle
smoothness. However, inadequate surface texture can also
adversely affect the compressive strength in high-strength
concretes (strength >50 MPa) (Neville, 1996).

Grading and maximum size

Grading refers to the particle-size distribution of aggre-
gates. Grading limits and maximum aggregate size are
specified because grading and size affect the amount of
aggregate used as well as cement and water requirements,
workability, pumpability, and durability of concrete. In
general, if the w/c ratio is chosen correctly, a wide range
in grading can be used without a major effect on strength.
Where concrete of particularly high strength, uniformity
or aesthetic quality is required, it is usually beneficial to
specify that single-sized coarse aggregates be used. When
gap-graded aggregate are specified, certain particle sizes
of aggregate are omitted from the size continuum. Gap-
graded aggregates are used to obtain uniform textures in
exposed aggregate concrete. In general, continuously
graded aggregates tend to provide relatively straightfor-
ward and easy-to-place concretes, whereas gap-graded
concretes usually require appreciably more expertise in
mix design, production, handling and placing (Collepardi,
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Aggregates for concrete

Material Impact on fresh concrete Impact on hardened concrete
Lignite Normally low but some lignite/organic materials may Mainly visual but on flat work with time, surface pop-outs may
locally retard the setting of Portland cements occur and affect surface durability
Iron pyrites None Brown staining on vertical cast surfaces may be visually
unwelcome but have no effect on durability
Shale Cause water demand to increase for a given Reduced strength

consistence value

Clay agglomerates Increased water demand

May shrink on drying and leave surface cavities; reduced
bond between coarse aggregate and sand/cement paste

Chlorides None

Increased risk of corrosion damage to reinforcement

Table 5 Deleterious materials in aggregates

2006). For these reasons, the labour costs of placing gap-
graded concretes may sometimes be greater, but this may
be justified where their special properties can be used to
advantage; for example, where high mechanical stability is
required immediately after compaction, or where increased
resistance to scour is required in inter-tidal work.

The maximum size of aggregate permitted by BSEN
12620+ A1: 2008 for use in concrete is 40 mm. However,
the size most frequently used is 20 mm since consideration
has to be given to the cover and bar spacing in reinforced
concrete. In some cases 10 mm maximum size aggregate
may be used, especially when the structure size is limited
or the preference is for a very cohesive concrete for use in
a slip-form operation. Although 40 mm maximum size is
permitted in pavement quality concrete, it is normally
used in the bottom of the two-layer construction with
20 mm aggregate used in the top layer. The concrete placing
and finishing method to be employed also plays a very
important part in deciding the maximum size to use. Of
prime importance is the consistency of the maximum size
within the limits of BSEN 12620+ Al: 2008 since a
change can influence the water demand of concrete and,
hence, affect both the strength and the durability.

Moisture content

The moisture content in aggregate is one of the most
important parameters that can affect the quality of concrete
in terms of workability, compressive strength, porosity
and durability (Neville, 1996; Mehta and Monteiro, 2005;
Collepardi, 2006). The moisture content in aggregate affects
the mixing water content in concrete in two ways:

1 If the moisture content of aggregate is higher than the
saturated surface dry (SSD) condition, then the
amount of mixing water in the mix is reduced.

If the moisture content of aggregate is lower than the
SSD condition, then the amount of mixing water is
increased.

(0]

In order to avoid changes in the performance of concrete
due to the variation in the moisture content in aggregates, it
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is important to make the necessary adjustments in water
content. This can be done by either subtracting or adding
water to the mix.

Resistance to fragmentation

It is important that aggregates are strong enough to avoid
breakdown due to physical attrition while handling and
during the concrete production process. The concrete
Standard BS 8500-2: 2006, has a default maximum Los
Angeles Index, as classified in BS EN 12620+ A1: 2008, of
LAy but also provides a route for establishment of suit-
ability for aggregates having a higher value by trials or
history of satisfactory use.

Deleterious material

There are some substances and materials that occur in
natural deposits that have a significant influence on
concrete properties and durability (refer to Table 5). Aggre-
gate producers have always tried to minimise the presence
of deleterious materials in processed aggregates but it is
impossible to be certain that all materials will be removed;
in particular lignite (brown coal) and other organic matter
is present in many sand and gravel deposits and it is almost
impossible to remove it entirely (Neville, 1996).

Lightweight and heavyweight
aggregates

Natural mineral aggregates such as sand and gravel have
a bulk density of 1520-1680kg/m® and they produce
normal-weight concrete with a density of approximately
2400 kg/m>. However, for special purposes, aggregates
with lighter or heavier density can be used to make
correspondingly lightweight and heavyweight concretes.
Generally, the aggregates with bulk densities less than
1120kg/m> are called lightweight, and those having
densities more than 2080 kg/m?> are called heavyweight.
Lightweight concretes are defined as those having an
oven-dry density of less than 2000 kg/m* and heavyweight
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concretes are those having an oven-dry density greater than
2600 kg/m* (BS EN 206-1: 2000).

Both lightweight and heavyweight aggregates may be
simply classified into natural or artificial aggregates.
Pumice is an example of a natural lightweight aggregate
and is used mostly in the production of concrete blocks.
Expanded clay, shale or slate, sintered pulverised fuel ash
and foamed blastfurnace slag are all artificial lightweight
aggregates. They are all capable of producing concrete
strengths in excess of 25 MPa with densities ranging from
1500-2000 kg/m>. Lightweight aggregates are used in a
variety of precast products, such as lintels, kerbs, panels,
stairs and bespoke units. They can also be used for struc-
tural applications, with strengths equivalent to normal-
weight concrete. The benefits of using lightweight aggregate
concrete include (Mindess et al., 2002; Lamond and Pielert,
20006):

B reduction in dead loads, making savings in foundations and
reinforcement

B improved thermal properties

B improved fire resistance

B savings in transporting and handling precast units on site
B reduction in formwork and propping.

For heavyweight aggregates, the most widely used
natural materials are barytes and the iron ores such as
haematite and magnetite, whereas the artificial materials
are based on iron shot or lead shot. Heavyweight concretes
are used for the prevention of seepage from radioactive
structures and X-ray equipment in hospitals to avoid the
harmful effect of radiation on the human body and living
organisms; they are also widely used for concrete gravity
blankets on undersea pipes and for concrete counter-
weights.

Recycled aggregates

Recycled aggregates are produced from the processing of
previously used construction materials, such as concrete
or masonry. Recycled concrete is a viable source of aggre-
gate and can be satisfactorily used in granular sub-bases,
soil-cement and in new concrete. In many situations,
recycled aggregates can produce concrete that is as strong
as concrete made with natural aggregates. However, this
depends on the specified strength of the concrete, the
source of the recycled aggregate and the proportion of
recycled materials used to replace the natural aggregates.
If concrete is not exposed to a severe environment (such
as seawater or freezing and thawing), concrete containing
recycled aggregates can provide a similar level of durability
to concrete containing natural aggregates.

The Standard for recycled aggregate for use in concrete is
now BS EN 12620: 2000+ A1: 2008, this standard defines
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them as ‘aggregate resulting from the processing of material
previously used in construction’. BS 8500-2: 2006 permits
the use of recycled coarse aggregate in a wide range of
concretes and generally conformance with the above
aggregate Standard confirms acceptability. The concrete
Standard specifies the limits on the permitted composition
of recycled coarse aggregates as well as giving guidance
on their use in.

Concluding remarks

Concrete normally contains less than 30% binder, while the
rest is primarily aggregates. Therefore, their properties
affect the properties of concrete. However, the focus of
concrete science and technology in the last half century
has mostly been on binder component. As aggregates play
an important role, to confer better dimensional stability
and wear resistance to concrete in addition to their use
as an economical filler, there is a need to focus on the
aggregate component of concrete in the coming decades;
this applies particularly to more marginal materials and
expanding the use of reclaimed and/or recycled aggregates.
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Chapter 9

Water in concrete

P. A. Muhammed Basheer and Salim Barbhuiya School of Planning, Architecture and Civil Engineering,

Queen’s University Belfast, Northern Ireland, UK

Water is a very important ingredient in the manufacture of concrete. It is mainly used
to impart workability to concrete and to hydrate the cementitious components. Water
also has a significant role in almost all mechanisms of deterioration of concrete, by
acting as a carrier for the transport of aggressive agents into the concrete and being
involved directly in many forms of deterioration. That is, water which contributes to the
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creation of concrete is also, to a large extent, responsible for its destruction.
Therefore, an understanding of the role of water in concrete is essential for choosing
suitable mix proportions and ensuring durability. In this chapter, the role of water and
various damages caused by it are briefly discussed. The appropriate standards are
introduced to highlight tolerable concentrations of impurities in mixing water in
concrete. As there is a scarcity of water in many parts of the world, a brief discussion
on the use of seawater in concrete is also given in this chapter.

Role of water

Water plays an important role in the manufacture of
concrete. It acts as a lubricant for cement, coarse aggregate,
fine aggregate and some additives, so that these materials
can mix completely and evenly. Too much water in concrete
can reduce its strength, while too little water may produce
an unworkable concrete. As concrete must be both strong
and workable, a careful balance of the quantity of water
added is required while making concrete. Although water
provides plasticity to the concrete in its fresh state so that
it can be poured in a form, its real importance is in the hard-
ening process. Therefore, the role of water in concrete can
be best described by discussing its importance in hydration
and curing.

The water causes the hardening of concrete through a
process called hydration. Hydration is a chemical reaction
in which the major compounds in cement form chemical
bonds with water molecules and become hydration
products (Taylor, 1997; Bensted and Barnes, 2002). For the
hydration to proceed smoothly, a certain amount of water
is needed. The amount of water used is commonly described
by the water/cement ratio (w/c), which indicates the mass of
water added to the mass of cement used. Nowadays water/
cementitious materials ratio (w/cm) is specified as concrete
contains more than one type of binder material (Neville,
1996), but the discussion in this chapter is based on w/c. A
minimum w/c of 0.25 is theoretically required to hydrate all
the cement particles. However, a certain amount of water
(w/c=0.15) is physically absorbed by cement phases and as
such is not available for hydration. Thus, a w/c of 0.40
represents the minimum water content to achieve full hydra-
tion (Neville, 1996). The w/c can be reduced to as low as 0.18
or 0.20 if superplasticisers are used (Paillere, 1994) to improve
the rheological characteristics of concrete. In the context of
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this chapter, the role of superplasticisers and the interaction
between water and superplasticisers are not discussed. If
more water is added, the surplus amount is not used in the
chemical reaction and remains as free water in the cementi-
tious structure to form capillary pores. On the other hand,
when the amount of water is low (w/c < 0.40, without any
superplasticiser), sufficient quantity of water may not be
available for all the cement particles to hydrate.

The continuous supply of water to concrete by means of
curing is essential for the progress of hydration. In fact,
after concrete is placed, an adequate moisture content
and temperature must be maintained during the early
ages so that the concrete can develop the desired properties
for which it is designed (Newman and Choo, 2003; Mindess
et al., 2002). Curing has a strong influence on the properties
of hardened concrete, such as strength, abrasion resistance,
volume stability and resistance to both cyclic freezing and
thawing and de-icing salts.

Concrete deterioration caused
by water

Although water is an essential element in producing concrete,
there are circumstances where it can also contribute to the
deterioration of concrete. Two important effects of water in
concrete are bleeding and drying shrinkage (Neville, 1996).
The upward migration of water and its accumulation at the
surface of concrete is called bleeding. This not only creates
a placing problem but also reduces the strength and
durability of concrete near the surface (Lamond and Pielert,
2006). Excessive bleeding on one hand delays the finishing,
whereas, on the other hand, lack of bleed-water on concrete
surfaces may lead to plastic shrinkage cracking. The loss of
water from hardened concrete may lead to drying shrinkage
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Figure 1 Ternary representation of concrete deterioration (adapted from

Collepardi, 2006)

as well. Under certain circumstances, drying shrinkage can
lead to shrinkage cracking, which is one of the most
common causes of problems in concrete structures exposed
to air (Neville, 1996).

Water also acts as a carrier for the transport of aggressive
substances, such as salts, into the concrete. The deterior-
ation of concrete can be attributed to the coexistence of
three principal elements, viz., interconnected porosity,
exposure to aggressive agents and presence of water (Colle-
pardi, 2006). This is represented in Figure 1, where each
element corresponds to a circle. When all the three elements
are present, the area in the middle, where the three circles
overlap, corresponds to the situations of a serious risk for
different forms of deterioration. For instance, if corrosion
of steel in concrete is considered, the interconnected
porosity is responsible for the transport of carbon dioxide
and chlorides to the level of rebars. Both carbon dioxide
and chloride ions are transported through concrete due to
their higher concentrations in the exposure environment.
The corrosion of rebar occurs when oxygen and water are
available at the rebar. Therefore, if water is not present,
the corrosion reaction will not occur. That is, in general,

Impurity

Sodium and potassium carbonates and bicarbonates
Calcium and magnesium bicarbonates

1000 ppm

Maximum tolerable concentrations

400 ppm of bicarbonate ion

deterioration will not happen in concretes which are not
exposed to water, even if potential aggressive agents are
present in the environment.

Some examples of concrete deterioration caused by water
in concrete are (Neville, 1996; Mehta and Monteiro, 2006;
Collepardi, 2006):

B Porous, water-saturated concrete having inadequate strength
and entrained air is prone to scaling, which is a deterioration
mechanism caused by freezing of water in concrete.

B Concrete containing alkali-reactive aggregates is subject to
deleterious expansion due to water.

B Water passing over a concrete surface with a high velocity can
erode the surface over time.

B The pore water in concrete acts as an electrolyte that permits
the development of an electrochemical cell in the process of
corrosion; that is, water is necessary for corrosion of reinforce-
ment to proceed.

B Water is an essential element in the carbonation of concrete,
which reduces the alkalinity of the hydrated cement paste
and can lead to the corrosion of the reinforcement.

Impurities in water affecting
concrete properties

Water needs to be pure in order to prevent side reactions
from occurring, which may either weaken the concrete or
interfere with the hydration process. Therefore, in order
to produce concretes with satisfactory performance, both
quantity and quality of water should be given emphasis.
Excessive impurities in mixing water may not only affect
the setting time and concrete strength but also may cause
efflorescence, staining, corrosion of reinforcement, volume
instability and reduced durability. More details on how
impurities in mixing water affect various properties of
concrete can be found in Lamond and Pielert (2006).
Specifications usually set limits on chloride, sulfate, alkali

Influence on concrete

Decrease setting times

Sodium chloride
Calcium chloride

20000 ppm

2% by mass of cement in plain concrete

Decrease setting times, increase early strength, reduce ultimate
strength; may lead to rebar corrosion

Magnesium chloride 40000 ppm

Sodium sulfate 10000 ppm May increase early strength, but reduce later strength
Magnesium sulfate 40000 ppm

Iron salts 40000 ppm Retard setting

Phosphates, arsenates, borates 500 ppm

Salts of Zn, Cu, Pb, Mn, Sn 500 ppm

Sodium hydroxide 500 ppm Affect setting behaviour

Sodium sulphide 100 ppm

Table 1 Tolerable concentrations of impurities in concrete mixing water (adapted from Mindess et al., 2002; Lamond and Pielert, 2006)
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Water in concrete

and solid content in mixing water unless tests can be
performed to determine the effects of impurities on various
properties. The concentration limits for various impurities
are given in Table 1.

Seawater in concrete

Seawater contains dissolved salts, mostly sulfates and
chlorides of sodium and magnesium. Therefore, owing to
the accelerating effects of the chloride ions (Mindess et al.,
2002), a rapid setting and early strength development can
be expected (Liebs, 1949). However, the strength at later
ages (after 28 days) may be lower because of the higher
amounts of sulfate, which prolongs the crystallisation of
ettringite (Liebs, 1949; Stenour, 1960). There are several
references (Hadley, 1935; Japan Society of Civil Engineers,
1986; Mohammed et al., 2004) which indicate that secawater
could be used in mixing plain concrete without any prob-
lems at later periods. However, the presence of chloride
ions in seawater increases the risk of corrosion of steel
and, hence, most researchers (Neville, 2006; O’Connor,
1994; Kosmatka and Panarese, 1995) are of the opinion
that seawater should not be used as a mixing water in
reinforced concrete. As seawater causes efflorescence and
may cause problems with decorative finishes (Stenour,
1960), it is also recommended to avoid using seawater in
architectural concretes.

Testing of water

It has already been stated that the quality of mixing water
for the production of concrete can influence the setting
time, the strength development of concrete and the protec-
tion of the reinforcement against corrosion. Therefore, in
assessing the suitability of water of unknown quality for
the production of concrete, both the composition of the
water and the application of the concrete to be produced
should be considered. BSEN1008: 2002 specifies the
requirements for water that is suitable for making concrete
which conforms to BSEN206-1: 2000 and describes
methods for assessing its suitability. Whenever there is
any doubt on the quality of water to be used in mixing
concrete, water has to be tested as per the Standards.

Concluding remarks

It is not possible to produce concrete without water. After
casting, the application of external water to contribute to
curing is also beneficial to concrete, but there are circum-
stances where it can contribute to the deterioration of
concrete. The environmental conditions are the key factors
in determining whether water will have beneficial or deleter-
ious effects on concrete. Therefore, in order to understand
the nature and behaviour of concrete, it should be kept in
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mind that water on the one hand is an essential element
in producing concrete; but on the other hand, it is the
water which is mainly responsible for various deterioration
mechanisms in concrete.
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Chapter 10

Admixtures

John Dransfield Cement Admixtures Association (CAA), UK

Admixtures have become a normal constituent of concrete, used to modify the
properties in the fresh or the hardened state. The main admixture types are
discussed with an overview of their mode of action and information on the

applications for each type.

Admixtures

Admixtures are chemicals added to concrete, mortar or
grout to modify the properties of the mix in the plastic
and/or the hardened state. They are normally supplied as
an aqueous solution to facilitate accurate addition through
a dispenser.

The quantity added is usually based on the cement
content and for most admixtures is in the range 0.2 to
2.0% by weight, although the European Standard EN 934
allows up to 5%. In terms of active chemical, 2.0% of a
typical admixture with less than 40% actives equates to
less than 0.15% of chemical in a concrete mix. Even at
this low content they have a powerful effect, modifying
the water requirement, setting time and other properties.
At higher dosages (above 1.5% on cement weight) it may
be necessary to take account of the water in the admixture
when calculating water/cement (w/c) ratio.

Most types of admixtures are covered by a European or
National standard that requires them to meet basic perfor-
mance requirements, provide information on properties
that can be used to check uniformity of supply and to
have a factory production control system that gives assured
quality. In the UK the two main admixture standards are
BS 8443 and the European Standard EN 934. Those
admixtures conforming to EN 934 can be CE marked. In
other areas of the world, the American ASTM admixture
standards ASTM C 494 and C 1017 are frequently used.

Admixture use has increased significantly in the last 30
years and they can now be found in most concrete. In the
UK it is estimated that more than 85% of all ready-mixed,
site-mixed and precast concrete contains an admixture. The
benefits are economic and environmental as well as
technical and for most concrete mixes, if no admixture is
being used, the question should be why not?

Admixture types and their applications are well docu-
mented and the UK Concrete Society Technical Report
18: ‘A Guide to the Selection of Admixtures for Concrete’,
revised in 2002, remains a good reference source, although
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it is becoming slightly dated with respect to superplasticiser
use and especially on self-compacting concrete applications
where Concrete Society Technical Report 62 and the
‘European Guidelines for Self-compacting Concrete’ give
better guidance.

The main areas of admixture application can be
summarised as:

B economic — optimised mix design

B placing — appropriate workability (consistence), compact-
ability, cohesion, setting and strength development

B problem solving — concrete that will meet special needs for
placing or performance

B durability — helping to ensure that concrete fulfils its design
requirements for its intended life

B environmental — helping to reduce the health and safety aspects
of concrete during placing and environmental impact during its
life cycle.

Admixtures can be broadly split by function and then by
type as follows:
B dispersant types

B plasticisers

B superplasticisers

B set control types
B set retarding
B set accelerating
B hardening accelerating
B sprayed concrete accelerating
M air entrainment
M concrete
B mortar
B special purpose
B water resisting (waterproofing)
B underwater concreting
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Figure 1 European admixture sales volume by type (EFCA, 2005)

B rheology control — segregation reducing
B semi-dry concrete

B polymers

B foaming.

Over 75% of admixture production is of dispersant types
sold as plasticisers (water reducers) or superplasticisers
(high-range water reducers). The split between these two
types varies considerably between countries. Hot countries
such as the Middle East will use predominantly superplas-
ticisers but in cooler climates the split is more mixed and
usually relates to local practice in relation to workability
(consistence) as measured by slump or flow but also to
the optimisation of cement content for economic and
environmental reasons.

Figure 1 shows the split in European admixture sales
between the main categories and highlights the dominant
position of the dispersant types. This figure would suggest
that superplasticisers are the most important type but this
is not the case in all countries, as shown in Figure 2.
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Figure 2 The superplasticiser sale as a percentage of total admixture
sales by European country over the period 1994 to 2006 (EFCA, 2005)
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The trend is to greater use of superplasticisers, but in
countries such as Germany, Spain and the UK normal
plasticisers still make up the larger proportion of sales.

Dispersing admixtures

Dispersing admixtures work by deflocculating the cement
particles in a concrete, mortar or grout mix. The effect is
most noticeable on the cement particles but other cementi-
tious additions are also dispersed and the dosage is
normally based on the total cementitous content. Cement
particles will naturally agglomerate into larger flocs or
clumps, which trap some of the mixing water within the
clump. Large clumps of particles will also find it harder
to move past each other in a given space than would be
the case if they were still individual particles. This results
in the need to add more water than is needed for cement
hydration in order to move the clumps further apart and
provide the necessary fluidity to allow the mix to be
placed and fully compacted. However, additional water
has a deleterious effect on the strength, durability and
other structural properties and so should be avoided.

Dispersing admixtures function by adsorption onto the
cement surfaces where they then repel each other and hence
the cement particles, dispersing them and also preventing
them from re-forming into immobile clumps or flocs. This
has the effect of increasing the fluidity of the mix for a
given water content/water:cement ratio (see Figure 3). By
following the zeta potential (Uchikawa, Hanehara and
Sawaki, 1997; Hewlett and Young; Uchikawa; Hanehara,
1997; Sakai and Daimon, 1997) it can be deduced that the
initial admixture adsorption onto the positively charged
cement particle is electrostatic but the subsequent inter-
particle repulsion may be electrostatic or steric depending
on the admixture type.

By dispersing the cement particles, these admixtures can
be used in a number of ways:

B Increase the fluidity or consistence of the mix, making it easier to
place (they are usually called plasticisers when used in this mode).

B Reduce the water content, reducing permeability and improving
strength and other mechanical properties (they are usually
called water reducers when used in this mode).

3—@%

Cement particles flocculated

C%%}%%
Ob
Oo O

Particles deflocculated
High fluidity

Add dispersing
admixture

Figure 3 Admixture-induced dispersion of cement particles
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B Reduce the water and cement content to optimise material cost
and lower the environmental impact.

B With appropriate dosage, a combination of the above three
applications.

These properties and their applications are discussed in
more detail in the following subsections and are related to
the main dispersing admixture types. Further information
can also be found in The Concrete Society Technical
Report No. 18 (Concrete Society, 2002).

Normal plasticising (water-reducing)
admixtures

Dispersing admixtures of this type typically give 8-10%
water reduction at equal consistence. Increasing the
dosage will not give significantly greater water reduction
but may result in some unacceptable secondary effects
such as retardation or air entrainment. Conventional mix
design methodology will usually give satisfactory results
when using normal plasticisers.

Plasticised admixtures are usually based on lignosulfo-
nate, a by-product of the timber for paper industry. The
lignosulfonate may be supplemented with other carbohy-
drate-based materials or low levels of superplasticiser as
well as other modifiers including air detraining and set
control agents. Normal plasticisers are usually most
effective in the dose range 0.3-0.6% on cementitous
weight and are less expensive than superplasticising
admixtures. Because they are natural by-products they are
also regarded as having a relatively low embedded carbon
content which is important in relation to environmental
impact and sustainability. More highly processed and frac-
tionated lignosulfonates are available that give enhanced
properties and reduced secondary effects.

The combination of low dose and cost makes normal
plasticisers very cost effective for a wide range of general
concretes supplied by ready-mixed producers. By reducing
the water, typically by 10%, without affecting consistence,
an increase in strength and improvement in other properties
such as durability can be obtained. Alternatively, an
equivalent percentage of cementitous material can also be
removed while maintaining w/c ratio and hence strength.
This reduces not only the overall cost but also the
embedded carbon footprint of the concrete. Factors such
as water use and embedded carbon are becoming of
increasing importance in relation to sustainability of
construction materials and admixture use is therefore an
important tool in achieving this for concrete.

Lignosulfonate-based admixtures frequently give a
small increase in entrained air content, typically in the
order of 1%. On the one hand, this can lead to a slight
reduction in strength but on the other, air will increase
cohesion in the mix, reducing bleed and segregation. This
can be a positive advantage as it permits the producer to
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widen the range of constituents that will produce an accep-
table mix. An example could be allowing a more local sand
source to be used that is less well graded but reduces cost
and carbon transport miles. A cohesive mix that is free of
bleed and segregation is usually easier to place and will
produce a good closed finish to the surface.

Many contractors specify a 50 mm slump concrete in the
belief that this will give them the lowest cost, however, this
will be difficult to place and finish and may lead to the
concrete gang adding uncontrolled water on site or to poor
compaction resulting in voids and honeycombing in the
hardened concrete. The addition of water on site should
always be avoided as this will reduce the concrete strength
and durability. The concrete should be specified with a work-
ability that is appropriate to the application and 75-100 mm
slump is the minimum for most hand placed jobs. The addi-
tion of a normal plasticiser by the concrete producer has an
insignificant effect on the concrete cost but can easily take the
slump up to 100 to 120mm, giving easier placing and
finishing with no detriment to the properties.

A higher initial workability, combined with the slight
retarding effect inherent in most normal plasticisers, may
help to give some increase in workability retention,
prolonging the period over which the concrete can be
placed and compacted. However, if workability retention
is a significant factor, a superplasticising admixture
should be considered (see Sections on Superplasticised
flowing concrete and on Set control admixtures).

Superplasticising (high-range water-
reducing) admixtures

Dispersing admixtures of this type typically give 15-30%
water reduction at equal consistence. Superplasticisers are
responsive to dosage and even at higher dosage are reason-
ably free of unacceptable secondary effects such as retarda-
tion or air entrainment.

Superplasticisers first became commercially available in
the early 1970s and were based on either sulfonated mela-
mine formaldehyde condensates (SMFC) or sulfonated
naphthalene formaldehyde condensates (SNFC). These
were either used as single chemicals or, especially in the
case of the SNFCs, blended with lignosulfonate and other
chemical modifiers to produce enhanced or targeted prop-
erties including improved workability retention and better
cohesion. Superplasticisers were quickly adopted as the
main admixture in warmer climates, especially the Middle
East and in some European countries but in others they
were only used in specific applications where their higher
performance was essential to obtaining the required
concrete properties. In the UK, in 2000, they made up
just 12% of admixture use.

In the 1990s a new type of superplasticiser was intro-
duced based on polycarboxylate ether (PCE). The earlier
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SMFC and SNFC types worked by electrostatic repulsion
due to the high negative charge density carried on their
surface. This allowed them to attach to positive charges
on the cement particles but then the residual negative
charges on the admixture acted as ‘like poles’ on a
magnet to repel and disperse the particles. The PCE types
work mainly by steric effect; there is a low-density negative
charge allowing them to adsorb onto the cement particles
but the molecules also carry long solvated side chains that
prevent adjacent cement particles from coming close and
forming flocs or clumps. Some additional information on
the mechanism of superplasticiser action can be found in
CAA Technical Sheet ATS 2 (Admixtures, website).

The advantages of PCEs include working over a wider
dosage range, giving a more powerful dispersing effect
and producing a degree of cohesion to the mix that makes
them particularly suitable for very fluid mixes. Further-
more, unlike the earlier types that could only be modified
by blending, the chemical structure of PCEs can be tuned
to bring out certain targeted properties. Their introduction
led to a new surge of interest in superplasticisers including
the development of self-compacting concrete (SCC). In
Europe, PCEs were quickly adopted, especially in precast
and as a result by 2007 superplasticiser use in the UK had
climbed from 12 to 29% of total admixture use and
continues to increase. PCEs have not replaced SNFC-
based superplasticisers but complemented them by
increasing the range of applications. SNFC-based super-
plasticisers are generally easier to use and more forgiving
of materials and production and still find wide use in super-
plasticised mixes for general purposes.

Superplasticisers are all based on synthetic chemicals and
are typically dosed at 0.8-1.6% by weight on cement
content. They are more expensive than normal plasticising
admixtures and together with the higher dose are not cost
effective in reducing cement content. Their main applica-
tions include:

B high-range water reduction for:
B carly strength
B later age strength
B reduced permeability (enhanced durability)

B high-flow for:
B dense reinforcement
B extended workability retention

B high-flow almost self-levelling flooring

B self-compacting concrete for:
B compaction without vibration
B flow into voids with limited access/ability to vibrate
B sclf-levelling slabs
B high-quality surface finish.
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Each of these applications is discussed in more detail in
the following subsections. Further information can also
be found in Concrete Society Technical Report No’s 18
(2002) and 62 (2005) and in the European Guidelines for
SCC (EFCA, 2002).

The distinction between applications for high flow and
SCC given above may seem small, but while high flow
can be achieved with the older superplasticiser types and
with a conventional mix design, SCC requires a PCE
admixture and special mix design with well controlled
constituent quality (see Section on Self-compacting
concrete).

High-range water reduction (HRWR)

The water reduction with these admixtures is typically in
the range 15-30% but at the top end of the dosage this
can exceed 30% and in the case of PCEs it can be over 40%.

A typical concrete without admixture will contain
200-230 litres of water per cubic metre but only about 80
litres is actually needed to fully hydrate the cement. The
remainder is there to give sufficient workability to the mix
to allow placing and full compaction. On hardening, this
extra 120-150 litres of water (12-15% of the concrete by
volume) becomes void space in the form of capillary
pores. This results in increased permeability to water and
to aggressive chemicals including chlorides and carbona-
tion as well as the potential for drying shrinkage and
cracking as the water evaporates.

If a high-range water reducer is used to reduce the water
by even a modest 20%, this reduces the void space to
8-10%. The capillary pores are smaller and less continuous
so permeability is reduced and durability increased. The
cement particles are also closer together, improving
strength for a given level level of hydration. The effect is
particularly apparent at early ages and at lower tempera-
tures. Figure 4 shows typical strength results at 20°C for
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Figure 4 Typical effect of HRWR on compressive strength development

N/mm? of two cements (CAA, 2006)
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two cements showing strength development of an HRWR
mix compared with a control from 1 to 28 days.

Comparisons are more difficult at very earlier ages as
the control may have little or no strength but with a
CEM 1 cement and an HRWR, strengths in the range
10-20 N/mm? can be obtained at 12h at 20°C.

Early strength is particularly important for precast where
the ability to demould and reuse the mould in a 24 h time
window is often a critical requirement and while heating
can be used to accelerate strength development it is often
unnecessary if an HRWR admixture is used and the cost
and sustainability consequences of the heating can be
avoided. Early strength may also be needed in repair situa-
tions such as roads and airports where access/use will be
restricted until the concrete has gained sufficient strength
to take the required load and abrasion. In this situation a
HRWR may be used with an accelerating admixture (see
Section on Set control admixtures).

At later ages, high-range water-reducing admixtures can
be used to achieve strengths in the range 80—120 N/mm? or
more and such concrete is finding increasing use for thin
section walls, high-rise structures and supporting columns
in open structures.

Durability can be related to the ability of deleterious
materials to penetrate the concrete, usually via the pore
structure. The ability of HRWR to significantly reduce
the water content of the concrete and hence both the
volume and continuity of the pores can have a significant
and advantageous impact on durability-related properties
such as permeability and chloride diffusion.

Figure 5 shows the relationship between water perme-
ability in m/s and water:cement ratio, using water reducers
and high-range water reducers to progressively lower the
water content of the concrete mix. The points are actual
results with an imposed trend line. It can be seen that by
using a water:cement ratio of below 0.50 and preferably
below 0.45, the permeability is substantially reduced. A
low permeability not only makes the concrete more water
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Figure 5 Typical permeability results against water: cement ratio using

water-reducing admixtures (UK Cement Admixtures Association, website)
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Mix Cement w/c 28-day strength: Chloride diff.

CEMI ratio N/mm? x1072m?/s
Control 305 0.61 315 51.0
HRWR 305 0.51 45.0 22.0
Control 375 0.51 44.5 28.0
HRWR 360 0.41 58.0 8.1
HRWR 450 0.34 72.0 5.4

Table 1 Typical chloride diffusion results against water: cement ratio

and cement (CEM I) content using an HRWR admixture (UK Cement
Admixtures Association, website)

resistant, it also helps to reduce penetration of aggressive
waterborne chemicals.

Chloride penetration is one of the main causes of
corrosion failure in steel-reinforced concrete and high-
range water reducing admixtures can play a significant
role in reducing the water:cement ratio and hence the
chloride diffusion coefficient of the concrete (see Table 1).

It is becoming increasingly common to find specifications
for concrete in aggressive environments that are required
to meet levels for water and gas permeability, chloride
diffusion and other durability parameters. Meeting these
specifications will require careful selection of all the
constituents but admixtures will always be required to
reduce water content.

Superplasticised flowing concrete

Superplasticisers can, at moderate dose, take a concrete
from a 50 to 75 mm slump up to a collapsed slump of 180
to 220mm with no loss of other properties. Some adjust-
ment to the mix may be required to ensure that there is
no bleed or segregation. It is normally sufficient to just
increase the proportion of fine aggregate by around 5%
but if this fails then the use of, or increase in finer material
such as fly ash may also be necessary. Although very work-
able, some vibration is still needed to ensure adequate
compaction but this should not be overdone or it may
cause the mix to segregate.

Concrete in this consistence range finds extensive use for
structural concrete where the density of the reinforcement
and the scale of the application make placing and effective
vibration difficult. As well as providing the high work-
ability, the dosage of the admixture will probably have
been adjusted to allow some water reduction to give a
water:cement ratio that ensures good durability and
adequate strength. This type of application would normally
be pumped into place and flowing concrete can be pumped
to significant heights and over long distances.

Flowing concrete has been used in almost self-levelling
flooring applications but the advent of the laser screed
machines and of SCC have largely superseded this applica-
tion except perhaps for some small residential floor slabs.
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Superplasticised high-workability flowing concrete being used
with dense reinforcement. Note that it is not quite self-levelling and a
vibrator is still needed to ensure full compaction round the reinforcement

Workability retention is important on many large sites as
the time from production to delivery and then to placing
can be considerable and frequently subject to unforeseen
delays. The problem is even more pronounced at high
ambient temperatures. All concrete loses workability with
time and if the water:cement ratio is also low, workability
loss can be very quick, but concrete with a high initial work-
ability will retain a useable consistence for longer than
those starting at a lower slump. To maximise workability
retention the superplasticiser should be used to provide
an initial high consistence (typically >180 mm slump) but
note that some superplasticisers provide better retention
than others so advice should be sought from the manufac-
turer where this is a critical requirement. The dosage may
need to take account of the fact that the superplasticiser
is being used to reduce water:cement ratio for strength
and durability as well as providing high initial workability.
Where the placing sequence could result in delays in placing
and compacting adjacent concrete pours, a retarding
admixture or retarding superplasticiser may additionally
be required in order to avoid cold joints between pours
(see Section on Set control admixtures).

Self-compacting concrete (SCC)

It was the development of polycarboxylate ether (PCE)
superplasticisers with their unique rheological properties
that permitted the development of SCC. However, the
admixture alone will not confer SCC properties on a
conventional concrete mix. To be self-compacting the
concrete must have very high flow combined with no aggre-
gate or paste segregation and no tendency for the aggregate
to block as it passes through reinforcement (see Figure 7).
The high flow is provided by the admixture but to ensure
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Figure 7 Self-compacting concrete used in vibrator-free precast. Note
the slow creeping flow that enables full encapsulation of the reinforcing
bars but without aggregate separation and blocking behind the bar. See
also the self-levelling with no build-up, even at the point of discharge,
and the lack of segregation so that aggregate can still be seen at the top
surface with no indication of bleed water or grout separation on the
leading edge

the other two properties the aggregate needs to be very care-
fully graded and the total powder below 0.063 mm needs to
be higher than normal. This should not be achieved with
cement alone but requires higher levels of additions
such as fly ash, ground granulated blastfurnace slag and/
or limestone fines.

Segregation resistance is an area of particular concern for
users of SCC and where it proves difficult to achieve with
the available constituents, segregation-reducing admix-
tures, often called VMASs, have been developed that can
be used in conjunction with the superplasticiser. Advice
should be sought from the manufacturer on the use and
compatibility of these two admixtures. Segregation-
reducing admixtures make the SCC more robust to changes
in the constituent materials and to control at the mixing
plant but are not a panacea for poor constituents, mixing
and control at the production plant and sales suggest that
a majority of producers do not need to use them. Further
information on VMAs is available from an EFNARC/
EFCA document Guidelines for Viscosity Modifying
Admixtures for Concrete available for free download on
the publications page of both the trade association
websites.

The mix design of SCC is more complicated and more
critical than for most other concrete. Trials are essential
as is good production control and it is strongly recom-
mended that advice and supply is sought from admixture
suppliers and concrete producers with a proven track
record in this type of concrete.

Further information on SCC, including how to specify it
and the special test methods developed to assess it can be
found in the FEuropean Guidelines for Self-compacting
Concrete (EFCA, website) produced by the European
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trade associations for concrete and its constituents. It is
available for free download on the publications page of
all the trade association websites, including http://www.
efca.info. The actual specification and test methods are
currently being incorporated into the European concrete
standard EN 206.

SCC is now used by most structural precast where it
offers the following benefits:

B significant reduction in noise levels in the working environment
(no vibration)

B good strength development profile

B improved surface finish and the picking up of any detailing on
the mould

B ability to flow into and fully fill more intricate mould shapes
including under cuts.

On sites it is used for:
B difficult access or complicated shapes
B high-quality surface finishes
B reduced placing noise on sensitive sites.
On site it offers:
B quieter concreting/potential for night working
B no vibration white finger
B reduced labour requirement

B difficult access and ability to flow into difficult or inaccessible
voids

B filling by pump from the bottom of the shutter
B high-quality surface finishes
B self-levelling slabs with minimal finishing.

Some additional care is needed on site with SCC to
ensure the formwork is tight against leakage and there are
no defects as these will be readily picked up and highlighted
in the otherwise high-quality final concrete surface finish.
Due to the total absence of bleed, quick and careful
curing is needed on all exposed top surfaces or the concrete
may start to dry out, lose surface strength and form early-
age plastic shrinkage cracks.

Set control admixtures

This group of admixtures includes the following types:
B set retarding

B set accelerating

B hardening accelerating

B sprayed concrete accelerating.

Set control admixtures make up a small proportion of
sales (see Figure 1) and are restricted to relatively specialist
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applications. The hardening accelerators have been largely
replaced by high-range water reducers, some of which have
been modified to also accelerate the setting and strength
development.

Set-accelerating admixtures for concrete are mainly
inorganic chemicals and find use in very cold conditions
or when very early stiffening is needed in repair situations.
The chemical of choice for set accelerators used to be
calcium chloride (which also acts as a hardening accel-
erator) but due to it enhancing steel corrosion, chloride is
now banned from all applications where there will be
embedded steel. The alternatives are generally less effective
which probably explains their low level of use. They are
usually most effective when used in combination with an
appropriate high-range water-reducing admixture and
find most of their use in rapid repair situations were there
is a strength requirement for access/use soon after placing.
Additional information can be found in CAA technical
sheet ATS 4 (CAA, website).

Set retarding admixtures are important, especially on
large pours in warmer climates where there is a significant
risk of cold joints forming within the structure. Retarding
admixtures are available separately but are often sold as
retarding plasticising or retarding superplasticising. This
is because a high initial consistence is likely to be required
for workability retention. The retarder does not have a
very significant effect on workability retention but it will
delay the initial setting, by a few hours to several days
depending on the retarder type and dose. On large pours
there can be a long delay between placing one pour and
the next adjacent one. This may be due to the complexity
of the pouring sequence or to delays such as delivery or
pump breakdown. The warmer the weather, the shorter
the tolerable delay. If the first pour stiffens beyond initial
set before the adjacent concrete is poured, it will be difficult
to get a good monolithic joint and in the extreme case where
the concrete has passed final set there will be no bonded
joint, called a cold joint. Even if the first pour has lost all
workability, provided it has not actually passed initial set,
it will under vibration still be possible to form a good
joint to subsequent pours. Additional information can be
found in CAA technical sheet ATS 3 (CAA, website).

Special set-accelerating admixtures are used in sprayed
concrete applications and are covered by European Stan-
dard EN 934-5: 1996. Superplasticisers are also used to
give initial consistence and low water:cement ratio in the
fresh concrete and there are a number of other special
admixtures that have been developed for this application.
The stiffening/set-accelerating admixtures are added with
the air at the spray nozzle to provide the following benefits:

B very fast setting (stiffening)
B carly-age strength development

B increased layer thickness
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B improved overhead spraying performance

B reduced sagging.

The fastest setting accelerator types are the aluminates
and silicates which stiffen in seconds but these are very
alkaline and consequently have serious health and safety
implications so have been largely superseded by alkali-
free admixtures, mainly based on aluminium salts. These
give slower stiffening and early strength than the aluminates
but are preferred because they are not alkaline, give a better
working environment and give better final strength and
durability to the concrete. The dosage of sprayed concrete
accelerators is high at 5-10% of cement weight and their
performance is affected by the cement chemistry. These
sprayed concrete accelerators are often used in conjunction
with concrete that contains a special retarding workability
retention admixture to facilitate the long pumping distances
and slower rates of placing that are typically encountered.
Sprayed concrete is a specialist area and advice should
always be sought from the admixture manufacturer on
the suitability of his products for the type of cement and
other conditions applicable to the site. Additional informa-
tion can be found in the CAA technical sheet ATS 8§ (CAA,
website) and from EFNARC Guidelines for Sprayed
Concrete (EFNARC, website).

Air-entraining admixtures

Air entrainment is usually considered for its ability to
impart freeze-thaw resistance to saturated concrete and
should always be specified for external slabs and paving
as well as any other external concrete that may be saturated
when subject to frost action. However, air can give other
benefits to concrete and mortar. Additional information
can be found in CAA technical sheet ATS 5 (CAA,
website).

Optimum freeze—thaw properties require a large number
of very small bubbles. Standards often specify an air void
spacing factor of less than 0.2mm and this refers to no
point in the cement paste being more than 0.2 mm from
an air void. The air bubbles intersect the capillary system
within the concrete and may actually help to stop it
becoming saturated. Even in almost saturated concrete
the bubbles remain dry due to the capillary action sucking
any water out of the bubble and into the capillaries. If
water in the capillaries freezes, the air voids then act to
relieve the pressure generated by the expansion of the
freezing water. The air voids also reduce the osmotic
pressures caused by the use of de-icing salts and which
could otherwise cause cracking and surface scaling.

Small amounts of air will improve cohesion, reducing
bleed and bulk the paste in lean mixes to give easier
finishing. Air bubbles also lubricate the aggregate and can
reduce the water requirement and significantly enhance
compaction in dry lean concrete or in semi-dry concrete
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used for some precast concrete products such as bricks,
blocks and pavers.

Cohesion generated by the air while assisting with
compaction, also helps to reduce slumping when vibration
stops. This can be useful in some slip-form applications
such as the placing of central road barriers where the still
wet concrete is required to stand to full height and retain
its shape as soon as it leaves the slip-form.

Air entrainment can lead to lower strength so levels of air
should be kept to the minimum appropriate for the parti-
cular application. For cohesion this could be as little as
1-2% but for freeze—thaw resistance, 4-6% will normally
be needed, see EN206-1: 2001 for specifications as these
are related to aggregate size. Air can be lost during
pumping and also if the concrete is overvibrated, so care
and checking is needed at the point of placing.

Air entrainment is often used in bedding mortars for
masonry where up to 18% air is entrained. It may be
called a mortar plasticiser in this application because it
does reduce the water demand in this type of high sand
content mortar mix but the air also reduces density and
gives improved cohesion, resulting in better handling prop-
erties. They are covered by European Standard EN 934-3:
2003 and additional information can be found in CAA
technical sheet ATS 7 (CAA, website).

Special purpose admixtures

Admixture producers have used their expertise to meet
specific needs within the concrete industry and a range of
other admixtures has been developed to help concrete
meet special requirements within the construction industry.
The range includes:

B Admixtures that help concrete to resist water ingress: these
may be hydrophobic and effective against rain and occasional
submersion. There are also pore-blocking products that will
help to resist water under a significant head. These are water-
resisting admixtures also called waterproofers. Additional
information can be found in CAA technical sheet ATS 6
(CAA, website).

B Underwater admixtures help to prevent concrete from losing
cement and fine aggregate while being placed under water or
when it is subject to moving water before it can set. Additional
information can be found in CAA technical sheet ATS 17
(ATS, website) and the EFNARC/EFCA Guidelines for Visc-
osity Modifying Admixtures for Concrete (EFNARC or
EFCA, website).

B Settlement-reducing admixtures, also called VMAs, used
mainly with self-compacting concrete to reduce settlement
and bleed. Additional information can also be found in
EFNARC/EFCA Guidelines for Viscosity Modifying Admix-
tures for Concrete (EFNARC or EFCA, website).

B Shrinkage-reducing admixtures help to prevent drying
shrinkage cracking. They can be used to increase bay sizes
in concrete floors and so reducing problems associated
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with joints. Another example of use is in radiation areas
where dense, crack-free concrete is required. Additional
information can be found in CAA technical sheet ATS 15
(CAA, website).

B Corrosion-inhibiting admixtures can be used to increase the
corrosion threshold of embedded steel, especially where
chloride ingress may be a problem. These are integral admix-
tures added at the mixer and should not be confused with
migratory corrosion inhibitors added to the hardened concrete.
Additional information can be found in the CAA technical
sheet ATS 9 (CAA, website).

B Mortar admixtures, as well as being air entrainers, can also
give retardation of the set and retention of mix consistence
so that the mortar can be used over an extended period, typi-
cally 36 h. However, when applied to an absorbent brick or
block, water and admixture are sucked out, promoting earlier
setting. Both air-entraining and retarding mortar admixtures
are covered by European Standard EN 934-3: 2003. Additional
information can be found in CAA technical sheet ATS 7
(CAA, website).

B Other special purpose admixtures include pumping aids, wash-
water admixtures for in-truck recycling of residual concrete,
foam concrete admixtures, polymer dispersion admixtures,
semi-dry concrete admixtures. Further information on these
can be found in the CAA admixture technical sheets (CAA,
website).

Health, safety and environment

Admixtures are usually sold to the concrete producers as
aqueous solutions with less than 40% active chemical and
most admixtures require no hazard labelling such as
Harmful or Toxic under current EU legislation. All
admixtures are supplied with a Material Safety Data
Sheet (SDS) which details the action to take in the event
of a spillage or accidental ingestion, skin or eye contact.

The quantity of active chemical in the hardened concrete
is very small and is essentially bound into the concrete.
This means that there is little or no leaching and most
admixtures have been approved for use in drinking water
applications such as reservoirs, pipes and tanks.

Admixtures will generally enhance the sustainability of
concrete by helping to reduce the overall level of embedded
carbon and increase the durability.

Overdosing: any dosage that is significantly in excess of
that intended (overdosing) can, in certain circumstances,
result in mix segregation, retardation and/or a degree of
air entrainment. The higher the intended dosage within
the manufacturer’s stated range, the more significant will
be the effect of any overdosing. For non-retarding admix-
tures the retardation is unlikely to be more than 24 h even
at considerable overdose but extra curing is advisable to
prevent the surface drying out before setting and re-
vibration up to the time of initial set will help to prevent
plastic settlement cracking. If overdose results in a
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significant increase in entrained air, this will reduce the
final strength of the concrete. Most admixture manufac-
turers will provide information on the specific consequences
of overdosing for each admixture type.

Technical information and support

Admixture producers have always been at the cutting
edge of innovation in the concrete industry and are
pleased to discuss specific problems and help to meet the
requirements of new and innovative designs or difficult
placing situations. Most producers provide services that
include trials and on-site support if necessary. The
admixture trade associations including the UK Cement
Admixture Association (CAA) http://www.admixtures.
org.uk or the German Deutsche Bauchemie (DB) http://
www.deutsche-bauchemie.de have a lot of useful informa-
tion for free download on their websites and links to their
admixture-producing members. Other admixture trade
associations can be reached through the FEuropean
Federation of Concrete Admixture Associations (EFCA)
http://www.efca.info.
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Chapter 11

Methods of concrete manufacturing

and curing

Konstantin Sobolev Department of Civil Engineering and Mechanics, University of Wisconsin-Milwaukee, USA

The initial stages of concrete preparation, placement, compaction and curing are
central to the performance of Portland cement concrete in different applications. This
chapter reviews various technological aspects that affect concrete performance, such
as the requirements for concrete mixing and transportation, formwork types, casting
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methods, and the effects of vibration, as well as different methods of concrete curing.
Special attention is given to novel concrete types and advanced industrial

technologies.

Introduction

Concrete technology

Historically, construction has been performed with elemen-
tary building units such as natural stone, timber, straw
bales, clay blocks, bricks and, later, structural steel.
These units have been held together by mortar, connecting
elements such as nails, bolts, rivets or welding. With the
appearance of concrete circa 1800, a new type of construc-
tion method — ‘cast in place’ — was realised. The advantage
of this method is in its ability to produce large-scale struc-
tures cast as a single unit without any connecting elements
(except expansion joints). With the invention of reinforced
concrete such technology helped realise in the most effi-
cient way the most challenging projects of the twentieth
century, such as the 2.6 millionm® Hoover Dam (USA,
1936), 540 m Ostankino Tower (Russia, 1967), 380m
Gullfaks C offshore platform (Norway, 1990), 12.9 km
Confederation Bridge (Canada, 1997), 452m Petronas
Towers (Malaysia, 1998). The most important advantages
of concrete include the ability to form the shape of a
desired configuration, to incorporate the reinforcement
elements, the ability to transform to a strong, durable,
stone-like material, as well as low cost and availability of
local raw materials, resulting in a sustainable and highly
desirable product.

Another aspect of modern concrete technology is related
to the industrial manufacturing process, or precast
concrete. This process involves the production of reinforced
concrete elements in controlled factory conditions through
the technological steps from concrete mixing to pre-
assembling of manufactured elements, and, finally, to the
delivery and installation at the construction site. The
advantage of the process is that the element’s shape,
geometry, dimensions, position and location of the
reinforcement, as well as the processes related to concrete
placement, compaction and curing, are executed under
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precise quality control. It is obvious that prefabrication is
the major trend for manufacturing of high-quality modular
construction elements; however, cast-in-place concrete
remains the most effective for large-scale projects.

In spite of their differences, these two main manufac-
turing processes involve the same technological steps:

B preparation of concrete mixture;

B transportation and placement of fresh concrete into the
mould(s) with preinstalled reinforcement;

B compaction and finishing of fresh concrete;
B curing of the concrete element/structure;

B formwork removal, inspection and final finishing.

Production and casting of fresh
concrete

Batching and mixing

Preparation of a fresh concrete mixture starts with
weighting or dosing the individual components of concrete
according to the mix design, known as batching. A parti-
cular volume of concrete materials mixed is called batch.
Mixing of concrete can be done in several ways, depending
on the volume of the batch and the job requirements:
by hand either in a metal tray, in a wheelbarrow, or
by using machine mixing in a drum, pan, single- or twin-
shaft mixers. The objective of the mixing procedure is
wetting and uniform distribution of all the components of
the mixture and the production of a homogeneous mixture
with required workability (ACI Committee 304).

The components of the mix can be metered or dosed by
weight or volume, depending on the equipment available.
The majority of industrial applications involve concrete
batching in the plant that can be stationary, field or
mobile. Such plants usually have separate bins for different
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cement scale
lir compressor

Figure 1

aggregate types and separate silos for cement(s) and
mineral additive(s) such as fly ash or silica fume. Powder
materials such as cement and mineral additives are weighed
in the aspirated bin and transferred directly to the concrete
mixer (Figure 1). Aggregates are dosed one by one into the
weight conveyor (or, sometimes, into an intermediate
weight silo installed atop a mixer) and delivered into the
mixer by belt conveyor or skip. Water is batched by
volume or by weight, depending on the mixing plant set-
up. Recently, chemical admixtures such as plasticisers and
superplasticisers have become common in concrete
mixtures; these are used in a liquid form, dosed by
volume, and pumped into the mixer following the assigned
mixing procedure. Silica fume (SF), a standard constituent
of high-performance concrete (HPC), is usually available in
a densified form, which can be handled by the cement or fly
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ash dosing equipment. However, the disagglomeration of
tiny SF granules to the level of individual particles cannot
be effectively handled by common concrete mixing equip-
ment. Therefore, premixing of densified SF with part of
the mixing water and, optionally, with a superplasticiser
(Dalstol, 1995; Sobolev and Soboleva, 2003) is recom-
mended for the production of high-quality HPC. Such SF
slurry is prepared in a separate mixer (usually colloidal or
grout mixer), can be stored in the agitating tank and can
be dosed using the water metering method. Sometimes, fly
ash (low-calcium, type F) is also introduced into a mix in
a form of slurry using a similar approach.

In addition to effective mixing, the major challenge for
preparing good-quality concrete is related to accurate
metering of the components used and, especially,
accounting for the moisture content of the aggregates.

Layout of ready-mixed concrete plant (courtesy of BHS-Sonthofen GmbH)
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Figure 2 Largje.-'capacity drum miker

The aggregate moisture content fluctuates frequently,
which can alter the prescribed mix design and, therefore,
the performance of manufactured concrete. With online
moisture metres, the quantities of water introduced with
aggregates can be evaluated and subtracted from the
required amounts of mixing water for each batch, assuring
the overall uniformity of manufactured concrete. Other
critical aspects of modern ready-mixed concrete technology
are related to control of workability, air content and
temperature of the fresh concrete supplied from the
facility.

Commonly, the concrete mixed in a stationary plant can
be delivered to the job site by a truck. This operation is the
core of the ready-mixed concrete industry. The concrete
delivery trucks have a drum mixer with a capacity of up
to 10m® mounted on the truck’s frame and connected to
the transmission, so the drum can rotate en route and at
the site (Figure 2). Often, the ready-mixed concrete plant
provides only batching (or proportioning) of the ingredi-
ents, while mixing is done using a truck mixer en route,
so concrete is delivered freshly mixed. This concrete must
be used within 90 minutes or before 300 revolutions of
the drum after the addition of water (Somayaji, 2001).
During hot weather or long distances, water and chemical
admixtures are metered and added at the construction
site; this helps to minimise the slump loss, but requires
additional quality control measures to ensure that all the
components are metered properly and the final mix meets
the specifications.

Given the diversity of manufactured concrete mixtures,
batch mix processing provides a flexible on-demand
supply of the mixture with the required quality and quan-
tity. The volume and capacity of mixers vary depending
on the job requirements and the equipment specifications.
There are drum mixers of up to 12m?® capacity, but the
common capacity of pan mixers is less than 3m’. Taking
into consideration that the complete mixing cycle, including
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loading, mixing and discharging, may be up to 15 minutes
(with typical mixing times of 2—5 minutes), these mixers
are capable of manufacturing up to 50 m?® of concrete per
hour. In some projects requiring relatively large quantities
(more than 50m> per hour) of uniform mix of the same
quality, continuous mixing plants can be an option. These
operations include large precast or dry mortar facilities.
Due to the specifics of the process, horizontal or vertical
shaft mixers are commonly used for continuous mixing
(Autocon innovative continuous processing systems).

Transportation at the jobsite

Within a relatively short range, fresh concrete is delivered
to the placement point by wheelbarrows, carts, chutes,
moving bunkers, belt conveyors, cranes or pumping.
Cranes and pumps are among the standard equipment for
large-scale and high-rise applications. Precast applications
commonly use bunkers or belt conveyors to deliver concrete
from the mixing plant into the production area. Further
delivery and placement is realised with the help of moving
bunkers equipped with a screw or belt conveyor; these
provide the precise placement of fresh concrete into the
moulds.

Pumping operations require concrete of high work-
ability, usually with a slump of 100mm or higher and
also with an increased proportion of small-size particulate
fraction (i.e. sand, cement or mineral additives). Often,
pumping-aid admixtures are used to preserve the homoge-
neity of the mixture and to facilitate the concrete flow.
Concrete with round or smooth-edge coarse aggregates
such as gravel results in an easier flow when pumping;
however, crushed stone is commonly used for the design
of pumped concrete. Combined application of crushed
stone as a coarse aggregate (particle size of 12.5-25mm)
and gravel as a mid-size aggregate (size of 5-12.5mm)
was found to be an effective solution for design of
pumped concrete (Sobolev, 1997). Modern pumps have
the capacity of up to 100m® per hour and can be used to
deliver concrete to a distance of up to 750 m horizontally
and up to 400 m vertically (Somayaji, 2001). The efficiency
and feasibility of the pumping operations depends on the
volume of concrete to be placed, since the pipes must be
lubricated by mortar in the beginning of the operation
and also must be cleaned at the end (Figure 3).

Concrete formwork and moulds

Depending on the job requirements, the concrete formwork
can be made of different materials such as:

B wood or plywood;
M steel;
B aluminium (with protective finish);

B fibreglass;
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B ABS (acrylonitrile butadiene styrene) plastic;
M concrete;

B styrofoam.

To meet the architectural concrete specifications, the form-
work can be surfaced with formliners, usually made of elas-
tomeric materials such as polyurethane or silicon, but also
can be polyethylene, polypropylene, Styrofoam, fibreglass
or other plastic material.

The formwork is usually designed to withstand the lateral
pressure of fresh concrete as well as the loads originating
from concrete vibration, crew operation and machines.
For concrete with high workability (slump of more than
175 mm) and, especially, for self-compacting concrete, this
pressure is equal to the hydraulic pressure of fresh concrete
(ACI Committee 347, 2004):

P = pgh
where
P lateral pressure, kPa;
density of concrete, kg/m?;
gravitational constant, 9.81 N/kg; and

depth of plastic concrete from top of placement to
point of consideration, m.

0D

For concrete of a slump of 175 mm or less, this pressure can
be reduced following the recommendations of ACI 347. The
moulds in the precast industry are often subjected to heavy
vibration, transport loads (by crane, railway or tilting
operations) and exposure to thermal gradients (during
accelerated curing). Therefore, all these factors must be
considered in the design of precast moulds.

To provide trouble-free form removal, as well as to
preserve the form material and avoid discoloration of the
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concrete surface, different types of form coatings and
release agents are used. These are commonly based on
hydrocarbon derivatives such as petroleum oils, paraffins,
waxes, silicone oils or vegetable oils (the oil-based products
are often used in a form of water emulsion). The main idea
of such surface treatment is to avoid the bond, chemical
interaction, or to prevent moisture exchange between the
concrete and formwork material. However, there are
special polymer-based materials (applied as formliners on
the surface of the form) that allow to absorb or filtrate
water from fresh concrete. Permeable polymer coatings,
non-woven geotextile and woven polypropylene fabric,
were successfully used in these applications (Basheer ez al.,
1995; Long et al., 1995; West, 2003). The application of a
controlled permeability formwork (CPF) allows the filtra-
tion of the surplus mixing water and entrapped air
(Figure 4). Different types of CPF were used for production
of architectural panels (Figure 5). The resulting surfaces
were reported to be bubble free and hard, with higher
strength and better abrasion resistance due to densification
of concrete. The application of a CPF liner results in
(Basheer et al., 1995):

B a significantly reduced water/cement (w/c) ratio near to the
surface and enhanced surface strength;

B a greatly reduced incidence of blow holes;
B much greater resistance to carbonation and chloride ingress;

B greatly improved performance under freezing and thawing
conditions.

Slipforms are used for continuous concrete cast operations;
they are pulled or raised (at certain intervals) as concrete is
placed. They are used for continuous cast of pavements,
canals, tunnels, precast hollow-core planks, such as
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Figure 4 Densification of concrete due to application of controlled permeability formwork (reprinted from A. E. Long et al., Second CANMET/ACI

International Symposium on Advances in Concrete Technology ©1995 ACI)

presented in Figure 6 (horizontal slipforms), or to form the
walls of buildings or silos (vertical slipforms).

Although formwork is removed from the concrete
member as soon as the concrete develops sufficient strength,

. £ e

Figure 5 Precast wall panel produced using the fabric forrhed mould
(M. West Fabric-formed concrete members, Concrete International, 2003)
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two types of forms remain untouched and constitute the
part of cast concrete element: insulated formwork and
decorative concrete panels. Insulated concrete formwork
(ICF), composed of two sheets of 40-50 mm expanded
polystyrene (EPS) or polypropylene connected by a plastic
web holder, is used to brace the ICF blocks together and
grip the reinforcement bars in the design position. After
the placement and initial hardening of concrete, the
surfaces of the resulting sandwich wall are finished by plas-
tering or stucco. Due to the exceptional heat insulating
properties of EPS, the resulting wall meets all green and
energy star ratings; however, the health issues related to
possible styrene or volatile organic compounds (VOCs)
emissions into the interior o