


PREFACE

Concrete remains a fundamental basis for the Australian construction industry. It provides a number of
benefits — social, economic and environmental — that means it is a sustainable material.

This edition of Guide to Concrete Construction represents a major review of the volume. The contents
were last reviewed in 2002 and much has changed in the composition and specification of concrete.
The reader will notice changes in the structure and content of this volume to address these changes
and ensure a contemporary description of concrete — its composition and performance.

The presentation of this edition has also changed to reflect modern communication where on-line
resources are rapidly outstripping ‘hard-cover’ texts. In doing so, the revision of the content can be more
readily achieved, allowing maintenance of the knowledge to reflect future changes that may be seen in
codes and Standards — both Australian and international.

An important inclusion is a model for a general specification for concrete construction. This is to address
a paucity of information regarding what is available in modern Australian concretes and to provide the
basis for a conversation between supplier and clients which will continue to evolve the opportunities
offered by concrete as a sustainable material.

This revision has been undertaken with the co-operation of a small but knowledgeable group of concrete
technologists — all experts in their field. They have willingly contributed their skills and expertise in
various aspects of concrete science to ensure the information presented is of relevance to those in the
concrete supply chain. Cement Concrete and Aggregates Australia would like to thank all those listed
in the Acknowledgements for this fine effort.

As ever, this volume provides a valuable source of information for those involved in the specification of
concrete in Australia. It also gives a broad breadth of knowledge for those new to the subject of concrete
— hopefully encouraging further study and research into a fundamental and essential building material.

Dr. Warren South
Director — Research and Technical Services
Cement Concrete and Aggregates Australia

August 2020
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In its most basic form, concrete is a mixture of
cement (‘Portland’ or blended), water, and fine
and coarse aggregates (sand and crushed rock
or natural gravel). Concrete is plastic when first
mixed, but it then sets and hardens into a
strong, solid mass. In the plastic state it can be
moulded or extruded into a variety of shapes.
When hardened, it is strong and durable, able
to support substantial loads and, at the same
time, resist the effects of fire, weather, wear,
and other deteriorating influences. Because of
these properties concrete has become a
construction material of great versatility and
wide application.

The properties of concrete in both the plastic
and the hardened states are dependent on the
physical  characteristics, the  chemical
composition and the proportions of the
components used in the mixture. Plastic-state
properties must be appropriate for the methods
of handling, placing, compacting and finishing
to be used in the job. Hardened-state properties
must be appropriate for the purpose for which
the concrete is to be used — i.e. it must be
strong enough to carry the loads imposed on it
and durable enough to resist the deteriorating
influences of wear and weather.

If not properly placed and compacted
(as discussed in Part V of this Guide), concrete
will not achieve its potential strength and
durability. It is important, therefore, that when
delivered to the construction site, plastic
concrete is sufficiently workable for it to be
placed and compacted using the means
available and in a timely manner.

Workability is achieved by having sufficient
‘cement’ paste (cementitious material and
water) in the mixture to lubricate the particles of
aggregate which allows them to move freely as
the concrete is placed and compacted.

Generally, the greater the volume of cement
paste in the mixture, the more workable will be
the concrete. However, it is the volume of water
in the paste which tends to be the dominant
factor — the more fluid the paste, the more
workable the concrete.
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NOTE: From the above diagrams, which show mixes at the same slump,
the following can be seen - (a) Coarse aggregate is generally the
dominant material; (b) air-entrained mixes require less water to achieve
a given slump; () even non air-entrained mixes contain some air. Mixes
containing smaller aggregates typically require a higher ‘cement’
content to achieve a given strength than mixes with larger aggregates -
as more paste is required to cover the higher surface area present with
smaller aggregates

RANGES OF CONCRETE MIX
PROPORTIONS

Achievement of many of the desirable
hardened-state characteristics of concrete,
particularly its strength and durability, depends
to a great extent on the development of physical
and chemical bonds both within the cement
paste as it hydrates (i.e. reacts chemically with
water) and between the cement paste and the
aggregate particles as the concrete hardens.

For a given mix, maximum bond development
will occur when the water content of the cement
paste is at the minimum needed to achieve
adequate workability and all air is expelled from
the system. In this respect, cement paste is like
any other glue — dilution weakens it.

When proportioning concrete mixes there are
competing requirements that must be
recognised. More water increases concrete
workability (allowing it to be properly placed and
finished) but as already noted, it also dilutes
and weakens the cement paste. In concrete mix
design (or proportioning — Part Ill of the Guide)
it is necessary to strike a balance between the
workability and strength/durability requirements
of the project and/or specification.
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In modern concrete technology, mix designers
have at their disposal a range of materials other
than the basic ‘cement plus water plus
aggregates’ with which to modify the properties
of concrete (Part Il of this Guide). Modern
concrete mixes almost invariably contain
pozzolanic and other cementitious materials,
one or more chemical admixtures, and where
needed, special aggregates. Also, in structural
design it is common practice to reinforce
concrete in order to optimise concrete
performance.  Steel reinforcement and
prestressing have been the preferred methods
of providing this reinforcement. In more recent
years other forms of reinforcement have also
been developed to improve structural
performance such as various types of fibres.
The nature of these newer materials and their
effects on the properties of concrete are
discussed in subsequent Sections of this
Guide.

The performance characteristics able to be
achieved with modern concrete could have only
been dreamed about by concrete technologists
as little as 20-30 years ago. High performing
cementitious materials and admixtures that
allow highly workable mixes to be produced at
very low water-to-cementitious materials ratios
(W/C) have allowed concrete performance to
soar to new heights — literally. High-rise
structures of the dimensions now being built
could not have been constructed with older
concrete technologies. Concrete can also now
(a) be ‘put to sleep’ for 2-3 days and then
‘woken up’ and used; (b) be successfully placed
under-water (Part VI) and (c) be used to
produce thin, high strength post-tensioned
concrete floors in high-rise structures, saving
materials, time and money. There seem to be
few limits to how modern concrete can be used.

These advances do not mean that concrete as
we know it does not face challenges. Concrete
has been the ‘victim of its own success’ in some
ways. With over 30 billion tonnes of concrete
being placed throughout the world each year,
supported by the manufacture of over 4 billion
tonnes of cement, the sheer volume of
materials and their manufacture present some
environmental challenges. These have been
discussed in Part X of this Guide.
Developments of new alternative binders that
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may one day replace ‘Portland’ cement are also
discussed in Part VII, Section 23.

Despite the great advances in concrete
technology and its ubiquitous use, concrete
construction cannot be successfully carried out
without consideration of many other factors.
The diagram at the end of this ‘Introduction’
demonstrates the inter-dependence of concrete
the material with a range of other factors that
must be considered when building a concrete
structure. Ultimately, the concrete structure
must exist in a particular environment and these
environmental conditions must be known.
Architectural and engineering design must then
be used to ensure that the concrete structure
(a) is suited to the local environment, and (b)
has design elements that allow it to function as
its owners expect (Part | of the Guide). It is then
up to the concrete technologist to create a
concrete mix that suits these various needs and
then for the project team to ensure that the
concrete is properly placed, finished and cured
to maximise its performance. It is the integration
of all of these elements that creates the
ultimately successful concrete structure.

The flexibility of concrete is such that (a) being
able to be moulded when in the plastic state
allows structures of many shapes and sizes to
be built, and (b) its strength and durability
allows these structures to be serviceable and
durable for long periods of time. These benefits,
along with its relatively low cost and ‘local’
manufacture, account for the world-wide
success of concrete as a building material.
However, the world does not stand still, and
concrete technology continues to advance.
Some recent technology improvements are
described in Part VII, Section 24 of this Guide.

This edition of the Guide has been expanded to
encapsulate many of the new advances in
concrete technology and explains how concrete
fits into the modern construction industry. The
main purpose of this Guide is to provide
practically based information about modern
concrete technology and many of the
construction techniques and processes used in
concrete construction. It is worth noting that
seldom is there a unique solution to achieving
a satisfactory structure. Each case needs to be
considered individually. The choice of materials
will be influenced by local availability, while the
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technigues employed to carry out the
necessary associated processes (e.g. curing)
will be influenced by the construction process
and program being undertaken. In every case,
consideration needs to be given to the ease
with which a process can be carried out on-site.
It is a truism that designing structures to be
‘buildable’ goes a long way to ensuring that the
structure will achieve its design potential and
perform appropriately throughout its design life.
Therefore, designers and  construction
personnel need to understand the construction
processes by which concrete structures are
created, as well as having a good
understanding of the material and how it should
be used. This Guide is a resource to be used by
those seeking further information about
concrete, concrete technology and concrete
construction.

AGGREGATES MIX DESIGN
Type Proportions
Grading Cement quality

W/C

Maximum water content
CEMENT Admixtures - types and
Type (proportions of major quantities
minerals; proportion of SCM)
Fineness

MIXING
WATER
Water Quality FRESH
Water and concrete CONCRETE

performance

ADMIXTURES
Type

Effect on other properties
Interactions

ELEMENT
DESIGN

Insitu
Precast

BUILDING
PRACTICES

Formwork
Tolerances
Reinforcing

PLACING

COMPACTING

CURING

ENGINEERING
DESIGN

Details
Reinforcement
(rack control
Cover

ARCHITECTURAL
DESIGN

Details
Section dimensions
Surface finishes

ENVIRONMENTAL
INFLUENCES

FACTORS INFLUENCING THE PERFORMANCE OF CONCRETE STRUCTURES
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1. OUTLINE

Concrete structures generally incorporate
reinforced and/or prestressed members. Many
concrete structures do require some form of
reinforcement, most commonly steel bars or
wires and/or other forms of reinforcement such
as steel or synthetic fibres, in order to carry their
design loads. However, this is not always the
case, and, in some circumstances, structures
may contain elements that are formed from
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plain concrete with no reinforcement required to
perform their function. This part provides basic
information on the principles and applications
for plain (unreinforced) concrete, reinforced
concrete, prestressed concrete and fibre
reinforced concrete.

Plain concrete (containing no reinforcement)
can be used in situations where the tensile
strength of the concrete alone is sufficient. Plain
concrete members are generally limited to sub-
bases and slabs on ground with low loading or
in rare cases to industrial slabs with carefully
constructed sub-base and designed jointing.

Reinforced concrete is a material that combines
concrete and reinforcement into a composite
whole. Whilst steel bars, wires and mesh are by
far the most widely used forms of reinforcement,
other materials are used in special applications,
e.g. carbon-filament reinforcement and
steel/synthetic fibres. AS 3600 defines
reinforcement as 'steel bar, wire, or mesh but
not tendons', whereas it defines ‘tendons’ as a
coverall for prestressing or post-tensioning
tendons, bars or wires.

Prestressed concrete structures use a
particular type of reinforcing system that
increases the efficiency of the reinforcement. In
prestressed concrete members, the concrete is
placed in compression before the member is
subjected to the applied loads. The
compression force is provided by tensioned
tendons (high tensile steel wires, strands or
bars) before they are bonded to the concrete and
then transfer this force to the concrete. Placing
the concrete in compression increases its ability
to withstand loads.

Reinforcement or prestressing of concrete
combines the material properties of steel and
concrete to provide a versatile construction
material. Plain concrete (unreinforced) has a
high compressive strength but a low tensile
strength. Steel, on the other hand, has a very
high tensile strength and compressive strength,
but it is much more expensive to use steel for
its compressive strength compared to concrete.
By combining steel and concrete into a
composite material, it is possible to make use
of both the high tensile strength of steel and the
compressive strength of concrete cost-
effectively.
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Aside from strength properties, concrete has
other beneficial attributes such as plasticity,
which enables it to be moulded readily into
different shapes, and relatively high fire
resistance, which can be used to protect steel
reinforcement embedded in the concrete.

Some advantages to combining steel and
concrete are summarised in Table I.1.

Table I.1 — Characteristics of Steel and Concrete

Characteristics of  Characteristics of
concrete steel

High compressive High compressive

strength strength

Low tensile High tensile strength
strength

Relatively high fire Relatively low fire
resistance resistance

Plastic and Difficult to mould and
mouldable when shape except at high
fresh temperatures
Relatively Relatively expensive
inexpensive

The aim of the reinforced concrete designer is
to combine the reinforcement with the concrete
in an efficient manner. The design requires
sufficient of the (relatively expensive)
reinforcement to be incorporated to resist the
tensile and shear forces which may occur in the
structure. The design will also utilise the
(comparatively inexpensive) concrete to resist
the compressive forces in the structure.

To achieve this aim, the designer needs to
determine not only the amount of reinforcement
to be used, but also how it is to be distributed
and where it is to be positioned. These latter
decisions are critical to the successful
performance of reinforced concrete and it is
imperative that, during construction,
reinforcement be positioned exactly as
specified by the designer. It is therefore
important that both those who supervise the
fixing of reinforcement on the jobsite and those
who fix it, have a basic appreciation of the

CEMENT CONCRETE
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principles of reinforced concrete as well as the
practices of fixing reinforcement.

Like reinforced concrete, prestressed concrete
is a composite material in which the weakness
of concrete in tension is compensated by the
tensile strength of steel — in this case, steel
wires, strands, or bars.

The compressive strength of the concrete is
used to advantage in prestressed concrete by
applying an external compressive force to the
concrete, which either keeps it permanently in
compression during its service life loading
(fully-prestressed) or limits the value of any
tensile stress which arises under load (partial
prestressing).

The pre-compressing or prestressing of
concrete can be likened to picking up a row of
books by pressing the books together
Figure I.1. If a larger number of books is used
(a longer span), the greater the force that has
to be applied at either end of the row to prevent
the row (the beam) collapsing under its own
weight. A load applied to the top of the books
would require an even greater force to be
applied to prevent collapse.

Hand pressure Hand pressure

Figure 1.1 — Prestressing can be Likened to Picking
up a Row of Books

In reinforced concrete, the steel reinforcement
carries all of the tensile stresses and in some
cases, some of the compressive stresses. In
prestressed concrete, the tendons are used
primarily to keep the concrete in compression.
The tendons are stretched (placing them in
tension) and then bonded to the hardened
concrete before releasing them. The force in
the tendons is transferred to the concrete and
S0 compressing it.

A fully prestressed concrete member is
designed to be permanently under
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compression, effectively eliminating most
tensile cracking. In this case, if the member is
slightly overloaded, some tension cracks may
form but these should close up and disappear
once the overload is removed, provided always
that the steel has not been strained beyond its
elastic limit. In partially prestressed members,
some tensile stresses and therefore some
cracking, is accepted at the design ultimate
load.

In reinforced concrete, the steel is not designed
to operate at a high level of stress, as
elongation of the steel will lead to cracking of
the concrete. In prestressed concrete, the steel
does carry very high levels of tensile stress.
Whilst it is well able to do this, there are some
penalties attached. Firstly, because of the
forces involved, considerable care must be
exercised in stretching the tendons and securing
them. Stressing operations should always be
carried out or at least supervised by skilled
personnel. Secondly, the structure must be able
to compress, otherwise the full, beneficial
prestressing forces cannot act on the concrete.
The designer must detail the structure so that
the necessary movements can occur during
stressing operations.

Reinforcement of concrete using steel or
synthetic fibres is carried out for a range of
beneficial reasons. The quantity and type of fibre
used is selected for the benefit that is to be
achieved. Fibres are commonly used in
conjunction with steel reinforcement but may be
used with plain concrete as the only form of
reinforcement in some cases. The types of fibres,
their benefits and common applications are
briefed in the following sub-sections, with more
details provided in Part Il, Section 7. Also, fibre
distribution and testing methods are given in
Part V, Section 11.

Information on types and properties of
reinforcing and prestressing steel is given in
Part Il, Section 6. Part V, Section 11 outlines
the guidance on handling and fixing of
reinforcing steel as well as the techniques used
to tension the tendons and to bond it to the
concrete. Also, safety precautions which should
be observed during reinforcement detailing and
stressing operations are provided in Part V,
Section 11 and Part IX, Section 28.
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2. BASIC PRINCIPLES OF PLAIN
CONCRETE

2.1 GENERAL

Plain concrete is designed to be used in a
structure without any form of reinforcement
other than that required for transfer of loads
across joints. Plain concrete is commonly used
in ‘on-ground’ applications such as pavements,
including bases, sub-bases or ‘blinding layers’
as well as wearing surfaces (Figure 1.2).

Rigid
Pavement

Cdncrete
Flexible

Flexible . N
Pavement N

Lo o _ s

Wearing
Surface

BASE (if used)

° Vapour barrier
- (if used)

SUBBASE

SUBGRADE

Elements of a typical concrete industrial pavement

Figure 1.2 — Pavement Construction and Load
Transfer

The design of a pavement must include
appropriate design of jointing detail and design
of the thickness of the concrete base. This
should be designed to maintain its integrity
while transferring loads on the pavement to the
sub-base and subgrade below it (Figure 1.2).

Concrete used in plain concrete pavement is
commonly specified by performance properties
including compressive strength grade, flexural
tensile strength and maximum drying
shrinkage. Other prescriptive properties may be
included in the concrete mix design such as
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maximum size of aggregate and total
coarse/fine aggregate grading limits, where the
design of the transfer of loads across joints is
totally reliant on aggregate interlock.

2.2 TYPES OF STRESSES

The types of stresses that occur in plain
concrete are dependent on the structure being
designed. In pavements, the key stresses relate
to loading. A load on the surface of a plain
concrete rigid pavement induces compressive
stresses in the top surface as well as tensile
stresses in the lower surface if the concrete is
placed on a flexible sub-base and sub-grade
(see Figure 1.3). The magnitude of these
stresses is dependent, in part, on the thickness
of the plain concrete pavement and also on the
properties of the sub-base and sub-grade.

WHEEL
LOAD

PP & @@ & (ompression
« 6|9 % %> Temsion

Figure 1.3 — Pavement Loading

Much of the strength of a plain concrete
pavement is dependent on the properties of
sub-base and subgrade supporting the
pavement. The principle property of the
subgrade and sub-base are their combined
elastic modulus (often represented as ‘modulus
of sub-grade reaction’ and used in pavement
design). The elastic modulus of subgrade
materials is directly related to the modulus of
subgrade reaction and is also related to a
commonly measured and specified value of the
sub-grade known as the California Bearing
Ratio (or CBR). representation of this
relationship is indicated in Figure 1.4 [derived
from Putri et al].

The other key location where stresses in plain
concrete pavements must be considered are at
the joints in the pavement base. If the joint is
working correctly, it limits differential movement
in the vertical direction between jointed slab
segments while allowing some limited
movement in the horizontal direction. To do this

% CEMENT CONCRETE
WA & AGGREGATES AUSTRALIA

the impact of a vertical load on a slab needs to
be restrained by shear force transfer across the
joint in the vertical direction (see Figure 1.5).

APPROX. RELATIONSHIP BETWEEN
SUB-BASE CBR AND MOE

100
90
80
10
60
50
40
30
20
10

0

Modulus of Elasticity (MPa)

0 10 20 30 40 5 60 70 80 90

(alifornia Bearing Ratio (%)

Figure 1.4 — The Approximate Relationship between
Granular Sub-Grade and Sub-Base CBR with Elastic
Modulus

| Pavement 35 Pavement

AN Joint Failure
Poor Joint design leading to inability to transfer load across the joint

LOAD

. R

LPavement ILIK PavemE\tJ

Shear stresses at joint

Good Joint design allowing full load transfer across the joint

Figure 1.5 — Shear Stresses are Controlled at the
Joint to Prevent Failure

Figure 1.5 shows the idealised load transfer
between jointed segments of an unreinforced
pavement. Joints should allow for concrete
dimensional change caused by shrinkage and
thermal expansion/contraction without allowing
differential vertical movement between two
pavement segments under applied loads.
There are various methods used to allow joints
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to perform the function and some of the
common joint designs include:

e Saw cut and tooled contraction joints;

e Dowel joints;

o Key joints.
These three common joint methods are
described in Figure 1.6. Other less common
methods are not discussed here, but are
detailed in Part V, Section 17 of this Guide.

Sawcut
l{ | _
minimum '/, D i L‘ J
} Induced crack =
- |

SAWED CONTRACTION JOINT

Joint Sealant or
Rubber Compression Seal

N

\
Joint Filler Dowel Bar

Dowel Bar Sleeve

ﬁ

/

Ak
Depth

DOWEL JOINT

|

[

KEY JOINT
Figure 1.6 — Common Pavement Joint Details

Depth

Saw Cut Joints — The purpose of saw cut joints
is to restrain differential vertical and horizontal
movements in the same direction as the joint
but allow limited horizontal movement
perpendicular to the plane of the joint. Saw cut
joints rely on aggregate interlock in the cracked
section below the saw cut (cut to a minimum of
one quarter of the slab depth) to transfer load
across the joint. The effectiveness of this form
of joint is dependent on the joint opening,
maximum aggregate size and distribution of
coarse aggregate in the concrete mix. If the joint

% CEMENT CONCRETE
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opening is too great, the load transfer may
become ineffective leading to failure of the joint.
This type of joint is common in lightly loaded
pavements such as footpaths. With careful
design and construction, sawn joints can be
used in road and aircraft pavements.

Dowel Joints — The purpose of dowel joints is
to restrain differential vertical and horizontal
movements in the same direction as the joint
but allow horizontal movement perpendicular to
the plane of the joint. Dowel joints are often
used for interior industrial pavements and
commonly in conjunction with key joints. In this
case dowel joints may be used in the longer
direction of a jointed segment and key joints in
the narrower direction. It is critical that dowels
are placed accurately and perpendicular to the
joint direction.

Key Joints — The purpose of key joints is to
restrain differential vertical movements in the
same direction as the joint but allow horizontal
movement perpendicular to the plane of the
joint as well as allowing horizontal movement in
the plane of the joint. Key joint effectiveness
diminishes as the joint opens. Care is required
in design using key joints where a greater joint
opening is expected (higher shrinkage or
thermal movement).

2.3 PROPERTIES OF PLAIN
CONCRETE

The key properties of un-reinforced (plain)
concrete are noted in Table I.1. These are
relatively high compressive strength, low tensile
strength and relatively high fire resistance. It
should be noted that concrete has low shear
strength in comparison to steel but has a
moderately high abrasion resistance depending
on its compressive strength grade. This
supports a view that plain concrete is best
suited for purposes where it is not required to
rely heavily on its tensile or shear strength and
uses such as concrete pavements are a good
fit for these properties provided that the sub-
grade and sub-base are sufficiently high
modulus of elasticity to provide support to the
concrete pavement. In addition to this, the
pavement joint spacing needs to be sufficiently
low (a maximum of 25 to 30 times the pavement
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thickness is recommended) to aid control of
early cracking between joints and the concrete
strength and pavement depth sufficiently high
to ensure that tensile stress levels are under the
specified maximum tensile strength of the
concrete.

2.4 APPLICATIONS OF PLAIN
CONCRETE

The quantity of concrete used in plain concrete
structures is quite high but is still economical in
certain applications. Some common
applications are listed below:

e Concrete road pavements;

e Aircraft pavements;

¢ Industrial pavements (interior);

¢ ‘Blinding Layers’ over subgrade as a
working platform for further concrete
pavement construction;

e Sub-base for unreinforced concrete
highway construction;

e High or low strength fill where washout
resistance greater than that of granular
road-base is required,;

e Gravity dam construction and roller
compacted concrete construction more
generally.

3. BASIC PRINCIPLES OF
REINFORCED CONCRETE

3.1 GENERAL

Whilst the behaviour of reinforced concrete is
actually quite complex, for practical purposes
we can assume that steel and concrete can
combine to act compositely for the following
reasons:

e Upon hardening, concrete bonds firmly to
steel reinforcement so that, when loads
are applied, the two act as though they
are one. The tensile forces are carried by
the reinforcement and the tensile
contribution from the concrete is ignored;

e When subjected to changes in
temperature, concrete and steel expand
or contract by similar amounts. They
therefore remain firmly bonded and

CEMENT CONCRETE
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continue to act compositely;

e Concrete, having a relatively high
resistance to fire, and a relatively low
thermal conductivity, protects the
embedded steel reinforcement with low
fire resistance, thereby substantially
increasing the time taken for the
temperature of the reinforcement to rise
to alevel where there is a substantial loss
of strength;

e Concrete provides an alkaline
environment for steel embedded in it.
This protects the steel from corrosion
and, because concrete is relatively inert
to chemicals other than acids, it
continues to do so for long periods of
time in all but very hostile environments.

The key aims of a designer of reinforced
concrete are:

e To be able to determine the amount and
the location of reinforcement so that it
resists the stresses which develop in the
concrete under load,;

e To ensure that the steel has a sufficient
layer of an appropriate quality of
concrete covering it to protect it from the
environment to which it might otherwise
be exposed;

e To ensure that the steel has a sufficient
layer of the appropriate quality of
concrete around it to protect it against
fire.

3.2 TYPES OF STRESSES

The principal types of stresses that develop in
structural elements or members, illustrated in
Figure 1.7, are:

e Compressive stresses — those which
tend to cause the member to compact
and crush;

e Tensile stresses — those which tend to
cause the member to stretch and crack;
and

e Shear stresses — those which tend to
cause adjacent portions of the member
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to slide across each other.

LOAD » ————————— « LOAD

LOAD 4

Figure 1.7 — Types of Stresses

It is very rare that there is only one of these
types of stresses found in a structural member.
Generally, some combination of compressive,
tensile and shear stresses will be encountered,
and it is the job of the designer to determine
these and locate the appropriate amount of
reinforcement necessary to resist this
combination of stresses.

Whilst shear stresses can be quite complex in
the way in which they act and react, two
principal types can be distinguished — vertical
and horizontal.

Vertical shear stresses occur, for example, near
the end supports of beams but are less near the
centre of the beam where the vertical shear
forces are more in balance Figure 1.8.

Vertical sliding or shear
LOAD

U B R !

|
f

|
i
!

Support Support

Figure 1.8 — Vertical Shear Stresses

Horizontal shear stresses occur as the beam
bends and the (imaginary) horizontal layers
within it will try to slide over one another
Figure 1.9.

When vertical and horizontal shear stresses
react with one another, they produce what is
known as diagonal tension which, in turn, tends
to produce diagonal cracking. This is illustrated
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in Figure 1.10 and commonly occurs near the
ends of heavily loaded beams.

Horizontal sliding
or shear

Figure 1.9 Horizontal Shear Stresses

Shear LOAD
HORIZONTAL
SHEAR
Support
LOAD +
Shear % VERTICAL SHEAR
force
Support
DIAGONAL
LOAD TENSILE
CRACKING
Diagonal x Shear {
tensmn
ShearT -
S ]
Support

Figure 1.10 — Diagonal Tension Cracks

Toresist such cracking, reinforcement must be
provided. This is done commonly by providing
stirrups or, on occasions, cranking the
horizontal reinforcement Figure 1.11. The
spacing between stirrups is closer near the
supports and increases as the distance from
the end of the beam increases.

A A

Figure 1.11 — Reinforcement to Resist Diagonal
Tension
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3.3 STRESSES FOUND IN
STRUCTURAL MEMBERS

Simply-Supported Beams and Slabs — A
simply-supported reinforced concrete beam
under load is shown in Figure 1.12. When such
a beam is loaded, either by a central point load
or a uniformly distributed load along its length,
it tends to sag or deflect downwards. This
causes the top of the beam to compress and
the bottom of the beam to stretch and go into
tension. Reinforcement is placed in the bottom
of the beam to resist the tensile stresses.
Compressive reinforcement will not normally be
required in the top of the beam due to high
compressive strength of the concrete. The
tensile stresses in the bottom of the beam
induce tension in the reinforcement and
cracking in the concrete. Overloads will cause
the reinforcement to elongate further and
further cracking to occur, until, under severe
overload, the beam will fail.

LOAD

3

=~ (ompression =

—_————
A =~ Tension =¥ A

Figure 1.12 — Simply Supported Beams or
Slabs

Simple Cantilevers — When a simple
cantilever beam or slab is loaded, it tends to
droop or deflect as shown in Figure 1.13.
Tensile stresses occur in the top of the beam or
slab and compressive stresses in the bottom. In
this case, therefore, the reinforcement is placed
in the top of the beam.

v

4= Tension - LOAD

— 2 g
- 3 . ‘—‘——,-._.__
—_

—_

= (ompression -

v
Figure 1.13 — Simple Cantilever Beams or Slabs

Fixed-Ended Beams — When a beam which is
fixed at both ends is loaded it tends to bend as
illustrated in Figure 1.14. Tension will again
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occur in the bottom of the beam and in this case
also in the top of the beam close to the
supports. Reinforcement must be placed in the
top near the supports and in the bottom across
the centre.

1__T_9nsion LOAD Tension

— —

= Tension =P

Figure 1.14 — Fixed-Ended Beams or Slabs

Multi-Span Beams and Slabs — As may be
seen in Figure 1.15, beams which span
between more than two supports tend to flex or
bend over the intermediate supports,
necessitating reinforcement in the top of the
beam at these points. They sag or deflect
between supports, necessitating bottom
reinforcement in the beam at these points.

Tension Tension
Figure 1.15 — Multi-Span Beams or Slabs

Retaining Walls — Retaining walls may be
likened to a vertical beam which is fixed at one
end. The earth, or other material being retained,
then causes the wall to act as a cantilever.
However, in this case, the footing of the wall is
also involved and it tends to bend or distort as
load is applied. The resultant stresses are
illustrated in Figure 1.16 which also shows how
the reinforcement would be distributed to resist
these stresses.

Columns — Whilst columns are designed
primarily to support axial loads, bending
moments are invariably introduced by uneven
or eccentric distribution of the loads. Columns
also tend to buckle, this tendency being a
function of their slenderness. Tall, thin columns
are more prone to this than are short, stocky
columns.
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All columns will require some reinforcement to
resist these tendencies. Since, in practice, the
load distribution on a column may change during
its service life, it is normal to provide this
reinforcement on all faces of a column to ensure
that it remains safe (i.e. able to carry its loads),
no matter how the distribution of the loads may
change. This reinforcement also contributes to
the ability of the column to carry axial
compression loads.

4m LOAD

Tension

Retained
Earth

G )

Figure 1.16 — Retaining Walls

This is illustrated in Figure 1.17 which shows a
column supporting a series of beams. As may
be readily imagined, the loads on this column
could change quite significantly as the loads on
the beams change. Hence the column could
tend to bend in any direction.

To resist the tensile stresses caused by
bending in a column, vertical reinforcement is
placed in the outer faces. This is illustrated in
Figure 1.18. In addition, stirrups or ties are used
to:

e Help prevent lateral bursting of the
column under axial loads;

e Restrain the longitudinal reinforcement
from buckling; and
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e Hold the main reinforcement firmly in
place during concreting.
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Figure 1.17 — Stresses in Columns
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Figure 1.18 — Typical Arrangement of Column
Reinforcement

3.4 BOND AND ANCHORAGE

As has been noted already, steel and concrete
act compositely when they are firmly bonded
together. The strength of this bond is an
important consideration in the design of
reinforced concrete. It is dependent on the
concrete being thoroughly compacted around
the reinforcement and on the latter being clean
and free of loose scale, rust or other material.
Formwork oil, for example, will destroy the bond
between steel and concrete. The bond may be
increased by the use of higher strength
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concrete or by the use of deformed reinforcing
bars. These ribs or deformations rolled onto the
bar surface results in the bond with concrete
being increased. AS 3600 requires that all
reinforcement except that for fitments be
deformed bars, see Figure .19.

Figure 1.19 — Typical 500-MPa Deformed Bar

To ensure that adequate anchorage is achieved
in the reinforcement, it is normally extended
beyond the region of tensile stress for a
sufficient length so that the bond between the
reinforcement and the concrete can develop
the tensile stress required at that point in the
bar. Where this is not possible for some reason,
or as an additional safety factor, bends or hooks
in reinforcement are often used to provide the
anchorage required.

4. BASIC PRINCIPLES OF
PRESTRESSED CONCRETE

4.1 GENERAL

The action of a simply-supported reinforced
concrete beam under load is described in sub-
section 3.3 and shown in Figure 1.12. In a
simply-supported prestressed concrete beam,
the application of the prestress normally results
in a small upward camber or deflection of the
beam as the concrete, on its underside,
compresses under the action of the prestress
(Figure 1.20(a)). When an external load is then
applied, the beam deflects or moves
downwards, negating (or neutralising) the
upward camber (Figure 1.20(b)). If an overload
is applied, the beam will deflect still further and
commence to behave in the same way as a
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reinforced beam. Tensile stresses will occur in
the concrete and cracking will result (Figure
1.20(c)). Severe overloads will cause the beam
to fail as the steel is stretched beyond its
ultimate limit.

e e

Prestress Prestress

(A) Prestressed concrete beam not under external load

e

Prestress Prestress

(B) Prestressed concrete beam under external load

Prestress Prestress

(C) Prestressed concrete beam under moderate overload

Figure 1.20 — Simply Supported Prestressed Concrete
Beam under Load

There are a number of special features about
the behaviour of prestressed concrete beams
(and columns) that should be noted:

e The positioning of the prestressing
tendons within a member is very
important. Because of the magnitude of
the forces involved, minor changes in the
location of tendons can have severe
consequences. For example, in the
beam shown in Figures 1.20(a) and
1.20(b), location of the prestressing
tendons closer to the bottom than was
intended would cause an increased
upward camber on the beam which may
be unacceptable, and could even cause
tension cracks to open in the top surface,
which could be deleterious to the long-
term durability of the beam;
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e The magnitudes of the stresses in a
prestressed member are such that when
it is precast it must be handled with
considerable care. For example, the self-
weight of a correctly positioned
prestressed beam will tend to counteract
the camber or upwards deflection (Figure
[.21(a)). Placing a beam in an upside-
down position (not unknown)  will
accentuate the deflection or camber and
may even cause the beam to fail (Figure
[.21(b)). Attempting to lift a beam by
other than its designated lifting points
may have similar consequences.

Self-weight

111

Prestress Prestress

(A) Precast prestressed beam correct way up

Self-weight

V)

Prestress

-~

(B) Precast prestressed beam wrong way up

Figure 1.21 — Position of a Precast Prestressed
Concrete Beam

4.2 PRE-TENSIONING

In a pre-tensioned member, tendons are first
carefully positioned within the formwork and the
design load or tension is applied to them. Then,
whilst tensioned, the concrete is cast around
them and allowed to harden until it achieves
sufficient strength (usually 32 MPa or higher) to
resist the forces to be applied to it. The ends of
steel tendons are then released from their
restraints and the stress is transferred to the
concrete by the bond between the two
materials.

The tendons used in pre-tensioning are usually
in the form of small-diameter wires or strands (a
combination of smaller wires — Figure 1.22).
The diameters of these materials are kept small
to increase the surface area available for
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bonding with the concrete. Indented wire is also
commonly used to further increase bond.

Figure 1.22 — Prestressing Strand and Wire

4.3 POST-TENSIONING

When a member is to be post-tensioned, the
concrete is first allowed to harden before the
steel tendons are stretched or tensioned. They
cannot therefore be allowed to bond with the
concrete, at least not initially. Usually they are
placed in ducts or holes which have been cast
in the concrete, although sometimes they are
greased and encased in a plastic tube to
prevent bond. In other cases, the tendons are
fixed to the outside faces of the member.

After the concrete has gained sufficient
strength, the wires or cables are tensioned and
then fixed or anchored in special fittings cast
into the ends of the concrete member. A wide
variety of patented fittings and systems are
available for this purpose. Typical slab and
beam anchorages are shown in Figures 1.23
and 1.24 respectively.

Figure 1.23 — Typical Slab Anchorage
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Figure- I.24 — Typical Beam Anchorage

4.4 APPLICATIONS

Although both pre-tensioning and post-
tensioning systems are designed to apply
prestress to concrete members, there are some
practical differences in their fields of
application. Pre-tensioning is normally confined
to the factory production of repetitive units
where the cost of the relatively large abutments
or restraints, against which the prestressing
jacks operate, can be justified. Alternatively,
very strong and robust formwork may be
constructed and wires are anchored against its
ends.

Post-tensioning is more flexible in its
application and may be carried out on-site. It
permits the use of curved tendon profiles and is
also suited to a wide variety of construction
techniques, such as 'segmental construction'
and 'stage stressing'. Since stressing is not
carried out until the concrete has hardened, the
concrete member itself provides the restraint
against which the stressing jacks operate
(Figure 1.25).

el = s S e
Figure 1.25 — Post-Tensioning Jack Operating at an
End of a Concrete Girder
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5. BASIC PRINCIPLES OF FIBRE
REINFORCED CONCRETE

5.1 TYPES OF FIBRES

Another form of reinforcement of concrete is
available with the use of fibres. The more
common forms of fibres currently available are
discussed in this section but it must be noted
that new forms of fibres, including variations in
material used to manufacture the fibre, shape
and size are being developed all the time.

The common broad material types used in
fibres are summarised below:

e Steel;

e Synthetic/Polymer;
e Glass;

e Carbon;

e Natural.

Each of these materials will produce varying
properties to the concrete. In addition, the
characteristics of fibre reinforced concrete
change with varying concretes, fibre materials,
shape, size and dose rate.

Steel fibres are the most commonly used fibres
for increasing the strength of concrete elements
and therefore are described by shape, aspect
ratio, length and tensile strength. Some typical
shapes for steel fibres are shown in Figure 1.26.

Plain

Hook End 1
Hook End 2
Hook End 3
Crimped

Enlarged End

Length

le N
N '

Figure 1.26 — Some Common Steel Fibre Shapes

The aspect ratio of a fibre is defined as the
length of the fibre divided by the average cross
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section diameter of the fibre. Steel fibre tensile
strength typically ranges between 800 MPa and
2000 MPa. Each fibre type and source have a
typical design tensile strength measured in
accordance with Eurocode or ASTM standards
(e.g. ASTM A820 or EN 14889-1). The steel
fibre tensile strength, aspect ratio, length and
shape all impact on the final concrete hardened
properties containing these fibres.

Synthetic fibres have been largely composed of
polypropylene or nylon but newer fibres are
being developed from other materials such as
recycled waste. Fibres may contain polyolefin
varieties such as polypropylene or polyethylene
terephthalate and other suitable plastics.
Synthetic fibres are commonly used to resist
spalling of concrete during a fire.

Synthetic fibres come in two main groups:

e Macro Synthetic (also known as
Structural Synthetic);

e Micro Synthetic.
Macro synthetic fibres are made from a number
of polymers and were originally developed to
provide an alternative to steel fibres in some
applications. They generally have a high tensile
strength and a moderate modulus of elasticity.
Unlike polypropylene micro synthetic fibres,
they can significantly increase the post-
cracking capacity of concrete. The properties of
Macro and Micro Synthetic fibres are provided
by EN 148892. Macro synthetic fibres come in
varying lengths, aspect ratios and degree of
surface texture to aid shear connection to the
concrete.

Micro synthetic fibres are commonly produced
from polypropylene. There are two forms of
these fibres:

e Monofilament;

e Fibrillated.
Monofilament fibres are defined by length
(typically 20 mm to 60 mm) and generally have
diameters of 0.05 mm to 0.3 mm. These fibres
are not considered replacement of steel fibres
or macro synthetic fibres but have beneficial
properties when correctly used in concrete.
Some of these properties include reduction of
plastic cracking in concrete, some reduction of
spalling of concrete subjected to fire and
improved impact resistance of concrete.
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Fibrillated fibres are defined by length (typically
6 mm to 15 mm) and generally have diameters
of 0.030 mm to 0.040 mm. These are beneficial
to concrete when correctly used. Some of these
properties include reduction of plastic cracking
in concrete and significant reduction of spalling
of concrete subjected to fire when used at the
correct dose rate.

Glass fibres for concrete are generally
composed of alkali resistant glass. Glass fibres
have been more commonly used in the
production of thin lightweight precast panels. In
this application higher additions of glass fibre
improve the tensile strength and toughness of
the panels.

Natural fibres and carbon fibres are less
commonly used. Natural fibres may include
basalt fibres and various types of plant sourced
fibres. Asbestos fibres are also a natural fibre
but are no longer used due to safety concerns.

Other types of fibres noted have their own
specific properties and impacts on concrete. In
all cases the supplier’s information on their
correct use must be considered before they are
specified.

5.2 ACTION OF FIBRES IN CONCRETE

All fibre types can be used in conjunction with
standard steel reinforcement to improve the
structural and durability performance of a
concrete member. It is possible that some
varieties of fibore when used in the correct
applications can be the only reinforcement in
concrete.

Plain concrete generally shows brittle
behaviour leading to failure after the first tensile
stress crack is formed under load. This property
of plain concrete can be enhanced in some
applications by using suitable fibres to provide
a more ductile behaviour under load.

Steel fibres and some structural synthetic fibres
can provide useful tensile restraint and aid
more ductile behaviour of loaded structures
post cracking. This behaviour is discussed in
AS 3600 and reference is made to the residual
flexural tensile strength test per Euro standard
EN 14651. Figure .27 is wused in
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AS 3600 and EN 14651 to demonstrate the
relationship between the load supported by the
test beam at various crack opening values
(crack mouth opening displacement or
‘CMOD’).
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Figure 1.27 — Load Versus CMOD for Residual
Flexural Tension

Most types of fibres will reduce the likelihood of
plastic cracking in concrete. Their performance
at doing this is dependent on the individual
product dose rate used. The dose rate for a
specific fibre must be discussed with the fibre
supplier.

The drying shrinkage of concrete can be
reduced through use of steel fibres. In this case
optimising the combination of steel fibre dose
rate in concrete requires coordination with the
concrete mix to achieve suitable workability
with this dose rate of fibre.

Steel fibres, macro synthetic fibres and some
specific micro synthetic fibres have proven to
be useful for improving the impact resistance
and abrasion resistance of concrete.

Specific types of micro synthetic fibres have
proven very useful in reducing or eliminating
spalling of concrete under aggressive fire
testing. The concrete mixture should be
assessed for performance in a fire to ensure
that the correct dose of fibres is used where
spalling mitigation is required. Fire testing is
carried out in accordance with AS 1530.4.

Significant local and international research into
the performance of steel fibres in providing
enhancement to the shear resistance of
concrete is being carried out. The result of
some of this research is reflected in
AS 3600. In AS 3600 a design value of the steel
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fibre impact on shear resistance of a reinforced
concrete member is estimated based on the
steel fibre component of the concrete.

In all cases the degree of benefit provided by an
individual fibre needs to be assessed and will
depend on using an adequate dose of fibres to
achieve the targeted enhancement.

5.3 APPLICATIONS FOR FIBRES IN
CONCRETE

Fibre reinforced concrete is used in structures
with or without the addition of conventional
forms of post-tensioning, bar reinforcement or
reinforcing mesh. The type of fibres used will
depend on the benefit being sought and the
economics of the solution.

Common structures that use fibres as part of
the concrete reinforcement system in Australia
include:

e Industrial pavements;

e Concrete road
roundabouts;

e Precast concrete elements used in
tunnel lining;

e Underground shotcrete in tunnel and
underground mining applications;

e Sprayed concrete swimming pools in
stable foundations;

e Sprayed embankment stabilisation;

e Footpaths and driveways;

e Concrete road barriers;

e Concrete elements where resistance to
spalling in a fire is critical.

pavements  and
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This section provides general information on the types of cement available in Australia and their
characteristics and their chemical and physical properties. In addition, it supplements the information
on the influence of cement on the properties of concrete given in Part VIII, Section 25 ‘Properties of

Concrete’.
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1. INTRODUCTION

Concrete is a generic term that refers to
composite material in which aggregates are
bound together by a binding agent to form a
solid structural product. Typical examples are
Portland cement concrete and asphaltic
concrete where the binders are Portland
cement (paste) and bitumen respectively.

This section describes ‘Portland cement’ as
used in ‘conventional’ concrete — though the
applications of ‘Portland cement’ concrete have
grown remarkably in the last few decades.
‘Portland cement’, through the hydration
reaction, is the fundamental component that
determines the performance of conventional
concrete and is usually the most expensive
component. Its selection and proper use are
important in obtaining the balance of properties
required for a particular concrete application
and in minimising the cost of the concrete.

An understanding of the properties of the
available cementitious materials and their
influence on the properties of the concrete is
important for the proper selection and use of
these materials. This understanding requires
some familiarity with the chemical and physical
characteristics of cement and cementitious
materials and of their influence on cement and
concrete performance.
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2. TYPES OF CEMENT AND THEIR
USES

2.1 GENERAL

Cement is a term used to describe a wide
variety of organic and inorganic binding agents.
The most widely used are those known as
hydraulic cements — finely ground inorganic
materials which possess a strong hydraulic
binding action, i.e. when mixed with water they
harden, in the absence of air, to give a strong,
stable and durable product. (NOTE: Hydraulic
cements may also harden under water.)

Hydraulic cements manufactured in Australia
fall into two broad classes — general purpose
cements and blended cements. The latter are
mixtures of general purpose cement with other
materials which either (a) possess inherent
cementitious  properties - e.g. ground
granulated blast-furnace slags (hereinafter
referred to as slag), or (b) which are pozzolanic
in nature — i.e. they react with lime in the
presence of water to form cementitious
compounds. The most commonly used
pozzolans are fly ash and silica fume.

Cements are manufactured in Australia to
comply with the requirements of AS 3972.
Seven different types of cements are covered
by this Standard, three of which are designated
as 'General Purpose' and four as 'Special
Purpose' cements. The term ‘Portland cement’
as noted in AS 3972 refers to cement made
using clinker and gypsum only and the
descriptor is no longer relevant in most cases.
For the remainder of this section, the term
‘general purpose cement will generally be
used.

The table at the end of this section lists the
common cements and their typical applications.
In addition, it covers a number of other hydraulic
cements, some of which are produced locally
and some of which are imported. The use of
these additional materials is limited but they
provide valuable additions to the range of
binding agents available.
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2.2 GENERAL PURPOSE CEMENTS

General purpose cements were known
originally as Portland cement. ‘Portland cement’
was patented in 1824 in England and has
evolved since then. The term ‘Portland’ derives
from the colour of the product which is similar to
natural rocks found in the Portland region in
England. ‘Portland cement’ is manufactured by
carefully proportioning a mixture of calcium
carbonate, alumina, silica and iron oxide which,
when calcined and sintered at high
temperatures (about 1,400°C), yields a new
group of minerals which react with water to form
cementitious compounds. The raw materials
most commonly used in making cement are
calcium carbonate (in the form of limestone,
coral or chalk); silica, alumina and iron oxide
(often from clay and shale). Sources of silica
(such as sand), of alumina (such as bauxite),
and iron oxide (such as iron ore) may also be
used as supplements if the other materials are
deficient. Effectively, cement manufacture
involves a set of (stable) natural minerals being
converted into a new set of (less stable)
synthetic minerals. These new minerals are
described (hypothetically) as:

e Tricalcium silicate: CsS — about 60%
of clinker;

e Dicalcium silicate: C2S — about 20% of
clinker;

e Tricalcium aluminate: CsA — about
10% of clinker;

e Tetracalcium aluminoferrite: C4AF —
about 10% of clinker.

The properly proportioned raw materials are
inter-ground to produce a finely divided 'raw
meal' for transfer to the kilns. The ‘raw meal’ is
heated in rotary kilns at temperatures from
1,300 to 1,500°C where the components react
together and partially fuse to form ‘clinker' —
hard balls of ceramic-like material. The
application of heat energy causes chemical
reactions to take place which results in the
conversion of the original minerals to new
minerals. The relatively coarse clinker can be
stored in sheds or silos as it is quite stable. It
may also be shipped to distant destinations
without any significant effect on the
performance of the cement ultimately made
from the clinker.
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To manufacture cement suitable for use in
concrete, the clinker plus a small amount (about
5%) of gypsum (calcium sulfate) is ground in a
‘cement mill’ to a fine powder. Mineral addition
materials may also be added at this time — with
AS 3972 allowing ‘up to 7.5%’ of a suitable
mineral addition to be added. Typically, the
mineral addition material used is limestone.
These materials are milled together in either
large ball mills (100-150 tonnes/hour capacity)
or vertical roller mills (typically about
200 tonnes/hour capacity). The lower energy
consumption of vertical roller mills is making
them the ‘mill of choice’ in modern cement
plants.

In addition to gypsum, small quantities of other
materials may be inter-ground with the clinker —
generally to improve mill throughput. These
‘grinding aids’ act in various ways — typically
preventing the cement particles from adhering
to one another. This has the added advantage
of limiting or preventing an issue known as
‘pack set’ where cement powder stored in large
guantities may form soft lumps over time.
These lumps can cause blockages when
transferring the powder from silos and/or ships.

Chemicals known as ‘cement improvers’ may
also sometimes be added during milling. These
often have limited benefit.

The previously mentioned ‘mineral additions’
are used primarily to lower the CO: intensity of
cement — simply by diluting the clinker content.
Note that fly ash and/or slag may also be
considered as ‘mineral additions’ when used at
‘up to 7.5%'.

The gypsum added during milling has a critical
effect on cement performance. Cement can be
made without gypsum, but such cement would
suffer from a condition known as Flash Set
when water was added to it. Flash Set occurs
when one of the cement minerals (C3A) reacts
immediately with the water. The CzA hydration
product causes the mix to immediately stiffen,
making the concrete or mortar unable to be
placed or compacted. The gypsum, which has
been partially converted to ‘Plaster of Paris’
when heated during the milling process,
partially dissolves releasing sulfate ions that
coat the C3A mineral and prevents it hydrating
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for about 12 hours, by which time the mortar or
concrete has been placed and finished.

In the 2010 review of AS 3972, a new general
purpose cement was included in the Standard.
This cement, a General Purpose Limestone
Cement (Type GL), ‘may contain limestone
alone or in combination with minor additional
constituents (maximum 5%) of 8-20% by mass
of the total cement.’ This cement type was
introduced to (a) allow producers to reduce the
CO:z: intensity of cement substantially, and (b) to
facilitate further research into higher (than
7.5%) levels of mineral addition in Type GP
cement through making trial cements with
>7.5% (and up to 20%) mineral addition
compliant with AS 3972. Little or no commercial
production of Type GL cement is currently
occurring in Australia.

2.3 BLENDED CEMENTS

In AS 3972, blended cements are defined as
hydraulic cements containing general purpose
cement and a quantity, greater than 7.5%, of a
supplementary cementitious material (SCM) —
slag or fly ash (or both) and/or up to 10% silica
fume. The SCM’s approved in AS 3972 for
blending with general purpose cement are fly
ash, slag and silica fume conforming to the
requirements of the relevant parts of AS 3582.
By extension, mixtures of general purpose
cement and other reactive ingredients can be
considered to be blended cements also but are
not presently included in AS 3972.

As might be expected, the range of properties
which can be achieved with blended cements is
quite wide, depending on the nature of the SCM
and the proportions in which the constituents
are mixed. In practice, however, the difference
in properties between Type GP (general
purpose cement) and Type GB (general
purpose blended cement) is not necessarily
huge as both are formulated to be used in
general building construction. Indeed, there is
very little concrete used in general building
construction today which does not contain a
proportion of fly ash and/or slag.
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2.4 PRINCIPAL CEMENTS USED IN

AUSTRALIA
General — The physical and chemical
properties specified in AS 3972 are

summarised in Table 1.1. As may be noted,
there are few restrictions on the constituents of
general purpose and blended cements.
AS 3972 is largely a performance-based
standard in which the cements are described in
terms of required performance characteristics
rather than just their chemical composition.

As the raw materials used to produce general
purpose and blended cements can vary from
locality to locality, the chemical compositions of
cements may also be variable. Nevertheless,
with modern technology, it is possible to
produce cements from these materials which
have very similar physical and performance

characteristics. AS 3972 specifies only aspects
of chemical composition which are necessary to
ensure satisfactory performance — e.g. upper
limits on the MgO (in clinker) and SOs contents
to guard against excessive long-term
volumetric expansion of the hydrated cement
paste, plus a limit on chloride ion content to
assist in managing corrosion in concrete
structures containing embedded steel.

Type GP-General Purpose Portland Cement
— Type GP cement is intended for use in most
forms of concrete construction and should be
specified where the special properties of other
types (such as high early strength, low heat of
hydration, or resistance to sulfates) are not
required.

Table 1.1 — Physical and Chemical Properties for Different Cement Types (AS 3972)

Type of cement

AS 3972 requirements

GP GB GL HE SL SR LH
Physical properties®
Setting time
Max.(h) 6 10 10 6 10 10 10
Min. (minutes) 45 45 45 45 45 45 45
Soundness
Max. expansion (mm) 5 5 5 5 5 5 5
Compressive strength (MPa)
Min. at 3 days - - - 25 - - -
Min. at 7 days 35 20 20 40 (b) (b) 10
Min. at 28 days 45 35 35 - (b) (b) 30
Peak temperature rise
Max.(°C) - - - - - - 23
Drying shrinkage
Max.(microstrain) 28 days - - - - 750 - -
Sulfate expansion
Max.(microstrain) 16 weeks - - - - - 750 -
Chemical limitations®
MgO in clinker
Less than (%) 4.5 4.5 4.5 4.5 4.5 4.5 4.5
SOs content
Max.(%) 3.5 3.5 3.5 3.5 3.5 35 3.5
Chiloride ion
Max.(%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

NOTE:

(a) When determined in accordance with the methods set out in AS 2350;

(b) Strengths shall comply with the Type GP or Type GB requirements depending on the cement

composition.
CEMENT CONCRETE
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Type GP cement may contain up to 7.5% of
approved mineral additions. Acceptable mineral
additions in AS 3972 include limestone
containing not less than 80% by weight of
CaCOs and fly ash and slag complying with the
requirements of AS 3582. Such additions, in the
proportions specified, assist the cement
manufacturer in the production of a more
economical and more uniform product and
lower the CO: intensity of the final product.
Mineral additions are inter-ground with clinker
and cannot be added as a separate component.

The performance requirements for Type GP
cement are those necessary to ensure
satisfactory performance with concrete used in
general applications. Thus, for example, its
minimum strengths at 7 and 28 days are higher
than those for the Special Purpose cements
(except Type HE), but it is not required to have
the special properties associated with the
Special Purpose cements e.g. low heat of
hydration or improved sulfate resistance.

Type GB-General Purpose Blended Cement
— Type GB cement may be seen as a
companion to Type GP cement, being intended
for use in most forms of general concrete
construction.

By varying the proportions of general purpose
cement and fly ash, slag and silica fume in
blended cements, it is possible to produce
cements with a wide range of performance
characteristics. Whilst the minimum strengths
specified for Type GB cements are lower than
those for Type GP (in recognition of their
generally lower rates of strength gain), it is not
uncommon for their ultimate strengths to equal
or exceed those with Type GP cement,
provided moisture (e.g. through proper curing)
is available for a sufficient length of time.

Type GB cement containing silica fume, which
is often intended for use in applications where
high strengths are sought, will generally
achieve relatively high early-age and 28-day
strengths, but the later age strengths are
typically not much higher than those achieved
at 28 days. The allowable silica fume content is
limited to 10% maximum as higher levels may
lead to concrete with poor workability
properties.
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Type HE-High Early Strength Cement — As
the name implies, Type HE cement develops
strength more rapidly than Type GP or Type GB
cements. Rapid strength development should
not be confused with rapid setting, the latter
being the rate at which the cement paste loses
its plasticity. Most cements have somewhat
similar setting times but may have significantly
different rates of strength gain.

High early strength performance is achieved
through grinding the cement finer which
promotes more rapid hydration. It lends itself to
applications where rapid strength development
is required; for example, where formwork has to
be removed as soon as possible (precast
concrete), or where early strength is required so
that further construction can proceed (post-
tension concrete). The rapid strength
development is usually accompanied by a
higher rate of heat evolution. Type HE cement
should not generally be used in thick concrete
sections or in mass construction. On the other
hand, its use in construction under cold weather
conditions may be beneficial.

Type LH-Low Heat Cement — Type LH cement
is designed for use where limitation of the heat
of hydration (and hence the temperature rise in
concrete) is necessary to avoid unacceptable
thermal stresses. These situations may occur in
mass concrete structures or in thick structural
elements. Low-heat cement may be a general
purpose cement or a blended cement provided
it meets the requirements for temperature rise
specified in AS 3972.

Low heat characteristics are achieved by
reducing the content of the more rapidly
hydrating compounds in cement (CsS and CzA)
or by blending with supplementary cementitious
materials. These, generally, will result in a lower
rate of strength development. Blended cements
have inherent advantages in minimising heat
evolution because of their lower rates of
strength gain, and act by diluting the general
purpose cement. Typically, 40% fly ash and
65% GGBFS are used to make a Type LH
cement.

Type SL-Shrinkage Limited Cement — Some
major specifications in Australia require the use
of Type SL cement as a means of controlling
the shrinkage of concrete used in significant
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concrete structures. Within the scope of
AS 3972, a cement characterised in terms of its
shrinkage performance was required to
reflect/cover these industry requirements.

Type SL cement is intended for use where
emphasis is placed on drying shrinkage and
crack control in concrete structures (e.g. road
pavements and bridge structures). Type SL
cement may be a general purpose or a blended
cement provided it meets the drying shrinkage
limit specified in AS 3972 (see Table 1.1). With
general purpose Type SL cements, a coarser
grind than that used for Type GP is typically
used.

Type SR-Sulfate Resisting Cement — Type
SR cement is intended primarily for use where
resistance to ground waters and other external
water sources containing sulfates in solution is
required. The relationship between the sulfate
resistance of general purpose cement and its
tricalcium aluminate (CsA) content is well
established. Portland cement containing less
than 5% CsA is classified as sulfate resisting
cement in many codes and standards for
cement worldwide, including Australia until
recently.

Studies have shown that cements potentially
containing less calcium hydroxide on hydration
perform well with sulfate exposure, e.g. certain
blended cements. A limit on Cs3A content for
these cements is neither appropriate nor
applicable. Therefore, as a performance-based
specification, AS 3972 replaced the limit on CsA
for sulfate resisting general purpose cement
with a performance test involving the
measurement of expansion of mortar bars after
exposure in a sulfate solution. A performance
limit (maximum expansion) suitable for a
compliant Type SR cement is noted in
Table 1.1. This limit was developed by
benchmarking the performance of Australian
Type SR cements with recognised and
accepted sulfate resisting cements from other
countries.

Type SR cement may be a general purpose
cement or a blended cement provided it meets
the sulfate expansion limit specified in AS 3972.
The minimum strength requirements in
AS 3972 for Type SR cements (as noted in
Table 1.1) are required to be equivalent to
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those for either general purpose or blended
cements — depending on the composition
chosen for the particular Type SR cement.

Off-White and White Cements — The grey
colour of cements is due mainly to the presence
of iron in the cement (in the ferrite phase —
tetracalcium aluminoferrite, C4AF). By lowering
the iron content, light-coloured cements can be
produced. This is achieved by using raw
materials low in iron and manganese oxides.
Because of more costly raw materials and
special requirements in manufacturing, Off-
White and White cements are more expensive
than the more widely used grey cements.

The composition of Off-White and White
cements is characterised by relatively high CzA
contents (9 to 14%) and low CsAF contents (3%
for Off-White and 0.3 to 0.4% for White
cements).

Off-White and White cements are used
principally for architectural purposes. Since
relatively high cement contents are normal in
this application, dense concretes of low
water/cement ratio, which are required
properties for durability, can be obtained.
However, because of the high CsA content of
this type of cement it should not be used in low
heat or sulfate resisting applications.

There is no specific Australian Standard for
these types of cement, but Off-White cement is
manufactured in Australia to meet the
requirements for Type GP or
Type HE in AS 3972. Off-White and White
cements imported into Australia are typically
required to comply with AS 3972.

Coloured Cements — Most coloured cements
consist of cement and inorganic pigments inter-
ground or mixed together, although some are
produced from clinkers having a characteristic
colour derived from the raw materials or the
manufacturing process.

In the production of coloured cements with
pigments, the base is either grey cement or the
more costly Off- White or White cement. Grey
cement is normally used to produce dark
colours.

To be suitable for use with cements, pigments
are required to be colour-fast under exposure to
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light and weather and of a chemical
composition such that the pigment is neither
affected by the cement, nor detrimental to its
setting, hardening, and durability
characteristics. Pigments should not contain
salts that may cause efflorescence. Black, red
and yellow pigments are usually finely-ground
iron oxides of different composition, while white
pigments are usually titanium dioxide.

Masonry Cement — Masonry cement is
intended mainly for use in mortar for brick,
stone and concrete block construction. It is a
finely ground mixture of general purpose
cement clinker, gypsum (calcium sulfate) and
suitable inorganic materials such as hydrated
lime, limestone and pozzolans. Air-entraining
agents, water-reducers (plasticisers) and
water-repellent substances may also be
incorporated. Masonry cement is produced in
Australia to meet the requirements of AS 1316.

It is characterised by producing mortars of high
workability and high water retentivity, but which
have a lower rate of strength development than
those made from only general purpose cement.
These characteristics make masonry cement
especially suitable for masonry work, but it is
entirely unsuitable for any form of structural
concrete (plain, reinforced or prestressed).

Oil-Well Cement — Oil-well cement is used in
the petroleum industry to grout oil and gas
wells. In these applications, the cement slurry
must remain sufficiently fluid (at temperatures
ranging from normal to about 200°C and under
pressures ranging from atmospheric to about
125 MPa) for the several hours needed to pump
it into position. It should then harden fairly
rapidly. It may also have to resist corrosive
conditions resulting from sulfur gases or waters
containing dissolved salts.

Oil-well cements are modified general purpose
cements that are designed to serve this need.
They consist of coarsely ground cement of low
CsA content, with or without a retarder.

The properties required of oil-well cements are
set out in the American Petroleum Institute
Standard API STD-10A ‘Specification for Oil-
well Cements and Cement Additives’. They are
subdivided into six classes each applicable to a
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specified range of well depths, temperature and
corrosion conditions.

Special methods of testing oil-well cements for
thickening times and strength under conditions
of high temperature and pressure have been
developed and are covered by the American
Petroleum Institute Standard API-RP 10B
‘Recommended Practice for Testing Oil-Well
Cements and Cement Additives’.

High Alumina Cement (HAC) — HAC is very
different from general purpose cement in its
chemical composition and in its characteristics.
The difference is derived from the raw materials
from which it is made — principally bauxite and
limestone. The product resulting from the
chemical combination of these two materials is
a cement having a high alumina (Al203) content
and a low lime (CaO) content as compared with
general purpose cement. In some literature,
HAC is called ‘calcium aluminate cement' or
‘Ciment Fondue’, but it is more commonly
known as high alumina cement. Itis all imported
into Australia.

HAC is characterised by a very rapid rate of
strength gain which results in very high early
strengths and high rates of heat evolution. The
latter characteristic allows hardening to take
place at relatively low temperatures but
prevents its use in mass concrete or in other
applications where high rates of heat evolution
may cause problems. HAC is resistant to attack
by sulfates and sulfate solutions, a property
which, combined with its high early strength,
has led to its use in factory floors and similar
applications. It also finds applications in
refractory concrete because of its resistance to
very high temperatures.

However, HAC may suffer a substantial loss of
strength in conditions which are both warm
(above, say, 25°C) and humid. Under these
conditions, a chemical process known as
‘conversion’ takes place during which some of
the hydrated compounds of the hardened
cement paste convert to other compounds of
smaller volume. This results in a cement paste
with significantly reduced strength.

The rate at which ‘conversion’ occurs depends
on the moisture condition and temperature of
the concrete. Where moisture is present and
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temperatures are above 25°C, the rate is fairly
high. Water/cement ratio also affects the rate of
‘conversion’ — the greater the original
water/cement ratio, the faster the rate of
‘conversion’ and the lower the converted
strength. External chemical agents may also
affect the rate of ‘conversion’.

The use of HAC in warm humid environments
should therefore be approached with great
caution because of the possibility of
‘conversion’ and loss in concrete strength.

If general purpose cement is added to HAC, the
setting time of the mixture is significantly less
than that of either product used alone. The
exact proportion at which the most rapid setting
is obtained varies with particular batches of
HAC and general purpose cement.

Mixtures of the two cements are used in pastes,
mortars and concretes, for applications
requiring quick setting and the development of
reasonable strength at a very early age, e.g. for
sealing leaks or stabilising rock. However, in
general, the faster the setting time the lower the
ultimate strength obtained. Caution should
therefore be exercised in applications where
the strength of the concrete is an important
element of its performance.

3. CHEMICAL PROPERTIES
3.1 GENERAL

The chemical composition of Portland cements,
high alumina cements, slags and pozzolans is
dominated by three elements — namely calcium,
silicon and aluminium. The proportions of these
elements, expressed as oxides, are shown in
the ternary diagram in Figure 1.1.

(NOTE: Each axis of the diagram represents 0-100%
of the respective oxides.)

3.2 GENERAL PURPOSE CEMENT

Chemical Composition — The chemical
composition of most modern general purpose
cements falls within the ranges given in
Table 1.2. The composition for individual
cements depends on the type of cement being
manufactured and the composition of the raw
materials being used. Given the wide range of
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Figure 1.1 — Relative Chemical Compositions of
Cementitious Products

raw materials found in Australia, it is not usual
for all cements, even of the same type, to have
exactly the same chemical composition.

Table 1.2 — Typical Oxide Content Ranges for
General Purpose Cements

Oxide Content (mass %)
Lime (CaO) 60 — 67

Silica (SiO2) 17-25

Alumina (Al203) 3-8

Iron Oxide (Fe203) 0.5-6.0
Magnesia (MgO) 0.1-45

Alkalies (Na2O + K:0) 0.5-1.3

Titania (TiOz2) 0.1-04
Phosphorus (P20s) 0.1-0.2
Sulfate 1-3

(expressed as SOs)

‘Portland cement’ includes four major
(hypothetical) minerals which are formed during
the clinkering process. These are identified as:
tricalcium silicate (CsS), which exists in clinker
in the impure form (and is also known as alite);
dicalcium silicate (C2S) (which is also known as
belite); tricalcium aluminate (Cs3A); and the
ferrite phase which exists as a compound close
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in composition to tetracalcium aluminoferrite
(C4AF).

Each of these four minerals (phases) exists in
several different crystal forms exhibiting some
variation in properties. The main properties of
the four phases are summarised in Table 1.3.
In addition, some 'minor' constituents will be
present in relatively small amounts — e.g.
gypsum, alkali oxides and magnesia. Further
details of these constituents are provided in the
Appendix to this section.

Table 1.3 — Properties of the Mineral Constituents of
General Purpose Cement

Potential
I\P/Irllr;real Characteristics :;gie?t];on*
(J/9)
CsS Light in colour; 500
Hardens quickly
with evolution of
heat;
Gives early age
strength.
C2S Light in colour; 250
Hardens slowly;
Gives later age
strength.
CsA Light in colour; 850

Sets quickly with
evolution of heat;
Enhances strength
of the silicates.

C.AF Dark in colour with 400

little cementing

value.
NOTE: * This potential is not reached in cement
hydration. The heat developed by a cement at
any particular age is governed by the rate of
hydration.

Reaction with Water — When cement is mixed
with water, a series of chemical reactions —
hydration reactions — take place which result in
the formation of new compounds and the
progressive hardening of the cement paste.
Evolution of heat and the development of
compressive and tensile strength within the
paste occur with the passage of time. The
strength development is a consequence of the
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formation of calcium silicate hydrates and
calcium aluminate hydrates which become the
‘glue’ that binds the aggregate materials to form
concrete. There are two by-products to these
hydration reactions, namely heat (as noted
above) and lime (calcium hydroxide). Calcium
hydroxide is present in significant quantities
(50-100 kg/m?®) in most concrete mixes.

When water is added, the resulting hydration of
the tricalcium aluminate (CsA) is moderated by
the gypsum which is added to the cement to
control its setting behaviour. The immediate
reaction between the CsA and gypsum
produces needle-like crystals of the mineral
‘ettringite’. It is this ettringite layer on the surface
of the CsA grains which retards the hydration of
this mineral giving a ‘dormant period’ in which
the concrete remains plastic and in which the
silicate minerals begin to react.

After some hours, further hydration of the CsA
results in the conversion of the ettringite into a
monosulphate and a solid reaction product,
approximated by the formula CsAH1s.

Figure 1.2 provides a schematic representation
of the relevant chemical reactions with a typical
time scale demonstrating the formation of the
paste structure that develops over time. Note
also the graphical representation of the
reduction in paste porosity as the setting and
hardening progress.

AGE  (mins) (hours) (days)
0 012 6 1 2 1 28 90

(a(OH), crystals— particles needles

Water
= _Pousy |
izz ————— ——a (SH fibres
0 5 012 6 12 I 28 90
AGE  (mins) (hours) (days)

Figure 1.2 — Schematic Representation of the Hydration
Reaction — Timing and Reactions Products'+
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The rates of the reactions and the nature and
amounts of the products formed depend on (1)
the chemical composition of the cement, (2) the
temperatures at which the reactions take place,
and (3) whether or not chemical admixtures are
present in the mixture.

After setting has taken place, the hydration
reaction continues. To facilitate this reaction,
water is taken from the capillary pores to
hydrate the previously unreacted cement. This
loss of water causes shrinkage known as
autogenous shrinkage. Autogenous shrinkage
occurs in the paste and its effect on overall
concrete shrinkage is limited by restraint by the
aggregate. Typically, the autogenous shrinkage
value in concrete is about 50 microstrain.

3.3 BLENDED CEMENTS

Chemical Composition — As noted earlier,
blended cements contain, in addition to general
purpose cement, either slag, fly ash, silica fume
or a combination of these SCM’s. The nature of
these SCM’s will be discussed in detail in
Section 2 of this Guide.

When SCM’s are used to manufacture blended
cements, the final cement product may be
obtained either by (1) inter-grinding the SCM(s)
with the clinker and gypsum, or (2) (post)
blending the SCM(s) with general purpose
cement. For a blended cement to meet the
requirements of AS 3972, this manufacturing
process needs to be carried out in a ‘cement
plant’. Typically, slag blends are more likely to
be manufactured using inter-grinding while fly
ash blends are more likely to be manufactured
by post-blending.

(NOTE: In Australia, most concrete plants have
separate silos of general purpose cement and
SCM(s) and the concrete producer can make a large
range of mixes with varying SCM types and
proportions. When blending is done in a concrete
plant the resultant ‘blended cement’ does not meet
the requirements of AS 3972. However, the resultant
concrete would be expected to have the same
performance as if a blended cement with the same
proportions was used.)

For fly ash blended cements, the usual
proportion of fly ash used is in the range
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20-30%. For Type LH applications, 40% fly ash
may be used.

With slag blended cements, Normal Class
concrete mixes would typically use a blend
containing about 30% slag. For some Special
Class mixes and for Type LH and high durability
requirements, a blend containing about 65%
slag is typically used.

Silica fume is rarely used in the manufacture of
Type GB cements in Australia. In countries
where it is used, the blend would typically
contain 8-10% silica fume.

Reaction with Water — When mixed with
water, the cement component of blended
cements hydrates to produce calcium silicates
and calcium aluminates in a manner analogous
to that of hydrating general purpose cement.
However, there are some important differences.
Firstly, with pozzolanic materials such as fly ash
and silica fume, it is the calcium hydroxide
produced during the hydration of the general
purpose cement which reacts with the silica in
the pozzolan to form additional calcium silicate
hydrates. These reaction products are similar in
structure to those produced by hydrating
cement. The lime-silica hydration reaction is
much slower than the hydration of cement and
blended cements containing pozzolans tend to
have lower strengths at early ages than
cement-only mixes. They also have lower heat
of hydration.

Secondly, with slags, the calcium hydroxide
acts as an activator as well as participating in
the hydration reactions. In this case also,
calcium silicate hydrates and calcium aluminate
hydrates are formed. Since slags are
themselves weakly cementitious, the reactions
will be somewhat faster than the lime-pozzolan
mixes but are still slower than cement-only
mixes. Blended cements made with slag can be
expected to have lower rates of early-age
strength gain. However, allowance for this can
be made in the manufacture of the blended
cement (e.g. by finer grinding) and in the curing
of the concrete to ensure suitable strength
development so that required 28-day strengths
are achieved. At later ages, the strengths of
blended cement mixes will generally exceed
those of cement-only mixes.
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4. PHYSICAL PROPERTIES
4.1 SETTING TIME

When mixed with water, general purpose and
blended cements form a plastic workable paste
which progresses through setting to eventual
hardening. Setting time is the period during
which the cement paste stiffens and loses its
mobility. Arbitrarily defined initial and final
setting times are used as a practical basis for
ascertaining the end of the workability period
and the onset of hardening.

Initial Set — For cement, it is the point at which
the paste reaches a certain degree of stiffness.
The time required for the paste to reach ‘initial
set’ is known as the 'initial setting time'. It is one
of the major influences determining the length
of time for which mortar and concrete remain
plastic and workable. To ensure that mortars
and concretes do not stiffen or set too early, a
minimum initial setting time for general purpose
and blended cements is specified in AS 3972.

Final Set — For cement, it is the point at which
the paste may be regarded as a rigid solid, is no
longer workable and after which time it begins
to develop measurable strength. The time
required for the paste to reach ‘final set’ is
known as the 'final setting time'. A maximum
value is specified in AS 3972.

The initial and final setting times are determined
using the test procedure set out in AS 2350.4
which measures the penetration of a needle
into a (cement and water) paste of specified
consistency. When the needle fails to penetrate
the paste to a specified depth within the
specified time, the cement is said to have
achieved its ‘initial set’. Final set is said to have
taken place when the needle fails to penetrate
the paste to a depth of 0.5 mm.

The setting times for cement paste are not
directly applicable to concrete. They are
determined on a cement paste and under
controlled conditions (including temperature).
Concrete setting times are affected by the water
content of the concrete mix, the temperature,
whether or not the concrete incorporates
admixtures and, if so, their type and dosage.
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4.2 HEAT OF HYDRATION/
TEMPERATURE RISE

The heat of hydration of cement is the heat
liberated as the cement and water react. The
amount of heat liberated over time, and the rate
at which this occurs is dependent on the cement
quantity and type, water/cement ratio and
temperature. In general, the rate of heat
liberation parallels the rate of strength increase.
This rate is usually high during the first two to
three days after mixing and then subsides
appreciably.

Heat is liberated during the hydration of the
cement as the cement minerals adopt a lower-
energy condition — resulting in a rise in
temperature. Temperature-rise/ age
relationships of various cements are shown in
Figure 1.3. In most concrete construction, heat
is dissipated from the concrete and large rises
in temperature do not occur. However, in (low
surface area) structures such as massive
foundations, dams, and thick structural
elements too great a temperature differential
between the core and the surface may lead to
thermal cracking. (NOTE: The core is hot and
expanding while the surface is cooling and
contracting leading to the development of tensile
stresses within the element.)

Limiting the temperature rise in concrete is
important to avoid thermal cracking. It is
generally required that the temperature
differential be limited to a maximum of 20°C.

40

Temperature Rise (°C)

06121824 3% 48 66 84 102 120
Age (Hours)

Figure 1.3 — Typical Temperature Rise with Age of
Cement Mortars — Semi Adiabatic Calorimeter
(AS 2350.7)
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Cements with ‘low heat’ characteristics are
produced for use in ‘low heat’ applications.

Measurement of heat of hydration using the
heat of solution method has been used to
characterise cements by many countries. While
this method determines with good accuracy the
total heat of hydration at seven days and longer,
it gives no indication of the actual temperature
rise under practical conditions or, more
importantly, at early age when the maximum
temperature rise is likely to occur. Further, the
method is not suitable for blended cements for
which other methods are now available, e.g.
Langavant method.

AS 3972 specifies/characterises low heat
cement by the peak temperature rise
(Table 1.1) measured on a standard cement
mortar under semi-adiabatic conditions.
Figure 1.3 shows typical temperature- rise/age
curves for various types of cement.

Peak temperature rise is determined in
accordance with AS 2350.7. This test method is
based on a French test known as the Langavant
method. It is modified to put the emphasis on
measurement of temperature rise allowing, as
an option, the calculation of heat of hydration, if
required.

4.3 STRENGTH DEVELOPMENT

On addition of water, the cement minerals
hydrate forming mainly hydrates of calcium
silicate and calcium aluminate and calcium
hydroxide as a by-product. The hydration
involves an increase in the volume of the solids
in the mix and growth of the gel binds patrticles,
bringing about stiffening of the cement paste
(i.e. setting). Further hydration decreases the
porosity of the set paste, thereby increasing its
strength. The rate of gain in strength of the set
paste (strength development) is at its maximum
rate at early ages, and gradually decreases with
time (Figure 1.4). Ultimate compressive
strength may take several years to achieve, but
for practical purposes 28-day strengths are
used as indicators of the 'final' strength — an
approach taken and specified in cement and
concrete Standards all over the world.
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80

Mortar Strength (MPa)
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Figure 1.4 — Typical Cement Mortar Strength
Development with Age (AS 2350.11)

The rate of strength development as cement
hydrates is influenced by both the chemical
composition and fineness of the cement. The
rate of strength development of blended
cements is dependent on the nature and
proportion of the component materials, i.e. the
amount, type and properties of the cement and
the properties of the fly ash, slag or silica fume.
As mentioned earlier, fly ash and slag blended
cements gain strength more slowly than
cement-only mixes at early ages, but they
exhibit more strength gain over a longer period,
particularly if moisture is available to support
curing for a sufficient time. On that basis, the
ultimate strength of blended cement mixes is
generally higher than that obtained if the same
general purpose cement was used alone
(Figure 1.5).

The compressive strength of general purpose
and blended cements as required in AS 3972 is
determined by compressive strength tests on
mortar prisms using a standard mortar (1:3
cement-sand mixture with a 0.5 water/cement
ratio) as defined in AS 2350.12. The actual
strength testing is conducted in accordance
with AS 2350.11.

Version 1.0



160

140

120

100

80
60

% Of 28-day Compressive Strength

40

20

0

013 7 28 90
Age (days)

Figure 1.5 — Development of Concrete Strength with
Age — Type GP versus Type GB

4.4 VOLUME CHANGE

General — A change in the volume of the
hardened paste may be caused by chemical
reactions, following for example, attack by
aggressive solutions (see 4.7); or by physical
factors, such as changes in the moisture
content or in the temperature of the paste.

Volume changes due to variations in moisture
content (shrinkage) and to variations in
temperature (thermal expansion and
contraction) are discussed below.

Shrinkage — Variations in the moisture content
of cement paste are accompanied by volume
changes: drying causes volume decrease, i.e.
drying shrinkage; while wetting causes volume
increase, i.e. swelling or expansion. A
schematic description of volume changes in
cement paste due to alternate cycles of drying
and wetting is given in Figure 1.6. It can be
noted that maximum shrinkage occurs on the
first drying of the paste and that a considerable
part of this shrinkage is irreversible; part of the
reduction in volume is not recovered on
subsequent rewetting. During successive
repetitions of wetting and drying, the process
becomes reversible, depending on the structure
of the paste and on the relative durations of the
wetting and drying periods. Since shrinkage is
caused by water loss, it is affected by external
factors that affect drying, such as temperature,
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humidity and air movement. Shrinkage is also
affected by some properties of the cement.

Although it is generally accepted that the
composition of cement can affect drying
shrinkage, the effect is not completely
apparent. The C3A and alkali content have been
observed to have a measurable effect. In
addition, the effects of C3A and alkali content on
shrinkage are influenced by the sulfate content
of the cement, i.e. shrinkage of cements of the
same CzA content differs for different sulfate
contents.

(NOTE: When determining the  optimum
gypsum/sulfate content for a cement, the cement
manufacturer measures the effect of varying
gypsum/sulfate levels on strength, setting time and
shrinkage and sets the final gypsum/sulfate level at
the point where the best performance is obtained.)

For many years, major project specifications in
NSW in particular have specified cement
composition and/or performance as a means of
managing shrinkage of concretes to be used in
certain structures — such as road pavements
and bridges. It was recognised, however, that
there are other cements that have performed
well in low shrinkage concrete applications.
This led to the development of a cement
characterised in terms of its shrinkage
performance — Shrinkage Limited Cement
(Type SL) and development of a test method to
measure the ‘shrinkage performance’ of
cements. This mortar test determines shrinkage
at 28 days under standardised conditions. An
upper limit for drying shrinkage has been set for
a compliant Type SL cement in AS 3972 (see
Table 1.1). These cements may be cement-
only or blended cements.

l—Specimen stored in water

Swelling
_Tin_
Initial
Reversable | drying
shrinkage | shrinkage

h 4

T_Initial dimension

«— Shrinkage | Expansion —»

Time —»

Figure 1.6 — Schematic Representation of Volume
Changes in Cement Paste due to Alternate Cycles
of Drying and Wetting
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% Of Ultimate Shrinkage Of Neat Cement

Relationship Between ‘Cement’ Shrinkage
and Shrinkage of Concrete — The drying
shrinkage values for a cement (mortar) cannot
be applied directly to the shrinkage of concrete
since the latter is greatly influenced by
significant factors other than just cement
properties. These factors include (a) the
concrete components, and (b) the ambient
conditions — temperature and humidity.
Aggregates restrain the drying shrinkage of the
cement paste. The restraining effect of the
aggregate, illustrated in Figure 1.7, is
determined by (a) the volume fraction of
aggregate in the concrete, (b) its modulus of
elasticity, (c) its absorption characteristics and
(d) the maximum aggregate size. Aggregates
that lack volumetric stability (such as certain
volcanic breccias) will cause significantly higher
drying shrinkage than those that are stable. The
water content of the concrete influences its
shrinkage — the higher the water content, the
higher the shrinkage.

Concrete”

1:3 mortar®

400 kg cement/m?

100 10- x 70- x 280-mm specimens

110
120

Neat cement®

40- x 40- x 160-mm specimens

0 7 14 28 90
Age (days)

Figure 1.7 — Comparative Drying Shrinkage of
Concrete, Mortar and Cement Paste at 50% Relative

180 365 1095

Admixtures may also affect the shrinkage of
concrete in a number of ways. For example,
some set- accelerating admixtures (e.g. those
containing triethanolamine) cause substantial
increases in drying shrinkage. Also, when
lignosulphonate-based water-reducing
admixtures are added to a concrete mix without
adjusting the mix proportions, an increase in the
early drying shrinkage may occur.
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The use of an admixture which enables a net
reduction in the water content of the concrete
will often result in reduced shrinkage. The
complexity of modern admixtures is such that it
is dangerous to generalise as to their likely
effect.

The use of pozzolanic materials may result in
either an increase or a decrease in drying
shrinkage depending, in part, on their effect on
the water demand of the concrete.

Therefore, using Type SL cement alone will not
guarantee the production of low shrinkage
concrete. The many other factors discussed
need to be considered as they may outweigh
the effect of the cement on the concrete drying
shrinkage. This is stated clearly in the notes for
Table 2 of AS 3972.

Thermal Volume Changes — The coefficient of
thermal expansion of cement paste varies
between 10x10% and 20x10° /°C depending,
mainly, on the moisture content of the paste.
The coefficient increases with increases in the
relative humidity, reaching a maximum at about
70% relative humidity.

4.5 PERMEABILITY

Permeability of the cement paste depends not
only on the paste porosity but also on other
properties of the pore system, such as pore
continuity and pore size distribution. These
properties are affected by the water/cement
ratio (and hence cement content) and the
extent of hydration — which in turn is affected by
the amount of curing given to the paste. The
effect of the water/cement ratio is illustrated in
Figure 1.8 and the effect of moist curing in
Table 1.4.

4.6 ALKALINITY

Hydrated cement paste is inherently an alkaline
material having a pH of approximately 12.5. It is
this high pH which allows concrete to protect
steel from corrosion by assisting in the
formation of a thin, passive iron oxide layer on
the steel that prevents corrosion.
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Figure 1.8 — Effect of Water/Cement Ratio on
Permeability®?

The composition of cement has little or no
influence on the level of alkalinity of freshly
hydrated cement paste, but a reduction in
alkalinity may take place as a result of the
leaching of alkalis from the paste and/or the
carbonation of the hydrated cement. Field and
laboratory investigations have shown that the
rate and extent of carbonation with blended
cements tends to be higher than that with
general purpose cements, but the permeability
of the paste is likely to be a much more
important factor in determining the risk of
corrosion. Impermeable pastes carbonate only
very slowly, no matter what type of cement is
used.

Table 1.4 — Duration of Moist Curing Required to
Achieve Capillary Discontinuity

Water/cement Duration of moist
ratio curing

0.4 3 days

0.45 7 days

0.5 14 days

0.6 6 months

0.7 1 year

>0.7 Impossible
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4.7 RESISTANCE TO CHEMICAL
ATTACK

General — Hardened cement paste may be
attacked by aggressive chemical agents. The
intensity of the attack depends on the specific
properties of the agent, its concentration, and
on the duration and the nature of the contact
with the paste, i.e. whether it is continuous or
periodic. Regardless of the nature of the
aggressive agent, the chemical resistance of
the paste is related to its permeability — less
permeable pastes are more resistant to all
forms of chemical attack.

Acids — The action of acids on the hardened
cement results in the conversion of the calcium
compounds in the paste to the calcium salts of
the acid. The solubility of the resulting calcium
salt determines to a large degree the extent of
the acid attack. If the calcium salt is soluble it is
readily removed by dissolution and leaching. As
a result, the structure of the hardened cement is
effectively destroyed. Hydrochloric acid and
nitric acid give low pH solutions and calcium
salts which are readily soluble. Acids which
result in insoluble salts, such as oxalic and
hydrofluoric acid, cause less significant
damage.

Sulfates — All soluble sulfates react with
hardened cement pastes causing the
formulation of expansive products which, in
severe cases, can result in complete
disintegration of the paste, mortar or concrete.

Calcium, sodium and potassium sulfates can
attack the aluminates in the cement paste. The
reaction, in the presence of moisture, creates
an expansive reaction product which may lead
to cracking. Magnesium sulfate and ammonium
sulfate are potentially more severe in their
action since they attack not only the aluminates
but also the silicate hydrates. Attack is
progressive, and the hardened cement can be
reduced to a soft mass. The severity of the
sulfate attack on cement paste, mortar and
concrete depends on the type of the sulfate, its
concentration, whether the sulfate solution is
stagnant or flowing, and temperature.

The use of sulfate-resisting cements is
recommended where the risk of sulfate attack
is present.
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It should be noted that resistance of concrete to
sulfate attack is influenced not only by the
factors affecting the chemical reactions but
also, and more importantly, by the factors
influencing the permeability and the overall
quality of the concrete — as noted in Table 2 of
AS 3972. Generally, sulfate resisting concretes
should be at least 40 MPa (or higher), and
ideally the cementitious materials should
include an SCM.

Chlorides — The major influence of chlorides in
concrete is to increase the risk of corrosion of
reinforcing steel. If present in sufficient
concentration in the vicinity of the steel, they
cause a breakdown in the passive layer which
normally protects steel from corrosion in
alkaline conditions. Corrosion can then occur,
particularly if the alkalinity of the cement paste
is simultaneously reduced by carbonation.

The use of a cement relatively high in CsA may
assist in reducing the influence of chlorides by
'binding' a portion of them. Chlorides will react
with calcium aluminates to form calcium chloro-
aluminates. However, this measure should not
be relied upon to prevent corrosion of steel by
chlorides, partly because calcium aluminates
combine preferentially with sulfates (to form
sulfo-aluminates) before chlorides, and partly
because subsequent carbonation of the paste
causes breakdown of the chloro-aluminates
and the release of chloride ions into the system.

Blended cements have been shown to be
advantageous. The dense pore structure which
results from their use reduces the mobility of the
chloride ions, extending the time to onset of
corrosion.

4.8 RESISTANCE TO FREEZING AND
THAWING

The freezing of ice involves an increase in the
volume of the water frozen by about 9%. In
saturated, or nearly saturated cement pastes,
freezing of free water and the consequent
volume increase will produce internal pressures
which, in turn, cause dilation and cracking of the
paste. Repeated cycles of freezing and thawing
therefore damage cement pastes (mortars and
concretes) by causing internal stresses which
crack the paste and eventually cause it to
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disintegrate — most particularly at the exposed
surface.

The damaging effect of frost depends primarily,
therefore, on the amount of free moisture within
the pores of the paste, and this in turn depends
on the permeability and/or porosity of the paste.
Pastes of low water/cement ratio and, hence,
low permeability, are inherently more resistant
to frost action. The resistance of cement pastes
to freezing and thawing may be improved
dramatically by the purposeful entrainment of
air within the concrete.

Certain types of blended cements, notably
those containing fly ash with high carbon
content, tend to depress the effects of air-
entraining agents and to produce a less uniform
and a less stable air-void system. Otherwise, the
type of cement has no specific effect on the
resistance of cement paste to freezing and
thawing resistance.

4.9 RESISTANCE TO HIGH
TEMPERATURE

The effect of high temperature on the hydrated
cement paste will vary with the following
factors:

e Rate of temperature rise;

e Length of exposure;

e The final temperature reached;
e Age of the hardened paste;

e Degree of saturation.

With a slow rise in temperature, the hardened
paste progressively dries out, but its properties
are substantially unaffected up to about 200°C.
Where the rise in temperature is rapid and the
concrete is saturated — for example where it has
not had the time to dry out thoroughly —
significant damage may occur due to moisture
trapped in the pores of the concrete turning into
steam and it bursting through the surface. It has
also been found that the decomposition of
ettringite above 100°C, in conditions where
temperature rise is rapid, can lead to the
creation of water vapour that may ‘pool’ in
cooler sections of the concrete and be later
released resulting in spalling.
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At temperatures between 300°C and 600°C,
(chemically) combined water is driven off and
dehydration begins to take place, resulting in a
progressive loss in strength and a material
which will be severely damaged by rewetting.
Exposure to temperatures above 600°C will
lead to complete loss of strength and,
eventually, to failure. If such conditions are
expected, high-alumina cements combined with
selected refractory aggregates should be used
to produce a refractory concrete.

5. STORAGE, SAMPLING AND
TESTING OF CEMENT

5.1 STORAGE

The principle underlying the proper storage of
cement is that, as far as possible, moisture (or
air which may contain moisture) should be
excluded from contact with the cement. If
completely protected from moisture, cement
may be stored for an indefinite period of time.

Bulk cement is stored at cement plants and
terminals, and at concrete batching and
products plants, in steel or concrete silos.
Provided moisture is excluded from the interior
of such silos, cement may be stored in them for
quite long periods. Satisfactory storage for
several months is not unusual. Often,
conveying air used to load cement into silos
from tankers is not moisture free and this can
lead to lump formation if the cement is not
regularly used.

Cement packed in multi-layer paper sacks has
a more limited storage life as moisture will be
absorbed from the atmosphere and cause
progressive deterioration of the cement over
time. In damp weather, such deterioration may
be quite rapid and will be evidenced by the
development of crusting or even hard lumps in
the cement. Such cement is likely to have
reduced strength and extended setting times,
even if the hard lumps are screened out.

Soft lumps such as those which may occur in
the lower bags in a high stack from the pressure
of the bags above, and which can be broken up
by rolling the bag a few times, is not a sign of
deterioration.
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(NOTE: This soft lump formation is known as ‘pack
set’)

Bagged cement storage areas must be kept dry
and, as far as practical, air movement
restricted. Storing bags on pallets above
ground, covering stacks with tarpaulins or
plastic sheeting, and ensuring that the stock is
used in the order in which it is received are all
measures which will assist in preventing
deterioration of bagged cement.

It should be noted that Off-White cements are
more prone to lump formation and can have a
considerably lower shelf life than general
purpose (grey) cement.

5.2 SAMPLING AND TESTING

Sampling and testing of cement for compliance
with specifications is normally carried out in
accordance with the requirements described in
AS/NZS 2350.1 and AS 3972. The test
methods for cement are described in the
AS 2350 series of Australian Standards.

Testing is carried out routinely by the cement
manufacturer and the results of these tests are
normally available on request on a formal test
certificate. Industry laboratories are generally
NATA accredited to carry out the specific
testing required.

6. APPENDIX — MINOR
CONSTITUENTS OF CEMENT

6.1 GYPSUM

Gypsum [calcium sulfate containing two
molecules of water (CaS04.2H20)] is added
during grinding of the clinker in order to prevent
‘flash setting’ of the cement when water is
added. The heat from the milling operation
(when using ball mills) partially converts the
gypsum into ‘Plaster of Paris’ (CaS04.0.5H:0)
which is a more soluble material that is able to
more readily provide the sulfate ions into
solution necessary to prevent ‘flash setting’.

The retarding action of gypsum/sulfate is due
mainly to the formation of coatings of ettringite
(calcium sulfo-aluminate) on the surface of the
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aluminate (C3A) in the cement which prevents
its immediate hydration. The sulfate content of
cement must be controlled as excess sulfate
may cause the formation of increased amounts
of ettringite, leading to expansion and cracking
and deterioration of the hardened cement.
Consequently, cement standards specify a
maximum sulfate content (expressed usually as
%S03). AS 3972 limits sulfate (as SOs) content
of cements to a maximum of 3.5%.

Gypsum/sulfate has an influence on the setting
time, strength and drying shrinkage properties
of cement. A cement manufacturer optimises
the percentage of gypsum to ensure the best
combination of these performance properties to
meet the needs of the market.

6.2 FREE LIME (CaO)

The presence of free (uncombined) lime in
cement may occur when the raw materials used
in the manufacturing process contain more lime
than can combine with the silica, alumina and
iron oxides. Alternatively, free lime may occur
when the amount of lime in the raw materials is
not excessive, but its reaction is not completed
during the burning process — i.e. the cement is
underburnt. When the amount of free lime
exceeds certain limits, depending on the
fineness of the cement, the cement shows
‘unsoundness’. The mechanism of
‘unsoundness’ is as follows: The free lime is
inter-crystallised with other minerals and is
therefore not readily accessible to water. It
hydrates after the cement has hardened and
because the hydration product occupies a
larger volume than the free lime alone it may
cause expansion and cracking. Thus, the
hardened product is not ‘sound’.

It is evident that free lime in the cement should
be limited. It is difficult, however, to specify a
guantitative limit for free lime in cement
because its adverse effects depend not only on
the amount present but also on other factors.
Consequently, cement standards generally
nominate a test for ‘soundness’ to ensure that
the amount of free lime present does not have
an adverse effect on the hardened cement
products. The relevant test is prescribed in
AS 2350.5. It is the Le Chatelier Test which
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involves making a cement paste, allowing it to
harden and then boiling a small cylinder of the
hardened paste to accelerate any latent
hydration reactions and measuring any
consequent expansion. An expansion limit for
this test of 5 mm maximum is set in AS 3972.

6.3 MAGNESIA (MgO)

Magnesia is introduced into cement as a minor
constituent of limestone. Except for a small
amount held in the crystal lattice of the cement
compounds, MgO normally exists in cement as
the mineral periclase (MgO), a crystalline
material which can exhibit long-term expansion
due to later-age hydration. Most cement
specifications place a limit on the amount of
MgO that can be present in ‘cement’. AS 3972
limits the magnesia content in clinker to 4.5%
maximum.

6.4 ALKALI OXIDES (K20, Nax0O)

The alkali oxides (potash and soda) are
introduced into cement through the raw
materials. The total content of potassium and
sodium oxides in cement is small
(Table 1.2). A reaction may occur between
these alkalis and some types of aggregates
which contain reactive silica. This reaction,
known as ASR or AAR, creates an expansive
reaction product which, if it absorbs sufficient
water, may expand and cause cracking and
disruption of the concrete. Although the
reaction will always occur in the presence of
reactive silica, damage to the concrete may be
avoided when the amount of alkali in the
concrete is low. While AS 3972 does not impose
any limit on alkali content, many specifications
set limits on the alkali content of cement
expressed as Na,O (or sodium) equivalent
(%Na,0+0.658%K,0). The typical limit is 0.6%
sodium equivalent maximum. In the presence
of potentially reactive aggregate, a range of
measures can be taken to minimise the risk of
damage due to ASR/AAR. These are discussed
in ‘Alkali Aggregate Reaction — Guidelines on
Minimising the Risk of Damage to Concrete
Structures in Australia’, Standards Australia
HB-79:2015.
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6.5 LOSS ON IGNITION result, making interpretation difficult unless the
general cement composition is known.
Loss on ignition (LOI) primarily measures the
presence of moisture and carbon dioxide in the
cement and is determined by heating a cement
sample to 900-1,000°C. Whilst LOI can be used
to indicate whether a cement has been
impaired by exposure to undue levels of
moisture and/or carbon dioxide, the presence of
certain mineral additions such as limestone or
relatively high levels of slag can affect the

No limit is specified in AS 3972 for LOI but the
value must be reported if requested.

7. SUMMARY

Table 1.5 — Hydraulic Cements — Types and Applications

Type Application

General Purpose (Type GP) For general use in building and construction.

General Purpose Blended (Type For general use in building and construction. Early rates of strength gain may be
GB) lower than with Type GP, and curing may be more critical for full strength
development.

High Early Strength (Type HE) Where early strength is a critical requirement (e.g. for early stripping of formwork,
precast concrete and pre-stressed concrete);
In very cold weather;
In repairs to concrete structures.

Low Heat (Type LH) Where rise in concrete temperature must be limited to avoid thermal stresses (e.g.
in mass concrete construction or in very hot weather);
Where moderate resistance to some forms of chemical attack is required.

Shrinkage Limited (Type SL) Where limiting the drying shrinkage of concrete is necessary for crack control (e.g.
in road pavements and bridge structures).

Sulfate Resisting (Type SR) Where high resistance to sulfate attack is required, e.g. with sulfate-bearing soils
and ground waters, and in marine environments.

White and Off-White In the production of architectural concrete and concrete products;
Normally complies with the requirements of AS 3972 for Type GP or Type HE
cement.

Coloured Cement In the production of concrete products, decorative concrete paving and similar
applications.

Masonry Cement Mortar in brick, block and stone masonry construction. Unsuitable for use in

structural concrete.

Oil-Well Cement Grouting gas, oil and other deep bore holes and wells. Normally complies with the
relevant specifications of the American Petroleum Institute (API).

High Alumina Cement (HAC) Where high early strength and/or resistance to very high temperatures are required
(e.g. refractory concrete and factory floors).
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This section discusses and describes the nature and effect of Supplementary Cementitious Materials
(SCM’s) when used in concrete as replacement materials for a proportion of Type GP cement. Each of
the SCM’s is different to the other — in terms of their sourcing and their effectiveness as cement
replacement materials. The similarities and differences will be discussed.
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1 INTRODUCTION

Supplementary cementitious materials (SCM’s)
have been used in building construction for
decades. In Australia the use of these materials
began seriously in the 1960’s and they are now
firmly established as mainstream cementitious
materials with coverage by the AS 3582 series
of Australian Standards.

The original term used to describe these
materials was ‘pozzolan’. Roman masons used
a volcanic ash from the Italian village of
Pozzouli which, when mixed with aggregate,
lime and water made a water resistant and
durable mortar. These ‘pozzolans’ were glassy
materials rich in silica and/or alumina which
reacted readily with lime in the presence of
water to form compounds that are virtually
identical to the products found in hydrated
cement.

Modern day SCM’s used elsewhere in the world
include naturally occurring materials, but in
Australia, at this time, SCM’s are sourced solely
from waste materials from large manufacturing
processes.

The three types of SCM’s used in Australia are:

e Fly ash — A fine powder removed from
collection devices (electrostatic
precipitators or fabric filters) used to
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clean the flue gases in black-coal
burning power stations;

e Ground Granulated Blast Furnace
Slag (GGBFS) - Waste material
removed during the operation of blast
furnaces used for the smelting of iron
ore;

e Amorphous Silica (Silica Fume) — A
very fine particulate matter collected
during the production of silicon metal or
ferro-silicon alloys in arc furnaces.
(NOTE: Silica fume is often provided in a
densified form or as a slurry to make it
easier to handle in a concrete plant.)

A naturally occurring amorphous silica
product is also obtained from
geothermal deposits in New Zealand.

The ‘waste’ products are processed after
collection and converted into ‘concrete grade’
products.

All of the SCM's may be used in the
manufacture of blended cements that meet the
requirements for Type GB cements in AS 3972.
Generally, silica fume is blended with Type GP
cement at a maximum level of 10%, while ‘slag’
and fly ash may be either inter-ground with
cement clinker to make Type GB cement, or the
fly ash or ‘slag’ may be (post) blended with Type
GP cement to form the Type GB product.

Blends of SCM’s and Type GP cement may
also be used to meet the requirements for the
Type SR, SL and LH Special Purpose cements.
Blended cements are generally much more
effective for these ‘Special’ purposes than
modified ‘Portland’ cements.

At most concrete plants, separate silos of Type
GP cement and one or more SCM are present.
This allows the concrete producer to provide
concrete mixes with a wide range of Type GP /
SCM combinations for either Normal Class or
Special Class concrete applications. While the
concrete produced using these on-site blends
will perform in the same way as if a Type GB
cement was used, the site-blended concrete
mixes cannot claim to have been made using
Type GB cement that conforms with AS 3972
requirements.
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2 HOW SCM’s WORK

The effects of all three SCM’s on concrete are
attributable to two primary mechanisms,
namely:

o Filler Effect — Physical effect of void
filling to produce a more-dense concrete;
and

e Chemical Reaction — Reaction of the
SCM’s, in the presence of water, with
lime (the by-product of the hydration of
cement) to form calcium silicate hydrates
(CSH) and calcium aluminate hydrates
(CAH).

Fly ash and silica fume exhibit only pozzolanic
activity, while GGBFS exhibits some limited
hydraulic activity (reaction with water) and is
activated by lime, alkalis and sulfates present in
the paste. Sulfates can also act as the primary
activator for GGBFS - these promoting the
hydration of GGBFS resulting in a rapid gain of
compressive strength. This type of cementitious
material is known as a 'super-sulfated cement’.

The dependence of the pozzolanic reaction on
the presence of the lime produced as a by-
product of cement hydration means that the
overall rate of reaction and strength gain with
mixes containing SCM’s lags that of mixes
containing cement only. However, the ongoing
reaction of the SCM’s results in (generally)
higher later-age strengths (after 28 days) than
cement-only mixes.

The reactions and relative reaction rates of
cement and cement, GGBFS and cement + fly
ash are shown in Figures 2.1 to 2.4 below.

(linker Cement Gel
+ B —— +
Water Fast Reaction Lime

(=)
pR

Clinker Cement Gel Lime

Figure 2.1 — Reaction of Portland Cement and Water

Slag has some hydraulic properties similar to
Portland cement but to a very minor degree.
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This reaction (Figure 2.2) is very slow and
hence slag is not a useful cementitious material
on its own. It requires an activator to speed up
the pozzolanic reaction. Activators include
alkalis, lime and sulfates.

Slfg —  » (ementGel
Waler Slow Reaction

Slag (ement Gel

Figure 2.2 — Reaction of Slag with Water

Fly ash does not react at all with water
(Figure 2.3).

Fly Ash Fly Ash
+ B ——— +
Waler No Reaction Water

Fly Ash Fly Ash
Figure 2.3 — ‘Reaction’ of Fly Ash with Water

Fly ash requires lime from the cement hydration
reaction (in the presence of water) to react and
form calcium silicate hydrate gel (Figure 2.4).

Fly Ash
+ —» (ementGel
Lime Slow Reaction
[
+ >
&
Fly Ash Lime Cement Gel

Figure 2.4 — Reaction of Fly Ash with Lime

Amorphous Silica(s) are similar to fly ash in that
they rely on the lime from the hydration of
cement to react with them to form cementitious
products. Silica fume, due largely to its very
high fineness, is the most reactive of the SCM’s.
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3 WHY USE SCM’s?

There are environmental, technical and
commercial advantages to using SCM'’s.
Availability and product cost and performance
generally dictate which SCM is used in a given
situation or market area. All SCM types are not
necessarily available in all regions of Australia,
so ‘local’ availability will often dictate the
SCM(s) used or specified.

Commercial Advantages

SCM’s are wastes or by-products from other
industries and are generally available at lower
cost than General Purpose cement. The actual
cost varies considerably around Australia
depending on material availability and transport
distance. The increasing use of imported
SCM’s in Australia means that source countries
and exchange rates also influence pricing in
any particular region.

Environmental Aspects

The SCM’s are generally ‘wastes’ and it can be
difficult for industry to find practical, economic
and environmentally sensitive ways to dispose
of them. Unused fly ash has been placed in
waste dams or lakes. Slag tends to accumulate
in large stockpiles. Silica fume disposal is
problematic. There are advantages to the
industries producing the ‘wastes’ to have the
materials used profitably in concrete.

Current concerns about the CO: intensity of
cement (and hence concrete) mean that the
substitution of cement by SCM’s has become a
strong environmental focus. SCM's can also be
used in the production of alternative binder
materials with low-CO: intensities — binders like
geopolymers and super-sulfated cements —
which are gaining some credibility and utility.

Technical Considerations

SCM’s generally have a positive influence on
both the plastic and hardened properties of
concrete. Disadvantages are minimal and any
can readily be offset by other means.

As with the use of any new materials,
consideration of the use of a new SCM requires
that trials should be carried out to ensure that
the expected and required concrete properties
are achieved.
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4 AUSTRALIAN STANDARDS FOR
SCM’s

The quality requirements for the three SCM’s
are described in Australian Standards
(Table 2.1).

Table 2.1 — Australian Standards for SCM’s

. Australian
Material Source Standard
Fly Ash Black coal AS 3582.1

combustion facilities,
usually power
stations
GGBFS Blast Furnaces for AS 3582.2
smelting of iron ore
Amorphous Naturally occurring AS 3582.3
Silica deposits or Silica
Fume — fine

particulate matter
collected from the
refining of silicon
metal / ferro-silicon
alloys

5 COMPARISONS - SCM’s AND
TYPE GP CEMENT

Chemical Composition
The indicative chemical compositions of Type

GP cement and the three SCM’s types are
shown below in Table 2.2.

The following broad comparisons between the
four material types can be made:

e Type GP Cement — High in calcium and
silica;

e Fly Ash — High in silica and alumina and
low in calcium;

e GGBFS - High in calcium and silica with
moderate alumina;

e Amorphous silica — High in silica, low in
calcium and other elements.

Mineral Composition

The other significant contrast is in terms of the
mineralogy of these materials. Type GP cement
is comprised of crystalline, mineral materials
(CsS; C2S; CsA; C4AF), while all three of the
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SCM’s gain their reactivity through being glassy
(non-crystalline) materials. The glassy nature of
these materials comes about through the rapid
cooling of (essentially) molten materials which
are produced as by-products in each of their
respective industrial processes.

Particle Shapes

By virtue of their initial production and/or
processing, Type GP cement and the three
SCM'’s have different particle shapes and sizes.

Type GP cement and GGBFS are both
produced by grinding an interim product (clinker
and GBFS respectively) in a ‘cement mill’ to
achieve the final cementitious product —
yielding an angular, glassy looking product. Fly
ash and silica fume are not usually milled (or
ground) and their particle shape is more
spherical reflecting the conditions (very high
temperatures; molten particles transported in a
gas stream) in the processes they derive from.
The indicative shapes are shown in Figure 2.5
below.

Effects of SCM’s on Concrete Performance
SCM’s affect both the plastic and hardened
properties of concrete — these effects being
briefly compared in Tables 2.3 and 2.4 below.
These properties will be elaborated upon in the
following sub-sections of this section.

Version 1.0



Table 2.2 — Comparison of Chemical Compositions

Component (%) ?é?neeﬁf Fly Ash GGBFS ,(Asrn&fgaumse)snica
SiO2 19-26 50-70 32-35 85-95
Al203 4.5-5.5 20-30 11-16 0.1-2
Fe20s3 2-5 2-15 0.5-1.5 0.1-4
TiO2 - 1-2 1-2 -
Mn3O4 - 0-0.5 0.5-1 -

CaOoO 62-65 0-5 32-42 0.1-0.5
MgO 1-3 0-2 7-13 0.1-1
Naz20 0.2-0.7 0.2-2.5 0-0.5 0.1-1
K20 0.5-2.5 0.2-2.5 0.5-1 0.1-1
P20s 0.1-0.2 0-2 - -

SOs 2-3.5 0-2 1-2.5 0.1-0.5
LOI 0.5-3.5 0.1-4 0.5 1-6

o

" = XD P

A o *f_,,“.;-?mr ~ v

B ) : - i s
t é a FURNA

Figure 2.5 — Comparative Particle Shapes of Type GP Cement and SCM’s: (a) Type GP Cement; (b) GGBFS; (c) Fly
Ash; (d) Silica Fume
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Table 2.3 — Comparisons of Effects on Plastic Concrete Properties

PLASTIC PROPERTIES — SCM CONCRETE VERSUS CEMENT-ONLY CONCRETE

Property/Effect Fly Ash GGBFS Silica Fume
Water Demand Reduced Reduced Increased
Workability Improved Improved Reduced
Segregation Reduced Reduced Reduced
Cohesiveness Improved Same Increased
Air Entrainment Limitations Same Limitations
Pumpability Improved Improved Reduced
Bleeding Reduced Reduced (65%)/ Greatly reduced
Improved (30%)
Finishing Improved Improved Reduced
Set Times Delayed Delayed Similar

Table 2.4 — Comparisons of Effects on Hardened Concrete Properties

HARDENED PROPERTIES — SCM CONCRETE VERSUS CEMENT-ONLY CONCRETE

Property/Effect Fly Ash GGBFS Amorphous
Silica
Compressive Strength Lower early, higher Lower early, higher later  Higher

Tensile/Flexural Strength

Drying Shrinkage
Creep

Permeability
Sulfate Resistance
Chloride Resistance
Heat of Hydration

Carbonation

AAR/ASR Resistance

later

Slightly higher
Lower
Similar

Much lower

Higher
(at >25-30%)

Higher
Lower
More at surface

Higher
(at >20%)

Slightly higher
Variable
Similar

Much lower

Higher
(at >60%)

Higher
Lower
Similar

Higher
(at >50%)

Slightly higher

Lower

Lower

Very much lower
Higher

Higher
Higher/Lower
Similar

Higher
(at 7-10%)
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6 FLY ASH

6.1 INTRODUCTION

Fly ash, a by-product or ‘waste’ product from
the combustion of coal, has become an
important material in a variety of construction
industry applications. Most particularly it has
been found to provide significant benefits when
used as a partial cement replacement in
concrete and related products, and it is this
function that will be the primary subject of this

section. The fly ash in question derives from
pulverised fuel-fired coal combustion where the
coal is ground into a fine powder before being
injected into a high temperature combustion
chamber where temperatures reach about
1,800°C. The nature of the fly ash is determined
in part by the nature of the coal it derives from
and this in turn can determine its applicability in
concrete applications. Schematic
representations of a coal-fired power station
and the fly ash production process are shown in
Figures 2.6 and 2.7.

Legend - Plant ltems
1 Coalstockpile & Transmission system 1
2 Coal bunker 9 Cooling Tower
3 Coal mill 10 Cooling water system
4 Furnace and condenser =i
i [ 5 Super-heaters 11 Fly ash collaction - ESP or FF
\ |“ 6 Turbines 12 Chimney stack =

7 Generator

13 To ash disposal system T

Fly ash use in concrete began in the USA in the
1930’s, though its first use in Australia was not
until 1949 when fly ash imported from the USA
was used in grouts in the Snowy Mountains
Hydro-Electric scheme in NSW. Subsequently,
and certainly since the 1960’s, fly ash has
become a standard component in concrete
mixes in regions in Australia where fly ash is
available. This ready availability has been along
the eastern seaboard of mainland Australia and
in South Australia, though this is now changing
as coal-fired power stations close.

As a material, fly ash is not unlike the volcanic
ashes used by the Romans some two-thousand
years ago. Their similarity derives from their
chemical composition — both being rich in silica
and alumina — and from their crystallinity (or
lack of it), both being glassy materials.
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Figure 2.6 — Schematic Representation of Coal Fired Power Station

Fly ash has as an advantage of being lower in
cost than cement and hence makes concrete
more cost effective. It allows a reduction in the
Type GP cement content of concrete and
improves concrete’s environmental credentials.

Unlike Type GP cement which has a quite
consistent  chemical = composition and
mineralogy wherever it is made in the world,
almost all fly ashes are chemically different.
The chemistry of a given fly ash depends on the
nature and proportions of the minerals (typically
clays and silicate minerals) associated with the
coal source. Variable mineralogy leads to
variable chemistry in the fly ash which means
that there is no ‘typical’ fly ash.

This likely variability in chemical composition for
different fly ashes results in the use of their
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physical characteristics as the key control
parameters when producing commercial
products for the concrete industry.

MANUFACTURE OF FLY ASH

Qverburden

= Coal Seam

S Plant Surge Pile S
Coal
- Pulveriser
Electrostatic Precipitator Boiler

Flue Gas
I K )

Smoke Stack
Figure 2.7 — Process for Manufacture of Fly Ash

6.2 AS 3582.1

The first Australian Standards for fly ash were
published in 1971 as AS 1129 and AS 1130.
The current Standard is AS 3582.1, the latest
version of which was published in 2016.
AS 3582.1 (2016) has the following features
and inclusions:

e |t defines three grades of fly ash — Grade
1 and Grade 2 for general concrete use
and Special Grade, which is described as
a ‘highly reactive’ material;

o Italigns with ASTM and EN requirements
for the chemistry of conforming fly ashes
in requiring the sum of SiO2 + A0z +
Fe203 to be >70% (for Australian fly

ci\ CEMENT CONCRETE
& AGGREGATES AUSTRALIA

PAGE 9 > Guide to Concrete Construction — Part Il-Section 2 — Supplementary Cementitious Materials

ashes);

e It introduces a Strength Index minimum
requirement for Grade 1 fly ash;

e Itintroduces a chloride ion maximum limit
for all products — the value being
consistent with that for cement;

e |t aligns testing approaches and testing
frequencies with the cement Standard;

and

e It introduces the concept of Proven and
Unproven Sources — with increased
testing frequencies for  Unproven
Sources.

The key requirements for the three grades are
shown in Table 2.5.
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Table 2.5 — Specified Requirements from AS 3582.1

Property

Special Grade

Gradel Grade?2 Test Method

Fineness (% passing 45 pum, minimum) 85

Loss on Ignition (% maximum) 3.0
Moisture Content (% maximum) 0.5
Sulfate (as SOs) (% maximum) 3.0
Chloride Ion (% maximum) 0.1
Strength Index (% minimum) 100

75 55 AS 3583.1
4.0 6.0 AS 3583.3
0.5 0.5 AS 3583.2
3.0 3.0 AS 3583.8
0.1 0.1 AS 2350.2
75 - AS 3583.6

6.3 FLY ASH PRODUCTION AND
PROCESSING

Fly ash is produced when pulverised coal is
burned in the combustion chambers of coal-
fired power stations and derives from mineral
matter present in the coal — with mineral matter
comprising from 10% to 50% of the ‘coal’ that is
burned. Typical mineral matter includes clays,
sand and a variety of other minerals that may be
found within or between coal seams. The ‘coal’
is pulverised to a fine powder in either vertical
roller mills or hammer mills — with pulverised
coal typically having 75% of the particles
<75 um. The pulverising frees the mineral
particles from the coal particles and coal and
mineral particles are exposed separately in the
combustion zone. On entering the combustion
zone, the temperature of the particles increases
at a rate of about 2,000°C per second, and a
peak temperature in the order of 1,800°C is
reached. Residence time in the combustion
zone is about 2-3 seconds. The coal material
degasses and combusts while most mineral
particles melt and are then entrained in the flue
gases.

Upon leaving the combustion zone the mineral
particles cool quickly and become, in the main,
spherical glassy particles of fly ash. Small
guantities of char — unburned coal material —
are also entrained in the flue gases. The flue
gases pass through particulate collection
devices to clean the flue gas before the ‘clean’
gasexits the power station through the chimney.
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The particulate collection devices used may be
of two types — either Electrostatic Precipitators
(ESP) or fabric filters (FF). ESP’s create a
charge on the surface of the fly ash particles,
and the charged particles are then attracted to
earthed plates from which the ash is removed
periodically. Fly ash removal efficiencies of
99+% are achievable. The alternative and more
modern collection device are the FF which acts
much like a vacuum cleaner bag. The flue gas
passes through filter bags and the solid fly ash
is filtered out. The fly ash is then removed
periodically from the filter bags. Fly ash removal
efficiencies of 99.8+% are achievable with this
process.

To obtain a fly ash product suitable for use as a
cementitious material in concrete, some
processing of the fly ash is generally required.
Initially, the fly ash needs to be assessed for its
unburned carbon content (known as its LOI
level = Loss on Ignition). Fly ash with suitably
low levels of LOI may then also be beneficiated
to produce a product of the required Fineness
(where Fineness means the % passing a 45-
micron sieve using wet sieving). Processing to
increase Fineness levels usually involves
passing the fly ash through a centrifugal
separator (known as a classifier) where coarser
fly ash particles are removed leaving the final,
finer cementitious product. Fly ash may also be
milled (in a ball mill) to increase Fineness
levels. ‘Fineness’ as measured using a 45-
micron sieve provides a very coarse measure
of the particle size distribution of ‘concrete
grade’ fly ash which typically has a median
particle size in the range of 10-20 microns.
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However, the Fineness measure is suitable for
use as a productiontool.

Routine testing used to control production
usually involves testing for moisture content,
Fineness and LOI. In situations where high LOI
levels are encountered or where problematic
LOI material is found, a ‘Foam Index test’ may
also be used for additional screening.

Fly ash processing primarily involves (a)
controlling the Fineness of the fly ash product
(the actual Fineness level and its consistency)
and (b) ensuring that LOI levels meet
Standards requirements. This processing does
not alter the fly ash chemistry or otherwise alter
the inherent reactivity of the fly ash.

6.4 FLY ASH CHARACTERISATION

Bearing in mind that the major use of fly ash as
a cementitious material is as a partial cement
replacement in Normal Class concrete mixes,
fly ash characterisation, at its simplest level,
involves ensuring that (a) Standards
requirements are met and (b) the product is of
consistent quality — which in a practical sense
means managing Fineness and LOI levels.
Most other fly ash properties are intrinsic and
are not able to be easily modified. However,
knowledge of other fly ash chemical
components and how effective the fly ash is
likely to be as a cement replacement are key
requirements for understanding the likely
performance of fly ashes intended for
commercial use.

Physical Characterisation

Understanding physical fly ash properties is
important if it is to be produced and used
optimally.

Fineness — The Fineness is determined, in
accordance with AS 3583.1, by wet sieving
through a 45-micron sieve. In the Australian
Standard the Fineness represents the weight %
of fly ash passing through the sieve. (In other
Standards the weight % retained on the sieve
is used.) Fineness provides a coarse measure
of fly ash particle sizing. It is of value as a
control measure for fly ash processing in terms
of (a) ensuring the Fineness value meets the
requirement of the Standard, and (b) as a
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measure of the consistency of the product. For
any high performance/high reactivity fly ash
(e.g. Special Grade), where the improved
performance is obtained primarily by increasing
the Fineness, the test at 45 microns serves little
purpose as generally, 100% of the product
would pass 45 microns. A more accurate
estimate of likely reactivity for a fly ash is
obtained from a full particle size distribution
(PSD) using, for example, a laser diffractometer
device. Typically, the mass median diameter
(MMD) for a Grade 1 fly ash would be in the
range 10-20 microns, while a high
performance/high reactivity fly ash would have
an MMD of about 3-4 microns. Increasing the
Fineness of a given Fly ash results in a
decrease in the Relative Water Requirement
and an increase in the Strength Index value. To
produce a fly ash conforming with the Special
Grade requirements of AS 3582.1 it is usually
necessary to increase the Fineness of the ash
— either by additional centrifugal separation (i.e.
classifying) or by milling the ash.

Relative Density — The Relative Density (RD),
determined using AS 3583.5, is dependent on
(a) the chemical composition of the fly ash, (b)
the proportion of hollow fly ash particles or
particles containing voids, and (c) the Fineness.
The typical range of Relative Density for fly
ashes is 2.0-2.5. For a given fly ash at a
particular Fineness value the RD is generally
quite consistent. As Fineness increases, so too
does the RD — in part through removal of
coarser particles that are more likely to contain
voids. The RD value is used in concrete mix
design to convert the weight of fly ash added
into volume.

Relative Water Requirement and Strength
Index — Relative Water Requirement (RWR)
and Strength Index (Sl) determinations are
carried out using a mortar mix containing
cement and fly ash, a standard sand and water
and according to the methods described in
AS 3583.6. The Relative Water Requirement
and Strength Index values of the cement+fly
ash mortar are determined relative to a
cement-only mortar. The fly ash replacement
level used is about 25%. The RWR is improved
where the fly ash has a finer PSD and where
the particles are more spherical. The same
properties also improve the Strength
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performance of the fly ash mortar. The RWR
and Sl values cannot be used to determine the
likely efficiency of a fly ash when used in
concrete, though a performance trend can be
assumed. (NOTE: It is incorrect to believe that a fly
ash with a Sl of 90% would provide 90% of the
strength performance of the test cement used.
Because the proportion of fly ash in the cement/fly
ash mix is only 25%, a 90% S| means that the fly ash
has only 60% of the strength performance of the
cement — as determined by this particular test.)

Microscopy - Microscopy generally, and
scanning electron microscopy (SEM) in
particular, are useful in assessing the shape of
fly ash particles and the proportion of other
components like hollow fly ash particles (called
cenospheres) and hollow fly ash particles
containing smaller particles (called
plerospheres).

Mineral and Chemical Characterisation

As previously mentioned, fly ash forms when
the fine mineral particles present in pulverised
coal (mostly) melt at the high temperatures in
the combustion zone and then quite rapidly
cool. As a result of the rapid cooling a high
proportion of fly ash is glassy material — that is,
it has no crystalline structure. A few minerals, in
low proportions, may be found in fly ash. The
two predominant minerals are quartz (SiO2) and
mullite (3A1203.2Si02). Magnetite (Fez04) may
also be present where iron-based minerals (e.qg.
siderite) are part of the coal mineral
assemblage. The ‘glass’ content of fly ashes is
typically about 60%. The presence of quartz in
the fine fly ash presents OH&S concerns as
noted in the Handling and Storage sub-section
to follow.

Key chemical parameters used to characterise
fly ash are those that potentially impact end-use
performance. These include the overall
chemical composition and some critical
individual components, as discussed below.

Chemical Composition (General) -
Determined using AS 2350.2, the overall
chemical composition, and particularly the
combined proportions of silica, alumina and iron
provide a primary performance criterion that is
necessary to meet AS 3582.1 requirements.
This criterion is also used in the ASTM and EN
Standards, where the proportion of (SiO2 +
Al203 + Fe203) must exceed 70% for siliceous
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fly ashes and 50% for calcareous fly ashes.
Having sufficiently high levels of silica and
alumina-based materials is important to ensure
that a pozzolanic reaction will occur so that the
products of the pozzolanic reaction (calcium
silicate hydrates and calcium aluminate
hydrates) are in sufficient quantity to contribute
to concrete strength and  durability
performance.

Sulfate — Determined using either AS 3583.8 or
AS 2350.2, the sulfate content is important
when using fly ash in concrete as excess
sulfates may contribute to expansive reactions
in concrete and these may result in concrete
cracking. In siliceous fly ashes particularly,
sulfate levels are usually quite low (<0.5%).

Alkalis — Determined using AS 2350.2 the
alkali content of fly ash is of importance most
particularly when the total alkali content,
expressed as %Na20 Equivalent, exceeds 5%.
(Total alkalis, as %0Na20 Equivalent = %Na20 +
0.658%K20.) The importance of the alkalis will
be discussed in the ‘Uses’ sub-section
following.

Chloride — Determined using either
AS 3583.13 or AS 2350.2, the chloride ion
content is useful in helping determine the
overall amount of chlorides in a concrete mix,
which includes the chloride ion content of
cement, admixtures and aggregate materials.
Chloride ions may migrate through the concrete
over time and, if and when they reach any
embedded reinforcing steel, may initiate and/or
accelerate corrosion of the steel.

Moisture Content - Determined using
AS 3583.2, this test measures the amount of
moisture adsorbed on the surface of the fly ash
particles. The moisture content, if too high, may
affect the free-flowing nature of fly ash and in
more severe circumstances may result in the
formation of lumps which will affect the flow of
fly ash through a silo.

Loss on Ignition (LOI) — Determined using
AS 3583.3, the LOI test measures the amount
of unburned char remaining in the fly ash. High
levels of LOI may (a) create dark (and variable)
colouration of the ash, (b) appear on the surface
of concrete — on the bleed water or on the
finished surface, and (c) adsorb air entraining
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agent added to concrete and limit the ability to
entrain air which may be required for slip-
formed concrete or to manage Freeze-Thaw
durability issues.

Magnesium Oxide (MgO) — Determined using
AS 2350.2, the determination of MgO content is
meant to ensure that the mineral periclase
(MgO) is not present in detrimental amounts. If
present, periclase may cause expansive
reactions in hardened concrete leading to
cracking. While periclase may be present in fly
ashes derived from brown coals it is not likely to
be present in black coal ashes. The limit for
MgO has been removed from AS 3582.1 but
persists in some international fly ash
Standards, primarily because these Standards
include coverage of brown coal fly ashes.

6.5FLY ASH USES

In Australia, fly ash has been a standard
cementitious additive in concrete since the mid-
1960’s, almost always as a partial cement
replacement. Australia’s historic dependence
on coal-fired electricity meant that in most
States, fly ash was readily available. The use of
high-quality coals in modern power stations
meant that fly ash quality was generally high
and consistent and consequently fly ash
became the most common SCM in use in
Australia. Previously, the only mainland State
where fly ash was not available locally was
Victoria. The ready uptake of fly ash was due to
it (@) being of lower cost than cement, (b) having
a similar cementitious efficiency to cement (at
20-25% replacement rates) and (c) improving
concrete durability, particularly in relation to
mitigation of Alkali Silicate Reaction (ASR)
which had been demonstrated by Australian
research.- Using fly ash to limit the risk of ASR
was effectively mandated by some authorities
(e.g. in Queensland) which meant nearly all
concrete plants in those regions had a silo of fly
ash.

While fly ash is used to improve concrete
durability performance, its general use is driven
by economic factors. Its lower cost and the
improvement in concrete plastic properties,
particularly increased cohesiveness that
improves the ‘pumpability’ of fly ash mixes, are

\ % CEMENT CONCRETE
WA & AGGREGATES AUSTRALIA

PAGE 13 > — Part II-Section 2 — Supplementary Cementitious Materials

the major drivers for fly ash in 20-32 MPa
concrete for general applications.

Fly ash use as a cementitious material is
effective because of its pozzolanic behaviour.

Fly ash considerably improves the workability
and pumpability of plastic concrete. This is
often attributed to the ‘ball bearing effect’ — this
being a consequence of the sphericity of the fly
ash particles. It is more likely however, to be
due to the increased paste content in fly ash
mixes — a result of the difference in density
between fly ash and Type GP cement. If 100 kg
of Type GP cement (SG = 3.15) is substituted
with 100 kg of fly ash (SG of 2.1), there is an
increase in paste volume of about 15
Litres/cubic metre.

Typical Fly Ash Use in Concrete

For the ‘typical’ 20-32 MPa concrete mix, fly ash
is used as cement replacement at a level of 20-
30%. This may be adjusted seasonally,
particularly in the southern-Australian States,
where replacement levels may be lower in
winter. In North Queensland, replacement is
typically at 30% all year around. At these
replacement levels, lower early-age strengths
(3-days and 7-days) can be expected relative to
cement-only mixes, and depending on the fly
ash being used, a slightly higher cementitious
content may also be required to achieve 28-day
strengths equivalent to cement-only mixes.

It is not uncommon now, with the wider
availability of ground granulated blast furnace
slag (GGBFS), for ternary mixes to be used in
Normal Class concretes — again most often for
improved economy. Usually, the cement content
is kept at about 50% and two SCM’s make up
the remainder of the cementitious content —
typically with fly ash at 20% and GGBFS at
30%. The increased proportion of SCM’s in
these ternary mixes also means lower early-
age strengths. The high reactivity of the
GGBFS component usually provides good 28-
day strength performance.

Relative to cement-only mixes, binary or ternary
concrete mixes show elongated setting times
(typically 30-45 minutes at ‘normal’ ambient
temperatures, and potentially longer at
temperatures <10°C), good workability and
pumpability, lower bleed and are typically
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easier to finish. The combination of lower bleed
rates, slightly longer setting times and lower
early-age strengths can mean an increased risk
of plastic shrinkage cracking, though
experienced concrete placers are readily able
to cope with this potential issue.

High Volume Fly Ash (HVFA) Concrete
(usually with cement replacement levels of at
least 40%) — HVFA is used in some
applications, most typically in mass concrete
where lower concrete temperatures are
required. HVFA concrete has also been
proposed for general concrete applications
though uptake has been low. With HVFA
concrete, the plastic concrete can be quite
‘sticky’, and early-age and 28-day strengths are
affected by the high fly ash content. A
somewhat higher cementitious content (at least
40 kg/cubic metre more) is required to be able
to achieve the same 28-day strengths as a mix
with a 25% fly ash replacement level.
Alternatively, a much lower water/binder (W/B)
ratio can be wused to improve strength
performance. Australian research (‘Guidelines
for the use of High-Volume Fly Ash Concretes’,
CSIRO, 1995) has developed mix designs and
carried out a comprehensive testing program
involving HVFA concrete. While recognising
some of its limitations the study shows that
HVFA concrete gives excellent durability
performance. The research work also notes
several prominent uses of HVFA concrete in a
range of construction projects.

6.6 DURABILITY OF FLY ASH
CONCRETE

The use of fly ash as a partial cement
replacement material in concrete results in
significantly improved durability performance of
the concrete — relative to cement-only concrete.
The reasons for the improved performance and
the actual effects are quite similar for each of
the SCM’s. Rather than describe the durability-
related performance for each SCM separately,
a sub-section is dedicated to durability
performance (sub-section 9).
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7 GGBFS
7.1 INTRODUCTION

In the Australian concrete industry context, the
term ‘slag’ generally refers to ground,
granulated, (iron) blast furnace slag — with the
descriptors to be explained and developed in
this section.

(NOTE: In a general sense, the term ‘slag’ refers to
a waste material separated from metals during the
smelting or refining of an ore in a blast furnace.
‘Slags’ are formed during the smelting or refining of
many ore types, and consequently there are (for
example) copper slags, lead slags, and of particular
interest to the Australian concrete industry, iron
slags.)

To be of value as a cementitious material, (iron)
blast furnace slag needs to be appropriately
processed to create a product with the
necessary performance and consistency.
Specifically, the (iron) slag must first be
quenched to form slag granulate (GBFS) — a
glassy mineral product — and then the granulate
is milled to cement-like fineness in a ‘cement’
mill — creating Ground Granulated Blast
Furnace Slag (GGBFS).

GGBFS has a long history of use as a
cementitious material in many countries, but in
Australia its use began in about 1966 as a
cement replacement in concrete used in the
expansion of the steel works at Port Kembla.
This use continued over the next 20 years with
the placement of over 1 million cubic metres of
concrete at that location. The initial use of
GGBFS in the Port Kembla, Sydney and
Newcastle areas was often as a separate
cementitious material, though subsequent price
increases saw it fall out of favour. In NSW in
particular, the use of slag then developed as a
component of blended cements from about
1969 — as a 30% GGBFS blend for general
concrete use and as a 65% GGBFS blend for
Low Heat and Marine Concrete uses. Where
slag was readily available it was also being
used in ternary mixes with cement and fly ash —
these mixes then known as ‘triplex’ mixes.
Typically, these ‘triplex’ mixes comprised 40%
Portland cement/ 40% GGBFS/ 20% fly ash. In
addition to Port Kembla, slag was also
produced and used in the regions surrounding
the steel works in Newcastle (NSW) and
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Kwinana (WA). Today only the Port Kembla
steel works remains in operation. This has not
limited the use of slag however, with slag
granulate being imported from Japan into most
Australian States.

While GGBFS use as a cement replacement
was quite well understood through the initial
experiences, its role in enhancing the durability
characteristics of concrete became more
prominent as a result of the use of a blended
cement containing 60% GGBFS/ 40% ACSE
(Shrinkage Limited) cement in the manufacture
of concrete immersed tube units for the Sydney
Harbour Tunnel which was constructed in about
1990. Concrete made with the slag blend
cement met the demanding requirements for
this project — these included high compressive
strength, high durability, low heat, able to be
easily placed and able to be made with a high
degree of consistency.

In addition to its being an effective cementitious
material, GGBFS improves the environmental
credentials of concrete through its use as an
efficient cement replacement — lowering the
embodied CO2 and embodied energy levels
attributable to concrete. GGBFS does this in a
more effective way than other Supplementary
Cementitious Materials (SCM’s) through being
able to be used at higher replacement levels —
typically up to 65%. This contrasts with the
usual replacement levels for fly ash and silica
fume of about 30% and 10% respectively.

7.2 AS 3582.2

Slags derive from processes that are well
managed and highly controlled. While the
chemistry of slags may vary from blast furnace
to blast furnace, from any single source they are
generally quite consistent. The chemistry of
slag is determined by (a) minerals associated
with the iron ore, and (b) the limestone added
to the melt to control the melting point of the
slag. The chemistry of slag is consequently
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dominated by calcium from the limestone and
silica from the ore minerals. Critical to GGBFS
performance is the proportion of glass content,
this being a result of the ‘granulation’ process —
the rapid cooling of the molten slag that forms
the slag granulate precursor to GGBFS. The
glass content is a significant contributor to
GGBFS reactivity and is a function of the
efficiency of the granulation process.

The first Australian Standard for GGBFS was
published in 1991. The current version is
AS 3582.2 (2016).

AS 3582.2 nominates 14  important
compositional and performance properties but
only provides limits for four of them. These four
limits are for key chemical components. The
Standard does not set any limits for physical
(e.g. Fineness) or performance (e.g. Relative
water requirement or Strength Index)
characteristics. The nominated suite of
compositional and performance properties is
shown in Table 2.6.

While the Standard does not require that the
product be tested in concrete to ensure that it is
suitable, it does differentiate between ‘Proven’
and ‘Unproven’ slag sources. ‘Unproven’
sources need to be tested at a higher frequency
(for a period of six months) until there is
confidence in the quality and consistency of the
material. While not all nominated properties
have limits defined in the Standard, purchasers
may request test data for any or all nhominated
properties.

Like the fly ash Standard, AS 3582.2 uses the
% passing a 45-micron sieve as a measure of
Fineness and as an indicator of relative
reactivity for a given slag source. While Blaine
surface area measurement (as used for
cement) can be carried out on GGBFS, it does
not provide as good an indication of likely
reactivity/performance as the Fineness
measured using the 45-micron sieve.
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Table 2.6 — Properties Nominated in AS 3582.2 (2016)

Property Limit Reference Test Method
Fineness, by mass, % passing 45-micron - AS 3583.1 or AS 2350.9
sieve

Insoluble Residue (%) - AS 3583.14

Loss on Ignition (%) - AS 3583.3

Sulfate, as SOz (%) - AS 3583.8 or AS 2350.2
Sulfide Sulfur, as S (% maximum) 1.5% AS 3583.7

Magnesia (MgO) (% maximum) 15.0% AS 3583.9 or AS 2350.2
Alumina (Al203) (% maximum) 18.0% AS 3583.10 or AS 2350.2
Total Iron (FeO) (%) - AS 3583.10 or AS 2350.2
Manganese (MnO) (%) - AS 3583.11 or AS 2350.2
Chloride lon Content (% maximum) 0.1% AS 3583.13 or AS 2350.2
Total Alkali (%) See note AS 2350.2

Relative Density - AS 3583.5

Relative Water Requirement (%) - AS 3583.6

Strength Index (%) - AS 3583.6

NOTE: If alkali aggregate reaction is considered likely, the Available Alkali test to AS 3583.12 may be
required. See HB 79 for further information.

7.3 GGBFS PRODUCTION AND
PROCESSING BLAST FURNACE

Gas Downcomer

Iron blast furnace slag is a by-product of the
Raw Materials Input

iron-making process — a process that involves
the production of iron metal from iron ore. Iron
ore, fluxing agents (typically limestone or
dolomite), fuels (typically coal or natural gas)
and oxygen are fed into a blast furnace where
the mixture is heated until the ore and flux are
molten. The mineral materials associated with Refractory
the iron ore combine with the fluxing agents Brick Lining
allowing the molten materials (iron and ‘slag’) of
very different densities to be separately ‘tapped
off from the blast furnace and subsequently

Hot Waste Gases

Solid Zone Up To 1000 °C

Softening Melting Zone
1150° - 1450 °C

Loose Packed Coke

separately processed. The process is shown 2000 °CPlus | L 1600°C
diagrammatically in Figure 2.8, and the molten Hot Air Blast : @ Hot Air Blast
iron and slag materials in Figure 2.9.

7
Hearth

. ) Molten Slag
The slag that has been ‘tapped off’ can be Molten Iron

treated in either of two ways — it can be air
cooled or it can be quenched. Quenching
involves the rapid cooling of the slag using
(typically) water sprays. This rapid cooling
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Figure 2.8 — Blast Furnace Process
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results in the formation of a glassy product
known as slag granulate (GBFS) which has a
sand-like consistency — typically 1-3 mm in size,
with a maximum particle size of about 8 mm.
This material contrasts with the air-cooled slag
which is a more massive material and which,
after crushing and screening  using
conventional quarry processes, is commonly
used as an aggregate material in road-making
and in a variety of other end uses (see
Figures 2.10 (a) and (b)).

Slag granulate contains a high proportion of
glassy material (often >90%) with a chemical
composition like that shown in Table 2.7.

4 o /
Figure 2.9 — Molten Iron and Slag

Table 2.7 — Typical Slag Granulate Composition

Component Proportion (%)
CaO 40

SiO2 35

Al203 15

MgO 5

Total Alkali (as Na2O 0.5

Equivalent)

Fe20s 0.5

Slag granulate is a relatively fine and partly
reactive material that can be stored in exposed
stockpiles for some time before milling to form
GGBFS. In some ambient conditions,
particularly with higher temperatures and
moisture levels, slag granulate can undergo
‘weathering’ that reduces the cementitious
efficiency of the final GGBFS product.
Weathered granulate shows higher moisture
and Loss on Ignition (LOI) levels than fresh
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product and the performance of the GGBFS
product, as indicated by strength testing of
mortar or concrete samples using the product,
is reduced.

(b)

Figure 2.10 — (a) GBFS and (b) Slag Aggregate

Milling Slag Granulate

Slag granulate is milled to form GGBFS in
‘cement’ mills — either ball mills or Vertical
Roller Mills (VRM’s) — and this milling can be
carried out by alternating manufacturing runs of
cement and GGBFS if required. Granulate may
be milled alone to form GGBFS or by inter-
grinding with cement clinker to form Slag
Cements.

(NOTE: Slag (Type GB) cements may also be
manufactured by (post) blending Type GP cement
and GGBFS.)

Granulate is harder to grind than cement
clinker, and when inter-grinding clinker and
granulate the cement may dominate the finer
fractions of the resultant Slag Cement due to
the relative grindabilities of the two
components. Grinding agents are invariably
used to improve milling efficiencies and to
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provide a free-flowing cementitious product —
for both GGBFS and Slag cement.

Some manufacturers add gypsum when milling
slag granulate — at levels of up to about 5%
gypsum, but typically at 2-3% gypsum.

(NOTE: Gypsum is always used when manufacturing
inter-ground Slag Cements.)

There is some conjecture about the value of
using gypsum in GGBFS manufacture as it (a)
requires an additional material in the process,
and (b) requires another property (SOs content)
to be monitored and tested. There is some
theoretical and empirical evidence that milling
granulate and gypsum, with resultant SOs
levels in the GGBFS of up to 3.0%, can improve
concrete performance by way of (a) improved
early-age strength development, (b) lower
levels of concrete drying shrinkage, and (c)
improved durability performance, particularly
resistance to sulfate attack.

The ‘Fineness’ of the GGBFS product can be
measured in two ways — using air permeability,
with the result expressed as a surface area
value with the unit m?/kg; or as the %-retained
on (or passing) a 45-micron sieve. In Australia,
GGBFS surface area levels are usually at least
450 m?/kg, while the proportion retained or
passing a 45-micron sieve is dependent on the
effectiveness of the separator on the mill — with
typical values of ‘%-retained’ in the range 1-5%.
For a given GGBFS product, the proportion of
product retained on or passing the 45-micron
sieve provides a higher correlation with
Strength Index performance results than does
the surface area measurement using air
permeability.

7.4 GGBFS CHARACTERISATION

Like any material used in concrete
manufacture, GGBFS must meet the
requirements of the Australian Standard and
any relevant specification and should be of
consistent quality. As a cementitious material,
and particularly when used in high proportions,
GGBFS is an important determinant of concrete
compressive strength consistency. Where
granulate is imported this creates a risk of
potential variability that must be understood
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and addressed (tested for) when manufacturing
GGBFS.

Physical Characterisation

Fineness — The Fineness is determined,
according to either AS 3583.1 or AS 2350.9, by
sieving through a 45-micron sieve, and
determining the percentage of the sample, by
mass, that passes through the sieve. This
provides a coarse measure of the particle size
distribution but is adequate to manage the
consistency of the product during manufacture.
Alternatively, the air permeability method used
for cement (AS 2350.8) can be used and
Fineness Index /surface area expressed as
m?/kg determined. In practice, variability in
strength performance of GGBFS appears to be
more closely related to the Fineness
determined by sieving than that expressed as a
surface area.

Relative Density — The Relative Density (RD)
of GGBFS is determined using AS 3583.5, and
typically has a value of about 2.9 and is
generally quite consistent for a given granulate
source. The RD value is used in concrete mix
design to convert the weight of GGBFS added
into volume.

Relative Water Requirement and Strength
Index — Relative Water Requirement (RWR)
and Strength Index (Sl) determinations are
carried out using a mortar mix containing
cement and GGBFS, a standard sand and
water and according to the methods described
in AS 3583.6. The Relative Water Requirement
and Strength values of the cement + GGBFS
mortar are determined relative to the water
requirement and strength obtained with a
cement-only mortar. The slag replacement level
used in the tests is about 50%. The RWR is
improved where the GGBFS has a higher
Fineness, as is the Strength Index. The RWR
and Sl values cannot be used to determine the
likely efficiency of GGBFS when used in
concrete, though a performance trend can be
assumed.

Microscopy — Whether wusing a light
microscope or Scanning Electron Microscopy
(SEM) there is little value that can be obtained
by observing the GGBFS product. It is
instructive that the appearance of GGBFS and
Portland cement particles are very similar —
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both being fractured ‘glassy’ particles ranging
from coarse to relatively fine — though this is not
surprising since both are produced by crushing
larger particles in a mechanical comminution
(see image Figure 2.5).

Mineral and Chemical Characterisation

As previously noted, GGBFS is a reactive
cementitious material because of its high glass
content, this being a consequence of the rapid
cooling/quenching that occurs during the
granulation process, forming what has been
described as ‘supercooled liquid silicates’.
comparing blast furnace slags from various
sources it is apparent that the calcium and silica
contents are quite consistent (about 40% as
CaO and 33-37% as SiO2 respectively), but that
there are quite variable alumina and magnesia
contents (8-18% as Alz03 and 5-14% as MgO
respectively). Iron, manganese and sulfur
contents are reasonably variable, but these
components are found at much lower levels,
each typically at 0.5-2%. In general terms,
GGBFS is described as being comprised of
glass silicates and alumino-silicates of calcium
and magnesium plus compounds of iron, sulfur,
manganese and other minor and trace
elements. GGBFS chemistry and its importance
will be discussed in greater detail below.

Generally, national Standards do not nominate
a minimum glass content for GGBFS for
cementitious use - they usually rely on
performance  requirements rather than
prescribing properties like minimum glass
content. GGBFS products used commercially
would be expected to have a glass content
(determined microscopically or by X-Ray
Diffraction) of >90%.

Chemical Composition (General) -
Determined using AS 2350.2, this testing
measures the proportions of the major and
minor elements, expressed as the relevant
oxide, and allows chemical moduli such as
those described in international Standards like
EN 15167-1, to be determined. The chemistry
of slag from a single source is generally quite
consistent as the iron making process is carried
out with a high degree of chemical control.
There may, however, be some variation in
chemistry between slag sources because of
raw material variations.
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Sulfide Sulfur — Determined using AS 3583.7
and expressed as %S. The AS 3582.2 limit of
1.5% controls the proportion of this reduced
sulfur species that can potentially have some
detrimental effects in concrete in its original
form, or when ultimately oxidised to sulfate.
Testing of concrete has shown that sulfides
have oxidised and are no longer present after
about one year — generally without causing any
expansion or instability.

Sulfate Sulfur — Determined using AS 3583.8
or AS 2350.2 and expressed as %S0s. Sulfates
derive directly from the slag or by oxidation of
slag sulfides, or from the intended addition of
gypsum during GGBFS milling. Maximum
allowable levels of sulfate are set in all
cementitious materials because of concerns
about the formation of expansive reaction
products in concrete — this leading to an
increased risk of concrete cracking.

Magnesium Oxide — Determined using
AS 3583.9 or AS 2350.2 and expressed as
%MgO. The AS 3582.2 limit of 15.0% provides
some confidence that the mineral periclase will
not be present. Periclase can react to form
expansive products, and if present in sufficient
proportion, can cause concrete cracking.

Alumina — Determined using AS 3583.10 or
AS 2350.2 and expressed as %Al203. Despite
the increased resistance of concrete to sulfate
attack when using (for example) 65% slag
cement, there is evidence that slags with higher
alumina contents (about 18%) may have less
resistance to sulfate attack than slags with
lower alumina contents (about 11%). Limiting
the alumina content to a maximum of 18.0%
(AS 3582.2) helps ensure that slag concrete
provides good durability performance.

Iron Oxide — Determined using AS 3583.10 or
AS 2350.2 and expressed as %FeO. This
measure reflects, in part, the effectiveness of
the separation of the slag from the molten
metal. Typical levels are 0.5-2.0%.

Manganese Oxide - Determined using
AS 3583.11 or AS 2350.2 and expressed as
%MnO. Manganese is a mineral associated
with iron. The levels of MnO in GGBFS are
typically 0.5-1.0%.
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Chloride — Determined using AS 3583.13 or
AS 2350.2 and expressed as %Cl — the chloride
ion content is useful in helping determine the
overall amount of chloride in a concrete mix,
along with the chloride ion content of cement,
admixture and aggregate materials. Chloride
ions may migrate through the concrete over
time and, if and when they reach any embedded
reinforcing steel, may initiate and/or accelerate
corrosion of the steel.

Total Alkalis — Determined using AS 2350.2
and expressed as %NaO Equivalent
(%Naz20 + 0.658%K20). The alkali content of
GGBFS is of importance most particularly if the
GGBFS is to be used in any concrete mix using
potentially reactive aggregates. AS 3582.2
requires that reference be made to the HB 79
document if any risk of alkali aggregate reaction
exists. The importance of the alkalis will be
further discussed in the ‘Uses’ sub-section
below.

Loss on Ignition (LOI) — Determined using
AS 3583.3, the LOI test measures the amount
of combustible material in the GGBFS. The test
result should be corrected to account for any
oxygen uptake by the sample during testing due
to the oxidation of reduced sulfur or iron
species.

7.5 GGBFS USES

While early GGBFS use in Australia was
confined to regions where steel mills were
operating — around Port Kembla and Newcastle
in NSW from the mid-1960’s, and around
Kwinana in WA from the early 1970’s — it has
now become the most widely-used SCM in
Australia. While the availability of ‘local’ slag
granulate (GBFS) is now confined to the Port
Kembla (NSW) region, slag granulate is being
imported into all mainland Australian States,
with GGBFS being produced locally for supply
in those regions. Little if any GGBFS is
imported.

In part, the growing volumes of GGBFS use are
attributable to (a) the ready acceptance of
SCM'’s as fundamental cementitious materials
in this country, and (b) the decline in fly ash
availability in many areas. Slag is a particularly
versatile SCM and is able to be used as a low-
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level cement replacement (nominal 30%) in
Normal Class concrete and also as a high-level
cement replacement (nominal 65-70%) for
special end uses. While early-age concrete
strengths with slag use (at all proportions) are
lower than those obtained with 100% cement
mixes, later age strengths are equivalent to, or
better than, 100% cement mixes. There are
several added advantages to using GGBFS
including (a) lower cost, (b) lower concrete
embodied CO2 and embodied energy levels
and (c) improved durability performance. One
of the first uses of GGBFS was in ternary blends
with cement and fly ash, and this is not an
uncommon approach today.

Use of GGBFS as a cementitious material in
Australia has grown to almost 2 Mt in 2016, with
about 60% of this being imported material.

GGBFS use as a cementitious material is
effective primarily because of its activation by
lime, alkalis and sulfates in the cementitious
paste. Unlike fly ash, GGBFS does have some
slight reactivity with water alone — a property
known as latent hydraulic behaviour.

In a concrete paste, lime is formed as a product
of cement hydration and this lime is available to
react with SCM’s used as partial cement
replacements. GGBFS hydration is also
activated by alkalis and sulfates dissolved from
the cement, however the initial rate of hydration
is slow as the lime needs to initially break down
the glassy GGBFS material. Silica and alumina
compounds in the GGBFS react with lime to
form calcium silicate hydrate and calcium
aluminate hydrate — products similar to the
primary cementitious materials produced by the
cement hydration reaction. The calcium silicate
and calcium aluminate hydrates formed in
these reactions add to concrete strength and to
the refinement of the pore structure of the
concrete paste which improves concrete
durability performance.

Typical Uses of Slag in Concrete

For Normal Class 20-32 MPa concrete, GGBFS
is often used as a 30% replacement for cement.
In this situation the slag provides optimal
performance in relation to (a) cost, (b) early and
later-age strength performance and (c) setting
time performance. GGBFS can be used as a
1:1 replacement for cement in these mixes and
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later-age strength performance is generally
excellent. Workability of the concrete is not
greatly affected one way or the other at this
replacement level and the increase in setting
time is manageable. There can be some
increased bleed when GGBFS is used and this
can be advantageous in hot weather.

It is not uncommon now, with the wider
availability of GGBFS, for ternary mixes to be
used in Normal Class concretes — most often
for improved economy. Usually, the cement
content is kept at about 50% and two SCM’s
make up the remainder of the cementitious
content — typically with fly ash at 20% and
GGBFS at 30%. The increased proportion of
SCM’s in these ternary mixes also means lower
early-age strengths. The high reactivity of the
GGBFS component usually provides good 28-
day strength performance.

For high durability mixes and low heat mixes,
cement replacement at levels of 65% and 70%
is not uncommon. There has been a large
amount of research work carried out in Australia
to assess the durability performance of
concretes containing high slag replacement
levels — in relation to their improved resistance
to sulfate attack, chloride ingress and alkali
aggregate reaction. A particularly common use
of concrete with high slag replacement levels is
in low heat/mass concrete applications that are
becoming much more prevalent.

One unusual experience with (conventional and
geopolymer) concrete containing GGBFS as a
cementitious material is the formation of blue or
green surface colouring which is evident soon
after removal of forms. This colouration is
related to the presence of sulfides in the
GGBFS and most likely, their interaction with
traces of copper, manganese or vanadium from
the GGBFS. The colouration typically
disappears after a few weeks when surface
oxidation due to air exposure occurs, without
any detriment to the concrete.

High GGBFS substitution levels also occur with
‘paste filll mixes used in mining operations.
These low strength mixes are used to fill mine
voids and allow more effective mineral
extraction. Where sulfur-bearing ores are
involved, the sulfates strongly activate the
GGBFS which allows very high early and later-
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age strengths to be obtained even with low
binder contents.

GGBFS is also a primary material used in a new
concrete product known as Envisia™. The
binder used in this product includes GGBFS
activated by sulfates — a binder type known as
super-sulfated cement. The resultant concrete
is claimed to provide good plastic and hardened
properties and to have a low level of embodied
CO:a.

7.6 DURABILITY OF GGBFS
CONCRETE

The use of GGBFS as a partial cement
replacement material in concrete results in
significantly improved durability performance of
the concrete — relative to cement-only concrete.
The reasons for the improved performance and
the actual effects are quite similar for each of
the SCM’s. Rather than describe the durability-
related performance for each SCM separately,
a sub-section is dedicated to durability
performance (sub- section 9).

8 AMORPHOUS SILICA
8.1 INTRODUCTION

The amorphous silica materials are a class of
Supplementary Cementitious Materials
(SCM’s) more diverse than the other SCM’s
commonly used in concrete. Their origins are
similarly diverse — including naturally occurring
minerals associated with volcanic activity and
geothermal deposits; waste material resulting
from the processing of a common grain (e.g.
rice husk ash); and a synthetic product derived
from the processing of silicon metal or ferro-
silicon alloys (silica fume). The first of the
natural occurring minerals were the pozzolanas
— harvested from volcanic sources around
Pozzuoli (in southern lItaly) and used by the
Romans in structures that created a paradigm
shift in concrete construction. Similar materials
were used much later by Smeaton when he built
the Eddystone Lighthouse in the UK in about
1759 — a structure that still stands today (albeit
in a new location). The success of the
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cementitious mix used in this structure led to
further experimentation with binder materials
and ultimately to the discovery and
development of Portland cementin 1824.

B

Figure 2.12 — ‘Microsilica’ Deposit

The original pozzolanas were of pyroclastic
origin — resulting from very fine magma
particles being blasted into the air during
volcanic activity and then quenched in the
relatively cool atmosphere. Known now as
pozzolanic materials, the glassy particles
contain reactive silica and alumina compounds
— which, while possessing little inherent
cementitious value alone, can react with
calcium hydroxide (lime) in the presence of
water to form products with cementitious
properties.

Silica fume was first identified as a potential
SCM in the 1940’s but it wasn’t until large scale
collection devices came on-line in silicon and
ferro-silicon alloy plants in the early 1970’s that
commercial use was possible. This initial use
was in Norway particularly, while in Australia
silica fume use began in about 1977. Silica
fume sourced from operations in Tasmania and
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Western Australia was used in concrete in
Australia, but now, most silica fume is imported.
The nature and use of silica fume will be
discussed in detail below.

In New Zealand, product mined from
geothermal deposits near Rotorua (North
Island) has been commercialised. These
natural materials have been found to improve
concrete performance — particularly concrete
strength and durability, and to also provide a
means of mitigating Alkali Silica Reaction
(ASR). This material will also be described in
some detaill in this sub-section and
differentiated from other amorphous silica
materials by using the name Microsilica — which
is the commercial name used for the New
Zealand geothermal product, but which is also
sometimes used as a generic name for fine
amorphous silica products more generally.

There is a wide variety of amorphous silica
materials used throughout the world that have
not gained acceptance in Australian or New
Zealand concrete markets. These materials
include metakaolin, rice husk ash and a variety
of glassy materials of geological origin,
including (calcined) diatomaceous earth and
pitchstone. These materials will not be
examined in detail but may be referred to by
way of comparison with other amorphous silica
products.

8.2 AS 3582.3

The Australian Standard AS 3582.3 provides
coverage for all ‘amorphous silica’ materials —
whether naturally occurring or synthetic. While
the first version of AS 3582.3 published in 1994
provided specifications for silica fume only, the
latest (2016) version covers ‘amorphous silica’
materials generally.

AS 3852.3 (2016) defines the various
amorphous silica SCM'’s as follows:

Amorphous Silica — very fine pozzolanic
material comprised mostly of non-crystalline
silica.

Naturally Occurring Amorphous Silica —
Refined pozzolanic material — composed
mostly of amorphous silica — derived either from
hydrothermal alteration of ignimbrite or pumice
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breccia or from the extraction of precipitated
silica from geothermal water — and supplied as
either powdered, slurried or pre-wetted
compressed filter cake — these varying in solids
and moisture contents.

Silica Fume — Very fine pozzolanic material
comprised mostly of amorphous silica produced
by electric arc furnaces — a by-product of
elemental silicon or ferro silica alloy production
— and supplied in several forms including
undensified (bulk density <400 kg.m?),
densified (bulk density >400 kg.m) or slurried
(typically 40-60% silica fume by weight).

AS 3582.3 nominates eight compositional and
performance properties but only provides limits
for four of them. The four limits describe
chemical compositional requirements. The
Standard does not set any limits for physical
(e.g. Fineness) or performance (e.g. Relative
water requirement or Strength Index)
characteristics. The nominated suite of
compositional and performance properties from
AS 3582.3 is shown in Table 2.8.

While the Standard does not require that a
product be tested in concrete to ensure that it is
suitable, it does differentiate between ‘Proven’
and ‘Unproven’ amorphous silica sources.
‘Unproven’ sources need to be tested at a
higher frequency (for a period of three months)
until there is confidence in the quality and
consistency of the material. While not all
nominated properties have limits defined in the
Standard, purchasers may request test data for
any (or all) of the nominated properties.

8.3 AMORPHOUS SILICA PRODUCTION
AND PROCESSING

The wide variety of materials in the ‘amorphous
silica’ class necessitates separate
consideration of the nature and extent of
processing required for each material type. As
with all raw materials for use in concrete, the
key processing considerations are (a) meeting
Standard or specification requirements, and (b)
providing a product of consistent quality.
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Table 2.8 — Properties Nominated in AS 3582.3
(2016)

Reference
Property Limit Test

Method
Total Silica Content (SiO2) (%) >85 AS 2350.2
Loss on Ignition (% maximum)  6.0*  AS 3583.3
Moisture Content (% 3.0 AS 3583.2
maximum)
Sulfate (as SO3) (% maximum) 3.0 AS 3583.8
Bulk Density - ok
Surface Area - Fhkk
Chloride lon Content - AS 3583.13
(% maximum)
Strength Index (% minimum) - AS 3583.6

NOTES:

* may exceed 6.0% if Strength Index is acceptable;
** [imit does not apply to slurried products;

*** method defined in Standard;

**** t0 be carried out in accordance with ASTM C1069.

Silica Fume

Silica fume is a by-product of the production of
silicon metal or ferro-silicon alloys in electric
blast furnaces. In these processes, silica sand
(quartz) is fed into the blast furnace with coke,
coal and wood chips. These materials are
reacted at temperatures of about 2,000°C to
produce the silicon product, with very fine silica
fume being produced as a by-product of the
reactions. Decades ago, the smoke-like silica
fume fines were released into the atmosphere.
In the 1970’s more substantial environmental
regulations required that the fines be collected
in fabric filters which allowed the silica fume to
be recovered and made available for use in the
concrete industry.

Silica fume as produced is an extremely fine
material and is comprised primarily of high
purity (typically >95%) amorphous silicon
dioxide (SiOz). A small proportion of crystalline
SiO: is also produced. The level of crystalline
silica varies dependent on the manufacturer,
with reported levels of from <0.05% to <0.5%.
The physical characteristics of the silica fume
product are:
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e Particle Sizing: 95% <1 pm;
e SG: about 2.2;
e Specific Surface Area: 15-30 m?/g;
o Bulk Density:
o 130-430 kg.m? (as produced);
o 480-720 kg.m™ (densified).

Silica fume as produced is very light, and to
improve its handling characteristics and
transportability, it needs to be densified. i.e.
agglomerating the fine particles into larger
‘lumps’. This then creates a need to ensure that,
when using the densified product in concrete,
the material is de-agglomerated to ensure full
value is achieved. To improve its ease of
handling, silica fume can also be supplied in a
Slurried form — these slurries sometimes
containing a super-plasticiser. They are not
now widely used. Undensified silica fume may
be used in bagged cement-based products or in
applications where mix designs require little or
no coarse aggregate — a situation where
de-agglomerating densified silica fume is more
difficult.

Microsilica

In New Zealand, natural amorphous silica
deposits in the Rotorua district have been
commercialised. These deposits are hosted in
hydrothermally altered rhyolitic rocks —
Mamuka Ignimbrites and Rotoiti Breccia —
estimated to be 60,000 to 200,000 years old.
The deposits have been extensively altered
geologically, with widespread silification. The
product is mined, ground and blended to
achieve a product of high quality with consistent
physical and chemical properties. The product
has a SiO2 content of 85-90%, being mainly
amorphous silica but containing a small
proportion of crystalline quartz and cristobalite.
It has a bulk density of about 500-600 kg.m
and an average patrticle size of about 2 um.

Metakaolin

Metakaolin is a fine, amorphous, alumino-
silicate SCM that is made by calcining pure or
refined kaolinitic clay at a temperature of 650-
800°C, and then grinding it to a specific surface
area of about 700-900 m?/kg resulting in an
average particle size of about 3 pum. The
product is a highly reactive SCM.
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Rice Husk Ash

A reactive pozzolanic material is produced
when rice husks are burned under controlled
conditions — typically at 500-700°C. The
resultant material has a SiO2 content of about
80% and contains both amorphous and
crystalline silica particles. The average particle
size can be quite high (about 50 pm), but
because of the highly porous structure of the
product it can have an extremely high surface
area (up to 50-60,000 m?/kg), which makes it
highly reactive. The need to closely control the
burning conditions limits the practicality of
producing the product in many regions, and
particularly in under-developed countries.

Natural Pozzolans

There is a wide variety of natural pozzolan
materials used throughout the world, with a
variety of origins. Many are of volcanic origin
and the glassy deposits may be ‘incoherent’
layers of glassy material or compacted
materials (known as tuffs) that may have been
chemically altered by later geological activity.
Some sedimentary materials (clays and
diatomaceous earths) also demonstrate strong
pozzolanic behaviour. In the main these
materials are  glassy, silico-aluminate
compounds and often with significant porosity.
They can contain small proportions of
crystalline silica as well as quite high alkali
contents. The materials can be mined and
milled into fine powders for use in concrete and
related applications. There has been little
interest in this class of pozzolans in Australia,
although some research work has been done to
assess the potential for use in concrete of a
glassy pitchstone material found in North
Queensland.

8.4 AMORPHOUS SILICA
CHARACTERISATION

The variety of natural and synthetic sources of
amorphous silica materials results in a wide
range of material properties and reactivities.
While synthetic materials derive from highly
controlled manufacturing processes and are
expected to be quite consistent, the properties
of the natural materials reflect the diversity of
their sourcing. Many of the key physical
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properties result from processing activities that
have been described above. The significance of
the physical properties is discussed below, and
a comparison of key properties is given in
Table 2.9 to allow a comparison of these
materials to be made.

Physical Characterisation

Surface Area — The specific surface area
(SSA) of amorphous silica materials is a
function of the processes from which they are
derived and is fundamental to their
performance in concrete. The SSA is typically
measured using the BET method, and the
results give values very much higher than those
for Type GP cement or more conventional
SCM’s. High levels of pozzolanic reactivity and
increased (relative) water requirement are a
consequence of the very high surface areas.
For some of these fine materials, where
agglomeration is a problem, conventional
‘fineness’ testing using a 45-micron screen is
also used as a measure of the degree of
agglomeration. For silica fume, the American
ASTM C 1240 Standard sets a maximum of
10% retained on the 45-micron screen to limit
the degree of agglomeration, as well as a
minimum SSA of 15 m?/kg to ensure adequate
reactivity.

Average Particle Size — In general this value
is related to the SSA, but for some of the
amorphous silica materials, high SSA values
come about because of the porous structure of
the material. Rice Husk Ash (RHA) is an
example of a relatively coarse material having
a high SSA because of its highly porous
structure. For silica fume, the MMD is about
0.1-0.2 pm.

Relative Density or Specific Gravity (SG) —
This is not a specified property in either the
Australian Standard or most international
Standards. The SG is a function of the
chemistry and mineralogy of the material and is
used in mix designs to convert mass to volume.
For silica fume the SG is about 2.1-2.2.

Bulk Density — This property is important from
handling, transport and packaging
perspectives. The very low bulk density of silica
fume as produced creates difficulties in
handling and transporting the product.
Densification of the product, effectively an
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agglomeration process, assists with handling
but creates potential problems when using the
material in concrete. Unless the product is
effectively de-agglomerated during concrete
mixing its full pozzolanic activity potential will
not be realised.

Water Requirement and Strength Index -
These complementary properties affect the
strength able to be achieved when using the
product in concrete. A high SSA generally
means an increased water demand in concrete
and this needs to be mitigated using
admixtures. The high SSA also means high
reactivity and concrete strength performance is
generally much higher than with conventional
SCM’s. Typical of the test methods used to
assess these properties are those described in
AS 3583.6. This test involves the preparation of
mortars containing (a) cement only —the control
mortar, and (b) cement plus a proportion of the
test material — the test mortar. The amount of
water required to achieve a similar flow to the
control mortar allows calculation of the (relative)
Water Requirement, while the strength of the
test mortar (at either 7 days under accelerated
curing, or 28 days under standard curing)
allows calculation of the (Strength) Activity
Index.

Mineral and Chemical Characterisation

The amorphous silica materials are either silica-
rich or silico-aluminate rich materials derived
primarily from geological sources. To ensure
adequate levels of pozzolanic activity these
materials must be mainly amorphous. Given
their geological origin, many amorphous silica
products contain small proportions of crystalline
silica minerals (quartz and cristobalite) which
must be given proper consideration when
handling and using the products (see ‘Handling
and Storage’ below). Key chemical parameters
used to characterise the amorphous silica
materials are those that potentially impact end-
use performance. These include overall
chemical composition and some individual
components, as described below.

Chemical Composition (General) -
Determined using AS 2350.2, this information is
primarily used to assess the SiO2 content — for
which a minimum value (85%) is set in almost
all national Standards. For a product like silica
fume that derives from a well-controlled
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industrial process, variations in chemistry would
be expected to be small. For potentially more
variable materials of geological origin, chemical
content provides a simple measure of product
consistency.

Sulfate — Determined using either AS 3583.8 or
AS 2350.2, the sulfate content is an important
property when using SCM’s in concrete as high
levels of sulfate may contribute to expansive
reactions in concrete and these may result in
concrete cracking.

Alkalis — While AS 3582.3 does not set any
limits for alkali content, it requires that any
determination of total alkali or available alkali
content be carried out using methods
AS 2350.2 or AS 3583.12 respectively. The
total alkali content may provide useful
information if needed to assess likely
susceptibility of a concrete mix to ASR if
reactive aggregates are being used in the mix.

Chloride — Limits for chloride are set in
AS 3582.3. Able to be determined using either
AS 3583.13 or AS 2350.2, the chloride ion
content is useful in helping determine the
overall amount of chloride in a concrete mix,
along with the chloride ion content of cement,
admixtures and aggregate materials. Chloride
ions may migrate through the concrete over
time and, if and when they reach any embedded
steel, may initiate and/or accelerate corrosion
of the steel.

Moisture Content — Determined using
AS 3583.2, this test measures the amount of
moisture adsorbed on the surface or in the
pores of the material. The moisture content, if
too high, may affect the free-flowing nature of a
material and in more severe circumstances
may result in the formation of lumps.

Loss on Ignition (LOI) — Determined using
AS 3583.3, the LOI test measures the amount
of unburned carbon remaining in the product.
This test provides useful information about
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silica fume (where carbon electrodes are used
in the silicon / ferro-silicon manufacturing
process) and for Rice Husk Ash (which is
produced in a combustion process).

8.5 AMORPHOUS SILICA USES

Australian experience with amorphous silica
products is limited to local and imported silica
fume, while in New Zealand the locally
produced Microsilica product and imported
silica fume have been used. In Australia, recent
data suggests that silica fume use is about
15,000 tpa. Silica fume and Microsilica are used
for two primary reasons, namely (a) to reduce
Portland cement content for economic reasons,
and (b) to produce high strength / high durability
concrete. Most of the current use of silica fume
is for the latter reason.

Silica fume is highly reactive pozzolan with a
cementitious efficiency nominally between 2
and 5 times that of Type GP cement —
dependent in part on the overall cementitious
content of the mix and the proportion of silica
fume. Silica fume is not often used at a cement
replacement rate of greater than 8-10% as
concrete mixes can become very sticky and
difficult to place and finish at higher
replacement levels. Almost invariably, silica
fume mixes require a super-plasticiser to
provide reasonable workability, however care
needs to be taken to ensure that total water is
not reduced to a point where it might affect
strength development. Highly cohesive silica
fume mixes generally have a lower
susceptibility to  segregation.  Another
noticeable property of concrete containing silica
fume is the very low bleed level and rate. This
needs to be understood and managed for any
flat-work applications.
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Table 2.9 — Physical Properties of Amorphous Silica Products

Silica Fume Rice

Property Microsilica Metakaolin  Husk IF\)laturallI
Un-Densified Densified Ash ozzolans

Specific Surface Area (m?/g) 15-30 15-30 - 8-15 50 variable
Average Particle Size (um) 0.2 0.2 2.0 1.0 11-30 variable
S.G. 2.2 2.2 2.15-2.3 2.4-2.6 2.1 2.3-2.6
Bulk Density (kg.m™) 130-430 480-720 500-600 600 500 1,000-1,400
Water Requirement increased increased increased increased increased increased
Activity Index (%) 120 120 108 120 120 variable

Silica fume reacts strongly and relatively quickly
with lime present in the concrete paste, and this
has led to concerns about a reduction in
concrete paste pH sufficient to compromise the
passivation of any embedded steel in the
concrete. Testing on mature cement pastes has
shown that 10% silica fume can reduce the
paste pH by 0.5 pH units, while 20% silica fume
can reduce the pH by 1.0. Even with the higher
proportion of silica fume the paste pH remained
above 12,5 and steel passivation is not
compromised at this level.

Silica fume imparts high durability performance
in part because of the high concrete strengths
that are able to be achieved, and in part
because of the ability of the very fine particles
to alter the nature of the cement paste-
aggregate interface — a known source of
weakness in concrete. Arguably, silica fume
dose rates of <5% are far less effective at
improving strength and durability because there
is insufficient material to properly enhance
performance at the paste-aggregate interface.

Early-age concrete strengths with silica fume
mixes are high because of its rapid hydration
and because of the physical filler effect. The
reaction can be so rapid that it can use up
available mix water leading to ‘self-
desiccation’. The dense early-age
microstructure also makes it difficult for external
water to enter the concrete to assist with curing.
While some laboratory studies have suggested
that the early-age high strengths can lead to
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some strength regression at later ages, this has
not been borne out in field studies.

From a commercial perspective, silica fume is
quite expensive relative to Type GP cement
and other SCM’s.

Microsilica, although not as fine as silica fume,
performs in a very similar manner. One
advantage of Microsilica over silica fume is that
it does not have issues with agglomeration that
are common with silica fume. Microsilica has a
shelf life, without suffering agglomeration, of at
least four years. Despite this, care still needs to
be taken to ensure adequate dispersion of the
Microsilica through the concrete mix.
Appropriate replacement rates are also
considered to be 8-10% and the primary use of
Microsilica is in high strength and high durability
concrete  applications. Amorphous silica
materials were first used in the 1950’s and
1960’s in a series of dam constructions in the
North Island of New Zealand, prior to the
development of the current Microsilica deposits.
Microsilica is not as fine as silica fume and
appears to have less detrimental effects on
concrete workability. It can give a slight
reduction in setting time despite the usual
presence of a super-plasticiser.

Microsilica also attracts premium pricing.

Typical Uses of Silica Fume / Microsilica in
Concrete

Typically, silica fume / Microsilica are used for
the primary purposes of obtaining high strength
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and superior durability performance in
concrete. Some special applications of note are
(a) those requiring low heat, where the ability to
reduce cement content and still obtain high
early-age strengths is critical, and (b) where
high strength and highly cohesive mixes are
required (e.g. sprayed concrete/shotcrete used
in mining situations).

The wide-spread use of silica fume in the USA
has led to the preparation of several guidance
documents in addition to their Standard
(ASTM C 1240), including:

e AASHTO Designation M307-04 —
Standard Specification for Use of Silica
Fume as an Admixture in Hydraulic
Cement Concrete, Mortar and Grout; and

e ACI 234-R — Guide for the Use of Silica
Fume in Concrete.

The use of Silica fume and Microsilica results in
improvements to a range of concrete properties
as described below. It has been noted that,
because of the high degree of cohesiveness
found with silica fume mixes, concrete slump
targets of 25 mm to 50 mm higher than those
used for cement-only mixes are necessary in
order to achieve similar levels of compaction.

Compressive Strength — Test work carried out
on Australian silica fume involving comparisons
with silica fume sourced from Europe showed
that (a) the performance of the materials was
similar, regardless of source, and (b) 28-day
concrete strengths for silica fume mixes
containing 350 kg of cementitious material were
15% higher than a cement-only control (43 MPa
at 28 days) at 5% replacement level; 35%
higher than the control at 10% replacement
level; and 40% higher than the control at 15%
replacement level. At higher cementitious
contents the proportional improvement is
expected to be lower. In a separate study with
higher cementitious contents and higher
strengths, improvement of 25% and 35% were
noted against a control that yielded 56 MPa at
28 days. For Microsilica, trials demonstrated
increases in 28-day strength of 15-30% against
a cement-only control with Microsilica additions
of 7% and 10%. It has also been noted that the
modulus of elasticity of concrete containing
silica fume is higher than concrete of similar
strength containing cement only.
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Drying Shrinkage — Differing views appear in
the literature regarding the drying shrinkage of
concrete containing silica fume. An increase in
drying shrinkage of about 15% has been
reported in one study, while elsewhere lower
and slower drying shrinkage has been noted.
This suggests the need for trials to be carried
out if specific drying shrinkage performance is
required as the outcome will be dependent on a
variety of factors. Testing of Microsilica showed
that slightly higher drying shrinkage was
observed at one year against a cement-only
control.

Pore Structure — The durability performance of
concrete is determined to a large extent by the
pore structure and the consequent permeability
of the concrete. Mercury porosimetry testing
carried out on concrete containing Australian
silica fume showed reduced levels of total
porosity and a reduction in the number of larger
pores — both indicative of reduced permeability.
Other testing confirms the reduction in concrete
permeability, at least at up to a 10% cement
replacement level, with dramatic reductions in
permeability being noted with both silica fume
alone or when used in combination with other
SCM’s.

Chloride lon Permeability — With silica fume
there are several factors at play in relation to
chloride ion penetration, most particularly the
much lower permeability of concrete containing
silica fume and the consequent slower diffusion
rate of chloride ions. This lower diffusion rate
counters concerns about increased corrosion
risk due to the slight lowering of paste pH as a
result of the silica fume / lime reaction in the
paste. The increased resistivity of concrete
containing silica fume also assists in reducing
corrosion rates if corrosion is initiated. When
using Microsilica, concrete containing 10%
Microsilica was found to have significantly lower
electrical conductance when assessed using
the ASTM C1202 Rapid Chloride Permeability
Test.

Sulfate Resistance — The use of silica fume
concrete has been found to be as effective as
using Type SR cements to prevent sulfate
attack, and if used in combination with fly ash
or GGBFS, is even more effective than Type SR
cements. The improved resistance is likely due
to (a) the refined pore structure, and (b) the
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lower lime content. Testing with Microsilica
using the ASTM C 1012 method has shown
very significant improvements in sulfate
resistance against a cement-only control.

Alkali Silica Reaction (ASR) — One of the first
commercial uses of silica fume was for the
control of ASR in Iceland, where since 1979, all
concrete has included about 7% replacement of
cement with silica fume. This has proved to be
a very effective solution. Silica fume acts in
several ways to mitigate ASR — by (a) reacting
with, and binding, available alkalis and (b)
reducing water ingress because of lower
concrete permeability. It has been reported that
agglomerated silica fume may act as an initiator
of ASR, so care must be taken to ensure
efficient mixing and complete distribution of the
silica fume. In New Zealand where ASR has
been problematic, natural mineral materials like
diatomite and pumicite were used in the 1950’s
and 1960’s to mitigate ASR until, in the 1990’s,
both Microsilica and meta-kaolin  were
introduced for ASR mitigation. A substantial
Australian review of ASR and its control
suggests that 8-10% silica fume is sufficient to
mitigate ASR.

Carbonation — Carbonation does not appear to
be a significant issue with high strength
concretes containing silica fume, but with lower
strength concrete it may be problematic,
particularly if there has been inadequate
concrete curing.

Applications of Other Amorphous Silica
Materials

Where silica fume, fly ash and GGBFS are not
readily available, natural pozzolans are used as
cement replacement materials and for concrete
durability improvement where required. Some
of these materials increase concrete water
demand. Some materials are used after simply
mining and milling them to an appropriate
fineness, while others are subjected to
‘calcination’ — heating (to 500-800°C) to
activate certain (clay) minerals. Activated
products like meta-kaolin are highly reactive
and are used in both conventional concrete and
in the manufacture of ‘geopolymer concrete’. In
Australia, some research has been carried out
on the cementitious efficiency of pitchstone — a
glassy mineral found in large outcrops. There
are an estimated 100 million tonnes of
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pitchstone available in North Queensland. This
mineral can be mined and milled to a fine
powder and behaves as a moderately
cementitious material and has been shown to
improve concrete durability.

Low Heat Applications — While silica fume has
almost the same contribution to concrete heat
of hydration as Type GP cement on a unit
weight basis, the higher strengths able to be
achieved and the consequent lower
cementitious content requirements mean silica
fume has a role in low heat applications, often
in combination with other SCM’s like fly ash.

Sprayed Concrete Applications — Silica fume
is a key ingredient in sprayed concrete (or
Shotcrete) which is used particularly for tunnel
linings and in mines. Silica fume concrete,
alone or with steel fibres included, provides
cohesive, high early strength concrete that is
particularly suitable for sprayed concrete
applications such as those comprehensively
described in the American Concrete Institute
‘Guide to Shotcrete’.

Special Amorphous Silica Applications —
One of the main benefits of silica fume is the
ability to make very high strength concrete,
typically 80-100 MPa and above. With these
very high strengths comes a high modulus
which can be used to advantage in high rise
structures in particular. These performance
characteristics allow thinner columns to be
used and create additional savings in materials
through the need for less concrete and
reinforcing steel.

High durability performance also makes silica
fume concrete the material of choice in projects
requiring a long (e.g. 100 year) design life — and
was the SCM of choice for some Scandinavian
bridge structures and tall Middle Eastern tower
buildings.

Metakaolin is a suitable raw material for the
manufacture of ‘geopolymer concrete’. With its
high reactivity it has the potential to impart good
strength and durability performance
characteristics to this  alternative to
conventional concrete.

Version 1.0



8.6 HANDLING AND STORAGE

Like other SCM’s, powdered amorphous silica
products should be kept dry to facilitate
effective handling, batching and transport.

Silica fume as produced is a very fine powder
of very low bulk density — so low that it
compromises effective handling and batching.
This necessitates that silica fume be densified
(by agglomerating particles), to increase its bulk
density from <400 kg.m™ to values in the order
of 700 kg.m™. In the past, slurries of silica fume
have also been used to improve its handling
characteristics though these are not common
now. Densified silica fume must be de-
agglomerated once batched into a concrete mix
to (a) ensure its efficiency is maximised, and (b)
prevent the possibility of agglomerations acting
as a nucleus for ASR.

Microsilica, while very fine, has been ‘designed’
to ensure that agglomeration does not occur. It
is claimed that even after four years, no
agglomeration of the product is observed.

As is the case for the other fine SCM products,
care must be taken in the workplace to ensure
that dust levels are properly managed. All
amorphous silica products contain significant
proportions of respirable material. For most of
the products, particularly Microsilica and many
of the natural amorphous silica products, they
contain (generally) low levels of crystalline silica
and need to be treated with considerable
caution in terms of workplace exposure to dust.
In potentially high exposure areas involving the
use of ‘amorphous silica’, engineering systems
should be used to manage ambient dust levels,
and as a last resort, PPE should be worn to limit
personal exposure levels.

While silica fume is often described as an
amorphous product, effectively all Safety Data
Sheets for silica fume note some (small)
proportion of crystalline silica. With the current
levels of concern about crystalline silica and
recognising the extremely high fineness of the
product, proper control measures should be put
in place to manage exposure to silica fume and
amorphous silica dust.
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8.7 DURABILITY OF AMORPHOUS
SILICA CONCRETE

The use of amorphous silica products as partial
cement replacement material in concrete
results in significantly improved durability
performance of the concrete — relative to
cement-only concrete. The reasons for the
improved performance and the actual effects
are quite similar for each of the SCM’s. Rather
than describe the durability-related
performance for each SCM separately, a sub-
section is dedicated to durability performance
(sub- Section 9).

9 THE EFFECTS OF SCM’S ON
CONCRETE DURABILITY

9.1 INTRODUCTION

Concrete that is able to provide high durability
performance is generally characterised by
having high strength — which in turn generally
means a relatively high cement (plus SCM)
content and a low water/cementitious ratio.
These characteristics impart properties of low
porosity and low permeability which are
conducive to preventing aggressive fluids from
entering the concrete and reacting, in one way
or another, with components of the cement
paste and/or embedded steel. The
effectiveness of water/cementitious ratio on
porosity and permeability are shown in
Figures 2.13 and 2.14.

It is readily able to be shown that the use of
SCM’s as partial cement replacements — the
levels of replacement varying with SCM type —
is able to improve durability performance
through several mechanisms, including:

e By reacting with lime, in the presence of
water, to form additional hydration
products that lower both porosity and
permeability;

e By, in some cases, significantly
increasing the volume of paste in the mix
because of the (relatively) low density of
the SCM creating a higher paste volume
(fly ash and silica fume particularly);

¢ By way of fine SCM particulates blocking
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pores in the paste; and

e By increasing the reactive silica content
in the paste beyond the ‘pessimism level’
resulting in reduced (ASR) gel
expansion.
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Figure 2.13 — Effect of W/C Ratio on Concrete
Porosity
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Figure 2.14 — Effect of W/C Ratio on Concrete
Permeability
The extent of this improved performance and
the effect of SCM proportion will be
demonstrated with selective examples for each
of the important concrete  durability
performance characteristics in the following
sub-sections.
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9.2 DURABILITY PERFORMANCE
IMPROVEMENT EXAMPLES

Chloride lon Permeability — Chloride ions may
be found within the paste — their source being
the materials used in concrete manufacture, or
the chloride may derive from external sources
as exampled by the concrete (a) being
submerged in sea water or (b) having airborne
salts deposited on the surface in locations
adjacent to the ocean. Regardless of the
source, chloride ions will slowly but surely
penetrate into the body of the concrete and
ultimately destroy the passivated layer on any
embedded steel and initiate corrosion. The rate
of penetration of the chloride ions will be
determined, in part, by the permeability of the
concrete. Assuming that the fundamental
concrete performance is adequate (sufficiently
high strength, sufficiently low
water/cementitious ratio), the use of SCM’s will
provide high durability performance through
creating additional resistance to chloride ion
penetration. The effectiveness of the SCM is
determined in part by its substitution rate.
Typically, fly ash is used at 25% replacement;
GGBFS at 65% replacement; and silica fume at
8-10% replacement in high durability concrete
mixes. Examples of the effectiveness are
shown in Figures 2.15 and 2.16 for fly ash and
GGBFS respectively.
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Figure 2.15 — Fly Ash Proportion and Chloride Ingress
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Figure 2.16 - GGBFS Proportion and Chloride
Ingress

Sulfate Resistance — Sulfates may attack
concrete paste in several ways, including
reacting with lime or other constituents to form
expansive compounds that then cause
cracking, or by attacking the calcium silicate
hydrate component and causing it to
disintegrate and the concrete to crumble. In
each case, decreasing concrete permeability is
a key element to increasing concrete sulfate
resistance. Examples of the effect are shown in
Figures 2.17 and 2.18.
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Figure 2.17 — Fly Ash Proportion and Sulfate Resistance
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Figure 2.18 — GGBFS Proportion and Sulfate
Resistance

Drying Shrinkage — Drying shrinkage results
from the long-term loss of moisture from the
concrete paste due to atmospheric drying
conditions. Levels of drying shrinkage are not
determined by any single factor, and the nature
of the cementitious material has little influence
— other than in the test used to measure drying
shrinkage performance for cements when
conformance with Type SL requirements in
AS 3972 are considered. Fly ash in particular
has a significant effect on drying shrinkage of
the mortar used in the test described in
AS 2350.13. GGBFS also generally results in
lower drying shrinkage based on this test.
Typically, a Type GP cement will lead to a
mortar drying shrinkage of about
600 microstrain, while Type GB cements
containing either fly ash or GGBFS lead to a
drying shrinkage value of about
250-300 microstrain with the AS 2350.13 test.

As noted in Table 1 of AS 3972, there are
multiple factors involved in determining
concrete drying shrinkage, and all need to be
considered.

Heat of Hydration — The hydration of cement
produces heat as a by-product and for mass
concrete structures, this can be problematic.
Low heat (Type LH) cements are useful in
dealing with high concrete temperatures (and
temperature differentials) and are routinely
employed. SCM’s are used to effectively dilute
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Type GP cement in a conforming Type LH
cement — the effectiveness of the SCM
dependent largely on the replacement
proportion, as shown for GGBFS in
Figure 2.19. In commercial type LH cements,
either 40% fly ash or 65% GGBFS replacement
rates are used. Silica fume is not generally used
for Type LH cement manufacture.
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Figure 2.19 — The Effect of Increasing Proportions of
an SCM on Heat of Hydration

ASR / AAR — Alkali aggregate or alkali silicate
reaction is a significant issue for concrete
durability for various reasons, including (a) it
often occurs in significant infrastructure, and (b)
it does not generally appear for 20 or more
years and is practically impossible to
remediate.

ASR/AAR requires there to be (a) reactive
aggregate, (b) sufficient alkali to initiate
ASR/AAR, and (c) sufficient water ingress to
cause the ASR/AAR gel to expand and cause
concrete cracking. SCM'’s are able to mitigate
the likelihood of ASR/AAR by two primary
means, namely (1) providing fine reactive silica
evenly dispersed through the concrete paste to
(effectively) react with the available alkali, and
(2) reduce concrete permeability to prevent
sufficient water entering the structure to allow
any ASR/AAR gel to expand.

All of the common SCM'’s are effective in
mitigating ASR/AAR, but at different
replacement levels. Fly ash is typically used at
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25%; GGBFS is used at 50+%; while silica fume
is used at 8-10%. For silica fume, the
replacement proportion and the percentage of
silica in the product are both determinants of its
effectiveness in mitigating ASR/AAR (see
Figure 2.20). Figure 2.21 shows the reduction
in expansion obtained from increasing the
reactive silica level beyond the ‘pessimism
level’.
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Figure 2.20 — Effect of Silica Fume Proportion and
SiO2 Content on Expansion Due to ASR
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Figure 2.21 — Effect of Reactive Silica Content on
Expansion Due to ASR
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It should be noted that research has
established that if silica fume is present in an
agglomerated form it may initiate ASR/AAR.
This emphasises the need to ensure that silica
fume is fully dispersed through a concrete mix.

10 SUMMARY

SCM’s, and most particularly fly ash and
GGBFS, are now commonly used and fully
accepted cementitious materials for use in
concrete manufacture in Australia. Silica fume
is less widely used as it is quite expensive —
however, in specific end-uses it is particularly
effective (e.g. high strength and high durability
applications, shotcrete).

Although these SCM’s derive from materials
which are nominally ‘wastes’ from large scale
industrial processes, once processed they
become reliable and consistent cementitious
materials. There are Australian Standards (the
AS 3582 series) specific to each of these
material types.

SCM'’s give improved performance in almost all
aspects of concrete performance. Generally,
they improve workability and pumpability of
plastic concrete as well as strength and
durability  performance improvement in
hardened concrete. A huge amount of research
has been carried out to substantiate these
improvements and to understand the
mechanisms that drive them.

A key element of SCM use in modern concrete
is the positive benefit of reducing the embodied
CO:2 and embodied energy levels in concrete
which is a critical requirement for modern
construction materials. Fly ash and GGBFS can
also be used in ‘alternative binder’ materials
which can substitute for Type GP cement in
certain applications.

In a variety of different ways, SCM’s will
continue to be important concrete materials and
to make an ongoing positive contribution to all
aspects of concrete technology.
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11 RELEVANT AUSTRALIAN
STANDARDS

1
2)
3)
4)
5)

6)

7

8)
9)

AS 1379 — The specification and supply of
concrete

AS 2758 — Aggregates and rock for
engineering purposes

AS 2758.1 — Concrete aggregates

AS 3600 — Concrete structures

AS 3972 — General purpose and blended
cements

AS 2350 — Test methods for general
purpose and blended cements (series of
Standards)

AS 3582 — Supplementary cementitious
materials (series of Standards)

AS 3582.1 — Fly ash

AS 3582.2 — Ground granulated blast
furnace slag

10) AS 3583.3 — Amorphous silica
11) AS 3583 — Test methods for supplementary

cementitious materials (series of
Standards)

12 FURTHER READING

1

2)

3)

4)

5)

Neville, A.M. ‘Properties of Concrete’ (4"
Edition) (1995), Longman Group Limited,
ISBN 0 582 23070 5

CCAA Technical Notes — TN 77 (Fly Ash);
TN 78 (GGBFS); TN 79 (Amorphous
Silica); TN 59 (Cements)

CSIRO, ‘Guidelines for the use of High-
Volume Fly Ash Concrete’ (1995), ISBN 0
643 05822 2

Standards Australia, ‘Alkali Aggregate
Reaction — Guidelines on minimising
damage to concrete structures in Australia’
(2015), SA HB 79-2015, ISBN 9 781 76035
060 4

Ash Development Association of Australia,
‘Coal Combustion Products Handbook’ (2"
Edition) (2014), ISBN 9 780 992514 006
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1 OUTLINE

This section summarises information on the
properties of aggregates, their sources in
Australia, and their classification for use in
concrete. It discusses their properties in some
detail and their influence on the properties of
the concrete. It also outlines methods of testing
aggregates.

Aggregates form between 60% and 80% of the

volume of concrete and are an important

constituent of concrete. At one time they were

considered to be inert fillers, but we now know

their properties can significantly affect the
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performance of concrete in both its plastic and
hardened conditions.

The physical and chemical test methods for the
properties of concrete aggregates are covered
by Australian Standards including AS 1141 and
AS 1012. The specifications for concrete
aggregates are covered by AS 2758.1.

AS 1141 contains methods for the sampling
and testing of aggregates used for concrete,
asphalt, sprayed bituminous surfacing,
pavements, railway ballast and other
engineering purposes. In this section reference
is made to those methods relating to the use of
aggregate in concrete.

2 TYPES AND USES OF
AGGREGATES

Concrete aggregates, regardless of their origin,
can be divided into four classes: heavyweight
aggregates, normal-weight (or  dense)
aggregates, lightweight aggregates and ultra-
lightweight aggregates. The majority of
aggregates used to make concrete fall into
normal-weight and lightweight classes.

Normal-weight aggregates are sands (fine
aggregate), natural gravels and hard rock,
crushed or uncrushed (in the case of natural
aggregates). There are also certain
manufactured aggregates, such as crushed
iron blast-furnace slag, which have a particle
density of not less than 2,100 kg/ms.
Manufactured aggregates are not a major
source of aggregate employed in the
production of concrete in Australia and are still
required to comply with the requirements of
AS 2758.1.

Lightweight aggregates are defined by
AS 2758.1 as those having a particle density
less than 2,100 kg/m3 but not less than
500 kg/m3. They are used to produce concrete
of substantially lower unit mass than that made
from dense aggregates and include materials
such as scoria, a porous rock of volcanic origin,
and manufactured materials such as foamed
iron blast- furnace slag and expanded shales.

Structural lightweight concrete, with dry density
greater than 1,800 kg/m3 and compressive
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strength ranging from 20 MPa to 32 MPa, is (e.g. to balance floatation in marine structures)
produced with scoria, foamed slags and but these uses are comparatively rare.
expanded shale. Moderate-strength lightweight
concrete falls midway between low-density and
structural concretes using normal weight
aggregate with respect to unit weight and
strength, the most common aggregate used in
this type of concrete being pumice. Sintered
pulverised fuel ash aggregate is also used but
rarely in Australia.

Ultra-lightweight aggregates are defined as
those having a particle density of less than
500 kg/m3- They are used to produce concrete
with a very low density. Concretes with
densities as low as 400 kg/m3 can be produced
using materials such as vermiculite (a
micaceous mineral) and perlite (a volcanic
glass). The thermal insulation values of such

Heavyweight aggregates include limonite, concretes are high, but their compressive
barytes, magnetite and steel ‘punchings’. strengths are very low. They are therefore not
These are used principally in the production of suited to structural purposes but rather as an
concrete for shielding against radiation (nuclear insulating backfill.

power stations and hospital applications) but
also find application where extremely heavy
mass concrete is required for other reasons

Information relating to the categorisation of
these aggregates, their uses and impact on
concrete density is summarised in Table 3.1.

Table 3.1 — Types of Aggregate for Concrete

Indicative concrete

Weight categories Types of aggregates Uses density (kg/m?)
Ultra-lightweight Vermiculite; Thermal insulation 500 to 1,000
Particle density® Perlite.
<500 kg/m3
Lightweight Pumice; Lightweight concretes 1,000 to 1,800
Particle density® Sintered pulverised fuel ash.
<2,100 kg/m? . . .
Scoria; Lightweight structural 1,800 to 2,100
Foamed iron blast-furnace slag; concretes

Expanded shales;
Expanded clays.

Normal-weight Natural sands; Normal-weight structural 2,100 to 2,800
Particle density® Natural gravels; concretes
>2,100 kg/m?® Natural rocks;

Air-cooled iron blast-furnace slag.
Heavyweight Limonite; Heavyweight mass 2,800 to 5,000
Particle density® Barytes; concretes;
23,200 kg/m3 Magnetite; Radiation shielding.

Steel punchings.

NOTE: (*) Particle density on dry basis is determined in accordance with AS 1141.5 for fine aggregates and
AS 1141.6.1 or AS 1141.6.2 for coarse aggregates.
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3 SOURCES OF AGGREGATES
3.1 GENERAL

The common types of normal weight aggregate
used in practice are:

e Natural sands and gravels;
e Crushed rock aggregate;
e Manufactured aggregate;

The sources of these aggregates are discussed
in the following sections.

3.2 NATURAL SANDS AND GRAVELS

Natural sand and gravel sources are widely
distributed throughout Australia although urban
development and the past exploitation of the
remaining deposits are reducing their
availability in locations close to the major cities.
Such deposits include:

e Stream beds - particles are normally
rounded in shape, clean and strong, most of
the weak material having been removed by
erosion. The particle sizes existing in a
specific location will relate to the volumes
and speed of water travelling in the stream
bed. In most cases this limits stream beds to
finer size particles (typically sands);

e Alluvial deposits — formed on flood plains
and in larger riverbeds. Depending on the
original source of the parent rocks as well as
the volume and rate of water flow, such
deposits may contain rocks and stones of a
number of different types and sizes that can
be sieved into useful size fractions by
screening. Sands from these sources trend
towards coarser fractions with particle sizes
from 0.4 mm to 5.0 mm;

e Marine deposits — formed at the edges and
bottom of seas and lakes. Note that marine
aggregates may introduce unacceptable
guantities of chlorides into concrete unless
appropriately managed;

e Dunes - formed by the action of wind.
These sands tend to be single-sized and
very fine (typically sands with predominate
particle sizes less than 0.6 mm).
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3.3 CRUSHED ROCK AGGREGATE

Crushed rock is sourced from hard-rock
guarries in a systematic process of drilling and
blasting rock formations to produce suitably
sized material to feed into a crushing and
screening process. Crushed rock aggregates
have the advantage that they can be produced
in any desired size and grading by the
installation of suitably designed crushing and
screening equipment. Rock types that are
suitable as concrete aggregates are grouped
into three major classifications according to
their geological origin:

Igneous Rocks — Igneous rocks are formed
from molten minerals emanating from below
the earth's surface. Basalt, diorite and granite
are examples of igneous rocks commonly used
as concrete aggregates. This rock type
suitability for concrete aggregate depends on
its mineral composition. Some igneous rocks
can be unsatisfactory for use in concrete. For
example, ‘green basalts’ contain secondary
clay minerals that cause the aggregate to
exhibit large volumetric expansion/contraction
with changes in moisture content. If this
material is used in concrete subject to wetting
and drying, it can expand and either adversely
affect the durability of or eventually disrupt the
concrete.

Sedimentary Rocks — Sedimentary rocks are
formed at the earth's surface by the
accumulation and consolidation of the products
of weathering and erosion of geologically older
rocks and minerals. The sediments usually
harden by cementation or compaction over very
long periods of time. Limestone, sandstone,
shales and chert are examples of sedimentary
rocks.

Limestones are probably the most widely used
as concrete aggregates in this group.
Limestones vary from very hard fine-grained
crystalline rocks to very soft and weak materials
like chalk. Hard limestone is generally suitable
for use in concrete, but soft limestone should be
avoided.

Sandstones may be suitable as concrete
aggregates if they are composed of quartz
grains cemented together with amorphous
silica. Sandstones that consist of sand grains
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bound together by clay are generally
unsatisfactory because they are weak and
porous and may soften in water.

Shales are generally unsatisfactory because of
their soft and absorptive nature. Cherts are
hard and dense but, depending on the silica
minerals present, may be subject to severe
alkali-reactivity in concrete.

Metamorphic Rocks — Metamorphic rocks are
formed from pre-existing rocks (both igneous
and sedimentary in origin). Actions of changes
in the earth’s crust including heat and/or
pressure lead to change or ‘metamorphism’ to
the original rock. They are dense but may be
weak in one plain. Marble, quartzite, Gneiss,
phyllite and slate are examples of this type of
rock.

The mineral compositions of metamorphic
rocks are highly variable, depending in part on
the degree of metamorphism and in part on the
composition of the parent material. Certain
metamorphic rocks may be more prone to
alkali-reactivity in concrete as a result of
straining of the quartz structure during
metamorphism.

3.4 MANUFACTURED AGGREGATE

Manufactured aggregates may be either by-
products of an industrial process, such as blast-
furnace slag, or products specially
manufactured as aggregates (e.g. expanded
clays and shales). Expanded clay or shale is
now rare in Australia but they were an important
source of lightweight aggregate in past years.

Iron Blast-furnace Slag — Iron Blast-furnace
Slag is the non-metallic by-product produced in
an iron blast furnace (see Part I, Section 2 of
this Guide). It consists, essentially, of silicates
and calcium alumina-silicates and other bases.
By changing the cooling conditions and cooling
rates, the molten slag can be made to solidify
into a number of different forms with distinctive
physical properties. By far the most common
slags are those derived from iron blast
furnaces, but copper slag has also been used
as a concrete aggregate in Australia. Slag
aggregates need to undergo a period of
weathering in a stockpile before they are used
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in concrete. Three types of iron blast furnace
slag are available commercially:

e Air-cooled slag is a crystalline product
produced by allowing the molten slag to
cool slowly in pits or bays under
atmospheric conditions. This is the usual
source of slag aggregates;

e Granulated slag is a glassy, granular
product formed when molten slag is
quenched rapidly in water. It is
sometimes used as a fine aggregate, but
is more often ground to provide a material
with cementitious properties;

¢ [Foamed slag is the vesicular product
formed by the controlled quenching of
thin layers of molten slag in shallow pits.
Water may or may not be used for
guenching.

Granulated and foamed slags are also sources
of lightweight aggregate.

Expanded Clays and Shales — When certain
types of clay and shale are heated to about
1,200°C, they begin to fuse and melt. At the
same time, the gases generated expand the
mass rapidly to form a honeycomb of small
cells. The resultant material, when cooled, has
a low particle density and unit weight (bulk
density), but is hard and strong.

Sintered Pulverised Fuel Ash — Fly ash is a
material formed during the combustion of
pulverised coal in power station steam boilers
or similar high-temperature  combustion
chambers (Part Il, Section 2 of this Guide). A
lightweight aggregate is formed by mixing fly
ash with water and coal slurry, then pelletising
and sintering the mixture to 1,400°C. This form
of lightweight aggregate is more common in the
UK, USA and Europe but rarely imported to
Australia.
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4 AGGREGATE PROPERTIES IN
AS 2758.1

4.1 GENERAL

Aggregate properties that affect the resulting
concrete, and the limits placed on those
properties in AS 2758.1, are discussed in
Clauses 4.2 to 4.6 below and summarised in
Tables 3.6, 3.7, 3.8 and 3.9 at the end of this
section. Note that (as shown in Table 3.8) for
the durability properties of coarse aggregates
covered in AS 2758.1 clauses 9.3.2 to 9.3.4,
only one of the three sets of tests is required to
be satisfied.

4.2 GRADING

A concept used to describe any aggregate used
in concrete is the ‘Nominal size’ or maximum
size of that aggregate. The maximum nominal
size of aggregate used in a concrete mix can
influence mix binder content, water demand
and ease of compaction of the concrete.
Aggregates of standard nominal sizes (coarse
and fine aggregates) are noted in AS 2758.1
and include details of their recommended
specifications including the grading
requirements of each nominal size.

Grading is the distribution of particle sizes in a
particular nominal size of an aggregate. It
influences the water demand of concrete and its
subsequent tendency to bleed and segregate.
Hence, it influences the mix proportions for a
desired workability and water/cement ratio. The
coarser the grading (i.e. the lower the
proportion of fine aggregate), the lower the
cement content required for a given workability
and water/cement ratio. However, this is true
within limits only as a sufficient amount of fine
material is always required to obtain a cohesive
mix that can be transported, placed and
compacted without segregation.

Aggregates having a continuous, relatively
smooth grading curve will generally produce
mixtures with fewer large voids between
particles. The amount of cement paste required
to fill these voids is thereby reduced. In other
words, a larger volume of concrete can be
made from a given amount of cement paste,
and it is, therefore, a more economical mix.
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If an aggregate grading is deficient in fines, (i.e.
there is not enough sand to fill the voids
between coarse aggregate particles), or if the
sand is coarse, the concrete mix will be harsh,
difficult to place and finish, and will tend to bleed
excessively. On the other hand, aggregate
combinations with excessive amounts of sand,
or excessively fine sands, may produce
uneconomical concretes because of the larger
surface area of the finer particles. In
consequence, an excessive amount of cement
may be required to produce the required
strength and workability.

Whilst continuously graded coarse and fine
aggregates are normally specified for use in
concrete, gap-graded mix design combinations
(as required, for example, for exposed-
aggregate concrete) can also be used to
produce satisfactory mixes. Figure 3.1 shows
typical grading curves for continuous and gap-
graded aggregate blends.
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Figure 3.1 — Grading Curves for 20 mm Maximum
Size Aggregate Concrete Blend — examples only

While there is a need for aggregates to meet
specified grading curves, no ideal grading
exists. Good concrete can be produced from
blending a range of fine and coarse aggregate
gradings and relatively wide ranges of
recommended target grading are
recommended by AS 2758.1 Appendix B.
Some of these recommended ranges in target
grading are shown in Table 3.2 and Table 3.3.
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The aggregate grading significantly influences
the water demand and workability of the
concrete, and hence affects concreting
operations on the job. Ultimately, it may affect
the strength and other properties of the
hardened concrete. Hence, it is extremely
important that either aggregate gradings be
uniform during the currency of a project or that
the concrete mix be adjusted when changes
occur in the grading.

Even when not necessary for visual reasons
(e.g. for exposed aggregate ‘architectural’
concrete), it is often more economical to
maintain uniformity in the aggregates than to
adjust the mix proportions for variations in
grading. Therefore, limits on variation from the
agreed target grading of the submitted sample
in the one job are recommended in AS 2758.1.
Some of these limits are shown in Tables 3.4
and 3.5 but others are available in AS 2758.1
including proposed single size aggregate
grading as well as other size fractions.

The grading is determined by sieve analysis in
accordance with AS 1141.11. In carrying out
the sieve analysis, the percentage passing
each sieve is determined. The coarse and fine
aggregates are sieved separately, each
nominal material size, e.g. 20 mm, has its own
grading and is usually reported separately.

Table 3.2 — Recommended Grading Limits for Fine
Aggregate

Mass of sample passing sieve
Sieve (%)

size Uncrushed Crushed fine
fine aggregate aggregate

9.50 mm 100 100

4.75mm  90-100 90-100

2.36 mm  60-100 60-100

1.18 mm  30-100 30-100

600 um  15-100 15-80

300 um  5-50 5-40

150 um  0-20 0-25

75 um 0-5 0-20
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Table 3.3 — Recommended Grading Limits for

Nominal Size,

Graded Coarse Aggregate

Mass of sample passing (%) —nominal

S_ieve size of graded aggregate

S128 40 mm 28 mm 20 mm 14/7 mm
75.0mm 100 - - -
37.5mm 85-100 100 - -
26.5mm - 85-100 100 -

19.0 mm 30-70 - 85-100 100
13.2mm - 25-60 - 85-100
9.5mm  10-35 - 25-55 -
6.7mm - - - 25-55
475 mm 0-5 0-10 0-10 -

236 mm - 0.5 0.5 0-10
75 um 0-2 0-2 0-2 0-2

Table 3.4 — AS 2758.1 Uniformity Requirements for
Fine Aggregate

Sieve size

Maximum deviation (%)

Uncrushed fine Crushed fine
aggregate aggregate

9.50 mm - -

4.75 mm 15 +5

2.36 mm 5 +10

1.18 mm +10 +15

600 pm +15 +15

300 um +10 +10

150 pm 45 45

75 um - 45

Version 1.0



Table 3.5 — AS 2758.1 Uniformity Requirements for
Graded Coarse Aggregate

Similarly, surface texture can be classified as
glassy, smooth, granular, rough, crystalline or

h .
_ Maximum deviation (%) — nominal size of oneycombed
S_leve graded aggregate 240
size
40mm 28 mm 20 mm 14 mm Angular aggregate, nominal size (mm) = 1?__
75.0mm - - - - 70 ""_,-—
37.5mm +10 - - - -
26.5mm +15 +10 - - % 200
19.0mm +15 +15 +10 - 5
13.2mm 10 +15 +15 +10 = 180
=
9.5 mm +10 +10 +15 +15
6.7mm 45 +10 +10 +15 160
4.75mm - +5 +5 +5 40 = Nominal size (mm), rounded aggregate
140
236 mm - - } ) 0 20 40 60 80 100 120 140
75 um - - - - Slump (mm)

4.3 PARTICLE SHAPE AND SURFACE
TEXTURE

The shape and texture of aggregate particles
has an important influence on the workability of
freshly mixed concrete, and hence may affect
both the water demand and the water/cement
ratio (Figure 3.2). Smooth, rounded aggregate
particles will produce a concrete with a lower
water demand than one made from angular
crushed aggregates all other things being
equal. However, this is seldom the only criterion
in the choice of aggregate.

The strength of concrete is affected by the bond
between coarse aggregate particles and the
cement paste and by the interlocking
characteristics of the aggregate. For optimum
strength, a rough-textured, cubical-shaped
aggregate will generally give higher strength at
the same water/cement ratio.

Figure 3.3 provides guidance on the
classification of aggregates according to their
particle shape and surface texture. Particle
shape is described as rounded, irregular,
angular, flaky, elongated, or flaky and
elongated. These fairly broad descriptions are
normally sufficient to categorise aggregate
particles visually.
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Figure 3.2 — Water Requirement for Concrete using
Aggregates of Different Shapes and Nominal Sizes

Because flat, flaky or elongated particles not
only reduce workability but may also affect
adversely the strength of concrete by their
tendency to selective orientation and bridging
(thus forming pockets or honeycombs),
aggregate specifications generally limit the
allowable percentage of such misshapen
particles. AS 2758.1 limits the proportion of
misshapen patrticles in the fraction of a coarse
aggregate retained on the 9.50 mm test sieve
to 10%, when determined in accordance with
AS 1141.14 for an aspect ratio of 3:1.

The flakiness index, determined in accordance
with AS 1141.15, may also be used to describe
the shape of an aggregate particle. This method
uses a slotted thickness gauge to determine the
percentage, by mass, of flaky particles, where a
flaky particle is defined as one with its least
dimension (thickness) less than 0.6 of its mean
dimension. The mean dimension is defined as
the mean of the smallest square sieve size
through which the particle passes and the
largest sieve on which it is retained. AS 2758.1
limits the proportion of misshapen patrticles in
the fraction of a coarse aggregate retained on
the 9.5 mm sieve, assessed by flakiness index,
to a maximum of 35%.
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The angularity number is another index of the
shape of a particle and is determined in
accordance with AS 1141.16. It is a measure of
relative angularity based on the percentage
voids in an aggregate after compaction in a
prescribed manner. The most rounded
aggregates have about 33% voids. The
angularity number is defined as the amount by
which the percentage of voids in a compacted
aggregate sample exceeds 33%. In practice, it
ranges from 0, for a spherical aggregate, to
about 12 for very angular aggregates.
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Figure 3.3 — Categorisation of Aggregate Particles by Shape
and Surface Texture
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4.4 PARTICLE DENSITY AND WATER
ABSORPTION

Aggregate water absorption and density are
linked through the test methods. The
determination of aggregate density and water
absorption is carried out in accordance with
either AS 11415, AS 1141.6.1 or
AS 1141.6.2. The bulk density of an
aggregate is determined in accordance with
AS 1141.4. The principles of these tests are
discussed in the following.

Aggregate Density
AS 2578.1 provides three different ways of
describing aggregate density:

o Particle density: Particle density is
defined as the mass of a quantity of
aggregate particles divided by their
saturated surface-dried volume, i.e. the
mass of a solid cubic metre of
aggregate. The value is calculated and
reported for either aggregate in SSD
condition or aggregate in oven dry
condition;

e Bulk density: Bulk density is defined as
the mass of a unit volume of oven-dried
aggregate, i.e. the mass per cubic metre
of aggregate, as it fills a large container
of known volume (including voids
between aggregate particles). Bulk
density is reported for both loose filled
aggregates and for  compacted
aggregates.

Density is one of the parameters used to
classify aggregates. For example, AS 2758.1
defines lightweight aggregates as having a
particle density less than 2.1 t/m® and a
compacted bulk density less than 1.2 t/m3.

The density of an aggregate is not a measure
of its quality, although density is normally
related to porosity which, in turn, is related to
strength. The SSD aggregate density is used in
proportioning concrete mixes. Substituting one
aggregate in a concrete for another of different
density will influence the yield and the unit mass
of the concrete as well as a number of other
properties.

Version 1.0



Aggregate Water Absorption

All aggregates contain minute pores which can
become filled with moisture when saturated.
The amount of moisture absorbed in these
pores may be quite small, as is the case with
dense fine-grained rocks, or quite large, as with
lightweight and other porous materials. The
amount of moisture absorbed is known as the
water absorption of coarse and fine aggregate
and may be determined by the methods set out
in AS 1141.5, AS 1141.6.1 and AS 1141.6.2.

Surface moisture may also be present in
aggregates giving them a damp or wet
appearance. The total moisture content of an
aggregate is the sum of the absorbed and the
surface moisture present.

It is an important parameter because it can
affect the amount of water which should be
used in a concrete mix to achieve the given
water/cement ratio. Variations in the moisture
content of stock-piled aggregates are possibly
the most common cause of variations in slump
and concrete strengths. The surface moisture
contents of sands, in particular, are significant.

In preparing a mix design for concrete using a
particular aggregate, it is normal to determine
first the moisture content of the aggregate in a
saturated surface-dry condition (i.e. with the
pores filled with water but without free moisture
on the surface of the particles). If the
aggregates used in the subsequent
manufacture of the concrete have moisture
contents less than this figure, additional water
will need to be added to avoid a loss of
workability as the aggregates absorb moisture.
If greater than this figure, free moisture will be
present on the surface of the aggregates and
less water should be added.

4.5 AGGREGATE STRENGTH AND
DURABILITY

The strength and physical durability of an
aggregate can be assessed using test methods
such as the “10% Fines’ test better known as
‘Wet/Dry Strength Variation’ and Los-Angeles
Abrasion test. The presence of weak aggregate
particles in some aggregates and methods of
assessing and limiting these are important to
maintaining overall concrete strength and

CEMENT CONCRETE
L & AGGREGATES AUSTRALIA

— Part II-Section 3 — Aggregates

PAGE 10 >

durability. The principles of these tests are
discussed in the following.

Wet/Dry Strength Variation and Wet
Strength

Dimensional stability and strength under
changing moisture conditions is an important
property of aggregates intended for use in
concrete. Aggregates that weaken, swell or
shrink as they take up or lose water contribute
to concrete shrinkage and durability. In extreme
cases, the concrete may deteriorate with cycles
of wetting and drying because of the expansion
and contraction of the aggregate. Dimensional
instability occurs in an aggregate when the
minerals comprising the rock include unstable
clays (e.g. volcanic breccia).

The wet/dry strength variation test set out in
AS 1141.22 provides an overall guide as to the
dimensional stability of a coarse aggregate. It
compares the two crushing forces required to
produce fines through breakdown that amount
to 10% of a fixed mass of the aggregate being
tested. When crushed in the oven-dry and
saturated surface-dry conditions the two
crushing forces are compared. The result is
expressed as the variation in crushing strength
as a percentage of the dry crushing strength of
the aggregate. The higher the wet/dry strength
variation, the less stable is the aggregate.

Clause 9.3.2 in AS 2758.1 sets limits on the
maximum wet/dry strength variation between
25% and 45%, depending on the concrete
exposure conditions set out in AS 3600 and
also provided in AS 2758.1 — Appendix A (also
see Table 3.8 for limits). The high values apply
to aggregates to be used in an indoor or
protected position and the lower values to
aggregates exposed to adverse climatic and
service conditions (e.g. cycles of wetting and
drying, cycles of freezing and thawing, marine
environments, heavy industrial pollution etc.).

The wet strength of an aggregate will influence
the strength of concrete made from it. High-
strength concrete requires aggregates of high
strength. However, weaker aggregates may be
satisfactory if the strength of concrete is not
expected to exceed that of the aggregate. The
strength of aggregates is likely to vary
considerably with their structure and mineral
composition.
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Aggregates influence the drying shrinkage of
the concrete by restraining the shrinkage of the
cement paste. The rigidity of the aggregate will
influence its restraining effect. Thus, the higher
the modulus of elasticity of the aggregate, the
more effective it will be in reducing the
shrinkage of the concrete.

Aggregate strength is generally gauged by the
wet/dry variation test in accordance with
AS 1141.22 (particularly the wet strength
value). Clause 9.3.2 in AS 2758.1 specifies
minimum limits for the wet strength of
aggregate. The minimum wet strength ranges
from 50 kN to 100 kN depending on the
concrete exposure condition from AS 3600. The
lower value is for aggregates to be used in
concrete of lower strengths and used in
protected conditions. Higher wet strengths are
required for aggregates to be used in more
adverse conditions.

Abrasion Resistance

The abrasion resistance of an aggregate is its
ability to resist being worn away by friction with
other materials. Abrasion resistance is required
in an aggregate to avoid degradation during
handling, stockpiling and mixing. Breaking
down, or grinding of the aggregate during
concrete production, generates fines which
increase mixing-water demand. This, in turn,
may cause some difficulty in producing high-
quality concrete.

Except for concrete with an exposed-aggregate
finish, the abrasion resistance of the aggregate
bears no direct relationship to the abrasion
resistance of concrete made from it. The
abrasion resistance of concrete is found to be
indirectly related to concrete strength.

At the same time, weak, soft, or friable
aggregates are obviously unsuitable for
concrete exposed to wear, whilst strong
abrasion-resistant materials do improve
concrete performance in the longer term.

The ‘Los Angeles value' test is used to
determine an aggregates abrasion resistance
and is specified as an option in AS 2758.1. The
test method is carried out in accordance with
AS 1141.23 and is the most common method of
testing the abrasion resistance of coarse
aggregate particles. This test combines the
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effects of impact and abrasion by tumbling
aggregate particles together with steel balls in
a slowly revolving steel drum that has ‘shelves’
causing the aggregate and steel ball mixture to
drop from a consistent height during drum
rotation. A specified quantity of aggregate is
placed in the drum with a charge of standard-
size steel balls. The percentage of the
aggregate worn away is determined by sieving
and weighing. The maximum acceptable
percentage loss is set by Clause 9.3.3 in
AS 2758.1 for various types of aggregate and
for various concrete exposure conditions.

Maximum values are 30%, 35% and 40%
depending on the stone type and the exposure
classification of the project. The higher the Los
Angeles value, the more prone the aggregate to
degradation, and the less suitable it is to
produce an abrasion resistant concrete.

Unsound and Marginal Stone Content
Aggregate particles that are abnormally weak

or low on density or have some other
undesirable property must be minimised in a
concrete aggregate. The wunsound stone
content test is covered by AS 1141.30.1. In this
test a sample of coarse aggregate retained on
a 4.75-mm sieve is soaked in water and then
dried. After pressing each particle against the
bottom of a dish (using finger pressure) the
broken-down particle material passing a 4.75-
mm sieve is regarded as unsound. Clause 9.3.4
in AS 2758.1 specifies maximum of 5% by mass
for unsound stone content. In addition to this
there may be aggregate particles that are not
unsound by this measure but are weaker than
acceptable to the user of the aggregate.
AS 2758.0 Appendix C defines how such
‘marginal stone’ is assessed and limits defined
into the aggregate supply agreement.
AS 2758.1 specifies a combined maximum of
10% for the total of unsound and marginal stone
(this assessment method is largely targeted at
basic igneous rocks that may contain
unacceptable levels of decomposed and weak
materials).
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4.6 AGGREGATE CHEMICAL
RESISTANCE AND DURABILITY

Aggregates that are maintained in a benign
environment can appear to be quite sound and
durable. Two key tests are specified by
AS 2758.1 to determine the durability of
aggregate in environments where the presence
of moisture and chemicals in concrete or from
the environment surrounding the concrete may
lead to degradation of the aggregate and so the
concrete containing this aggregate.

Sulfate Soundness

The soundness of an aggregate is its ability to
withstand the aggressive actions to which
concrete containing it might be exposed,
particularly those due to weather and chemical
attack.

If aggregate from a particular source has given
satisfactory service in the past, it may be
considered sound. The soundness of
aggregates not having a service record can be
assessed by tests as discussed below.

The sodium sulfate  soundness test
(AS 1141.24) determines the resistance of the
aggregate to disintegration when subjected to a
number of cycles of immersion in a sodium
sulfate solution, of specified concentration,
followed by oven drying. The higher the
percentage loss of parent material suffered by
the sample, the less sound is the aggregate.
Clause 9.3.3in AS 2758.1 relates the maximum
percentage loss to the exposure conditions of
the concrete. The limits set maximum values of
loss in a range from 6% to 12%, the higher
figure being for use in concrete in a protected
environment and the lower for concrete in
severe exposure conditions.

Fine Aggregate Degradation Factor

The degradation factor is an alternative
durability test used to assess the fine aggregate
portion of an aggregate blend or sand. It is
better suited to evaluate manufactured sand.

The degradation factor test determines the clay
and fine silts generated by vigorously agitating
clean aggregate in the presence of water. A
sample of washed fine aggregate is sized to
form a combined test sample of 50 g each of
four size fractions between 4.75 mm and
425 um. The combined sample is agitated in
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water in a Sand Equivalent Test cylinder using
the power-operated shaking. The agitation is
continued for 20 minutes. Following the attrition
by agitation of the aggregate particles, the
water, carrying the attrition products, is
recovered and the aggregate is cleaned with
further water. The water sample is transferred
to a test cylinder and the clay and silt is treated
with a flocculent. The sample is allowed to settle
for 20 minutes, the height of the flocculated
column is then used in a calculation that reflects
the percentage of non-flocculent material
(sand) compared to the original material before
abrasion in water. The test method is described
in AS 1141.25.3 and AS 2758.1 recommends a
minimum value of 60%.

Alkali-Aggregate Reactivity (AAR)
Aggregates that are chemically stable will
neither react chemically with cement in a
harmful manner nor be affected chemically by
normal external influences.

Reactive aggregates may result in serious
damage to the concrete by causing abnormal
expansion, cracking and loss of strength.

Alkali-aggregate reaction (AAR) is the reaction
between the alkalis from the cement and other
sources and certain mineral phases present in
the coarse or fine aggregates. Under certain
conditions,  deleterious  expansion  and
consequent cracking of the concrete may result
(e.g. map cracking) Figure 3.4. The two major
types of AAR are:

e Alkali-silica reaction (ASR);
e Alkali-carbonate reaction (ACR).

Figure 3.4 — Typical Map Cracking caused by Alkali-
Aggregate Reactions
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Alkali-carbonate reaction is the reaction
between certain dolomitic limestone and alkalis
in the pore solution of the concrete. It is rare in
Australia.

Alkali-silica reaction is the reaction of the alkalis
in the pore solution of the concrete with
aggregates containing certain forms of reactive
silica such as strained quartz, amorphous silica,
opaline material, cryptocrystalline quartz,
chalcedony and cristobalite.

A small proportion of concrete throughout the
world has suffered from deterioration due to
AAR. In Australia, reports of problems in a
relatively small, but significant number of
structures identified in recent years has
increased interest in AAR. A set of national
guidelines on minimising the risk of damage
due to AAR in concrete structures in Australia
(AS HB 79) along with associated changes to
AS 2758.1 have been produced to assist
designers, specifiers, suppliers and
contractors.

Field service records, when available, provide
the useful information on the reactivity of
aggregates. Apart from the length of time to
gather such service records, the information
could be either scarce or inconclusive. It is
therefore often necessary to use laboratory test
procedures to determine the potential reactivity
of the aggregates.

With the exception of petrographic analysis
(ASTM C 295), previous methods of assessing
the likely reactivity of aggregates were
considered to be imprecise. The two test
methods have been developed into Australian
Standards. These test methods are
AS 1141.60.1 (Accelerated Mortar Bar Test),
and AS 1141.60.2 (Concrete Prism Test).

These test methods take approximately a
month for the Accelerated Mortar Bar Test and
between a year and two years for the Concrete
Prism Test. In view of this, suppliers of
aggregates need to build up a number of tests
during production of aggregates to be able to
provide assurance to a user that the aggregate
is suitable for concrete.

Current best practice on how to recognise and
mitigate the potential for alkali-silica reactivity
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can be obtained from the joint publication of the
CCAA and Standards Australia called ‘AS HB
79, Alkali-Aggregate Reaction — Guidelines on
Minimising the Risk of Damage to Concrete
Structures in Australia’.

The key methods proposed for controlling the
risk of ASR in concrete include:

e Use of low alkali cement;

e Limiting the total alkali content of the
concrete;

e Using supplementary  cementitious
materials (e.g. using suitable fly ash,
GGBFS and silica fume);

e Preventing moisture ingress to the
concrete (to slow reactions and to
minimise the introduction of alkalis from
salt water) by various means including
water repellent sealers;

e Using lithium salts in the concrete mix.

Other Chemical Reactions
Other damaging chemical reactions involving

aggregates include oxidation or hydration of
certain unstable minerals. Pyrites (ferrous
sulfide), for example, can oxidise and hydrate
to form brown iron hydroxide which in turn may
cause unsightly stains on the surface of
concrete. The presence of magnesia (MgO) or
lime (CaO) in the aggregate may also cause
pop-outs or cracking due to their hydration and
expansion.

Impurities and Other Harmful Materials
Besides reactive minerals, aggregates may

contain other impurities, such as organic
matter, which are harmful to concrete.

Organic matter, such as that derived from
decaying vegetation, is capable of delaying
setting and hardening of concrete. It is more
likely to be found in fine than in coarse
aggregate and may be detected by the test set
out in AS 1141.34. In this test, sand is placed
into a bottle containing a sodium hydroxide
solution and allowed to stand for 24 hours. The
colour of the liquid above the sample is then
compared with the colour of a standard
reference solution or standard glass slide. If the
colour of the liquid is lighter than that of the
reference solution or slide, the amount of
organic impurities present in the aggregate is
not significant. If the colour of the liquid is darker
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than that of the reference solution, the
aggregate contains organic compounds and
further tests should be made to determine if
these are harmful. Normally, the strength,
setting time and air content of concrete made
with the sand are used as a gauge of the
harmful effects of the impurities.

Sugar has a strong retarding effect on the
setting and hardening of concrete. In severe
cases of contamination, the resulting concrete
may not set or may fail to gain appreciable
strength. AS 2758.1 specifies a negative result
on the presence of sugar in aggregate when
determined in accordance with AS 1141.35.

Silt, clay and dust may form a coating on
aggregate particles, resulting in weakened
bond between the aggregate and the cement
paste. Excessive amounts of these fine
materials may also increase the water demand
of the concrete, resulting in loss of concrete
strength and an increase in its permeability.

The amount of fine material is determined by
washing a sample of the aggregate over a 75-
micron sieve. AS 1141.11 and AS 1141.12
describe the relevant test procedures. The clay
content of fine aggregate is assessed using the
proportion of 2-micron material as per
AS 1141.13. AS 2758.1 requires that all coarse
and fine aggregate have a 2-micron proportion
of 1% or less of the total mass of the individual
aggregate.

For manufactured fine aggregates, AS 2758.1
requires an assessment of the presence of
deleterious fines. This assessment determines
a Deleterious Fines Index by multiplying the
percentage passing the 75-micron sieve for the
sand (determined by the methods in
AS 1141.11 and AS 1141.12) with the
methylene blue adsorption value (also referred
to as ‘MBV’, determined by the method in
AS 1141.66). MBV is a test to determine the
‘activity’ of clays in the fine aggregate. The
multiple of these tests is not to exceed 150,
however it is noted that manufactured sands
with higher values up to 200 have been
successfully used in concrete at lower
proportions in the concrete aggregate blend.

Coal, wood and other lightweight materials tend
to rise to the surface during vibration of
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concrete, especially in pavements and floors,
and produce a very poor surface finish. They
also cause pop-outs and staining on vertical
surfaces. The percentage of light particles can
be determined using the test set out in
AS 1141.31. AS 2758.1 specifies a maximum
limit on light particles of 1% by mass of
aggregate (3% for slag aggregate).

Where surface appearance of the concrete is
important, the amount of coal, wood and
charcoal should preferably be even less than
1%.

Aggregates, particularly those dredged from the
sea, or those quenched and washed with sea
water, may be contaminated by sea salt which
contains a high proportion of chloride ions. The
amount of chlorides in concrete is of major
concern because of its influence on the
corrosion of embedded steel. They also
increase shrinkage and reduce the sulfate
resistance of concrete. AS 2758.1 clauses
14.3.2 and 14.3.3 and AS 1379 clauses 2.7.2
and 2.7.3 specify (in different ways) maximum
chloride and sulfate contents for aggregates
and for concrete as produced. Adoption of the
limits specified in AS 1379 is recommended for
assessing suitable limits for aggregate as these
may be under those required by AS 2758.1.

Testing of the chloride content and sulfate
content of aggregates is performed using the
method in AS 1012.20.1 (acid extraction
method) but the chloride content may also be
assessed using the water extraction method
using AS 1012.20.2. The water solubility
method has different limits set in AS 2758.1 but
is most applicable where an aggregate has
chlorides locked within its mineral components
that are not available to impact on the chloride
level in concrete’s pore solution.

5 OTHER PROPERTIES
5.1 GENERAL

There are other properties of aggregate that
may impact on the performance of certain types
of concrete, but these are not specified in
AS 2758.1. Some of them are discussed in the
following sections.
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5.2 THERMAL EXPANSION There is a wide variety of colours available in
aggregates, ranging from white (e.g. limestone

The coefficient of thermal expansion of and quartz aggregate) to brown and red (e.qg.
aggregates varies from rock type to rock type river gravel) and to very dark coloured
and even within one type. In general, it aggregates (e.g. basalt, dolerite).

increases with increases in the silica content of

the aggregate. The colour of the fine aggregate normally has

the major influence on the colour of the

The main effect of this property is to cause concrete. It is, therefore, important that the
differential stresses between the aggregate and supply does not vary during the course of the
the cement paste (when the concrete is heated work and stockpiling of special aggregate may
or cooled) that tend to break up the bond be necessary.

between the aggregate and the paste.

Concretes made with different aggregates may

therefore perform very differently when 6 SUMMARY OF AGGREGATE
subjected to high or low temperatures. When SPECIFICATIONS
exposed to fire, for example, concrete made
with siliceous materials is likely to spall and The specified properties of concrete
crack (resulting in loss of strength) to a much aggregates and related test methods are best
greater extent than concrete made with summarised in the Tables on the following
calcareous aggregates, e.g. limestone pages.
Figure 3.5.
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Figure 3.5 — Effect of Coefficient of Expansion of
Aggregate on Performance of Concrete in Fire

5.3 COLOUR

The colour of aggregate is an important
property in the production of architectural
concrete, or that exposed to public scrutiny.
There is considerable scope to control concrete
colour through the choice of aggregates.
c CEMENT CONCRETE
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Table 3.6 — Specification of Dimensional Properties of Aggregates

Aggregate Test Methods AS 2758.1 Specification
Property
Grading AS 1141.11.1 Fine aggregates:

AS 1141.12

Particle shape AS 1141.14
and surface
texture

AS 1141.15

— Shall be in accordance with the submitted tender grading (a
guide to acceptable target grading is given in Table 3.2);

— To vary by not more than permissible deviations given in
Table 3.4.

Coarse aggregates:

— Shall be in accordance with the submitted tender grading (a
guide to acceptable target grading is given in Table 3.3 with
more details in AS 2758.1 Appendix B);

— To vary by not more than permissible deviations given in
Table 3.5.

All aggregates:

— The passing 75-micron proportion shall not exceed 2% for
coarse aggregates, 5% for natural fine aggregates and 20%
for manufactured fine aggregate.

Unless otherwise specified, the proportion of misshapen

particles in the fraction of coarse aggregate retained on a
9.50-mm sieve, using 3:1 ratio, not to exceed 10%.

Flakiness index: not to exceed 35%.
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Table 3.7 — Specification of Density and Water Absorption of Aggregates

Aggregate Test Methods AS 2758.1 Specification

Property

Density AS 1141.4 Particle density on a dry basis:
AS 1141.5 - For heavyweight aggregate not less than 3.2 t/m?;
AS 1141.6.1 — For normal weight aggregate, less than 3.2 t/m? and greater
AS 1141.6.2 than or equal to 2.1 t/m?;

Water Absorption AS 1141.5
AS 1141.6.1
AS 1141.6.2

— For lightweight aggregate, less than 2.1 t/m?® and greater
than or equal to 0.5 t/m?;
— For ultra-lightweight aggregate less than 0.5 t/m®.

Bulk density (compacted):

— For all aggregates other than lightweight, not less than
1.2 t/m3. For lightweight aggregate, less than 1.2 t/m3;

— For all coarse lightweight aggregates, the bulk density shall
not vary by more than 10% from the tender sample test
value.

The maximum permissible water absorption should be
nominated in the project specification.

As a guide (not in AS 2758.1), water absorption figures of
normal weight aggregate:

— <5% for an individual fine aggregate;

— <3% for an individual coarse aggregate;

— Water absorption limit of <3% for the combined coarse and

fine aggregate in a concrete aggregate mixture would be
suitable.
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Table 3.8 — Specification of Durability Properties of Aggregates

Aggr t e
ggregate Test Methods ~ AS 2758.1 Specification
Property
Wet Strength AS 1141.22 Fine aggregates: Satisfactory when conforming to the following conditions.
Dimensional A t Concrete
Stability ggregate exposure Conditions
type .
classification
Abrasion AS 1141.23 Uncrushed A1, A2 and No specific durability
Resistance Bl requirements.
Uncrushed B2 & C(C1 Weighted average loss not
Soundness AS 114124 and C2) greater than 6% when tested in
Unsound/Marginal ~ AS 1141.30.1 accordance with AS 1141.24.
Stone Content Crushed For all Weighted average loss not _
exposure greater than 6% when tested in
Degradation Factor ~ AS 1141.25.3 classes accordance with AS 1141.24.

Degradation Factor less than 60
when tested in accordance with
AS 1141.25.3.

Coarse aggregates: Satisfactory when conforming to the limits specified
for one of the following three sets of tests.

1. Wet strength and wet/dry strength variation

g;;;fsrﬁtrz Minimum wet Maximum wet/dry

. 0
classification strength (kN) strength variation (%)
C(C1&C2) 100 25
B1, B2 80 35
Al, A2 50 45

2. Los Angeles value and sodium sulfate soundness

Maximum Maximum value
Concrete Los Angeles value sodium sulfate
exposure (% loss) soundness
classification Coarse- All other (% weighted
grained rock rock average loss)
c(Cir&C2 35 30 6
B1, B2 35 30 9
Al, A2 40 35 12

3. Los Angeles value and marginal stone content

Maximum )
Maximum Total
Los Angeles
Concrete unsound unsound
value (%)
exposure stone and
. Coarse- All ;
classification ] content marginal
grained other (% loss) stone (%)
rock rock
C(C1&C2) 35 30 5 10
B1, B2 35 30 5 10
Al, A2 40 35 5 10
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Table 3.9 — Specification of Deleterious Materials in Aggregates

Aggregate
Property

Test Methods

AS 2758.1, AS HB 79 or AS 1379 Specification

Alkali-reactive
materials

Impurities and
other harmful
materials

Deleterious fines
in manufactured

fine aggregate

AS 1141.60.1

AS 1141.60.2

AS HB 79

AS 2758.1 — Appendix
C

AS 1141.34

AS 1141.35

AS 1141.13

AS 1141.31

AS 1141.32

AS 1379
AS 1012.20.1
AS 1012.20.2

AS 2758.1 — Clause 8.4
AS 1141.11
AS 1141.12
AS 1141.66

The supplier shall provide appropriate documentation to allow
the assessment of the reactivity classification of the
aggregate. AS HB 79 provides details of the classification
and appropriate measures of mitigation if required.

Colour obtained from test not to be darker than the standard
colour of the reference solution.

The aggregate shall test negative to presence of sugar.

Material finer than 2 pm not to exceed 1% for each of the
coarse and fine aggregates.

Except for lightweight and ultra-lightweight aggregates —
materials, with particle density less than 2.0 t/m3, not to
exceed 1% by mass in the total of fine and coarse
aggregates. For vesicular materials, 3% by mass is
permissible.

Weak particles are limited to a maximum of 0.5% by weight in
normal weight aggregates and to 2% by weight of coarse
lightweight aggregate.

— Aggregates tested to AS 1012.20.1 containing sulfide or
sulfate salts shall not exceed 0.01% by weight of
aggregate. In addition, the combined aggregate used for
a concrete mix shall not result in the concrete sulfate
content exceeding 5% by mass of Portland Cement;

— The combined aggregate tested to AS 1012.20.1
containing chloride salts (expressed as Cl-) exceeding
0.04% should not be used in reinforced concrete and
should be reported if exceeding 0.01% (or 0.008% if
tested in accordance with AS 1012.20.2). A combination
of aggregates and tested to AS 1012.20.1 containing
chloride salts which exceed 0.15% should not be used in
plain concrete.

— Deleterious Fines Index (DFI) is assessed by multiplying
the Percentage Passing 75 um for the aggregate by the
Methylene Blue Absorption Value (e.g. 7% passing 75 um
x MBV of 11 = DFI of 77);

— DFI must not exceed a value of 150 without further
assessment of the sand’s performance in concrete.
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This section discusses the effect of impurities in mixing water on the properties of concrete and then
elaborates on the important contributions water makes to concrete performance generally. Water can
be taken for granted when considering concrete technology, but this section will attempt to detail some
of the important contributions water makes to overall concrete performance.
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1. INTRODUCTION

Water is necessary in concrete for two primary
reasons:

e To hydrate the cement;
e To provide adequate workability.
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Water also plays a role in every aspect of
concrete production, placement and service
and ultimately concrete performance depends
on properties that are due to, or affected by,
water.

As discussed elsewhere in this document,
water and cement react together chemically to
form the paste that binds the aggregate
particles together. Concrete sets and hardens
through the chemical reaction between cement
and water called ‘Hydration’ — which effectively
means ‘binding water’.

The water required for this reaction is only part
of that necessary to make usable concrete. If
only the water required for hydration was used,
the concrete would be unworkable and unable
to be properly placed and finished. Additional
water is required to provide (a) the aqueous
environment necessary for the hydration
reaction to proceed, and (b) the workability
needed for satisfactory concrete placement.

The first part of this module will reiterate the
important aspect of ensuring that the quality of
the water used in concrete manufacture will not
harm the concrete and will elaborate on the
various chemical and physical properties that
may impact on concrete quality. The second
part of this module will discuss ‘water in
concrete’ more broadly and emphasise and
explain the critical role that water plays in some
key aspects of concrete performance.

Most concrete specifications simply require that
mixing water shall be potable, i.e. fit for drinking;
or that it be clean and free from impurities
harmful to concrete. AS 1379 ‘Specification and
supply of concrete’ requires that mixing water
be from a source of acceptable quality, i.e. that:

e Service records of concrete made with
that water indicate that it is not injurious
to the strength or durability of the
concrete nor to the materials embedded
in it; or

e The results of tests (in accordance with
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AS 1379) are within the limits shown in
Table 4.1 and Table 4.4.

Under normal circumstances, water drawn from
reticulated town-water supplies will meet these
limits and be suitable for making concrete.
However, in some parts of Australia, the
chloride content of the water may be sufficiently
high to require it to be taken into consideration
in determining the chloride content of the
concrete to ensure that the limits specified in
AS 3600 ‘Concrete structures’ are not
exceeded.

On projects remote from town-water supplies it
may be necessary to utilise water of unknown
quality or, on occasions, water which,
superficially at least, is unfit to drink because of
its turbidity, its smell, its taste, or even its colour.
Although such water may be shown by test to
be acceptable, there may be impurities present
which are potentially harmful to concrete. Some
knowledge of their effects will then be required.

2. CONTAMINENTS
2.1 GENERAL

The solids content of water may have two
components:

e Solid matter, generally very finely
divided, which is carried in suspension;
and

e Salts and/or organic matter which are
dissolved in the water.

2.2 SUSPENDED SOLIDS

Suspended Solids normally comprise finely
divided silts and clays which will settle from the
water if it is allowed to stand for a sufficient
length of time. Generally, even quite significant
amounts of finely divided silt and clay have little
effect on the strength or durability of concrete
as long as they are evenly distributed
throughout the mix. As a rough guide, it may be
noted that AS 2758.1 permits up to 1% of
material finer than 2 um (fine silt and/or clay) for
each of the coarse and fine aggregates (for
more details, see Part Il, Section 3 of this
Guide). Clays which coat or adhere to the
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aggregate particles are always problematic
because they interfere with the paste-
aggregate bond. On the other hand, evenly
distributed in the mixing water, they are much
less concerning.

2.3 ORGANIC MATTER

Organic matter can be particularly problematic
because it affects strength and, in extreme
cases, can prevent the concrete from setting.
Even very small amounts of sugar, for example,
can have a major retarding effect. (NOTE: Water
containing sugar will still be potable. Simply requiring
mixing water to be potable may be an insufficient
specification).

More usually, however, organic matter simply
retards the rate of strength gain and may be
able to be compensated for by allowing
additional time for the concrete to gain strength,
by increasing the amount of cement in the mix
or by the use of admixtures.

Where high levels of organic matter are
suspected, there is really no satisfactory
alternative to the making of trial mixes with the
water in question to ensure its compliance with
the limits set out in Table 4.1.

Table 4.1 — Limits on Setting Time and Strength of
Concrete Made from Water from a Source with no
Service Record (determined in accordance with
methods specified in AS 1379, after Table 2.1,
AS 1379).

Property Limits

Time of initial set Within minus
60 minutes and plus 90
minutes of setting time
of control sample

Compressive

strength:

- At 7days >90% of strength of
control sample at
7 days

- At 28days >90% of strength of

control sample at
28 days
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2.4 DISSOLVED SALTS

General — The salts commonly found in natural
waters generally include the following:

CATIONS
Calcium (Ca*™)
Magnesium (Mg*™)
Sodium (Na*)
Potassium (K¥)

ANIONS
Bicarbonate (HCO3)
Sulfate (SO«
Chiloride (CI")

Nitrate (NO3’)

Any other salts are normally present in such
small amounts as to be negligible in their
effects. Of the salts commonly found, by far the
most significant are the chlorides and the
sulfates.

Chlorides — Chlorides are to be found in
naturally occurring waters in arid regions, in
brackish water which has been contaminated
by seawater and, of course, in seawater itself.
They may also be found in some town water
supplies because it is derived from a source
(e.g. possibly bore water) in which they occur
naturally.

The World Health Organisation is reported to
permit up to 350 mg/L of chloride in drinking
water. A concentration as high as this would be
highly unusual in drinking water in Australia.
Even smaller levels need to be considered
when assessing the total chloride content of the
concrete.

Chlorides may affect concrete in two ways.
Firstly, when present in relatively large
amounts, they may accelerate the setting time
of the concrete. While early-age concrete
strengths may be improved, later age strengths
tend to be less than might otherwise have been
achieved. Calcium chloride, in amounts up to
2% by mass of cement, is sometimes used to
accelerate the setting time of plain concrete in
cold weather. Even seawater, which may
contain up to 30,000 mg/L of chlorides, has
been used to make satisfactory mass concrete
when no other water has been available.

(NOTE: High levels of chloride in mixing water will be
problematic if there is any embedded steel.)

The use of calcium chloride as an accelerator is
a practice which should generally be avoided. It
can be added as a flake material or as a
solution. Added as a solid there is a risk that it
may not be evenly distributed throughout the
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mix and lead to unacceptably high chloride
concentrations in parts of the concrete.

Secondly, quite small amounts of chloride may
be detrimental to the durability of reinforced
concrete.

They act to initiate and accelerate corrosion of
the reinforcing steel under certain conditions. In
consequence, AS 1379 limits the acid-soluble
chloride-ion content of concrete, from all
sources, to 0.8 kg/m? of the concrete.

Sulfates — Sulfates may be present in naturally
occurring ground water, in industrial effluents,
in sewerage and in marine environments. They
can affect concrete by affecting setting times
and later-age strengths, and potentially by
exacerbating sulfate attack of the concrete.
Some sulfate salts react with paste components
(e.g. lime) to form an expansive reaction
product that may lead to cracking, while others
(e.g. magnesium sulfate) may react directly with
the paste components and cause them to
disintegrate and the concrete to lose its
integrity.

The sulfate content of natural waters should be
checked to ensure that the total sulfate content
of the concrete, from all sources, does not
exceed 50 g/kg of cement as specified in
AS 1379.

Carbonates and Bicarbonates — Sodium
carbonate and sodium bicarbonate, if present in
sufficient concentrations can cause set
acceleration, even very rapid set, with some
cements. Reduced strength may also occur.

Calcium and magnesium carbonates are
sufficiently insoluble as to be negligible in their
effects. Whilst the bicarbonates are more
soluble, it would be highly unusual for them to
be present in amounts sufficiently large to
cause significant problems except in waters
highly charged with carbon dioxide (some
mineral waters) where testing of the water
would be advisable.

The maximum level of impurities in water for
use in concrete has been collated from a variety
of texts and Standards and is shown in
Table 4.2 below.

Version 1.0



Table 4.2 — Limits on Impurities in Concrete Mixing
Water (extracted from various international
standards specifying mixing water quality)

Maximum
Impurity Concentration
(mg/L)
Total Dissolved Solids 2,000
(TDS)
Chloride (as CI) 500
Sugar 100
Sulfate (as SO4) 1,000
Alkali carbonates and 1,000
bicarbonates
Sodium Equivalent (as 1,500
Na20 Equivalent)
Oil and Grease 50

The potential effect from a range of impurities
that may be present in concrete mixing water is
shown in Table 4.3 below.

Table 4.3 — Possible Effects from Impurities in Mixing
Water

Impurity Possible Effect

Qil, fat or detergents Air entraining

possible

Calcium Chloride / some  Probability of set
other calcium salts acceleration

Sugars, salts of zinc,
lead and a range of
other inorganic and
organic materials

Probability of set
retardation

Chloride ions Strong probability

of steel corrosion

CN CEMENT CONCRETE
& AGGREGATES AUSTRALIA

PAGE 5 > Guide to Concrete Construction — Part ll-Section 4 — Water

3. ACID AND ALKALINE WATER
3.1 GENERAL

AS 1379 requires that mixing water have a pH
greater than 5. Whilst pH of water is not an
entirely satisfactory quality measure, it
nevertheless serves to alert the user to the
possibility of undesirable impurities being
present.

3.2 ACIDITY

Acidity in natural waters is most often caused
by dissolved carbon dioxide but may also be
caused by industrial wastes or by the oxidation
of pyrites or other sulfides. Some mine waters,
for example, become highly acidic as a result of
the formation of sulfuric acid by this process.
Water may also become acidic from decaying
vegetable matter resulting in the formation of
humic and tannic acids. It is not necessarily the
pH of these organic acids that is problematic,
but other properties of these compounds may
affect concrete performance.

3.3 ALKALINITY

Alkalinity in natural and treated waters may be
due to the presence of sodium carbonate,
which hydrolyses in solution to form hydroxyl
ions, or to the presence of the alkali hydroxides,
sodium and potassium. The effect of sodium
carbonate on the setting and rate of strength
gain of concrete has already been mentioned in
2.4.

The alkali hydroxides are unlikely to be present
in sufficient concentration to cause problems
since cement itself is a highly alkaline material.

3.4 RECYCLED WATER

It is almost universal practice in many parts of
Australia for the pre-mixed concrete industry to
recycle the water used to wash out truck mixers
and agitators. This is one of the practices
undertaken by the industry to minimise the
impact of concrete manufacture on the
environment. Such water is invariably alkaline
and numerous tests have shown the practice to
be satisfactory.
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AS 1379 permits the practice provided that the
water is stored in a manner which prevents it
becoming contaminated with  materials
deleterious to concrete and the water drawn
from the storage outlet is of acceptable quality
as noted in the Standard.

Specific water quality limits, as noted in
AS 1379, are shown in Table 4.4.

Table 4.4 — Limits on Impurities in Mixing Water
(determined in accordance with methods specified in
AS 1379, after Table 2.2, AS 1379)

Impurity Maximum Concentration
Sugar 100 mg/L
pH >5.0

Oil and grease 50 mg/L

NOTE: ppm = mg/L

4. THE EFFECT ON CONCRETE
DURABILITY

In considering the effect of mixing water on the
durability of concrete, it is important to
distinguish between short- and long-term
effects. It is important also to assess the content
of impurities in the mixing water in the light of
their content in the other components of the
concrete.

It should be noted that mixing water which is
satisfactory for plain or mass concrete may be
unsuitable for reinforced concrete, and even
more unsuitable for prestressed concrete, in
relation particularly to its chloride content and
the danger of steel corrosion being initiated
and/or accelerated. Similarly, the presence of
sulfates in the mixing water may have little
effect in the short term but be detrimental in the
long term if the concrete is exposed to cycles of
wetting and drying. The presence of chlorides
and sulfates in the mixing water should always
be regarded as undesirable and the limits set in
AS 1379 should always be applied.

The cumulative effect of some impurities if they
are present in some of the other components of
the concrete should be noted. For example:
AS 1379 limits the total chlorides and the total
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sulfates in the concrete from all sources.
Chlorides or sulfates in the mixing water may be
sufficient to cause these limits to be exceeded.
Similarly, sodium salts in the mixing water may
be sufficiently low as to have little or no effect
on the setting time or strength of the concrete
but they could be sufficient to influence the
development of alkali-aggregate reactions
(ACR/ASR, see Part Il, Section 3 of this Guide)
should the aggregates be potentially reactive.

5. WATER AND CONCRETE -
IMPLICATIONS AND EFFECTS

Viewed simply, water quality may impact the
setting time and strength performance of
concrete, while water quantity may impact
workability, strength and durability
performance. From the perspectives of
concrete production and concrete placement,
the effects of water are quite immediate and
obvious. However, the role of water is far more
fundamental and nuanced.

Several important topics relating to water as a
material, the role that it plays in concrete, and
how it impacts concrete performance will be
discussed below.

5.1 DENSITY OF WATER

WI/C ratio is calculated on a mass basis — so for
a cubic metre containing 300 kg of cement and
180 L of water (a W/C ratio of 0.6) — it might
appear that the water is the minor partner — and
by mass it is. However, mass measures do not
provide a reasonable reflection of the hydration
reaction space.

The interaction of cement and water is better
reflected by considering their relative volumes,
as this more correctly reflects the surface area
available for the hydration reaction to occur. In
the above example, in one cubic metre the
300 kg of cement (SG = 3.15) occupies a space
of about 95 litres, while the 150 L of water (SG
= 1) occupies 150 litres. Volumetrically, the
water overwhelms the cement — that is, the
cement particles are relatively diluted. In fact, a
W/C ratio of 0.32 is necessary before the water
(180 L) and cement (560 kg) occupy the same
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volumes (i.e. 180 litres) (Figure 4.1). As the
water reacts with the cement it leaves behind
voids (porosity) — so the concrete we think of as
‘solid’ is in fact quite ‘porous’. Water is <10% of
the mass of concrete but occupies almost 20%
of the volume.

W/C Ratio = 0.6

Figure 4.1 — Comparison of Relative Volumes -
W/C 0.60 versus W/C 0.32

5.2 COMPLETE CEMENT HYDRATION

It is noted in some texts that 1 kg of cement
requires about 250 mL of water to fully hydrate
it. This properly reflects the amount of
chemically combined water in the Calcium
Silicate Hydrates (CSH), but not the
environment in which the hydration reaction
occurs.

The hydration reaction occurs in an aqueous
environment and water is being bound both
chemically (to form CSH) and physically (by
absorption into pores and adsorption onto the
surface of the CSH). The consequence is that
about 420-450 grams of water is required to
fully react with 1 kg of cement — that is a W/C
ratio of 0.42-0.45. So, if only 250 mL of water is
added to 1 kg of cement, the maximum degree
of cement hydration possible is about 0.25/0.42

= 60%.
CEMENT CONCRETE
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5.3 WATER AND CONCRETE POROSITY

There are competing issues in relation to the
‘ideal’ W/C ratio. Unless there is sufficient water
(WIC ratio >0.42) in the mix, the cement will not
be fully hydrated. However, the inter-particle
space in concrete — the porosity — has its origin
in the initial volume of water in the mix.

In low (say, 0.35) W/C ratio mixes, although the
cement will not at any time be fully hydrated,
sufficient hydration product can ultimately be
produced to fill the void spaces between
particles (which are closer together at lower
W/C ratios) to provide the strength and
durability performance that is required of this
‘high strength’ concrete. While this is not
necessarily an efficient mix (in terms of cement
utilisation), it is an effective mix (provided the
required workability and strength and durability
performance levels specified are achieved).

It is also worth noting that, because of the
(relative) lack of water at this low W/C ratio, this
concrete will ‘self-desiccate’ — that is, dry itself
from the inside. (This is due to water that is held
in the pores reacting with cement as the
hydration reaction proceeds). This then
emphasises the need for curing (by adding
water) with low W/C ratio concretes —to ensure
that capillary porosity is kept full of water to
allow the hydration reaction to proceed to its
maximum extent.

5.4 WATER AND CONCRETE
WORKABILITY

The relationship between water content of a mix
and slump is not linear — it is exponential. Once
slump is achieved, as more water is added the
increase in slump per (say) litre of water added
becomes greater.

An initial on-site addition may not greatly
increase slump, so more water is added, and
then possibly one or more extra additions may
occur. Suddenly, the mix turns into what has
been described as ‘cream-of-aggregate soup’.

The effectiveness of water additions in
increasing slump varies. Mixes with larger
maximum aggregate size require less water per
cubic metre to achieve a given slump increase.
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The effect of water addition on slump also
depends on the initial slump value.

To double the slump value, it has been found
that the amount of water required for 38 mm top
size, 20 mm top size and 10 mm top Size mixes
is about 11 litres, 13 litres and 17 litres per cubic
metre respectively.

5.5 WATER AND CONCRETE
SHRINKAGE

A considerable amount of research work has
been carried out to assess the quantitative

effect of water on concrete drying shrinkage. A
generally accepted estimate of this effect is that
drying shrinkage increases by about
5 microstrain per kg of water per cubic metre of
concrete.

While water content is by no means the most
important determinant of concrete drying
shrinkage, it does need to be considered as part
of the array of contributors to concrete drying
shrinkage performance.

6. SUMMARY - WATER IMPURITIES AND CONCRETE

Component

Comment

Limits specified (AS 1379)

Suspended Solids

Organic matter

Dissolved chloride
salts

Dissolved sulfate

salts

Dissolved
carbonates
and bicarbonates

Acidic water

Recycled water

Concrete durability

Fine solids evenly distributed in the mixing water have little
effect.

Adversely affects strength;
Can prevent setting (sugar particularly);
Where suspected, trial mixes may be required.

May accelerate setting times and reduce long-term strength;
Detrimental to durability when used in reinforced or
prestressed concrete.

Significant effects unusual;
Natural water in arid regions requires checking.

Combined sodium carbonate/bicarbonate content of up to
2,000 ppm may be safe but testing advisable when content
exceeds 1,000 ppm;

Calcium and magnesium carbonates usually negligible in their
effects.

Acidity itself not usually a problem (cement being highly
alkaline neutralises the acid) but the materials which caused
the acidity may be a problem (e.qg. sulfides, decaying
vegetable matter, etc).

Generally satisfactory;
Should comply with limits shown in Table 4.2.

Note different quality requirements for plain (unreinforced)
concrete and reinforced/prestressed concrete.
Cumulative limits if some impurities are present in other
components of the concrete. Note the cumulative limits
placed upon chlorides and sulfates particularly.

Sugar <100 mg/L
Oil and grease <50 mg/L

pH>5.0

Chlorides:

— 0.8 kg/m? or specified limit
— with embedded steel;

— 2.0 kg/m? or specified limit
— no embedded steel.

Sulfates (as SOs):

50 g/kg cement in hardened

concrete

C\
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7. RELEVANT AUSTRALIAN
STANDARDS

1) AS 1379 - The specification and supply of
concrete

2) AS 2758 - Aggregates and rock for
engineering purposes

3) AS 2758.1 — Concrete aggregates

4) AS 3600 — Concrete structures
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This section provides general information on admixtures used to modify the properties of concrete — in
both the plastic and hardened states. Comment is included on their purpose and effects, including the
influence of the other constituents of the concrete. In addition, it provides some general guidance on

the use of admixtures.
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1 INTRODUCTION

Many materials have been used over the
centuries to modify the properties of ancient
and modern binders and concrete mixes. The
Roman’s use of blood as an admixture was an
early (and effective) means of producing air
entrainment. The Romans also used lard and
milk for this purpose.

The increased use of modern chemical
admixtures was closely aligned with the growth
in ready mixed concrete production that
occurred in the middle of the 20" Century.

While early admixture use was primarily in the
USA, Australia was quick to realise the
advantages offered to the construction industry,
and by about 1970 the prevalence of admixture
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use in Australia was probably the highest in the
world. Britain and Europe were somewhat
slower to adopt this approach and ultimate
acceptance was probably linked to Australian
involvement in promoting the use of ready-
mixed concrete as an alternative to site-mixed
concrete.

The introduction of modern dispensing
equipment provided a major advance in gaining
consistent concrete properties when using
chemical admixtures.

Until the mid-1960’s, the only recognised
standard for the use of chemical admixtures
was that issued by the ASTM. Work on an
Australian Standard commenced around 1965
with the first Australian Standard being
published in 1969.

The Australian Standard (AS 1478.1) defines
an admixture as ‘a material, other than water,
aggregate and cementitious materials, used as
an ingredient of concrete, and added to the
batch in controlled amounts immediately before
or during its mixing to produce some desired
modification to the properties of the concrete’.

In general terms, concrete admixture use
involves using relatively small quantities of
(powerful) chemicals which must be used in
controlled doses. Their actions can be quite
complex, and one admixture may impact on the
performance of another in a concrete mix. It is
always advisable to (a) check history of using
particular admixture combinations, or (b) test
the proposed combination in a trial mix before
embarking on concrete production on a large
scale. Admixture suppliers are generally able to
provide historical usage information.

Some admixtures have a specific role and only
affect one property (e.g. water reduction) but
many admixtures affect more than one property
of the concrete. Most work with the other
materials in the concrete, including the cement
and SCM’s, to determine their ultimate effect.
Their effectiveness is usually temperature
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dependent, generally improving with increasing
temperature and slowing down as temperatures
fal. This potential for multiple effects
emphasises the need to carry out trial mixing
with all concrete mix components to fully
assess admixture effectiveness.

2 TYPES OF ADMIXTURES

2.1 CLASSIFICATIONS AND
MECHANISMS

Chemical admixtures for concrete can be
classified in general terms as General Use and
Special Purpose Admixtures. The former group
is used in most concrete, while the latter provide
specific performance characteristics such as
providing anti-washout, hydration control and
corrosion inhibiting actions.

Table 5.1 — Types of Admixtures

Table 5.1 describes the types of admixtures
available for both General Use and Special
Purpose applications, and the Summary table
(pages 20-21) describes their application and
general effects on concrete performance.

There are several mechanisms that are
fundamental and form the basis of (most)
admixture use:

o Dispersion of cement in the aqueous
phase of concrete;

e Alteration of the rate of cement hydration
— particularly of the CsS mineral;

e Reaction with by-products from hydration
e.g. alkalis and free lime;

e Pore filling.

Air entraining (Type AEA)

Set-controlling

Water-reducing

Normal (Type WR);

Set-accelerating (Type Ac);
Set-retarding (Type Re).

Medium-range water-reducing — Superplasticisers (Type MWR);
High-range water-reducing — Superplasticisers (Type HWR).

Water-reducing/ set-
controlling

Water-reducing/ set-accelerating (Type WRAC);
Water-reducing/set-retarding (Type WRRe);

High-range water-reducing/set-retarding — superplasticisers (Type

HWRRe).
Thickening agents

Shrinkage-reducing/
shrinkage-compensating

Permeability reducing

Special purpose

‘Pumpability’ aids

Special purpose/normal setting (Type SN);

Special purpose/accelerating (Type SAc);
Special purpose/retarding (Type SRe).
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2.2 AIR-ENTRAINING ADMIXTURES
(AEA)

Air entrainment is different to air entrapment.
Air will be entrapped in the plastic concrete
during mixing; and should be removed by
compaction during placing. It is uncontrolled —
and can create large voids in the hardened
concrete which is very detrimental to concrete
performance. It is critical that this entrapped air
be removed during the compaction of concrete.

Air entrainment is purposefully entrained air
comprising very small-sized bubbles that are
evenly distributed through the concrete paste
and which remain (quite) stable during handling
and compaction. These finely dispersed air
bubbles have a minor impact on strength that
can be compensated for in mix design. The air
bubbles are spherical and may vary in size from
10 microns to 1 mm (Figure 5.1).

\
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Figure 5.1 — Air Entrained in Concrete Paste

Air entrainment was developed primarily to
improve the resistance of concrete to
destructive cycles of freezing and thawing
(Figure 5.2). Freeze-thaw protection is of major
importance in any region where snow and ice
are common weather features. It is therefore
almost mandatory in much of the northern
hemisphere.

Figure 5.2 — Pavement Damage due to Freeze
Thaw Cycles
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There are only a few regions in Australia where
such protection is needed. These include any
areas where there are repeatedly low overnight
temperatures capable of causing freezing of the
water in concrete.

The use of air entrainment has extended
beyond its primary purpose and it is also used
to enhance plastic performance in concrete
mixes with (a) a low cementitious content, and
(b) where workability of mixes is compromised
by poor sand grading(s). Higher air contents will
increase the cohesiveness of concrete mixes
and can also lead to a reduction in bleed
volume and rate.

Benefits of Air Entrainment
e Protection against freeze-thaw damage;

e Cohesiveness improved = less
segregation;

e Control of bleed,;

e Improved workability — enables a

reduction in water content and therefore
a decreased W/C ratio;
e Improved durability in cold climates.

Negative Aspects of Air Entrainment
Increasing air content reduces strength. This
effect can be offset by changing mix proportions
and is assisted by the reduction in the W/C ratio
that may occur.

Regardless of the form it takes, a 1% increase
in air content in the concrete can reduce the
compressive strength by about 5%. In
favourable conditions, the water reduction
obtained from air entrainment can be sufficient
to offset the strength loss.

AS 1478.1 indicates that the compressive
strength of concrete with air entrainment should
not be less than 90% of the compressive
strength of the concrete without the admixture.

Air entrainment in Normal Class concrete not
subject to freeze-thaw conditions is typically
2-4% but is increased to 5-6% for freeze-thaw
conditions. The reduction in compressive
strength and the durability benefit are shown in
Figure 5.3.

Air entrainment at levels in the order of 5% is
also used for low slump concretes (20-40 mm
slump) that are supplied to paving machines for
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concrete road construction and for other slip-
forming applications.
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Figure 5.3 — Effect of Air Entrainment on Compressive
Strength and Durability

Materials
Air-Entraining Agents (AEA’s) are derivatives
of:

e Salts of wood resins;

e Sulfated or sulfonated
hydrocarbons;

e Salts of petroleum acids;

e Fatty and resinous acids and their salts.

petroleum

Air-Entraining Action

Air entrainment creates a void system with a
large number of minute air bubbles dispersed
evenly through the concrete paste. The size
and spacing of the bubbles are very important.

The air-entraining action is affected by:

Type and concentration of admixture;

Type and composition of cement:

— Increasing alkali increases air content
but improves the stability of the
entrained air;

— Increases in cement fineness tend to
reduce the air content.

Cement content:

— Effect is greater with lower cement
contents.

Use of SCM:
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