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 Introduction 

‘Cement’ is a generic term describing adhesive substances 
capable of uniting fragments or masses of solid matter into 
a compact whole1.  While various materials may act as 
‘cements’, this technical note will focus on Portland cement-
based binders, including cement-only products and blends 
of cement with supplementary cementitious materials 
(SCM’s) such as fly ash, slag and silica fume.   

‘Cements’ based on lime were used extensively in Egyptian and 
Roman structures, while Portland cement is a more modern 
invention – patented in 1824 but becoming a more effective 
material when process improvements were introduced in the 
1840’s.  Subsequently concrete using Portland cement–based 
binders has become the most commonly used construction 
material in the world today2.  This extensive use of concrete 
creates a high demand for Portland cement, to the extent that 
cement manufacture creates about 5% of anthropogenic CO2. 
emissions internationally, though less than 1% in Australia.   
The Australian cement and concrete industry continues to work 
diligently to minimise this effect while maintaining the effectiveness 
of concrete as a building material3.  This report describes the 
manufacture, characterisation and use of cement products in 
conventional uses such as concrete, mortar and grouts. 

 Cement Standards 

‘Cement’ is a primary determinant of concrete performance, 
and is also generally its most expensive component.  To 
ensure the quality and consistency of cement its supply has 
been the subject of national Standards since the early 1900’s. 

2.1 Australia 
The first Australian Standard for cement (AS A2) was 
published in 1925.  This Standard has been reviewed many 
times and the current Standard is AS 39724 – General purpose 
and blended cements – published in 2010.  The approach 
taken in AS 3972 is less complex than some international 
Standards, particularly ASTM (USA) and EN-197 (EU) 
Standards.  AS 3972 defines general purpose, blended and 
special purpose cements and specifies certain properties and 
characteristics for each cement type.  This specification is 
intended to be primarily performance-based, though some 
prescriptive elements are included.   
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The Standard does not nominate, for example, maximum levels 
of SCM’s that may be used in blended or special purpose 
cements but instead relies on performance properties 
(particularly compressive strength and setting times) to 
determine the compositional limits for these products.  In an 
effort to address embodied CO2 levels in Australian cements, 
mineral additives have been allowed to be used as a clinker 
replacement since 19915 – initially at ‘up to 5%’ and in AS 3972 
(2010) at ‘up to 7.5%’.  The cement and concrete industry has 
carried out further research to assess the effect of mineral 
additives at levels ‘up to 12%’ with a view to amending AS 3972 
in the future. 

AS 3972 (2010) nominates seven cement types which are 
defined by both compositional and performance requirements.   

Key requirements are detailed in the table below. 

2.2 United States 
In the United States (US), cement Standards are more 
complex and are generally more prescriptive than 
performance-based.  The relevant US Standards are: 

ASTM C-150:   “Specification for Portland Cement”6 

ASTM C-595:   “Specification for Blended Hydraulic 
Cements”7, and 

ASTM C-1157:  “Performance Specification for Hydraulic 
Cements”8.   

ASTM C-150 and C-595 contain both prescriptive and 
performance requirements and allow mineral addition levels of 
‘up to 5%’.  ASTM C-1157 contains only performance 
requirements, with no set compositional limits.  Under the 
auspices of this Standard, cements containing up to 15% 
limestone mineral addition have been used successfully by 
road construction authorities in several American States9. 

 

AS 3972 (2010) Requirements* 
Cement Types 

GP GB GL HE LH SL SR 

Chemical limits  

SO3 max. (%) 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

Chloride max. (%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

 MgO max. (%) Cement clinker shall contain less than 4.5% 

Physical properties  

Setting time   

      Min. (minutes) 45 45 45 45 45 45 45 

      Max. (hours) 6 10 10 6 10 10 10 

Soundness max. (mm) 5 5 5 5 5 5 5 

Compressive strength min. (MPa)  

      3-days - - - 25 - - - 

      7-days 35 20 20 40 10 ** ** 

      28-days 45 35 35 - 30 ** ** 

Peak temp. rise max. (⁰C) - - - - 23 - - 

Drying shrinkage max. (µƐ)  

      28-days - - - - - 750 - 

Sulfate expansion max. (µƐ)  

      16-weeks - - - - - - 750 
 

Notes: * Determined in accordance with methods described in AS 2350 - “Methods of testing Portland and blended cements” 
** Type SL and Type SR cements shall comply with the strength requirements of either Type GP or Type GB, depending  
on the composition of the cement. 
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2.3 Europe 
In Europe, EN197-1 “Cement – Part 1: Composition, 
specifications and conformity criteria for common cements”10 
also sets prescriptive and performance requirements for the 
27 products that it defines.  This Standard is so broad 
because it applies in 31 countries in the EU and needs to 
cover products ‘produced and used in these countries for 
many years’ and ‘without creating technical barriers to trade in 
the construction field’.  ‘Minor additional constituents’ 
(effectively mineral additions) are able to be used at a level of 
‘up to 5%’ in all 27 cement products. 

 

 Manufacture 

This section will describe the manufacture of cement and the 
processes involved in producing the most common SCM’s – 
fly ash, slag and silica fume. 

Cement manufacture is a two-stage process.  In the first 
stage a suite of natural raw materials are combined at high 
temperature to form ‘cement clinker’.  Cement clinker is then 
ground, in ball mills or vertical roller mills, with gypsum and 
generally one or more forms of mineral addition to form Type 
GP or Type GL cements.  The common mineral addition 
materials used are limestone, fly ash or slag.  These may be 
used alone or in combination up to the maximum allowable 
7.5% level.  Materials classified as ‘minor additional 
constituents’ may also be used for up to 5% of the 7.5% 
mineral addition allowance.  Minor additional constituents are 
“specially selected inorganic mineral materials, or inorganic 
materials derived from the clinker process such as cement kiln 
dust4”.  Minor additional constituents are used very 
infrequently.  “Processing additions4” are routinely used “to aid 
in the manufacture (of cement) and to improve the handling 
properties of cement”.  Known generally as ‘grinding aids’, 
these organic chemicals are usually surface-active agents 
that alter the charge on the surface of cement particles which 
(a) reduces particle agglomeration during milling, improving 
milling efficiency, and (b) improves the ‘flow-ability’ of cement, 
assisting in its transfer between storage vessels and 
preventing lump formation (known as ‘pack set’) during 
storage.  Type GB cements may be produced using either (a) 
a post-blending operation where the SCM is blended with 
previously milled Type GP cement in the appropriate 
proportion (typical for fly ash blends), or (b) clinker and the 
SCM may be inter-ground together with gypsum and any 
mineral addition to form the blended cement (typical for slag 
blends).  Special purpose cements, except Type HE, are 
typically blended cements made by either post-blending or 
inter-grinding – depending on the SCM type used.  Type HE 
cement is usually compositionally similar to Type GP, but 
milled to a higher level of fineness. 

Cement clinker is derived primarily from natural calcium, 
silica, aluminium and iron minerals, most commonly 
limestone, sand and clay minerals.  Additional iron, if required, 
can be supplied in various forms.  The minerals are accurately 
blended to achieve the required chemical combination, then 
milled and re-blended prior to firing in a rotating kiln at 
temperatures of up to 1500⁰C.  The limestone calcines initially 
to form quicklime (CaO), releasing CO2, as the temperature 
increases to about 800⁰C.  Then, as the mix proceeds through 
the kiln and the temperature increases further the highly 
alkaline, partially fused mix reacts to create a new set of 
minerals.  These new minerals are (a) calcium silicate 
minerals (about 80%) which are the principal binding agents 
of cement, (b) calcium aluminate (about 10%), and (c) calcium 
alumino-ferrite (about 10%).  The calcium aluminate and 
calcium alumino-ferrite minerals do not contribute 
substantially to cement or concrete performance.  Calcium 
aluminate has a high heat of hydration and would seriously 
impact concrete workability if its initial hydration was not 
chemically retarded.  Calcium alumino-ferrite, through its iron 
content, provides the ‘grey’ colour in cement powder.  In 
effect, the clinkering process converts a natural set of 
minerals into a new, synthetic set of minerals with defined 
properties.  These resultant hypothetical mineral species are 
C3S (tricalcium silicate); C2S (dicalcium silicate); C3A 
(tricalcium aluminate); and C4AF (tetracalcium alumino-
ferrite). 

The cement milling process is carried out using either ball 
mills or vertical roller mills – the latter providing much greater 
energy efficiency and higher throughput rates.  Clinker, 
gypsum and any required mineral additives are fed in the 
appropriate proportions to the mill where they are milled to the 
required fineness and thoroughly inter-mixed.  Modern mills 
include high efficiency ‘separators’ that (a) divert oversize 
cement particles back into the mill to be re-ground, and (b) 
optimise the particle size distribution (psd) of the cement 
product resulting in higher reactivity and hence better strength 
performance.  In ball mills in particular, temperatures of about 
130⁰C are reached due to frictional effects from milling and 
this causes the gypsum (CaSO4.2H2O) to partially dehydrate 
such that (typically) 60-70% converts to ‘plaster’ 
(CaSO4.0.5H2O).  This is beneficial in that plaster is more 
soluble than gypsum and therefore more readily releases 
sulfate ions into the concrete mix once water is added.  These 
sulfate ions preferentially react with the calcium aluminate 
minerals preventing ‘flash set’ which would otherwise occur 
with the effect of drastically reducing concrete workability.  
The retardation of calcium aluminate hydration is sufficient to 
provide time for the plastic concrete to be delivered, placed, 
compacted and finished. 

3.0 
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Blended cements, made by either (a) blending the fine SCM 
with the milled cement product after the mill in the required 
proportion or (b) inter-grinding slag with the clinker in the 
required proportion along with gypsum and any required 
mineral additive, comprise about 10% of overall cement 
production in Australia.  Generally, inter-ground blends show 
a higher reactivity than post-blended product due to a better 
optimised particle size distribution.   

Although blended cements are readily available in Australia, 
most SCM’s used in concrete production are supplied as 
separate products to the concrete batching plant where they 
are batched into the mix along with cement, the aggregate 
materials, water and admixtures.  While this approach 
reduces mix costs and provides greater versatility in 
production, it does not allow the concrete producer to claim 
that they have used a Type SL or Type SR cement even if the 
cement + SCM used is the same as that used in commercial 
Type SL or Type SR cement products.  Cement suppliers are 
required to carry out the appropriate testing on special 
purpose cements to prove their performance and to issue test 
certificates accordingly.  Where plant blending of the cement 
plus SCM is used the special purpose (SR, SL or LH) 
performance of the concrete itself needs to be specifically 
tested. 

In recent years, domestic clinker production has been 
supplemented by imports – generally from Japan and China.  
Cement manufactured from imported clinker is produced in 
the same way and in the same mills as cement made from 
domestic clinker.  The cement products are tested to 
Australian Standard requirements in local laboratories.  The 
clinker sourcing has no specific impact on the performance of 
the cement product.  The cement standard AS 3972 provides 
some guidance in regard to clinker quality where it notes that 
“Portland cement clinker shall contain less than 4.5% MgO”11.  
This MgO limit reduces the likelihood that the clinker will 
contain the mineral periclase which can lead to detrimental 
effects in concrete.  Specifications for imported clinker will 
generally nominate (at least) the following chemical/mineral 
requirements: C3S – %minimum; C3A – %maximum; MgO - 
<4.5%; Equivalent Alkali - <0.6% Na2O equivalent, and Free 
Lime - % maximum. 

Fly ash processing is less complex than cement 
manufacture.  Fly ash is a solid residue from the combustion 
of ‘black’ coal in furnaces used for electricity generation.  The 
coal burned contains a proportion (typically 10-50%) of 
minerals (typically clays and quartz) that are (a) ground to a 
fine powder with the coal, and (b) heated to high temperatures 
(typically 1800⁰C) in the furnace and then cooled quickly, 
resulting in a high proportion of fine, glassy fly ash particles 
that are entrained in the flue gas.  Prior to exiting the power 
station via the chimney the flue gas is cleaned using one of 
two types of ash collector – Electrostatic Precipitators or 
Fabric Filters.  The fly ash is removed from hoppers on these 
devices and then processed to achieve required levels of 
Fineness and Loss on Ignition (LOI).  (LOI represents 

unburned coal char remaining in the fly ash – typically at 
levels of 1-4%).  The relevant Australian Standard is AS 
3582.112 which was re-issued in 2016.  This Standard 
describes three grades of fly ash and sets criteria for Moisture 
Content, Fineness (% passing a 45 micron sieve), LOI, 
sulfate, chemical composition and chloride content for each 
grade.   

Minimum Strength Index requirements are set for two of the 
grades.  Other testing that provides useful information for 
users includes Relative Density, Relative Water Requirement 
and Total Alkali though no specific limits are set for these.  
The Standard also sets higher test frequencies for Unproven 
(New) Sources relative to those for Proven Sources.    

Slag processing has some similarities with cement 
manufacture.  ‘Slag’ is more correctly “Ground Granulated 
Blast Furnace Slag” – a waste material derived from blast 
furnaces used to purify metals which has been processed to 
yield an efficient cementitious material.  The slag originates 
from impurities in the ore and from limestone added to the 
process to lower the slag melting point, allowing it to be 
collected as a high temperature liquid.  This liquid can then be 
quenched by air or water sprays and cooled quickly, the 
resulting slag granulate having a sand-like texture and a 
glassy structure.  This granulate is then milled in a ‘cement 
mill’ to the required level of Fineness. There is only one 
domestic source of granulated slag in Australia and much of 
the slag used here comes from Asia, particularly Japan.  The 
relevant Australian Standard is AS 3582.213 which was re-
issued in 2016.  The Standard sets limits for several chemical 
components (Sulfide sulfur; Al2O3, MgO and chloride).  Other 
testing that provides useful information includes Fineness, 
Relative Density, Relative Water Requirement, Relative 
Strength, Total Alkali, Insoluble Residue and LOI.  Testing 
frequencies are also higher for Unproven Sources, relative to 
Proven Sources.    

Silica fume derives from high temperature (arc) furnaces 
processing silicon metal and ferrosilicon alloys.  This waste 
material is literally a ‘fume’ – it is a very fine powder product 
that is quite pure, amorphous silicon dioxide (SiO2).  Local 
sources of silica fume are limited and most is sourced from 
overseas locations.  Further processing of silica fume is 
aimed at allowing it to be more easily handled.  The product is 
generally sold as either a ‘condensed’ silica fume product or 
in a slurry which often contains a superplasticiser to aid 
dispersion.  The relevant Australian Standard is AS 3583.314 
which was re-issued in 2016.  The Standard sets limits for 
Total Silica content, LOI, Moisture Content, sulfate, chloride 
and Relative Strength.  The Standard also allows for the use 
of naturally occurring amorphous silica materials though these 
are currently rarely used in Australia.  In New Zealand 
amorphous silica products of volcanic origin, derived from the 
hydrothermal alteration of ignimbrite and pumice breccia 
rocks, are mined, processed and used as highly efficient 
SCM’s in concrete manufacture.  
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 Characterisation of Cements 

Cements are characterised in several ways.  These include 
(a) by testing according to methods contained in AS 2350 and 
the application of limits prescribed in AS 3972, and (b) 
through in-house testing programs used by suppliers to 
assess cement performance in concrete mixes.  Composition 
and performance limits specified in AS 3972 are not the only 
ones applied, as industry specifications may also set limits not 
prescribed in AS 3972, the most important of these being a 
limit on the alkali content of cement.  In many Australian 
specifications and supply contracts a maximum alkali content 
of 0.6% as Na2O Equivalent is nominated.  (Note:  Na2O 
Equivalent = Na2O + 0.658K2O)  In international terms such 
cements would be considered to be ‘low alkali cements’. 

To provide confidence in the measurement and reporting of 
cement properties, cement suppliers generally operate 
National Association of Testing Authorities (NATA)-accredited 
laboratories.  The industry association [Cement Concrete & 
Aggregates Australia (CCAA)] also co-ordinates an annual 
round-robin test program where the performance of industry 
laboratories is assessed.  Test results from this program can 
also be compared with results from international laboratories.  
The round-robin involves comprehensive testing of a cement 
sample by each laboratory, followed by collation of test results 
and a thorough statistical analysis of results.  If any outlier 
results are identified laboratories are able to investigate their 
cause and remedy any suspected testing deficiencies.  In 
addition, a third-party conformity assessment system 
(CemAssure15) has been developed to further substantiate the 
performance of cement (and SCM) products, plants and 
testing laboratories.  The conformity of cementitious products 
is to be assessed by a process involving audit visits to confirm 
sampling requirements are being met (as determined by 
inspection of the site quality registration to ISO 9000 or 
similar), as well as inspection of (a) test reports for individual 
products, (b) laboratory accreditation reports, and (c) testing 
performance from the yearly co-ordinated material testing 
program.   

Conformity assessments are conducted by a Certified 
Assessment Body accredited to AS/NZS ISO/IEC 1706516 
using assessors with extensive prior knowledge and 
experience in the manufacture and testing of cementitious 
materials.  Acceptable products are registered and listed on 
the CemAssure website. 

4.1 Physical Characterisation 
Although cement chemistry and mineralogy are key items in 
determining performance, a number of physical parameters 
are also important.  Some derive from the milling process and 
may be used as quality control parameters for milling. 

Fineness Index17 – provides a measure of the surface area of 
the cement and hence its potential reactivity.  Fineness may 
be expressed as Blaine fineness (cm2/g) or more usually as 
m2/kg.  Determined by an air permeability method the value is 
useful as a control parameter and as a measure of 
consistency for a given cement.  Typical Fineness Index 
values for Type GP cements are in the range 350-400m2/kg, 
while for Type HE are about 450m2/kg. 

Residue18 – is determined by measuring the % of cement 
retained on a 45 micron sieve in a wet-sieving process.  
Residue values also provide a measure of consistency for a 
given cement.  Residue values decrease with increasing 
Fineness Index and reflect in part, the type, nature and 
operational efficiency of the mill separator.  With a high 
efficiency separator residue values would typically be in the 
range of 1-5%, while for open circuit mills (with no separator) 
residue values may be in the range 10-15%.  Residue values 
generally provide a better correlation with mortar compressive 
strength for a given cement than do Fineness Index values. 

Setting Times19 – after mixing cement with water the 
resultant cement paste will stiffen and eventually harden.  The 
setting time test provides quantitative information on this 
hardening process through the use of arbitrary levels of paste 
stiffness used to define the Initial Setting Time and Final 
Setting Time.  The laboratory setting time values cannot be 
used to determine likely field concrete setting behaviour or the 
correct timing for concrete finishing operations as there are 
many variables that affect concrete behaviour in the field. 

Soundness20 – this test measures the effect of any 
compounds in the cement that might affect the ‘soundness’ of 
hardened concrete.  Such compounds (e.g. periclase, Free 
Lime) may hydrate and expand in the final concrete – this 
expansive behaviour potentially causing the concrete to crack 
(or become unsound). A cement and water paste is prepared 
and subjected to accelerated (steam) curing and any 
expansion in the sample is determined.   AS 3972 sets an 
expansion limit of 5mm maximum as measured on the test 
device. 

  

4.0 
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Compressive Strength21 – the mortar compressive strength 
is in part a measure of cement performance, most notably in 
relation to the minimum strengths set in AS 3972 for the 
various cement types, but is more useful as a measure of 
product consistency.  The compressive strength values 
obtained cannot be used to predict likely concrete strengths 
as the test is carried out using a sand:cement mortar and at a 
fixed water:cement ratio.  Type HE and Type GP cements 
show relatively high rates of strength gain at early ages (3-
days and 7-days) and minimal growth after 28-days, while 
blended cements show slower early-age strength gain, but 
significant growth after 28-days.  

 
Figure 1.  Comparative mortar compressive strength 
performance – Type GP and Type GB cements 

4.2 Chemical Characterisation 
 Most cement laboratories carry out a complete major oxide 
analysis22 on a routine basis as it is a quite simple process 
using modern analytical chemistry techniques.  There are 
several chemical constituents of interest. 

Sulfate22 – sulfates may react to form expansive reaction 
products which may cause concrete cracking.  It is important 
to limit the sulfate content of cement for this reason.  Sulfates 
in cement derive from sulfates inherent in the clinker and from 
the gypsum added when milling clinker.   

Alkalis22 – alkalis present in raw materials used in 
manufacturing cement may appear in the final product and their 
level needs to be managed to meet the specification 
requirements previously described.  Alkalis in cement may react 
with reactive aggregates to form an expansive reaction product 
that forms during the life of a concrete structure and which may 
cause severe, life limiting cracking.  This is a particular issue for 
infrastructure projects (e.g. bridges, dams) which have very 
high cost and long service-life expectancy.  The phenomenon is 
known as Alkali Aggregate Reaction (AAR).  It is the reason 
why low alkali cements are often specified.  Tests23,24 may be 
carried out to assess the likelihood of AAR using specific 
combinations of aggregates and cements.  The partial 
replacement of cement with SCM’s provides a simple and 
effective means of mitigating the risk of AAR25. 

Chloride22,26 – chlorides present in raw materials used in 
manufacturing cement may appear in the final product.  AS 
3972 sets a limit of 0.1% maximum for all cement types.  
Control of chlorides in concrete, from both internal and external 
sources, is critical when the concrete contains reinforcing steel.  
Chloride ions may penetrate the concrete over time and if they 
reach the reinforcing steel may damage the passive layer on 
the surface of the steel and initiate corrosion.  Expansive steel 
corrosion causes the concrete to crack allowing more corrosive 
agents to enter the concrete, leading then to concrete spalling.  
This phenomenon is known as ‘concrete cancer’. 

Loss on Ignition22 – this simple test reflects the weight loss 
when a cement sample is heated to 950⁰C.  In modern cements 
the LOI usually reflects the presence and quantity of limestone 
mineral addition.  A component of the LOI may also derive from 
any remaining chemically bound water in the gypsum, and from 
any hydration the cement may have suffered (through exposure 
to moisture) during storage or transport.  Typically though, the 
LOI reflects the presence of limestone mineral addition. 

4.3 Testing Special Purpose Cements 
The special purpose cements require additional, specific tests 
to assess their level of performance. 

Type LH – low heat cements are used where the exothermic 
cement hydration reaction that increases concrete 
temperature may lead to structural issues, particularly 
cracking.  LH cements are typically used in mass concrete 
structures (e.g. concrete dams, plinths and large footings).  A 
test method27 to compare the performance of different 
cements and provide results for assessment against the peak 
temperature rise limit in AS 3972 involves the measurement 
of temperature increase in a paste sample – this rise being 
measured in a specified semi-adiabatic calorimeter apparatus.  
The limit for a Type LH cement is a maximum temperature 
rise of 23⁰C.  Type GP cements usually result in a 
temperature rise of about 29⁰C in this test.  To achieve Type 
LH performance it is usually necessary to use a blended 
cement containing, for example, 40% fly ash or 65% slag. 

  
Figure 2.  Typical peak temperature rise – Type GP, GB and 
LH cements 
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Type SL – as noted in AS 397228, the degree of concrete 
shrinkage is dependent on a several factors.  Cement does play 
a minor role in determining concrete shrinkage and a test was 
developed to assess this potential.  The test involves making a 
mortar bar similar to that used for compressive strength testing, 
with studs placed in either end to allow accurate measurement 
of the length of the bar.  At 24 hours after casting the length of 
the mortar bar is measured and it is then placed in a cabinet 
with humidity and temperature control (23⁰C and 50% RH).  At 
28-days it is removed and the length again measured and any 
shrinkage is calculated – the result being expressed in 
microstrain.  Type SL cement must have a 28-day shrinkage 
level of ≤ 750 microstrain.  For a particular cement, given the 
poor precision of this test, AS 3972 suggests that to ensure that 
a cement tested in several laboratories would always meet the 
750 microstrain limit a mean shrinkage value of about 600 
microstrain should be targeted.  

Type SR – as noted in AS 397229, the resistance to sulfate 
attack of a given concrete is dependent on a number of diverse 
factors.  Cement does play a role in determining the resistance 
of a concrete to sulfate attack.  The C3A component is 
important, and in the ASTM Standards their ‘Type SR’ cement 
(Type V cement) has a specified maximum C3A level of 5%.  
The AS 2350 test30 for a Type SR cement involves casting a 
mortar bar similar to that used for compressive strength testing, 
but thinner (to increase the surface to mass ratio).  Studs are 
placed in the ends of the mortar bar to allow accurate length 
measurement.  At 24 hours after casting the length of the prism 
is measured and it is then is placed in a 5% sodium sulfate 
solution at 23⁰C for 16 weeks.  After this time the length is 
again measured and any expansion is calculated and the result 
expressed in microstrain.   Type SR cement must have a 16-
week expansion value of less than, or equal to, 750 microstrain.  
Type GP cements generally will not meet this limit but may be 
used in applications requiring Type SR cements where testing 
has been undertaken and has shown that the expansion is 
below the prescribed limit.  Type SR cements are typically 
blended cements containing fly ash (≥ 25%) or slag (≥ 65%).  
With 16-week expansion values of <300 microstrain these 
blends can provide suitable ‘SR performance’. 

 Cement Use 

All of the positive benefits from the use of cement in concrete, 
mortar, grouts and other purposes are due to the reaction of 
cement with water.  This reaction is known as the Hydration 
reaction.  The water used in concrete not only allows the 
concrete to be placed, compacted and finished – it also 
combines with the cement minerals to form the ‘glue’ that binds 
the aggregates, providing the resultant strength and durability 
performance for which concrete is well known.  This section 
examines the hydration reaction and key concrete performance 
characteristics. 

5.1 Cement Hydration 
Like any other chemical reaction, the variables affecting 
cement hydration include (a) the proportions of reactants, (b) 
the reaction temperature, and (c) the reaction time. 

Proportion of Reactants – the most fundamental determinant 
of the outcome of the cement hydration reaction is the ratio of 
water to cement – the w:c ratio.  (With the common use of 
SCM’s this is now often referred to as the w:b ratio – the 
water to binder ratio.)  Typical concrete w:b ratios lie in the 
range of 0.3 to 1.0 – reflecting high to low strength 
performance.  (A low w:b ratio means proportionally more 
binder = higher strength.) Within the body of the concrete, the 
reaction products fill the space occupied by the water used in 
the reaction.  Interestingly, the reaction products have a 
higher volume than the reacting materials, and if insufficient 
water is present, some of the cement remains unreacted.  The 
optimum w:b ratio is about 0.42, but to achieve high concrete 
strengths, lower w:b ratios are required.  An additional 
reaction product from the cement hydration reaction is lime – 
calcium hydroxide.  The lime does not contribute to concrete 
strength but it does maintain concrete pH at a value of about 
13 – so concrete is highly alkaline.  At this pH any steel 
embedded in the concrete is well passivated and is generally 
resistant to corrosion.  The cement hydration reaction is 
represented as: 

CS + H                      CSH + CH + heat 
(where CS = calcium silicate; H = water; CSH = calcium 

silicate hydrate; CH = lime) 

Reaction Temperature – not surprisingly, low temperatures 
slow down the hydration reaction and high temperatures speed 
it up.  Each extreme has its problems.  As ambient 
temperatures fall below 10⁰C concrete setting times become 
elongated, with concrete not being able to be finished for 16+ 
hours, if at all.  Low temperatures can be compensated for by 
using hot mixing water or reaction accelerating admixtures or 
by using insulation blankets over the concrete element – though 
these all add additional cost.  The cement hydration reaction is 
exothermic (produces heat) and this can assist in low ambient 
temperature situations.  In high ambient temperature situations 
the exotherm also complicates the situation.  If the concrete is 
too hot it can quickly become unworkable and this can lead to 
poor finishing, low levels of compaction and cracking.  High 
temperature can be managed by cooling components 
(aggregates, mixing water), using hydration retarding 
admixtures and managing site issues (delivery times, time of 
day, shading).  Both low temperatures and high temperatures 
can lead to low 28-day strengths.  From a strength perspective, 
the optimum hydration temperature is about 15⁰C. 

  

5.0 
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Reaction Time – the progress of the cement hydration 
reaction can be monitored via its thermal signature.  
Immediately after water is added to cement there is strong 
heat evolution followed by rapid cooling as dissolution and 
initial reactions occur.  The reaction then enters a dormant 
phase for several hours in which the mix is plastic and 
workable (allowing the concrete to be transported and 
placed).  The mix then enters a phase where the hydration 
rate increases significantly and the mix begins to stiffen and 
then harden.  At this time finishing operations are carried out.  
Strength then starts to develop and continues developing over 
subsequent days during which the hydration rate decreases 
and the concrete slowly cools.  

 
Figure 3.  Hydration reaction progress over time showing key 
reaction stages 

5.2 Strength Performance 
Concrete is known for its high compressive strength, however its 
tensile and flexural strengths are much lower – typically about 
one-tenth of its compressive strength.  Concrete strength is, at 
its simplest, a function of both the cement content in the mix and 
the w:b ratio.  Concrete with a 28-day compressive strength of 
20MPa usually has a binder content of about 240kg.m-3 and a 
w:b ratio of about 0.7.  By contrast, a 50MPa concrete usually 
has a binder content of about 450kg.m-3 and a w:b ratio of about 
0.4.  Apart from component concentrations, concrete strength is 
also significantly affected by its voids content.  1% voids leads to 
a strength reduction of about 5%, while 5% voids leads to a 
strength reduction of about 30%.  These strength losses apply 
whether the presence of voids is due to poor placement 
(inadequate compaction) or is intended (aerated concrete). 

 
Figure 4.  Effect on compressive strength due to voids in concrete 

5.3 Setting Time 
Setting time is a critical concrete parameter as it dictates site 
behaviour.  An appropriate setting time provides a balance – it 
allows the concrete to be delivered and placed effectively 
without delaying finishing times to a point where site activities 
are inconvenienced and/or concrete performance is 
compromised.  Concrete with delayed set may dry out before 
being able to be finished and may not have developed 
sufficient strength to resist tensile stresses from the shrinkage 
associated with drying.  This may lead to the development of 
plastic shrinkage cracking.  Setting times may be affected by 
ambient conditions and the use of SCM’s and admixtures. 

5.4 Durability 
Concrete is generally a very durable construction material.  Its 
durability may be affected by intrinsic issues and/or by a 
variety of external forces and agents.  A durable concrete is 
typically a relatively high strength concrete.  The use of 
special cements (e.g. Type SL or Type SR) does not impart 
high performance properties to low strength concrete.  Three 
of the most critical aspects of concrete durability are 
resistance to the ingress of chloride ions, resistance to attack 
from sulfates and resistance to Alkali Aggregate Reaction – 
each of which has been discussed previously.  There are 
several other important concrete durability considerations. 

• A higher strength concrete has a more refined, resistant 
and discontinuous pore structure which results in low 
permeability that assists in preventing aggressive agents 
passing through the concrete to attack either the concrete 
itself or any embedded steel.  Such a pore structure 
would increase the durability of a concrete where, for 
example, either (or both) sulfates or chlorides were 
present in water in contact with the concrete structure.   

• In cold climates where concrete is exposed to ice and 
snow conditions, concrete can suffer cracking and 
spalling due to the alternating freezing and thawing 
conditions.  This problem can be overcome by having an 
air content of about 5% in the concrete.  The air voids 
allow space for freezing water to expand without 
damaging the internal concrete structure, improving the 
Freeze-Thaw resistance. 

• Concrete durability can be impacted by the previously 
mentioned Alkali Aggregate Reaction (AAR), though if the 
risk is assessed prior to construction it is readily mitigated 
by using unreactive aggregates or replacing some of the 
cement with a SCM in appropriate proportion.   

• Highly alkaline concrete paste has poor resistance to acid 
attack.  Acid attack from industrial effluents, ‘acid rain’ or 
water containing high levels of dissolved CO2 occurs 
when the pH of a solution in contact with the concrete is 
<6.5, while at a pH of <4.5 severe attack will occur31.  In 
addition to mineral acid attack, organic acids found in fruit 
juices and dairy products also readily attack concrete32.   
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5.5 Thermal Expansion 
The thermal expansion of concrete is a function of the 
proportions of components and their respective thermal 
expansion coefficients33.  Aggregate types have different 
thermal expansion coefficients, as does cement paste where 
the coefficient varies with paste composition and relative 
humidity.  The thermal expansion coefficient for cement paste 
varies between 10x10-6/⁰C and 20x10-6/⁰C and for a given 
paste is at a maximum when the relative humidity is about 70%. 

5.6 Shrinkage 
Concrete undergoes a volume change as water is either 
removed from, or added to, the concrete.  Moisture loss 
results in concrete shrinkage known simply as drying 
shrinkage.  It occurs when moisture is lost from the cement 
paste.  The resultant shrinkage can be restrained by the 
concrete aggregates – the degree of restraint being affected 
by the type, proportion and size of the aggregates in the mix.  
As noted in AS 397228, there are multiple factors that can 
impact the extent of concrete drying shrinkage.  After an initial 
drying event concrete can expand once re-wetted, though not 
all of the drying shrinkage is reversible.  Subsequent drying 
and wetting events see the concrete alternatively shrinking 
and expanding, though the irreversible shrinkage will never be 
recovered.  Drying shrinkage can create tensile stresses in 
the concrete that lead to cracking.  This type of cracking is a 
common occurrence in older concrete structures where 
tensile stresses created in the drying surface are restrained 
by compressive stresses in the relatively moist concrete 
core34. 

 
Figure 5.  Schematic showing volume changes in cement 
paste due to wetting and drying 

Handling And Storage 

The affinity of cement for water creates the most serious 
challenge in handling and storing cement.  The interaction of 
moisture and cement creates physical issues for handling 
through effects on the free-flowing nature of cement powder, 
and through the formation of lumps that can block valves and 
transfer chutes.  Chemically the interaction of cement and 
moisture results in a deterioration of cement quality affecting 
strength performance. 

While moisture is the principal issue affecting cement 
handling, a phenomenon known as ‘pack set’ can also create 
issues.  This infrequent problem results from strong particle to 
particle attraction in cement and is characterised by the 
formation of soft, sometimes large lumps that, while easily 
broken apart with the fingers, impact the free flow of cement 
powder.  It can be found in large storage vessels (silos and 
ship’s holds) or in bags that have been compacted under the 
weight of other bags or pallets.  It is easily remedied through 
the use of simple chemical additives (grinding aids) which are 
added during cement milling. 

It is imperative that, when handling and storing cement, 
contact with moisture is prevented.  This implies several 
conditions: water-tight silos and transfer vessels (for road, rail 
and shipping transport); the use of dry conveying air for 
pneumatic conveying; water-tight silos at terminals and in 
concrete plants; appropriate construction of paper bags and 
bulk bags (usually requiring a plastic layer to be used in their 
construction); and proper stock management to ensure 
appropriate stock rotation (to minimise shelf time).  While bulk 
cement can be kept for long periods in sealed silos, cement in 
paper sacks has a typical shelf life of about 6 months – 
though this is dependent on the ambient conditions prevailing.   

A practical issue that needs consideration at both cement and 
concrete plants is the prevention of contamination.  The most 
concerning contamination issue affecting cement involves the 
delivery of product into the wrong silo.  There can be serious 
effects on concrete quality if the wrong cementitious material 
is used in concrete manufacture.  Quality management 
protocols at plants should address the risk of silo 
contamination. 

Safety is a key consideration in the handling of cement.  
Cement is a highly alkaline material and any contact between 
cement powder and mucous membranes of workers and 
users can result in serious chemical burns.  Short-term 
contact with the eyes and in the mouth and nose is a serious 
issue and always requires medical attention.  Longer-term, 
ongoing contact with the skin can result in sensitisation to the 
alkaline cement powder and the development of skin 
disorders like dermatitis.  Cement dust is also a fine powder 
and in areas where cement dust is present in the air, 
respiratory protection is necessary.  Anyone handling or using 
cement should read the Safety Data Sheet for the product and 
follow all safety requirements. 

6.0 
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Environment 

Environmental considerations are key aspects in gaining 
community acceptance for any product used in industry.  It 
has been well argued that concrete is a ‘responsible 
choice’35,36 building material given its durability and low 
environmental impact when considered using a life cycle 
assessment approach.  Energy intensive cement manufacture 
is moderated by the fact that concrete contains only about 
10% cement37.  Consequently levels of embodied energy in 
concrete are in the order of 1MJ/kg (or about 2400MJ/m3) - 
which is lower than plywood and, by way of comparison, is 
much lower than the embodied energy for carbon steel which 
is about 30MJ/kg38.     

There is, and has been, a continuous effort by the cement and 
concrete industries to address greenhouse gas (GHG) 
emissions arising from both the cement manufacturing 
process and the use of cement in concrete. Examples of 
these actions include (a) decommissioning older, less efficient 
cement plants and upgrading plants to utilise modern 
technologies; (b) improving the energy efficiency of existing 
cement plants; (c) the use of wastes as an alternative to fossil 
fuels; (d) using mineral additions as partial clinker 
replacements in cement manufacture; and (e) using SCM’s as 
cement replacements in concrete manufacture.  A longer term 
option may be to utilise carbon capture and storage (CCS) as 
the technology evolves and is commercialised in Australia.   

Further reductions in cement and concrete-related emissions 
in the short to medium term are most likely to involve the 
increased use of alternative fuels and by way of clinker 
substitution.  Recent research39 has been aimed at amending 
AS 3972 to allow mineral additions to be increased from the 
current ‘up to 7.5%’ limit to ‘up to 12%’.  If approved, this 
change could result in a further reduction in Australian cement 
and concrete GHG emissions of around 4.5%. 
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