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Chapter 1
Cement

After completing this chapter, you should be able to

understand the composition and properties of cement and Portland clinker
identify various types of cement and their nomenclature

comprehend the mechanical and physical requirements of common cement
recognise the permitted clinker replacement materials specified in the standards
assess the carbon emission challenges associated with cement production
explore the mitigation strategies and pledges the cement and concrete sectors
undertake to reduce emissions.

Introduction

The fabric of the infrastructure of our world depends to a high degree on traditional Portland
cement. Cement is believed to be the world’s second most consumed substance after water. Cement
is termed the glue of progress as it is the fundamental material for building society’s infrastruc-
tures. The availability of this raw mineral and its versatility play an important role in its wide
acceptance, evidenced by the annual consumption of more than 4billion tonnes of cement and
14 billion tonnes of concrete that will continue to revolutionise the built environment throughout
the world. However, it comes at a cost to the environment because the huge heat and chemical
changes that are essential in making cement also result in carbon emissions. Although the technol-
ogy has changed greatly, Portland cement technology still relies on the same basic raw material of
quarried limestone and on volcanic heat (around 1450°C). The construction sector is under huge
pressure to develop climate solutions to meet targets of reducing carbon emissions. Accordingly,
British Standards have already adopted various alternative materials to reduce dependency on Port-
land clinker. The design standards, designation, and allowable content of those cementitious addi-
tions are also in use.

Cement

In 1824, Joseph Aspdin patented ‘Portland Cement’, the modern hydraulic binder made from a
calcined mixture of clay and limestone that, when ground to a powder, reacts with water to exhibit
cementitious properties. The name ‘Portland’ was chosen for its resemblance to the widely used
Portland stone of that era. Earlier, in 1790, James Parker developed and patented a version which
was based on the calcined nodules of a calcareous clay.

British Standard BS EN 197-1 (BSI, 2019a), which specifies the confirmatory criterion for com-
mon cement (CEM), defines cement as a hydraulic binder that reacts directly with water and,
through hydration reaction, forms paste or cementitious compounds that harden over time and
retain strength and stability even under water. A cement conforming to BS EN 197-1 should be
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capable of producing grout/paste (binder only) or mortar (binder and fine aggregate) or concrete
(binder, fine and coarse aggregate) after being mixed with water, and attain specified compressive
strength after a defined curing period generally after 2 and 28 days. CEM consists of different mate-
rials and, based on their composition, BS EN 197 parts 1 and 5 have grouped the following five
main cement types, under which there are 27 and 5 (total 32) types of cement products listed in the
family of common cement. The compositional details of the 32 products are available in Table 1 in
BS EN 197-1 & 5 (BSI, 2019a, 2021d).

CEM I Portland cement

CEM II Portland-composite cement
CEM III blast furnace cement
CEM 1V pozzolanic cement

CEM V composite cement.

Out of these groups, only CEM I consists of Portland cement clinker (95—100%). This was histori-
cally known as ordinary Portland cement (OPC); however, this does not exist anymore and it is
no longer appropriate to use the term ‘OPC’. The other 26 family members of common cement
(CEM 1I to CEM V) contain different proportions (additions) of either ground granulated blast
furnace slag (GGBY), silica fume (SF), pozzolana, pulverised fuel ash (PFA) or fly ash, burnt
shale, or limestone as additions to Portland clinker (5-80%). Each main group in CEM II-CEM
V is sub-divided into various types based on the compositional content of clinker and respective
addition. Given that blending ‘additions’ with Portland clinker is a standard industry practice, the
term ‘binder’ (e.g. water/binder ratio or binder content in kg/m?) is logically more appropriate than
‘cement’. The Global Cement and Concrete Association (GCCA) defines ‘binder’ in its policy
document Blended Cements and Supplementary Cementitious Materials: A binder is a material
that sets and hardens by chemical reaction with water (hydration). The hydration reaction results in
the formation of a hard solid mass’ (GCCA, 2024a).

Manufacture of Portland cement

Portland cement clinker is made by burning principally quarried limestone (CaCO,) as a
source of lime (CaO), small quantities of sand, shale, and clay as a source of silica (SiO,),
aluminium (Al,0O,), and iron (Fe,0,) to a temperature around 1500°C. Nodules (size of
a tennis ball) of clinker are produced through partial fusion. During this calcination, the
carbonate component of limestone, which is a sedimentary rock, is converted to calcium
oxide (CaO) and produces calcium silicates (which is the fundamental component of Port-
land cement) in addition to releasing carbon dioxide (CO,) through the calcining reaction.
Calcium aluminates and calcium aluminoferrites are also present in clinker. These principal
chemical reactions during the clinker production in the kiln are shown in Equation 1.1 to
Equation 1.4 (Lea et al., 2019).

CaCO; = Ca0+CO, (1.1)
2Ca0 +8i0, =(Ca0), -SiO, (1.2)
3Ca0 + Al 0, = (Ca0), - AL, O, (1.3)
4Ca0 + Al,0; +Fe,0; =(Ca0), - Al,05 - Fe, 04 (1.4)
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The cooled clinker is then pulverised to fine grey powder to produce cement; during this process a
controlled minor portion of gypsum or calcium sulphate which influences the rate of set and acts as
a grinding aid is also added. The PSD as well as the fineness (specific surface area (SSA)) of typi-
cal clinker, which are dependent on the clinker grinding process, are presented in Figure 1.1 and
compared against conventional fly ash. The particle size of clinker generally ranges between 0.5
and 100 um, with d,, around 50 pm, with a relative density of about 3.15. The PSD and fineness of
cement (ground clinker) influence the workability (water demand) and reactivity (rate of strength
gain) during the fresh and early age of concrete, respectively.

Chemical properties of Portland clinker
Depending on the source of the raw meal (limestone silica, and other minor minerals), the typical
chemical composition of clinker is in the range of 62-66% CaO, 19-22% SiO,, 4-6% Al O,, and

2-4% Fe O,, of which at least two-thirds by mass presents in the form of calcium silicate, which

is a crucial component of Portland cement. Other minor oxides such as Mn, O,, MgO, Na,O, and

K,O are also present. For convenience, in cement chemistry, instead of writing the full notation
of elements and compounds, the following shorthand notation is widely used for principal oxides.

C=CaO
S=Si0,
A=AlLQO,
F=Fe O,
K=K0
M=MgO.
All these oxides in Portland cement are present as compounds or phases. The four major phases,

in shorthand form, are tricalcium silicate (C,S) or alite; dicalcium silicate (C,S) or belite; trical-
cium aluminate (C,A) or aluminate; and tetracalcium aluminoferrite (C,AF) or ferrite. The relative

Figure 1.1 Comparative particle size distribution of cement and fly ash (author’s own)
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content of each compound in Portland cement depends on the source of limestone and the calcina-
tion technology used. Any variation in the composition of phases influences the hydration reaction
(discussed in Chapter 3) and concrete and mortar’s fresh and hardened properties. A typical gen-
eral-purpose Portland cement, as reported by Soutsos and Domone (2018), has phases distributed
approximately as follows: 48% C.S; 24% C,S; 13% C,A; and 9% C,AF. For cement applications
requiring high early strength, such as emergency repair works, a clinker composition with a high
content of C,S and a lower content of C,S is desirable. Conversely, for mass concrete structures
with significant thermal cracking risk, a clinker with lower C,S and higher C S content is preferred.
In the case of sulphate-resisting cement, a general-purpose clinker with a very low C,A content is
essential to enhance durability against sulphate attack. During the production of cement, careful
attention must be given to maintaining a consistent distribution of these phases to ensure uniform
desirable properties in the final product. As discussed, the performance of cement is largely influ-
enced by the phase composition of the clinker. However, its reactivity can also be significantly
modified by adjusting the PSD of the clinker. This adjustment can be achieved through fine or
coarse grinding, allowing for the tailoring of cement properties to suit specific applications. The
typical PSD of cement is illustrated in Figure 1.1, providing a comparative analysis with fly ash. A
comprehensive discussion of the physicochemical properties of cement is presented in Chapter 5.

Cement standards, types, and designation

As per the standard, all 27 types of distinct cement products have to meet defined mechanical,
chemical, and physical properties. Different parts of BS EN 196 (BSI, 2011a, 2016a, 2020) specify
the method of determining these properties under the general title ‘Methods of testing cement’. The
mechanical requirement includes the determination of standard mortar strength, while the physical
requirement comprises initial setting time and soundness. BS EN 197-1 (BSI, 2019a) is dedicated
to the evaluation of conformity of common cement: the ten requirements are strength, chemical
analysis, setting times, soundness, determination of constituents, pozzolanicity, fineness, sampling,
the heat of hydration by solution and semi-adiabatic method, and water-soluble chromium content.
The physical and mechanical requirements specified in BS EN 197-1 (BSI, 2019a) are tabulated
in Table 1.1.

As mentioned earlier, the unified current version of European and British standard BS EN 197-
1:2011 (BSI, 2019a) recognises 27 types of CEM under the main five categories of cement group
(CEM I to CEM V) following complex and rigorous procedures. BS EN 197 (BSI, 2019a) also
specifies a standard designation protocol using letters and numbers to identify each CEM, indicat-
ing the main cement type (type I-type V), the proportion of clinker (higher to lower), second main
constituent (addition), strength class (28-day strength) and type of strength gain at early stage
(rapid or normal). The permitted second main constituent (addition) in 26 products in the family of
common cements other than Portland clinker and their notations are listed in Table 1.2.

The first part of the nomenclature contains a designatory letter (either A or B or C) immediately
after the Roman number (II to V) that indicates the main cement type. This letter indicates the level
(A for higher, B for medium, and C for lower) of Portland clinker content in the cement. CEM 1,
which is historically OPC composed of only Portland clinker, does not contain any of these desig-
natory letters.

The second part of the nomenclature contains an additional designatory letter for each second main
constituent (addition) as mentioned above. The third part of the nomenclature contains a number
that indicates strength class (compressive strength in megapascals, MPa) that will be achieved
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Table 1.1 Mechanical and physical requirements set out in BS EN 197-1 (BSI, 2019a) for conformity of
common cements

Strength Compressive strength: MPa Initial setting  Soundness: mm

class Based on BS EN 196-1 (BSI, 2020) time: min Based on
Earl h Standard h Based on BS EN 196-3
arly strengt tandard strengt BSEN 196-3  (BSI, 2016a)

2days 7 days 28days (BSI, 2016a)

32.5L - >12.0 >32.5 <52.5 >75 <10

32.5N - >16.0

32.5R >10.0 -

42.5L - >16.0 >42.5 <62.5 >60

42.5N >10.0 -

42.5R >20.0 -

52.5L >10.0 - >52.5 - >45

52.5N >20.0 -

52.5R >30.0 -

Table 1.2 List of permitted second main constituent and their notations specified in BS EN 197-1
(BSI, 2019a)

Permitted additions Notation

Granulated blast furnace slag
Natural pozzolana

Natural calcined pozzolana
Siliceous fly ash

Calcareous fly ash

Burnt shale

Limestone

O 4= <0 v w

Silica fume

by a 40 x40 x 160 mm prism of mortar after 28 days under water curing. There are three strength
classes: 32.5, 42.5, and 52.5; cement needs to achieve equal or more than the specified strength
after 28 days according to BS EN 196-1 (BSI, 2020). The prism of mortar should be made of a
cement to fine aggregate (sand) to water ratio of 1:3:0.5 by weight. This number in the nomencla-
ture is then followed by a letter: either N (ordinary early strength), R (high early strength) or L (low
early strength). This nomenclature is summarised in Figure 1.2.

For example, a cement denoted EN 197-1 CEM 1 32.5 R is Portland cement conforming to EN
197-1, of strength class 32.5 with high early strength.
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Figure 1.2 Cement designations/nomenclature proposed in BS EN 197-1 (BSI, 2019a)

BS EN 197-CEM II/B-L 32.5 L

Early strength class, low in this case

Strength class, 32.5 MPa in this

Second main constituent, limestone in this case

»|  Proportion of clinker: high (A), medium (B), low (C)

A4

Main cement group

A

Relevant conformity standard

A cement denoted EN 197-1 CEM II/B-S 42.5 N is blast furnace cement conforming to EN 197-1,
containing between 66% and 80% by mass of granulated blast furnace slag (S), of strength class
42.5 with ordinary early strength.

According to BS EN 196-1 (BSI, 2020), strength conformity for any cement or cementitious
binder needs to be conducted using 40 x40 X 160 mm prism mortar; details of the test are discussed
in Chapter 5.

Emission issues of Portland cement production

It is believed that concrete, which is a composite material, is the world’s second most consumed
substance after water. Depending on the intended use and mix design, in typical concrete (by mass),
70-85% is taken by aggregates (coarse and fine), 10-20% by cement or cementitious binder, and
the rest, around 3—6%, by water. Cement is termed as the glue of progress as it is the fundamental
material for building society’s infrastructures. However, it comes at a cost to the environment
because the huge heat and chemical changes that are essential in making cement also result in car-
bon emissions. Cement production is a carbon-intensive process from the viewpoint of the require-
ment of extraction of enormous amounts of natural resources (raw meal), burning fossil fuels
at high temperatures (kiln), as well as process emission of carbon dioxide (CO,) (Equation 1.1)
during the calcination reaction. The total carbon emission arises from cement production through
quarrying and preparing raw materials, calcination in kilns for clinker production, milling clinker,
and transportation of the final product (cement). Based on the current version of the Inventory of
Carbon and Energy (ICE) database (Jones, 2019), the embodied carbon content of cement (CEM 1)
is 0.912kg CO_ /kg cement, of which 60% of CO, (0.55kg) is released during the calcining reac-
tion, which is necessary for clinker production and cannot be avoided, and 30% emission arises
from fuel combustion. A more detailed discussion on approaches to reducing the embodied carbon
of cement at the manufacturing level is presented in Chapter 5.

Concrete sector approach to reducing carbon emissions

Globally in 2020, around 14 billionm* of concrete and over 4 billiontonnes of cement were pro-
duced (GCCA, 2021) to revolutionise the world’s built environment. Up to 90% of the carbon
emissions associated with the production of concrete are blamed on cement. In 2018, 7.3 mil-
liontonnes of CO, were emitted by the UK cement industry (MPA UK Concrete, 2020). MPA
Cement, which is part of the Mineral Products Association (MPA), represents the six major UK
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Portland cement manufacturers that adopted the concrete and cement industry roadmap to deliver
net zero emissions by 2050 (MPA UK Concrete, 2020). This roadmap targeted a 39% carbon
reduction per tonne of cementitious materials, of which 16% and 12% savings were aimed at the
deployment of fuel switching (biomass waste, hydrogen fuel) and low carbon cement (alternative
binder), respectively. Likewise, the Institution of Civil Engineers (ICE) in association with the
Green Construction Board published the Low Carbon Concrete Routemap to roll out and transition
to net zero concrete by 2050, recommending three decarbonisation routes, namely benchmarking
carbon in concrete, improvement in using concrete, and improvement in making concrete (Low
Carbon Concrete Group, 2022). The GCCA, which is a trade association for the cement and con-
crete sector across the world, pledged contributions in the following items as a pathway to reach
the net zero target (GCCA, 2023).

efficiency in design and construction

efficiency in concrete production

savings in cement and binders

savings in clinker production

carbon capture, utilisation, and storage at the cement plant
CO, sink/recarbonation

decarbonisation of electricity.

As a first step, standardised measuring, reporting, and benchmarking of the embodied carbon in
concrete for different types of cement need to be established across the construction sector. In 2024
GCCA published global numerical definitions for low carbon and near zero emissions concrete
(GCCA, 2024b) for procurement, reporting, and comparing progress between countries, as shown
in Figure 1.3, where the band values in global warming potential (GWP) units (ECO,e/m’) are
plotted against concrete compressive strength (MPa). The global definition of concrete products

Figure 1.3 GCCA global definition of low carbon and near zero emissions concrete. Reproduced with
permission from Global Cement and Concrete Association (GCCA, 2024b)
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(precast and ready-mix) comprises seven bands (near zero and A to F), including the near zero
emissions and global reference thresholds.

To establish the global reference threshold for concrete, data from ten major cement-producing
countries (except China) were used to determine carbon footprint thresholds for each country. To
create a global threshold, country-specific thresholds were then combined and weighted by each
country’s cement output.

The International Energy Agency (IEA) proposed 125kg of CO, equivalent per tonne (kgCO2e/t)
of cement as the threshold for near zero emissions cement production using 100% clinker, com-
pared to an IEA reference value of 850kgCO2e/t for a conventional dry kiln (IEA, 2022).

Five equal bands (A to E) are defined after establishing the global reference threshold (top of E)
and the near zero emissions threshold (band AA), as shown in Figure 1.3, for the global definition
of low carbon and near zero emissions concrete.

The following assumptions were made by GCCA to estimate the near zero emission product
threshold for concrete by 2050.

B clinker content in cement will be reduced to 0.52

B cement’s carbon footprint will align with IEA’s near zero definition

B cement usage per unit volume of concrete will decrease by 14% through advancements in
admixtures

B shift to 56-day compressive strength and performance testing.

The unit of carbon intensity or carbon coefficient of concrete products is reported as kg CO,e/kg,
kg CO,e/t, kg CO,e/m?, or kg CO,e/m’ by the different stakeholders such as suppliers and devel-
opers in the supply chain. Considering this, the ICE Low Carbon Concrete Routemap recom-
mended using CO,e/kg during calculation and CO,e/m’ for general reporting and comparison
with concrete carbon benchmarks by taking concrete strength class into account (Low Carbon
Concrete Group, 2022).

Questions to practice

1. List four major chemical compounds and their corresponding chemical elements
commonly found in Portland clinker.

2. Briefly explain how Portland cement is manufactured using natural limestone.

3. Designate a blast furnace cement, conforming to BS EN 197-1 (BSI, 2019a), containing
between 81% and 95% by mass granulated blast furnace slag (S) of strength class 32.5
with low early strength.

4. List a few strategies that can be adopted to reduce carbon emissions in the concrete
sector.
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