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Foreword

The sustainability of the use and construction with concrete has been in
the limelight for some years and the issues involved with it will be further
intensified in the 21st century. Concrete is the most important and highly
used construction material for setting the infrastructure and housing of our
society, and the demand for it is growing rapidly in view of the increase in
world population and the impressive advancement in the standard of living in
emerging countries. Thus, it is a formidable challenge to explore and apply
new ways for reducing its ecological and environmental impact.

The scientific and technological challenges are particularly high if one
takes into account that concrete is a relatively ‘green’ material, since its
embodied energy and carbon per unit volume are much smaller than any
other construction material. Because of the already low environmental
imprint, it is hardly feasible to achieve a breakthrough by a single step or
technology. Considering the fact that concrete is made from locally available
raw materials, it would hardly be possible to come up with a single solution
which could be applicable globally to all parts of the world. Therefore, the
more practical way to go, at least for the near future, is to develop and
advance a range of technologies which could be implemented selectively,
depending on local conditions and availability of raw materials, and could
be combined to provide additive influences that, when summed will result
in significant improvement in terms of ecological impact.

Over the years numerous scientific approaches and technologies have been
developed and applied to ease the ecological impact of concrete by providing
means to produce cements and concretes with reduced energy and carbon
imprints and at the same time maintaining and even improving long-term
durability performance, to provide additional ecological and environmental
benefits. This know-how and the state of art of advancement over a wide
front of technologies need to be available to any researcher and technologist
dealing with sustainability of construction with concrete. The current book,
which compiles reviews of a wide range of technologies and strategies, will
enable the concrete technologist to be in a better position for producing and
developing ecologically friendly concrete, based on bringing together and

© Woodhead Publishing Limited, 2013



XX Foreword

synergizing several strategies, which could be applicable to local conditions
and availability of materials.

The book presents a very useful input for producing more ecological
friendly concrete. It achieves this goal by dealing with the impact of the
concrete from a variety of viewpoints: the concrete constituents themselves,
cement and concrete, the concrete as a whole, the application of wastes and
by-products, the use of natural materials of low environmental impact as
well as exploring new types of binders. It thus provides a sound basis for
developing and application of ecologically friendly concretes.

Professor Arnon Bentur

Faculty of Civil and Environmental Engineering
National Building Research Institute

Technion, Israel Institute of Technology

© Woodhead Publishing Limited, 2013



Introduction

F. PACHECO TORGAL, University of Minho, Portugal

During the last century, global materials use increased 8-fold and as a
result Humanity currently uses almost 60 billion tons (Gt) of materials per
year (Krausmann et al., 2009). The more important environmental threat
associated to its production is not so much the depletion of non-renewable
raw materials (Allwood et al., 2011), but instead the environmental impacts
caused by its extraction, namely extensive deforestation and top-soil loss.
In 2000 mining activity worldwide generated 6000 million tons of mine
wastes to produce just 900 million of raw materials (Whitmore, 2006). This
means an average use of only 0.15%, resulting in vast quantities of mineral
waste, the disposal of which represents an environmental risk in terms of
biodiversity conservation, air pollution and pollution of water reserves. For
instance, in 2003 alone US mining activities were responsible for releasing
3 billion pounds of toxic substances. As a result, since the 1970s there have
been 30 serious environmental accidents in mines, 5 of them occurring in
Europe (Pacheco-Torgal and Jalali, 2011).

Concrete is the most used construction material on Earth, currently about
10km?/year (Gartner and Macphee, 2011). For comparison, the amount of
fired clay, timber, and steel used in construction represent, respectively about
2, 1.3 and 0.1km? (Flatt et al., 2012). The main binder of concrete, Portland
cement, represents almost 80% of the total CO, emissions of concrete,
which in their turn are about 6—7% of the planet’s total CO, emissions (Shi
et al., 2011). This is particularly serious in the current context of climate
change and gets even worse because Portland cement demand is expected
to increase almost 200% by 2050 from 2010 levels reaching 6000 million
tons/year (Pacheco-Torgal and Jalali, 2011).

The concept of eco-efficiency was first introduced in 1991 by the World
Business Council for Sustainable Development (WBCSD) and includes

the development of products and services at competitive prices that meet
the needs of humankind with quality of life, while progressively reducing
their environmental impact and consumption of raw materials throughout
their life cycle, to a level compatible with the capacity of the planet.

© Woodhead Publishing Limited, 2013



XX Introduction

For concrete this concept means producing more with fewer resources
and less waste and emissions. For instance replacing Portland cement by
supplementary cementitious materials (SCMs) (Lothenbach et al., 2011) and
virgin aggregates by industrial wastes (Meyer, 2009).

This book covers several aspects related to the eco-efficiency of concrete.
The first chapter analyses the environmental impact of Portland cement
production. A detailed description of the cement production process is made
and an inventory data on energy use, CO,, PM10, SOx and NOx emissions
is presented.

The second chapter covers the efficiency of binder use, suggesting two
indicators for it (binder intensity index and the CO, intensity index). The life
cycle assessment (LCA) of concrete will be the subject of Chapter 3. The
two different types of impact assessment methods are described (damage-
oriented approach like Eco-Indicator 99 and the ‘midpoints’ approach like
the Centrum voor Milieukunde Leiden (CML) methodology). This chapter
also includes a case study related to ready-mixed concrete production. Since
the use of SCMs leads to a significant reduction in CO, emissions per ton
of cementitious materials it is then no surprise that this issue is the theme
of the following nine chapters.

Chapter 4 is concerned with the major natural pozzolans, along with the
technical, economic and environmental advantages of using such materials
in cement manufacture. The characterization, pozzolanic properties, reaction
kinetics and mechanical strength of pozzolans of different origins are
described. The use of new pozzolans obtained from fired clay waste, which
can be classified as a natural calcined pozzolan, is also addressed.

The availability of artificial pozzolans generated in industrial processes and
from agro-industrial waste is the subject of Chapter 5. This chapter addresses
the scientific (characterization, pozzolanic properties, reaction kinetics) and
technical (physical and mechanical) aspects of new blended cement matrices
covering the cases of silicon-manganese slag, copper slag, pulverized coal
combustion bottom ash, fluid catalytic cracking catalyst, sewage sludge ash,
electric arc furnace steel slag, rice husk ash, sugar cane ash, activated paper
sludge and palm oil fuel ash.

The sixth chapter discusses various methods available for evaluating
pozzolans. It includes the direct methods (thermo-gravimetric analysis,
determination of insoluble residue, mineralogical analysis, saturated lime
test, EN 196-5 and Frattini test) and indirect methods (ASTM C618, ASTM
C1240 and electrical conductivity). The merits and disadvantages of the
methods are elaborated, and some existing anomalies are highlighted.

Chapter 7 focuses on the properties and durability of high volume natural
pozzolan (HVNP) concrete. It includes workability, air content, setting time,
mechanical strength and modulus of elasticity, resistance to chloride-ion
penetration, resistance to sulfate attack and alkali—silica reaction.
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The influence of SCMs on concrete durability is analysed in Chapter 8.
The cases of the alkali-silica reaction, delayed ettringite formation, sulfate
attacks, acid attacks, frost resistance, abrasion, carbonation and chloride
ingress are dully assessed.

Chapter 9 addresses the theme of self-compacting concrete (SCC) with
high volume SCMs. The properties of fresh and hardened concrete as well
as their durability are analyzed. Chapter 10 deals with concrete containing
ground granulated blast furnace slag (GGBFS) as partial replacement for
Portland cement. Properties and durability of this material are reviewed.

One of the most important environmental features of concrete is the ability
to recycle wastes from other industries. This avoids the use of large areas
for landfill disposal which is a major threat for biodiversity. That is why
Chapters 11 to 14 are related to the reuse of wastes in concrete.

The practice of recycling glass containers is growing in many countries;
however, a significant portion is not recycled partially because the bulk of
waste glass can be collected in mixed colors. The European Container Glass
Federation statistics refer that the recycling rate of glass in EU27 is just
68%. Chapter 11 summarizes properties of fresh and hardened recycled glass
concrete. The influences of recycled glass on the properties and durability of
concrete are discussed. Special attention is given to alkali—silica reaction.

The subject of Chapter 12 relates to the reuse of municipal solid waste
incineration (MSWI) ashes in concrete. Because of their content in heavy
metals, high levels of chlorides and dioxins, this kind of waste is considered
hazardous by the European Waste Catalogue. This chapter covers the
composition of MSWI ashes, their hydration in concrete, its performance in
service and the environmental implications of incorporating such residues.

Chapter 13 covers the reuse of polymeric wastes (tyre rubber and
polyethylene terephthalate (PET) bottles). An estimated 1000 million tyres
reach the end of their useful life every year and it is expected that by the
year 2030 the number of tyres from motor vehicles is expect to reach 1200
million representing almost 5000 millions tyres to be discarded on a regular
basis. Tyre landfilling is responsible for a serious ecological threat. Mainly
waste tyre disposal areas contribute to the reduction of biodiversity, also the
tyres hold toxic and soluble components. The implementation of the Landfill
Directive 1999/31/EC and the End of Life Vehicle Directive 2000/53/EC
banned the landfill disposal of waste tyres, creating the driving force behind
the recycling of these wastes. Annual consumption of PET bottles represents
more than 300,000 million units and since this waste is not biodegradable it
can remain in nature for hundreds of years. Therefore, recycling PET waste
in concrete is an option with undoubted environmental benefits.

Chapter 14 concerns the performance of concrete with construction
and demolition wastes (CDW) — another important group of wastes that is
suitable to be used in concrete. These wastes are often used in roadfill which
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constitutes a down-cycling option. Although the use of CDW has been studied
for almost 50 years, today we still see too many structures that are made with
virgin aggregates. The reasons lie in its low cost, the lack of incentives, low
landfill costs and even sometimes the lack of technical regulations. On 19
November 2008 the EU approved the Revised Waste framework Directive No.
2008/98/EC. According to this Directive the minimum recycling percentage
for CDW by the year 2020 should be at least 70% by weight. This Directive
will therefore increase the reuse of this particular waste.

Chapter 15 reviews current knowledge on concrete carbonation when
SCMs and/or recycled aggregates concrete (RAC) are used. Although a wide
range of literature has been published on this field, the different conditions
used by different authors limit comparison and in some cases contradictory
findings are noticed. Besides, since most investigations are based on the use
of the phenolphthalein indicator, which provides a poor estimate of the real
concrete carbonation depth, there is a high probability that past research
could have underestimated the corrosion potential associated with concrete
carbonation. Some remedial actions to minimize concrete carbonation when
recycled aggregates are used are described.

The subject of Chapter 16 is concrete with polymers. The use of polymers
in concrete goes back as far as 1923 when for the first time a patent was
issued for a concrete floor with natural latex, so that Portland cement was
used only as filler. This material has superior durability over ordinary Portland
cement concrete, assessed by resistance to acid attack, resistance to action
of ice-melting, resistance to diffusion of chlorides. Three different cases are
assessed (polymer modified concrete, polymer impregnated concrete and
polymer concrete). The importance of water reducing admixtures, polymeric
coatings and polymeric adhesives to concrete durability is also reviewed.

Chapters 17, 18 and 19 are related to the development of ‘greener’ binders
respectively comprising alkali-activated binders, calcium sulfoaluminate
cement and magnesia cement. Alkali-activated cements (which include the
geopolymers group) are synthesized from aluminosilicate materials after
being mixed with alkaline solutions. This binder is associated with lower
carbon dioxide emissions than Portland cement. It shows high mechanical
performance and also superior resistance to acid attack and abrasion than
current Portland cement concretes. This new binder can use fly or bottom
ashes from power stations or mining and quarrying wastes as raw materials
and can be used for the immobilization of radioactive and toxic wastes which
gives it an undeniable environmental value.

Sulfoaluminate cements use lower calcination temperatures than Portland
cement, and also use limestone with a lower carbonate content, thus
representing a reduction in CO, emissions. Reactive magnesia cement is also
manufactured at much lower temperatures than Portland cement and has the
additional advantage of being able to uptake significant quantities of CO,.
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Chapter 20 covers nanotechnological developments of concrete, including
nano-modification with the addition of carbon nanotubes (CNTs), single-
walled nanotubes (SWCNTSs), multi-walled CNTs (MWCNTs) and nanofibers
(CNFs). The use of ultrasonication energy in order to obtain proper dispersion
of CNTs and CNFs within the cementitious matrix is analyzed. The effect of
the addition of silica nanoparticles to minimize the degradation by calcium
leaching, thus increasing concrete durability, is also discussed. This feature
will allow structures with a longer service life thus needing less maintenance
and conservation operations thus having a lower environmental impact.

Finally Chapter 21 shows how biotechnology is able to enhance concrete
durability by means of biomineralization, a phenomenon by which organisms
form minerals first used for crack repair by Gollapuddi et al. (1995). This chapter
covers the use of bacteria as admixture in concrete and also biomineralization
as a concrete surface treatment. This technique seems to be an environmental
friendly alternative to current concrete surface treatments which are based
on organic polymers (epoxy, siloxane, acrylics and polyurethanes), all of
which have some degree of toxicity.

This book has no intent to be even close to a treatise on the subject of
concrete eco-efficiency. Treatises on concrete are only within the reach of
grand engineers like Adam Neville, Pierre-Claude Aitcin and Arnon Bentur.
Be that as it may, they lived in a time when a single engineer could gather
the enormous amount of knowledge required for a treatise. No longer. This
is the time for the democratization of the investigation process. Around the
world thousands of individual contributors produce each year several hundred
important papers on concrete science and technology. In 2011 around 1500
papers on Portland cement concrete were published in international journals.
Unfortunately, although much knowledge has been and still is generated, only
a little is used by the concrete industry. An excellent proof of that can be found
in the fact that 31 years after Professor Roger Lacroix coined the expression
‘high performance concrete’, still only 11% of the concrete ready-mixed
production corresponds to the HPC strength class target (ERMCO, 2011).
The sole purpose of this book is therefore to display recent investigations
on eco-efficient concrete in order to highlight the importance of this subject.
It is to be hoped that 31 years from now ready-mixed concrete production
has turned itself entirely eco-efficient and not just 11%.
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Environmental impact of Portland cement
production
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Abstract: With the current focus on sustainability, it is necessary to evaluate
cement’s environmental impact properly, especially when developing new
‘green’ concrete types. Therefore, this chapter investigates the available
literature on every process concerned during the production of cement.
Inventory data on energy use, CO,, PM10, SOx and NOx emissions are
collected. Alternatives and improvement are briefly described regarding
energy performance and mineralogy changes that it induces for clinker.

Key words: life cycle assessment (LCA), CO,, cement kiln dust (CKD),
energy efficiency.

1.1 Introduction

Cement production has undergone a tremendous development from its
beginnings some 2000 years ago. While the use of cement in concrete has a
very long history, the industrial production of cements started in the middle
of the 19th century, first with shaft kilns, which were later on replaced by
rotary kilns as standard equipment worldwide. Today’s annual global cement
production has reached 2.8 billion tonnes, and is expected to increase to
some 4 billion tonnes per year (Schneider et al., 2011). Major growth is
foreseen in countries such as China and India as well as in regions like the
Middle East and Northern Africa. At the same time, the cement industry is
facing challenges such as cost increases in energy supply, requirements to
reduce CO, emissions, and the supply of raw materials in sufficient qualities
and amounts. The World Business Council for Sustainable Development
(WBCSD) and its Cement Sustainability Initiative, comprising cement
producers worldwide, has initiated the project ‘Getting the Numbers Right’
which for the first time provides a good database for most of the global
cement industry with respect to CO, and energy performance (WBCSD,
2008). Cement production is responsible for 5% of global anthropogenic
CO, emissions and 7% of industrial fuels use (IEA, 2007).

In this chapter the process of cement production will be described
regarding its contribution in terms of energy consumption and associated
environmental impacts. The chapter will then focus on the differences that
exist between the different cement production plants. It will be highlighted

3
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that these differences are due to technology differences but also to internal
variability in the supply chain. To conclude, the main perspective in
term of reduction of cement production’s environmental impacts will be
discussed.

1.2 Description of the cement production process

As a first approximation, Portland cement clinker can be described as a four-
component system consisting of the four major oxides: CaO, SiO,, Al,O3
and Fe,05 (Fe?* being neglected). Raw materials should be mixed precisely
to provide appropriate amount of elements. All these raw materials together
with the fuel ash are then combined to form the typical clinker composition.
In the best available cement manufacturing technology, limestone and silicon,
aluminum and iron oxides are crushed and then milled into a raw meal. This
raw meal is blended in blending silos and is then heated in the pre-heating
system which dissociates carbonate to calcium oxide and carbon dioxide.
The meal is then passed through the kiln for heating. A reaction takes place
between calcium oxide and other elements to produce calcium silicates and
aluminates at about 1500 °C. Primary fuel is used to keep the temperature
high enough in the burning zone for the chemical reactions to take place.
When the clinker cools to a subsolidus temperature, an assemblage is formed
consisting of C3S, C,S, C5A and C,4AF. The clinker will then be inter-ground
with gypsum, limestone and/or ashes to a finer product called cement. A
comprehensive cement manufacturing process can be found in the European
Cement Association (CEMBUREAU, 2010). Details of cement manufacturing
process for few selected countries around the world can be found in Bastier
et al. (2000), JCR (2000), Kaantee (2004) and Sogut et al. (2009). Figure 1.1
shows a comprehensive brief description of cement manufacturing process,
the different steps of which are described very accurately, for instance by
Madlool et al. (2011) are briefly explained as follows.

1.2.1 Limestone quarrying and crushing

Naturally occurring calcareous deposits such as limestone, marl or chalk
provide calcium carbonate (CaCO;) and are extracted from quarries, often
located close to the cement plant. Very small amounts of ‘corrective’
materials such as iron ore, bauxite, shale, clay or sand may be needed
to provide extra iron oxide (Fe,03), alumina (Al,O53) and silica (SiO,) to
adapt the chemical composition of the raw mix to the process and product
requirements.

An open mining process inducing the use of drilling, blasting and heavy
earth moving equipment is common for quarrying operations.

© Woodhead Publishing Limited, 2013
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6 Eco-efficient concrete

1.2.2 Raw mill

The grinding process impacts the cement manufacture in at least two ways.
First, an increase of the fineness and homogeneity of the raw mix accelerates
the clinkering reactions, leading to less variability of the clinker due to the
enhanced stability of the kiln and better energy efficiency in producing a
clinker of better consistency. The second effect concerns the fineness of the
cement that enhances mechanical properties of the final product.

The cement industry utilizes four types of mills: ball mill, vertical roller
mill, roller press (high-pressure grinding roll, HPGR) and horizontal roller
press mill. Different mill feeds, such as raw material, coal, clinker and
slag, have different grindabilities, feed particle size ranges and moisture
content as well as different throughput rates, fineness data and other quality
parameters. Each mill type associated with the grinding process is more
suitable for some applications and requirements over others. Raw material
grinding has the objective of producing a homogeneous raw meal with a
fineness requirement (less than 10-15% residue on the 90 um sieve) from
a raw material containing moisture (3—-8%) with a feed particle size of
100200 mm. A vertical mill is installed in 80% of all new grinding plants,
which has lower power consumption and allows simultaneous grinding,
drying and separation. A ball mill is still used for 12% of all raw material
applications.

1.2.3 Blending and storing silo

To reduce the natural chemical variation in the various raw materials, it is
necessary to blend and homogenize the raw material efficiently. This is done
through continuous blending silos.

1.2.4 Pre-heater and kiln

A preheater is a series of vertical cyclones through which the raw meal is
passed, coming into contact with swirling hot kiln exhaust gases moving in
the opposite direction. In these cyclones, thermal energy is recovered from
the hot flue gases, and the raw meal is preheated before it enters the kiln.
Depending on the raw material moisture content, a kiln may have up to six
stages of cyclones with increasing heat recovery with each extra stage.

After the preheater, modern plants have a precalciner, where limestone is
decomposed to lime and carbon dioxide. Here, the chemical decomposition
of limestone typically emits 60-65% of total emissions. Fuel combustion
generates the rest, 65% of which occur in the precalciner. Gartner (2004) has
highlighted the fact that decarbonation process is the most energy-consuming
process during the chemical reaction.
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The precalcined meal then enters the kiln. Fuel is fired directly into the
kiln to reach temperatures of up to 1450 °C. As the kiln rotates, about 3-5
times per minute, the material slides and tumbles down through progressively
hotter zones towards the flame. The intense heat causes chemical and
physical reactions that partially melt the meal into clinker. More details
can be found in Sorrentino (2011). The clinker is then discharged as red-
hot from the end of the kiln and passed through different types of coolers
to partially recover the thermal energy and lower the clinker handling
temperature.

Different types of kilns are briefly explained below but more details can
be found for instance in Szabo et al. (2003). Wet rotary kilns are used when
water content of the raw material is within 15-25%. Usually wet slurry is
produced to feed into the kiln. The wet kiln feed contains about 38% water.
This makes the meal more homogeneous for the kiln, leading to lower
electrical energy use for the grinding. However, overall energy consumption
will be high in order to evaporate water in the slurry. This process is still in
use in some countries. However, many countries are shifting from wet kilns
to dry kilns to reduce the overall energy consumption.

Semi-wet rotary kilns are used when the wet raw material is processed
in a filter after homogenizing to reduce moisture content. It is an improved
version of the wet process. This is mainly used for retrofitting the existing
wet kilns. This process can reduce energy consumption by 0.3 GJ/tonne of
clinker.

In semi-dry rotary kiln, waste heat recovered from the kiln is used to
remove moisture content. Then the dried meal is fed into the kiln. As the
existing long dry kilns without preheaters still consume more energy than
new technologies, they are often improved by the addition of a preheater. Dry
kilns with preheaters include kilns with 4—6 multistage cyclone preheaters.
The raw materials are passed through the cyclones. As one part of the
calcinations already takes place in the preheater, it is possible to reduce the
energy consumption due to reduction in the length of the kiln.

With dry kilns with preheater and pre-calciner, an additional combustion
chamber is installed between the preheater and the kiln. This pre-calciner
chamber consumes about 60% of the fuel used in the kiln, and 80-90%
of the calcinations take place here. This reduces energy consumption by
8—11%. Low-temperature waste heat from the combustion chamber can also
be recovered for other purposes.

Finally, a number of shaft kilns can be found in China and India. In India
their share is 10%, while in China it is over 80% of the capacities. Their
usual size is between 20 and 200 tonnes/day, and many of them are operated
manually. Clinker quality is highly dependent on the homogenization of
pellets and fuel, and on the air supply. Inadequate air supply or uneven air
distribution makes combustion incomplete, resulting in low-quality clinker
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and high CO and volatile organic compound (VOC) emissions. We show
the kiln’s energy consumption from Madlool et al. (2011) in Table 1.1.

1.2.5 Cooler

From the kiln, the hot clinker (1500 °C) falls onto a grate cooler where it
is cooled down to 170 °C by incoming combustion air, thereby minimising
energy loss from the system (Zeman, 2009).

1.2.6 Cement mill

This is the final step in a cement manufacturing process. In this step, the
clinker is ground together with additives in a cement mill. All cement types
contain around 4-5% gypsum to control the setting time of the product.
Traditionally, ball mills have been used for grinding, although more efficient
technologies of roller presses and vertical mills are used in many modern
plants today. As for raw material, four types of grinding systems are used:
ball mill, vertical roller mill, high-pressure roller press and horizontal roller
press mill. The ball mills are still used in clinker grinding even though its
application has decreased in new plant projects. A vertical roller mill uses
approximately 40% less power than a traditional ball mill. Vertical mills
with an integral separator are used for finish grinding with a mill capacity of
350 tonne per hour. An high-pressure roller press (HPRP) is used in various
systems with ball mills for primary grinding and semi-finish grinding or as
a single-stage grinding process for finish grinding. Horizontal roller press
mills are suitable for use as a single-stage grinding process. Energy savings
are 50% compared to ball mills and 20% compared to vertical mills, but the
throughput rates are limited at 120 tonne per hour (Madlool et al., 2011). By
comparing ball mill and HPRP, it has to be noted that even if the particle
size distribution is similar (between 90 um and 20 um), higher Brunauer—

Table 1.1 Specific thermal energy consumption in a clinker manufacturing

process

Kiln process Thermal energy consumption
(GJ/thinker)

Wet process 5.85-6.28

Long dry process 4.60

Shaft kiln 3.70-6.60

1-stage cyclone pre-heater 4.18

2-stage cyclone pre-heater 3.77

4-stage cyclone pre-heater 3.55

4-stage cyclone pre-heater plus calciner 3.14
6-stage cyclone pre-heater plue calciner <293
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Emmett-Teller (BET) surface area analysis is obtained with HPRP leading
to higher water demand than the ball meal products (Celik et al., 2007). It
may be presumed that a single-stage grinding process with a vertical roller
mill or roller presses will continue to expand at the cost of the ball mill.
Chemical compounds are used to improve the particle comminution during
the grinding of materials (grinding aids). The most commonly used grinding
aids include propylene glycol, triethanolamine, triethanolamine acetate and
tri-isopropylamine. The mechanism of action of grinding aids is not known
precisely and their efficiency possibly varies with the type of grinder. The
toxicity associated with the use of such chemicals must be taken into account
(Bensted and Smith, 2009).

1.2.7 Storing in the cement silo

The final product is homogenized and stored in cement silos and dispatched from
there to either a packing station (for bagged cement) or to a silo truck.

1.3 Main impacts

Many environmental studies have detailed the impacts of the different
processes involved in the cement manufacturing (Josa et al., 2004, 2007,
Valderrama et al., 2012; von Bahr et al., 2003). Recent studies show that
calcination has a predominant role in the environmental impacts of cement
production (Cagiao et al., 2011; Chen et al., 2010a). Figure 1.2 shows that
processes involved for the preparation of raw materials and those involved
after the calcination (milling) represent not more than 20% of the impact
for all impact categories. Furthermore, Fig. 1.2 highlights the fact that
environmental impacts are due either to the direct emissions on the cement
kiln or to indirect impact associated to the preparation of the fuels.

1.3.1 Global scale

Over the last decades, the emphasis has clearly shifted towards a global
focus on climate change. A recent study has gathered the global impacts of
cement production. Table 1.2 presents a summary of values found in literature
(Febelcem v.z.w. 2006; Humphreys and Mahasenan 2002; Hendriks et al.,
2011; Josa et al., 2004; Van den Heede and De Belie, 2012) for cement-
related CO, emissions. They are usually the sum of the CO, emitted during
the calcination process (raw material CO,: RM-CO,) and the CO, associated
with energy use (energy-bound CO,: EB-CO,) (Gartner, 2004). With respect
to the latter, some authors have made a distinction between indirect and direct
energy bound CO, (IEB- and DEB-CO,). IEB emissions comprise the CO,
emissions associated with the generation of electrical power to operate the

© Woodhead Publishing Limited, 2013
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12 Eco-efficient concrete

cement plant, while the direct energy bound emissions are associated with
the fuel combustion in the cement kiln. Regarding DEB-CO,, the efficiency
of the cement kiln plays an important role. Under optimum conditions
heat consumption can be reduced to less than 2.9 GJ/ton clinker. A typical
modern rotary cement kiln with a specific heat consumption of 3.1 GJ/ton
clinker emits approximately 0.31kg DEB-CO,, while this amount equals
about 0.60kg/kg clinker for an inefficient long rotary kiln burning wet
raw materials with an extra heat consumption of around 0.6 GJ/ton clinker
(Damtoft et al., 2008).

Possibilities to reduce RM-CO, emissions are rather limited. Partially
replacing the traditional raw materials by blast-furnace slag (BFS) or class
C fly ash (FA) with a higher calcium content is one option. In practice,
replacement levels of about 10% are commonly reported (Habert et al.,
2010). For a limestone replacement of 10%, the total CO, reductions can
in theory be as high as 25% (Damtoft et al., 2008). To reduce the emissions
any further, alternative clinker chemistries need to be considered. This could
be the development of belite type cement or sulfo-aluminate clinker for
instance. A brief summary of these alternative chemistry can be found in
Flatt et al. (2012).

1.3.2 Regional scale

Regional environmental impacts include SO, and NOx emissions which
contribute to acid rain. Table 1.2 includes an overview of the estimated SO,
and NOx emisions for Portland cement according to literature (Josa et al.,
2004; Van Oss and Padovani, 2003).

The majority of SO, emitted is derived from fuel combustion and processing
of raw materials in the kilns. However, the majority of the SO, leaves the
kiln with the clinker (EPA, 1994) as it is absorbed due to the high alkalinity
of clinker (Houghton et al., 1996).

The generation of NOx and CO is mainly as outputs from fuel usage during
clinker production. Their emissions are highly dependent on temperature and
oxygen availability and rotary kilns produce much more NOx and less CO
because of their higher operation temperature and stable ventilation compared
to shaft kilns (Lei et al., 2011). This technology difference can explain the
rapid increase in rotary kiln installation in China.

1.3.3 Local scale

Cement kiln dust (CKD) emissions are the main contributors to the local
impact. The size of CKD (0.05 to 5 um) is within the size range of respirable
particles (EPA, 1994). Since the diameter is smaller than 10 um, CKD is
classified as PM10. According to the EPA (1999), these fine particulates
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of unburned and partially burned raw materials present in the combustion
gases of the cement kiln, are considered as a potential hazardous waste due
to their caustic and irritative nature. As mentioned in Table 1.2, the amount
of CKD generated per kg of clinker produced equals about 15-20% (by
mass) (Van Oss and Padovani, 2003). Nowadays, both the environmental
and health risks associated with CKD can be reduced significantly by means
of mineral carbonation. Sequestering carbon in CKD stabilizes the waste.
The reduction in pH reduces health risks and the generation of harmful
leachate (Huntzinger and Eatmon, 2009). In addition, the utilization of
CKD for sequestration appears to have an advantage on the global scale,
since about 7% of the carbon emissions can be captured this way. On the
local scale, attention should be paid to the chromium content of cement. For
instance, the sale of cement containing more than 2 ppm of soluble Cr(VI)
when hydrated is prohibited by European Directive 2003/53/EC (European
Union, 2003). Hexavalent chromium or Cr(VTI) is not stable. When dissolved,
Cr(VI) can penetrate the unprotected skin and be transformed into to Cr(III)
which combines with epidermal proteins to form the allergen to which some
people are sensitive. The Cr(VI) content can originate from (i) raw materials
and fuel entering the system, (ii) magnesia—chrome refractory blocks, (iii)
wear metal from crushers containing chromium alloys and (iv) additions of
gypsum, pozzolans, ground granulated BFS, mineral components, CKD and
set regulators (Hills and Johansen, 2007).

Finally a number of additional pollutants such as polychlorinated dibenzo-p-
dioxins, dibenzofurans and heavy metals can be potentially released (Abad et
al., 2004; Schumacher et al., 2003). Recent studies that evaluate the potential
health risk for populations living in the neighbourhood of a cement plant show
that a seasonal pattern were observed with higher values recorded during the
colder periods. However, the carcinogenic and non-carcinogenic risks derived
from human exposure to metals and polychlorinated dibenzodioxins/Furans
(PCDD/Fs) were within the ranges considered acceptable by international
regulatory organisms (Rovira et al., 2011). Furthermore, the intensive use
of alternative fuels such as sewage sludge or municipal solid waste which
would otherwise be disposed somehow/somewhere or refuse-derived fuels
allow a significant decrease in PCDD/Fs levels as well as in some metal
concentrations (Rovira et al., 2010).

14 Future trends
1.4.1 Alternative materials

Alternative fuels

The use of alternative fuels and raw materials (AFR) for cement and clinker
production is certainly of high importance for the cement manufacturer but
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also for society as a whole. Alternative fuel utilization began in the mid-
1980s. Starting in calciner lines, up to almost 100% alternative fuel firing
at the pre-calciner stage was very quickly achieved. Alternative fuels are
mainly used tires, animal residues, sewage sludges, waste oil and lumpy
materials. The last are solid recovered fuels retrieved from industry waste
streams, and to a growing extent also from municipal sources. These refuse-
derived fuels are pre-treated light fractions processed by mechanical or air
separation. Waste-derived fuels consist of shredded paper, plastics, foils,
textiles and rubber and also contain metal or mineral impurities.

While in some kilns up to 100% substitution rates have been achieved,
in others, local waste markets and permitting conditions do not allow for
higher rates of AFR. In any case, AFR utilization requires the adaptation of
the combustion process. Modern multi-channel burners designed for the use
of alternative fuels allow control of the flame shape to optimize the burning
behavior of the fuels and the burning conditions for the clinker (Wirthwein
and Emberger, 2010). In a conventional preheater kiln (without pre-calciner),
it is only possible to burn fuels in the kiln inlet with substitution rates of up
to 25-30%. This is different in pre-calciner kilns, as usually up to 65% of
the total fuel energy input is fired into the calciner and a minimum of 35%
through the main kiln burner. As a consequence, when alternative fuels are
used in the pre-calciner, it does not change the nature of the fuels introduced
in the kiln and does not change therefore the kiln performance. Most operators
then first increase the alternative fuel substitution in the pre-calciner. After
this, they start to increase the proportion of alternative fuels in the sintering
zone firing.

When alternative fuels are used in the cement kiln, these alternative
fuels are mixed with the raw meal and can have an influence on the clinker
properties. A recent paper made a review of the chemical consequences
of the minor elements added to the clinker by the use of alternative fuel
(Sorrentino, 2011). For example, phosphorus is present in meat and bone
meal, and chlorides are present in refuse-derived fuels. These minor
elements affect the burning process (clinkering, cooling, and emission)
both thermodynamically by modifying the phase assemblages in the system
Ca0-Si0,—-Al,03-Fe,05 and kinetically by modifying the chemical and
physical properties of the interstitial melt. Studies of industrial clinker show
that phosphorus (up to 0.7%) is distributed into belite grains without any
structural modification (Moudilou et al., 2007). In laboratory experiments,
it is known that a small amount of P,O5 is added to suppress the ‘dusting
effect’ due to the transformation of B-C,S to y-C,S (Fukuda et al., 2008).
Phosphorus replaces silicon in both alite and belite and, therefore, increases
the content of belite with phosphorus contents in the clinker of up to 1%.
The distribution of P>* in the silicate phases is closer to 1 (Herfort et al.,
2010). The increased belite contents that are often reported then have to be
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compensated by increasing the calcium content of the clinker. Burnability is
improved when HPO3~, HPO3~ with F~, or with F~ and SO3 are added into
the raw meal and the strength is increased with the addition of HPO3™ and
F~ (Guan et al., 2007).

The addition of chloride-containing components increases the burnability
of the raw meal and allows higher alite contents at the same clinkering
temperature. Halogens have a great capacity for reducing the viscosity of
the liquid phase and CaO is highly soluble in liquid phases rich in halogen
(Maki, 2006).

Sulfur (S®*) has a strong preference for belite. By increasing SO5 in the
clinker, the alite becomes richer in Al and Fe, particularly in Al, with an
increase in the Al/Fe ratio. The C;A content decreases and C4AF increases
with increasing SO5 content. An increase in the SO; content causes a reduction
of the primary phase volume of C;3S (decrease of C3S/C,S ratio); 2.5% of
SO; seems to be the threshold of formation of C3S. SO5; and P,O5 decrease
both the viscosity and surface tension of the liquid and the polymorphic
form of C;S, M1, is predominant as the constituent phase. MgO and SO
have opposite effects on the size and the phase constitution of alite. MgO
favors the occurrence of the M3 polymorph, whereas SO5 favors M1 (Maki,
2006). The addition of SO5 or SO; + HPO;~ simultaneously reduces the
burnability, whereas it is improved with the addition of SO; + HPO;~
and F~.

The increase in Na,O content modifies the polymorphism of C;A
(orthorhombic) with a limit of 4%. Na is partially incorporated in C,S,
stabilizing the form ¢ and ¢’ at room temperature. When Na,O is added, C,S
decreases and C3S increases with a possible occurrence of free lime (Gotti
et al., 2007). Alkali metal oxides (Na,O and K,O) increase the viscosity and
decrease the surface tension of the liquid phase. The nucleation and growth
decrease in rate and large alite crystals are grown with distinct facets. A
small content of chromium is found in cement. It arises primarily from the
raw material and the wear of steel devices. When it is present as chromate
CrO,>, it provokes skin allergies. Reducing agents such as ferrous iron
sulfate are added to prevent this shortcoming (Bensted, 2006).

The maximum amount of Cu, Ni, Sn, and Zn that could be incorporated
in a laboratory clinker has been determined experimentally. This threshold
limit is found to be 0.35% of Cu, 0.5% of Ni, 1% of Sn and 0.7% for Zn
(Gineys et al., 2011).

A recent study has evaluated the perspective of alternative fuel used and
has shown that in developed countries a ratio of 40—60% of alternative fuel
in 2050 can be achieved while in the developing countries this ratio will
be around 25-35% (WBCSD, 2009). Technically, much higher substitution
rates are possible. In some European countries, the average substitution
rate is over 50% for the cement industry and up to 98% as yearly average
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for single cement plants. As fuel-related CO, emissions are about 40% of
total emissions from cement manufacture, the CO, reduction potential from
alternative fuel use can be significant.

Although, technically, cement kilns could use up to 100% of alternative
fuels, there are some practical limitations. The physical and chemical properties
of most alternative fuels differ significantly from those of conventional fuels.
While some (such as meat-and-bone meal) can be easily used by the cement
industry, many others can cause technical challenges. These are related to, for
example, low calorific value, high moisture content, or high concentration of
chlorine or other trace substances. For example, volatile metals (e.g., mercury,
cadmium, thallium) must be managed carefully, and proper removal of CKD
from the system is necessary. This means pre-treatment is often needed to
ensure a more uniform composition and optimum combustion. However,
the achievement of higher substitution rates has stronger political and legal
barriers than technical ones:

e Waste management legislation significantly impacts availability: higher
fuel substitution only takes place if local or regional waste legislation
restricts land-filling or dedicated incineration, and allows controlled
waste collection and treatment of alternative fuels.

e Local waste collection networks must be adequate.

Alternative fuel costs are likely to increase with high CO, costs. It may
then become increasingly difficult for the cement industry to source
significant quantities of biomass at acceptable prices.

e The level of social acceptance of co-processing waste fuels in cement
plants can strongly affect local uptake. People are often concerned about
harmful emissions from co-processing, even though emissions levels
from well-managed cement plants are lower with alternative fuel use
(Rovira et al., 2010). In addition, alternative fuel use has the potential to
increase thermal energy consumption, for example when pre-treatment
is required as outlined above.

Alternative cementitious materials

Another option to reduce the environmental impact of cement production
is to reduce the amount of clinker in the cement. This option allows a cost
reduction in the cement manufacturing process by saving burning costs and
is a highly efficient CO, reduction way. The next chapters will describe the
different materials that can be used to develop these low clinker cements. In
this section we will discuss the question associated with the environmental
evaluation of these alternative cementitious materials. According to ISO
standards, when a production system produces more than one product, it
is necessary to attribute an environmental burden to each product. This is
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the case for most of the supplementary cementitious materials (SCM) and
specifically to fly ash and blast furnace slags that are by-products from other
industries. The question of the value of the environmental load for SCM has
been emphasized by many authors and has not yet been solved. The current
practice is to consider them as waste and with that assumption to assign a
null environmental impact to them, but this situation will evolve toward
a practice where the different industrial sectors will have to share these
environmental loads. Particularly in Europe where, a recent European Union
Directive (EU, 2008) notes that a waste may be regarded as by-product if
the following conditions are met:

e Condition (a) further use of the substance or object is certain;

e Condition (b) the substance or object is produced as an integral part of
a production process;

e Condition (c) the substance or object can be used directly without any
further processing other than normal industrial practice;

e Condition (d) further use is lawful, i.e. the substance or object fulfils
all relevant product, environmental and health protection requirements
for the specific use and will not lead to overall adverse environmental
or human health impacts.

This Directive is very relevant to the use of SCMs such as blast furnace
slags and fly ash. Therefore in Europe these two materials can no longer be
considered as waste but instead as by-products. Hence, the question is what
is the environmental cost of these by-products?

Different scenarios can be promoted. Dividing the impact by the relative
mass value of the different products (steel/slags) induces too high an
environmental load for by-products and a division in relation to the relative
economic value of the products seems more in accordance with the perception
of what could be the environmental load of these SCMs. The main problem
with the economic allocation is the question of price variability as illustrated
in Fig. 1.3 where blast furnace slag is varying between 40 and 90 €/t and
steel price is varying between 150 and 1500 €/t. For further reading on this
subject see Van den Heede and De Belie (2012).

Among alternative cementitious materials, it should also be pointed out that
rather than partly substituting the clinker, it is also possible to develop new
binders. Chapters 16 to 18 focus on these new chemistries. The environmental
concerns associated with these binders are similar to the SCMs as they are
often based on the use of waste/by-product which induces allocation problems.
If raw materials are used, the energy for heating is most of the time lower
than for clinker except for the production of alkaline solution which can
change the environmental balance depending on the amount that is needed
(Habert et al., 2011; McLellan et al., 2011).
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1.3 Environmental impact of a mass of GBFS (1.11kg) equivalent
to the replacement of 1kg of cement CEM |, for the different CML
indicators with different allocation procedures. (Adapted from Chen
et al., 2010b.)

1.4.2 Energy efficiency

Energy demand in clinker production has been significantly reduced over the
last few decades. The theoretical minimum primary energy consumption (heat)
for the chemical and mineralogical reactions is approximately 1.6—-1.85 GJ/t
(Klein and Hoening, 2006). However, there are technical reasons why this
will not be reached, for example unavoidable conductive heat loss through
kiln/calciner surfaces. For reduction of the specific power consumption
(electricity), other barriers are also preventing the industry from reaching
this minimum, for example:

e A significant decrease in specific power consumption will only be
achieved through major retrofits. These have high investment costs and
so retrofits are currently limited.

e  Strengthened environmental requirements can increase power consumption
(e.g., dust emissions limits require more power for dust separation
regardless of the technology applied).

e The demand for high cement performance, which requires very fine grinding
and uses significantly more power than low-performing cement.

As a consequence the best available techniques (BAT) levels for new plants
and major upgrades are 2900 to 3300 MJ/t clinker, based on dry process
kilns with multistage-preheaters and precalciners (European Commission,
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2010). A critical review on energy use and savings in the cement industries
can be found in Madlool et al. (2011), but the factors involved to further
reduce this demand are plant-specific, which will involve large investment.
As moisture content of the raw materials determines the heat consumption
(Bauer and Hoenig, 2010; Klein and Hoenig, 2006), the main driver to
reduce energy consumption on a global average is the kiln size, which is,
in most cases, not applicable for existing installations. An increase in the
cement plant capacity could still enhance the productivity and therefore the
efficiency of cement plants. However, cement plant capacities will remain
in the typical range of between 1.5 and 2.5 million t/yr, resulting in typical
single clinker production lines between 4000 and 7000 t/day and very large
cement and clinker lines of 10,000 or even 12,000 t/d will generally be the
exception (Nobis, 2009).

As the change in cement kiln size or capacity is difficult, waste heat
recovery may play an important role. Actually 30—45kW h/t of clinker is
becoming feasible for recovered energy and the waste heat utilization industry
itself is developing technologies to widen the potential for energy recovery.
Depending on the volume and temperature level of waste heat, a range of
specific technologies can be applied. A large quantity of low temperature waste
heat (below 350 °C), approximately 30% of the total heat consumption of the
system, is still not recovered. Several different low temperature waste heat
power generation technologies for cement production have been developed
including the steam Rankin cycle with three main patterns: single and dual
pressure or flash steam generation system (Jintao et al., 2009).

1.4.3 Carbon capture and storage

The use of pure oxygen instead of air can in theory result in a very significant
improvement in thermal efficiency, because it reduces the volume of the
exhaust gases (and their associated heat losses) by a factor of about 3. It
also leads to exhaust gases that are essentially a simple mixture of CO,
and water vapor, which could then easily be separated by condensation, the
resulting pure CO, then being readily transportable or directly injectable
into underground aquifers or other such potential disposal sinks. This type
of approach is currently under consideration by the electric power generating
industries for a new generation of coal burning power plants, and the cement
industry could in theory try to apply the same approach. However, the electrical
energy required to produce pure oxygen from air with current technology
is about 420 kW h/t-O, (ECRA, 2009). If we consider that the minimum O,
requirement is 1 mol per mol of exhaust CO,, this energy already represents
10-15% of the energy needed to produce clinker. Based on this, oxygen
enrichment would not actually save a lot of energy or CO, generation in
cement manufacture. This situation will evidently improve as the primary
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energy efficiency of electric power generation plant and air separation plants
improves, but this is likely to be a slow process.

1.4.4 Cement production

Finally, it should not be forgotten that the main impact of cement is due to
its tremendous demand. Actually, 1kg of cement emits only 0.6-0.8 kg of
CO, which is negligible compared to other material production emissions
such as aluminum or insulation materials. However, the impact of cement
industries is more important that other energy intensive industries because
of the volume of cement production. A recent study showed that the main
driver for CO, emission reduction in the French context from 1990 to 2005
has been the reduction in cement production rather than the improvement
in technology (Habert et al., 2010). This is due on one hand to the fact
that investment costs are important and on the other hand that technology
improvements on the clinker production technology are limited compared
to the mitigation objective.

Cement production evolution is linked with economic activity and the
levels of industrialization and infrastructure development of the country. These
parameters can be expressed as an intensity of cement use that refers to the
amount of cement used per unit of gross domestic product (GDP) (kg/unit
of GDP). Note that a unit of GDP is here adjusted to 1000 constant dollars
(base year: 2000) and expressed in term of purchasing power parities (PPP)
which are the rates of currency conversion that eliminate the differences in
price levels between countries. Cement intensities differ between countries
according to economic growth (GDP) and economic structure. Different
studies attended to demonstrate that this intensity follows an inverted
U-shape curve (Lafarge, 2006; Scheubel and Nachtwey, 1997; Szabd et al.,
2003; Vuuren, et al., 1999). Intensity of cement demand will then decline in
developed countries and increase in many developing countries (Taylor et al.,
2000).

In Western Europe Organization for Economic Co-operation and
Development (OECD) countries, the intensity of cement use is currently
estimated at 21kg of cement per unit of GDP (1000 USD, PPP 2000) and
will be around 17 kg of cement per unit of GDP at the 2050 horizon (Taylor
et al., 2006). To give a comparison, the intensity of cement demand in China
is today around 131 kg of cement by unit of GDP (1000 USD, PPP 2000)
and is expected to be reduced to the usage of Western European countries
by the 2050 horizon (Taylor et al., 2006).

With assumptions on GDP evolution and on cement demand intensity,
it is then possible to evaluate the cement production evolution. A model
described as VLEEM 2 (Very Long Term Energy Model) has been used to
make assumption on future cement production (Chateau, 2005). It expects a
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strong increase of cement production in developing countries (Szabo et al.,
2003) and a limited increase in developed OECD countries in 2050 (Chateau,
2005). Other evaluations, following a business as usual (BAU), scenario
expect an increase in cement production in Western European countries
until 2020 and stagnation afterward (Szabd et al., 2003). In a recent study
of the International Energy Agency (IEA 2007), global cement production
is expected to rise from the current situation of 3 to 4 Gt (between 3.86 and
4.38) in 2050 and then remain stable. These evolutions seem irrespective of
fuel and CO, emission prices (Pardo et al., 2011).

1.5 Conclusion

In this chapter, it has been shown that an improvement in cement plant
efficiency is possible, particularly in developing countries where the majority
of the cement production is located and where there are still cement plants
with wet rotary kilns. However, an increase in energy efficiency incurs a
large investment cost, which will then probably not be achievable, except for
waste recovery systems. Furthermore, an increase in alternative fuel use has
great potential as soon as cement plants have preheaters and that the waste
supply chain is organised. Another improvement of the environmental impact
of cement production can be achieved with clinker substitution. This solution
is very efficient from technological, economic and environmental points of
view as no drastic change in the production process is needed. Finally, the
development of new low-carbon binders is needed to reach carbon reduction
objective. Many possibilities are currently under development: magnesia and
sulfo-aluminate cements or alkali activated binders.
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Abstract: This chapter discusses strategies for mitigating CO, emissions
from the concrete chain. Current strategies, which focus on cement
production processes such as clinker replacement, kiln efficiency, fuel
substitution and CO, capture, among others, are not effective enough to
compensate for the increase in production that is expected to occur in the
future. Binder use efficiency is therefore a crucial strategy for decreasing
environmental impacts. Exploratory data from literature, real market and
lab research indicates that the potential for decreasing emissions from the
concrete chain is very high, and will require changes to the formulation and
processing of concrete, as well as the production of aggregates, cement and
fillers.

Key words: binder efficiency, clinker replacement, benchmark, packing,
dispersion.

2.1 Introduction

Anthropogenic CO, emissions from cement production have been rising
steadily in both absolute and relative terms since the 1940s. The actual
numbers are contested, though, varying from 5% of the total manmade
CO, emissions in 2003 (Bernstein et al. 2007) to 8% in 2006 (Muller and
Harnisch 2008).

This growth has occurred despite some success in reducing specific (t/t)
CO, emissions (or CO, intensity), mostly due to an increase in energy
efficiency in the kilns and the replacing of clinker with other materials'. As
an example, between 2000 and 2006 total cement production increased 54%
whereas absolute emissions increased only 42% (IEA and WBCSD 2009).
The fact remains that current mitigation strategies have not been able to

'A significant share of the actual benefits of replacing clinker by materials such as blast
furnace slag and fly ash is because these materials were considered to be CO, free (no
allocation) since they were considered to be waste. This allocation criterion is under
discussion (Chen et al. 2010; Birat 2011) and will probably be changed, causing a further
increase in cement industry CO, emissions.
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compensate for the increasing global cement demand, and it is clear that
this trend cannot continue indefinitely (IEA and WBCSD 2009).

The demand for cement-based materials is expected to continue growing,
and under current technology will require a continuous increase in cement
production. The 2050 forecast for global cement production varies between
3.69 x 10°t/year in a low-growth scenario (IEA and WBCSD 2009) and 5 x
10%t/year in a high-growth scenario (Muller and Harnisch 2008), representing
a 2.5 increase factor in relation to the 2010 production. This growth is
expected to happen mostly in Kyoto’s so-called ‘non Annex I’ developing
countries that are under no obligation to reduce total CO, emissions.

If conventional mitigation strategies remain the same, a significant
increase in total CO, emissions from cement production (IEA and WBCSD
2009; Muller and Harnisch 2008) can be expected. Simultaneously, due to
the Kyoto protocol, global CO,emissions are expected to be reduced. The
report by Miller and Harnisch presents a scenario that combines the 450
ppm mitigation path, which implies a 50% reduction in global CO, emissions
through 1990 with business as usual production of 5 Mt of cement with an
increase of 260% cement-related CO, emissions in the same period of time
(Muller and Harnisch 2008). In consequence, by the year 2050 cement
production will be responsible for between 20% (IEA and WBCSD 2009)
and 30% (Muller and Harnisch 2008) of the anthropogenic CO, emissions,
a situation that will have enormous costs, both in political terms as well as
in carbon taxes. This can be further aggravated if allocation of CO, for blast
furnace slag and fly ash becomes a rule, or due to a future shortage of these
residual materials.

The Blue scenario of the IEA and WDBSC (2009) roadmap proposes a
total emission reduction of 0.79 Gt of CO, from a baseline of 2.34Gt — a
33% cut. Clinker substitution and energy efficiency potential are estimated
to account for 10% each of the total reduction. The use of alternative fuels
to CO, intensive pet-coke, especially renewable biomass, has the potential to
reduce emissions even further, to 24%. But 56% of the reduction will come
from carbon caption and storage (CCS), requiring from US$474 billion to
US$593 billion in investments (the high-demand scenario) and, therefore,
significantly increasing the cost of cement. Cement prices are due to increase,
and will produce a high social impact on developing countries that need to
improve and expand their built environment, including housing stock, at low
costs.

Therefore, the cement industry needs to find new mitigation strategies
that are environmentally and economically viable. So far, none of the new
binders have shown the potential to scale up and take a significant share
of the market (IEA and WBCSD 2009; Miller and Harnisch 2008; Habert
et al. 2010). A little-explored alternative is to focus on the efficiency of
cement applications, as suggested by John (2003) and Miiller and Harnisch
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(2008). This opens an entirely new field to investigation, such as strategies
to promote the use of industrialized cement solutions, increase concrete
strength, and reduce concrete production variability. Among all options, the
reduction of the binder content in cement products, especially concrete, has
progressively attracted researchers’ attention (Damineli et al. 2010; Habert and
Roussel 2009; Wassermann et al. 2009). This is especially attractive because
aggregates and inert fines have much lower environmental impacts and costs
than binders. These options depend on the capacity of the concrete research
community to develop new innovative solutions related to the characteristics
of aggregates, the formulation of methods, cementitious materials processing
technologies as well as more reactive clinker and new binders (Damtoft et
al. 2008; Popovics 1990).

This chapter will discuss the potential and limits of clinker replacement
in terms of the availability of supplementary cementitious materials, present
the concept, and further explore the potential of reducing binder intensity in
concrete as a tool to mitigate CO, and other environmental impacts resulting
from cement production.

2.2 Supplementary cementitious materials: limits
and opportunities

The increase in the use of so-called supplementary cementitious materials,
especially wastes, like blast furnace slag and fly ash pozzolans, has received
much attention from the research community (Papadakis and Tsimas 2002)
as a tool to mitigate environmental impacts (Damtoft et al. 2008), improve
durability, and even to reduce costs. A substantial effort has been made to
increase the replacement rates (Bilodeau and Malhotra 2000; Fu et al. 2000),
a strategy that has become part of many green building certifications methods.
But cement production is increasing, and a simple but crucial question needs
to be answered: do we have mineral admixtures enough to make all the
cement (and concrete) in the world more sustainable?

2.2.1 Blast-furnace slag (BFS)

Blast-furnace slag (BFS) use in cement dates from more than 100 years
back, being part of the cement industry wherever it is available. Smithers
Apex (2009) mapped demands and trends of the ferrous slag market. It was
concluded that owing to low-carbon and other environmental policies, the
demand for ferrous slag in cement industries worldwide stands to outstrip
supply. The total supply of BFS is equal to about 13% of world cement
production, which is a shortfall in comparison with demand. These by-
products will become increasingly marketable, with the following price
trends (Smithers Apex, 2009; USGS, 2010b).
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Figure 2.1 shows that the total slag available to the cement market is
expected to increase, from around 180 x 10°t/year (2008) to 290 x 10%t/year
(2020). Humphreys and Mahasenan (2002) estimate that BFS intended for
cement production in 2020 will be 123 x 10%t/year. A third source (WBCSD,
2009) provides a total BFS of 200 x 10°t/year in 2006.

Considering all sources, the availability of blast furnace slag will not
surpass 300 x 10°t/year. A probable scenario for 2020 is around 4 x 10°t/
year of cement, resulting in a maximum average clinker replacement with
BFS lower than 10%. Humphreys and Mahasenan (2002) estimate that BFS
will replace a maximum of 7% clinker by 2020. In some places, BFS will
even decrease: according USGS (2010b), annual BFS production, in the
USA, reached a peak of 21.6 x 10°t in 2005, but decreased to 12.5 x 10°t in
2009. Additionally, the potential use of slag in clinker-free alkali activated
cements was explored (Pacheco-Torgal et al. 2008).

A new dilemma into this equation is the allocation of CO, to BFS. This
will be a complex issue with several possible options, all giving very different
CO, intensity values for the slag (Birat 2011; Chen et al. 2010). The solution
will probably result from negotiation between the two industrial sectors.
There is no obvious interest to develop cements with higher amounts of slag
than the current standardized limits, except where a technical reason might
exist (e.g. heat of hydration or durability) or in places that have localized
surpluses due to logistic restrictions. In general, BFS should be considered
a scarce material that must be explored in a very efficient way.
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2.1 Forecast for the global use of ferrous slag, 2008-2020 (Smithers
Apex, 2009).
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2.2.2 Silica fume (SF)

Total world silica fume (SF) production was estimated to be 900 X 10°
year in 2006 (ACI, 2006). In the USA the estimated SF production in 2004
was between 100 and 120 x 10°t (EPA, 2008). This accounts for less than
0.01% of total cement production making the analysis of silica availability
unnecessary. Due to this reason, and the fact that it is a very expensive
material, approximately US$800/t (Malhotra, 2005), it is only used in some
special concretes.

2.2.3 Fly ash (FA)

Coal plants are still the world’s most important energy source at present.
Humphreys and Mahasenan (2002) evaluated total world fly ash (FA)
availability and concluded that, by 2020, the average annual production
will be 205 x 10°t. WBCSD (2009) estimates a total of 500 x 10°t/year
of FA in 2006. USGS (2010a) shows that the FA production in the USA
was near 56.9 x 10t in 1999, increasing to a peak of 65.7 x 10°t in 2006
and, decreasing to 57.2 x 10°t in 2009. India produced about 100 x 10°t
in 2005 (Malhotra, 2005). Considering that both countries are among the
six largest coal producers in the world and that not all FA produced winds
up in cement production, the rough estimate of Humphreys and Mahasenan
(2002) seems to provide a good insight as to the magnitude of the amount
of FA worldwide available for concrete.

Considering that the total annual world cement production expected for
the same year (2020) is more than 3 x 10°t, the maximum average clinker
replacement content by FA will be 7% or so. As for making this expectation
worse, if it is true that coal production is increasing and will increase in
the medium term, it is also true that a significant and quick decrease in its
production from 2020 onward should be expected (Hook et al. 2008), as is
shown in Fig. 2.2. So, a world FA production decrease is only a matter of
time.

Allocation of CO, to fly ash is also under discussion (Chen et al. 2010)
since for every ton of fly ash produced, from 2.9 to 5.2t of CO, are released
into the atmosphere (Yamamoto et al. 1997). Again, except for technical or
localized reasons, there seems to be no need to promote the use of higher
amounts of pozzolans in cement mixtures. Fly ash must also be considered
a scarce material.

2.2.4 The need for additional supplementary
cementitious materials

In considering the relative scarcity of traditional supplementary cementitious
materials, the development of new supplementary materials becomes a
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2.2 The forecast for world coal production divided into regions, from
1980 up to 2100 (HOok et al., 2008).

priority, as does as a better understanding of their chemical and physical
effects (Damtoft et al. 2008; Gartner 2004; Lothenbach, et al. 2011).

Considering the new trend in allocating environmental impacts for waste
that has reached a consistent market, the production of artificial pozzolans,
such as calcined clays (Fernandez et al. 2011; He et al. 1995) and other new
binders has become even more important (Damtoft et al. 2008; Gartner,
2004; Scrivener and Kirkpatrick 2008; WBCSD 2007). Probably, though, it
will be difficult to provide new supplementary cementitious materials from
waste flows in large quantities.

2.3 Binder efficiency in concrete production

Another strategy for reducing CO, emissions is to improve the efficiency of
binder use (Damtoft et al. 2008; John 2003; Muller and Harnisch 2008). This
is already being done by the cement industry to some extent, by replacing
binders with almost inert limestone filler (Lothenbach et al. 2008), with
current European standards allowing above 30%. But it must also be done
during the actual formulation and production of cement products.

2.3.1 Binder use efficiency indicator
Simple and robust performance indicators are needed to allow the evaluation

of use efficiency. Popovics (1990) defined efficiency as the strength developed
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by one unit of cement mass. The author developed a procedure for estimating
the f..,, the compressive strength which gives the highest efficiency for a
given set of materials. Isaia et al. (2003) also adopted the strength developed
by 1kg of Portland cement as an indicator. However, these authors did
not count supplementary cementitious materials (pozzolans) as cement.
Nowadays, this procedure is not consistent with the global scarcity of such
high-energy products. The economic efficiency of a concrete mix design
was defined by Aitcin (2000) as the cost of 1 MPa, or 1 year of service life
of the concrete structure. This is a very advanced concept and service life
is rather complicated to forecast and might depend on factors that are not
in the scope of the concrete producer.

Our proposition (Damineli et al. 2010) is to adapt a concept that is
almost universally adopted by the ready-mix concrete industry to measure
its efficiency: the amount of cement per 1 MPa of compressive strength at
28 days. This has several advantages: the concept and range of resulting
values are familiar to potential users and very simple to estimate, so it
is easy to develop a benchmark of current performance. However, since
the aim was to access the efficiency of use of scarce energy-intensive
material, the amount of ‘cement’ was replaced by an equal amount of
binder, by removing the amount of limestone filler from the calculation.
Therefore, we define binder intensity (bi,) as the amount of binder (B, in
kgm™) needed to provide 1 MPa of compressive strength (CS) at a given
age:

big = 2
CS
Since the CO, footprint of cement and even aggregate are available in many
countries, we also proposed a CO, intensity of concrete (ci.;), defined as
the amount of CO, (C, in kg.m™) released to provide 1MPa of compressive
strength.

bi., = S

CS
Using the same concept, all series of indicators can be easily defined, even
the expected service life, were possible and relevant. Actually, the concept is
to change the functional unit of concrete from one cubic meter to a relevant

performance indicator, such as compressive strength or bending strength.

A benchmark on both bi and ci is presented in Fig. 2.3. This includes
laboratory data from Brazil, plus another 28 countries, as well as data from
two ready-mix concrete companies in Sao Paulo. It is worth mentioning that
all the datasets overlap. It is also visible that there are significant differences
in the binder efficiency for any given strength, evidencing the potential to
increase eco-efficiency. From the available data it seems that a minimum bi
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with current technology is around 5 kg m~MPa™! for concretes above 50 MPa.
Below that threshold, minimum bi seems to follow the 250 kgm™ binder
content line, which corresponds roughly to the minimum cement content in
many national standards (ABNT, 2006; Grube and Kerkhoff, 2004). Since
most of the concrete is below 50 MPa class, the actual binder intensity is
much higher than the possible minimum.

As an example, we estimated a ci based on very simple information. BFS,
FA and SF were considered to be CO, free. The clinker was considered an
average value of 1kg CO, by 1kg of clinker. Aggregate emissions, mostly
related to transportation distances, were also disregarded. Minimum ci values
are around 2kgm™>MPa!, and correspond to high fractions of typical CO,
intensity which is between 3 and 9kgm~>MPa™'. And, unlike bi, CO, intensity
seems not to be as sensitive to compressive strength.

The combination of bi and ci allows demonstrating the risks of judging
environmental impact based only on one indicator. The data shows that it is
possible to produce concrete with very low ci values — which could imply
an efficient concrete in response to global warming concerns — both using
very little pure Portland cement (ci = 4kgm~MPa™') or with a very high
bi due to the heavy use of ‘zero CO, emissions’ supplementary materials.
This strategy is even cited in the LEED certification as a way for ‘green’
concretes (US Green Building Council, 2009). However, the foreseen
change in CO, allocation procedures for the supplementary cementitious
materials will obviously change this equation and certainly will raise the
CO, intensity level. It will make CO, intensity more dependent on binder
intensity. For more detailed discussions about bi and ci, see Damineli et al.
(2010).

As can be seen in Fig. 2.3, average data from two ready-mix concrete
(RMC) producers were obtained. Data from the first one (triangles) are
representative of a 3 month production interval, and from the second one
(squares) represents 6 months. Since these ready-mix concrete producers are
among the best ones in the Brazilian market, it is assured that the analysis
can be considered as a good parameter for assessing the current state of
technology in the market. RMC1 works with concretes in an interval of
20-40 MPa, with a bi varying from 8 to 12kgm=MPa~! and average near
10kgm~>MPa~! — almost double the best bi found in literature. On the other
hand, RMC2 reached bi near 6.5 to 7kgm>MPa~'. But maximum values
are also higher than RMC1. Market averages seems to be something near
10kgm=>MPa™.

2.3.2 Strategies to increase binder use efficiency

Binder use efficiency is strictly dependent on two concepts: (1) maximization
of particle mobility with lowest water content possible; and (2) an increase of
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well as comprehensive unpublished dataset from two ready-mix
companies in Sao Paulo. CO, intensity is very dependent on cement
composition.

binder particle reactivity by exposing the highest surface area to hydration.
To achieve this, two different strategies are important: dispersion of particles
and packing of particles.
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Dispersion of particles

Fine particles have a tendency to agglomerate since the smaller the particle,
the lower the effect of the gravitational force and the higher the effect of the
surface force that act on them (physical-chemical attraction and repulsion).
These interactions are determined by van de Waals forces and by different
chemical charges for different phases, making them attract. So, in normal
conditions, cementitious suspensions are agglomerated. For the suspension
these agglomerates may result in large particles, which: (1) modify particle size
distribution; and (2) mobility of flow lines makes increasing the viscosity of
the system difficult (Pandolfelli et al. 2000); (3) increase water consumption
since there are voids between the particles where water is located; and
(4) decrease binder reactivity since the surface area available to chemical
hydration reactions is decreased by the contact between particles. So, the
dispersion is crucial for increasing binder efficiency. A concrete made with
high binder efficiency needs to be completely dispersed.

Packing with flowability

Packing of particles is another crucial concept that needs to be controlled
to increase binder use efficiency. Concrete is a material that should have
compressive strength and adequate rheology that is conducive to that required
by the project. The problem occurs when the efficiency of one is increased
leading to a decrease in efficiency of the other. So, in a fixed concrete mix
an increase in strength is responsible for a decrease in rheological parameters
such as flowability and/or viscosity, and vice versa.

In a system of granular particles, flowability is produced by the mobility
proportioned by the fluid inserted between the grains. First, the fluid fills the
voids between particles, then it covers the surface area of the particles. After
these two steps, the fluid starts to detach the particles (Vogt, 2010), creating
an increasing distance of separation that allows them to move independently.
The greater the distance, the easier the movement.

When the voids between particles are high, the fluid content required for
allowing the flow is higher. So, the particle packing design needs to decrease
the voids between particles as much as possible, because with lower fluid
content in the voids, the fluid content needed to make the system flow is
lower (Pileggi et al. 2003). So, a good packing design for a granular system
is one that that allows the greatest flowability with the lowest content of fluid
since the efficiency of binder depends strictly on lower fluid contents.

From the rheological point of view, concretes can be described, in the
fresh state, as heterogeneous suspensions composed of: (1) aggregates with
diameters above 125 um (predominance of mass forces); (2) fines, reactive
or inert, with diameters under 125 um (predominance of surface area forces)
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(Hunger and Brouers 2009); and (3) water. Due to a problem of component
mass and density, water is the fluid that can move the fines, and the union
of water plus fines creates a paste; and the paste becomes the fluid for the
aggregates. It can be inferred that two different pack models are necessary for
controlling concrete rheological behavior, one for the paste and another for
the aggregates. Because of this, the distance between particles for concrete
suspensions is usually calculated by two indexes: the MPT (maximum paste
thickness, which measures the distance between aggregates and, consequently,
the mobility of them and is determined by the paste); and the IPS (inter-
particle spacing, measuring distance between fines, is determined by the
water) (Pandolfelli et al. 2000):

PS= 2 x|L_ (#)
VSA |V, \UI-Fy
where VSA = volumetric surface area, calculated by the product of specific
surface area and solid density; V is the volumetric solid fraction on suspension;

and P is the pore fraction on system when all particles are in touch in the
maximum packing condition:

MPT = —2 x{l—(;ﬂ
VSAC Vsc 1- Pofc
where VSA, = VSA of coarse fraction; V. is the volumetric coarse solid
fraction on suspension; and P is the porosity of coarse fraction on system
when all particles are in touch in the maximum packing condition.

A concrete design with high binder efficiency is one that uses the lowest
water content while allowing the highest IPS possible, since it is the
condition when the flowability of the paste is increased at the same time
as the compressive strength is the highest possible due to the lowest water
content. Conversely, a high-binder efficient concrete is also one that uses the
lowest paste content while allowing the highest possible MPT, because in
this condition the rheology requirements are the same, even though there is
a low paste content — which implies the lowest binder content for the same
compressive strength.

Adequate concrete rheology is currently reached by increasing paste content
to increase the MPT, where, for current concretes, pastes are composed
of water and cement. This implies the use of a binder for guaranteeing
rheological parameters which, consequently, decreases binder use efficiency
since the w/c ratio is normally kept constant, which, however, does not change
compressive strength, but the increase in paste content increases binder
content.

The use of inert fines for providing rheology for the concrete is an effective
way of decreasing binder content by replacing it with a very low impact
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product — and also, one that is largely available since inert fillers are made
from materials easily found throughout the world (Craeye et al. 2010; Esping,
2008; Hunger and Brouers, 2009; Moosberg-Bustnes et al. 2004; Petit and
Wirquin, 2010). Inert fines increase the packing of the paste by filling the voids
between cementitious particles; therefore, the water content required to provide
the flowability is decreased since less water is needed to fill these voids, thus,
more water becomes available for detaching particles. But the fines also have
high surface area, which can increase water demand and subsequently, decrease
strength. Due to this, together with the packing project, the characteristics of
the fines need to be controlled carefully to allow for good rheology without
increasing water demand too much. The advance in dispersant technologies
also allows increasing use of these fines in the paste.

Exploratory results

By adapting concepts for increasing packing and complete dispersion used
in refractory concretes (Bonadia et al. 1999; Ortega et al. 1999; Pileggi and
Pandolfelli 2001; Pileggi et al. 2003) to make Portland cement concretes —
which use much different and cheaper materials — and, by using fillers for
the design of high performance pastes for concrete (Lagerblad and Vogt,
2004; Moosberg-Bustnes et al. 2004; Vogt, 2010), important binder intensity
reductions were achieved as presented by the large dark circular dots on
Fig. 2.4.

Our preliminary results show it is possible to mix concretes with compressive
strengths between 20 and 40 MPa (same as market requirements) and with
bi between 5 and 7kgm=MPa!, filling an empty area of the graphic — the
area with binder consumption under 250 kgm™. This applies in mixtures
with binder contents lower than that required by national standards and still
having good strength, which proves that national standards are actually a big
hindrance as regards the increase of binder efficiency. It is also fundamental
to know that most of these concretes are self-compacting, which means, in
practice, that lower bi results could be achieved if the rheological requirements
were decreased to produce concretes with higher yield stress.

Just as an example, Fig. 2.5 presents the full particle size distribution of
one of the concretes presented in Fig. 2.4. The concrete shown in Fig. 2.5 used
194.4kgm™ of total binder content to reach a 28-day compressive strength of
29.5MPa (bi = 6.6kgm=>MPa™"), slump 280 mm (self-compacting concrete),
IPS of 0.23 um and MPT of 5.6 um. Rheological tests also indicated that it
would be appropriate for pumping. The very low viscosity and yield stress
of this mix is achieved with a bi much lower than market standards for its
strength. For applications that do not need to have such a fluid rheology,
this bi could be easily decreased.

A serious limitation to implement packing strategy is the existence of
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2.4 Examples demonstrating the potential to reduce bi of concretes.
Concretes formulated and produced in our lab at USP as well as in
collaboration with CBI/Sweden. Most concretes are self compacting.
The two with bi below 4 have slump above 180 mm and were
produced at CBI.
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2.5 Particle size distribution of a concrete mixed in the laboratory.

The distribution is a combination of eight different materials, six of
them below 2mm.
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variety of controlled fillers. Exploring these raw materials in Sweden?, it
was possible to produce concretes even more efficiently. A formulation using
only 210kgm™ of total binder (including 10kg of SF), slump of 180 mm
reached 88.4 MPa (100 x 200 mm cylinder) at 28 days. This corresponds to
a bi of 2.37 kgm>MPa ™! — less than one-half of the best practice found in
the literature benchmark. Comparing with marketable concretes, this means
cutting total binder consumption by a factor of 4% In the same project,
another concrete having only 126.3kgm™ of total binder content was also
designed and achieved 190 mm of slump and 28 day-compressive strength
of 50 MPa, which delivered a bi of 2.53 kgm™MPa™'.

This shows that the difficulty of designing concretes with very low cement
content can be overcome by scientific methods of packing and dispersion
of particles, requiring lower binder content for achieving rheological
parameters.

2.3.3 In-use performance and robustness of low
binder concretes

The need for reductions in binder intensity questions the need to minimize
cement content. Wassermann et al. (2009) show that concrete durability
performance indicators are not affected (carbonation depth, shrinkage) or even
improved (chloride penetration and capillary absorption coefficient) when
binder content is reduced within the limits investigated. Dhir et al. (2004)
conducted a comprehensive investigation and concluded that specifying
minimum cement content for concrete durability was not necessary. Popovics
(1990) shows that for the same water/cement (W/C) ratio an increase in binder
content results in a decrease in compressive strength. So the authors believe
that standards concerning minimum cement content in concrete should be
revised. This is a fundamental strategy for allowing the decrease of bi for
concretes with less than 50 MPa — the most widely used at present. A bi of
5 or something near could be feasible even for low strength concretes.

However, the published results deal with binder content above 221 kgm™
(Wassermann et al. 2009) and 215kg m~> (Dhir et al. 2004). So there is a
need to investigate the effect of further reducing the binder content to values
as low as 120kgm™ in the most important degradation mechanisms and,
eventually, develop new protection strategies.

2Research in collaboration with Prof. Bjorn Lagerblad (CBI-KTH). One of the concretes
formulated in this research won the ‘StarkastBetong’ (the strongest concrete) international
competition, which was held in CBI Betonginstituten, 2012. This competition established
a maximum cement content of 200kgm™ and did not limit the use of supplementary
materials. However, the winner used just 200kgm™ of cement and 10kgm™ of silica
fume as total binders.
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Another important issue that needs to be better comprehended for the
improvement of binder use efficiency is the robustness of the concrete mix.
Low binder content implies that small variation on water content will have
larger impact on water/cement ratio affecting the porosity and mechanical
strength. Also, this concretes demands efficient dispersants and the robustness
of the system cement-dispersants must be improved (Nkinamubanzi and
Aitcin 2004).

The effect of binder content reduction on mechanical behavior,
including fracture, dimensional stability and creep behavior also need to be
investigated.

2.4 Conclusion and future trends

Current strategies for decreasing CO, emissions in cement production are
not enough to mitigate environmental impacts, as expected by society.
Carbon capture and storage, as under discussion by the cement industry, is
not a desirable option due to cost impact that leads to social and economic
implications in developing countries. On the otherhand, binder use optimization
has enormous potential to supply the cement-based materials that society
needs,with much lower environmental impacts.

Our results show that it is possible to produce in laboratory conditions
concretes using less than 3kgm™MPa™!' of binder. This binder intensity is
almost a third of the current market and lab benchmarks. This can be done
using well-established packing engineering, selected fillers and commercial
Portland cement and dispersants. Scaling up this solution will require
substantial R&D effort, facing problems related to robustness of this systems
and its long-term performance. It also might demand new technologies for
production of better controlled aggregates, especially ultra-fine particles,
more reactive clinkers, new admixtures, at compatible cost.

The authors believe that a bi between 5 and 6kgm™MPa™' can be a
feasible target for the market. This will allow a reduction of 30-50% of total
binder intensity, which make possible doubling the cement-based material
production without investing in new kilns and using much additional fuel.
This strategy seems to be economically attractive to the industry since it
means replacing expensive investment and the operational cost of kilns
by new and more sophisticated mills. It will also avoid the need for huge
investment and operational costs of carbon caption and storage.
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Abstract: The concrete industry is considered to be a large consumer of
energy and natural resources, and is one of the main sources of greenhouse
emissions and waste generation. The production and utilization of concrete
and concrete structures have a large impact on the environment, and so the
environmental assessment of concrete is of great importance in terms of
achieving a sustainable society. This chapter includes instructions on how to
apply the life cycle assessment (LCA) methodology to concrete, including a
general description, life cycle inventory and life cycle impact assessment of
concrete, future trends and sources of further information.

Key words: concrete, life cycle assessment, (LCA) environmental product
declaration, tools, rating systems, sustainability assessment.

3.1 Introduction

Concrete is the most widely used building material in the construction industry.
It is estimated that today’s world concrete production is about 6 billion
tonnes per year, i.e. one tonne per person per year (ISO/TC 71, 2005). The
concrete industry is regarded as a large consumer of natural resources such
as natural aggregates and non-renewable fossil fuels. Moreover, consumption
is rising constantly and rapidly as the production and utilization of concrete
increases. For example, three billion tonnes of aggregate are produced each
year in the countries of the European Union (European Environment Agency,
2008). Waste arising from the construction sector, so-called construction and
demolition waste (C&D waste), is also a relevant concern in the protection of
the environment. For example, about 850 millions tonnes of C&D waste are
generated in EU per year, which represent 31% of the total waste generation
(Fisher and Werge, 2009). After production, concrete ‘lives’ through various
types of buildings, bridges, roads, dams, etc., which have their own impact
on the environment. Among them, buildings are considered as large energy
consumers in the course of their service life. According to the European
Commission, they are responsible for 40% of energy consumption and 36%
of CO, emissions in the European Union (European Commission, 2011).

The most important environmental impacts of the production and utilization
of concrete and concrete structures are:
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e large consumption of natural resources;
large consumption of energy (mostly for cement production and
reinforcement steel production; in addition, for operation and maintenance
of buildings and other structures; finally for transportation, construction,
demolition and recycling to a lesser extent);

e large emissions of greenhouse gasses, primarily CO, which are responsible
for climate change and originate mostly from cement production and
energy consumption; to a lesser extent, emissions of SO, which is
responsible for acidification and mostly originates from the transportation
phase;

e large amount of construction and demolition waste produced.

Therefore, concrete has a large impact on the environment because of
its enormous production and utilization. That is why the environmental
assessment of concrete is of great importance with regard to the efforts
towards creating a sustainable society. There are many methodologies for
evaluating the environmental loads of processes and products during their
life cycle, but the most widely acknowledged (and standardized) is life cycle
assessment (LCA).

3.2 General description of life cycle assessment
(LCA) methodology

LCA is a methodology for evaluating the environmental loads of processes
and products during their life cycle. According to ISO standards 14040-14043
(ISO, 2006a), LCA consists of four steps: (1) goal and scope definition,
(2) creating the life cycle inventory (LCI), (3) assessing the environmental
impact (LCIA) and (4) interpreting the results (Fig. 3.1).

The first step of an LCA involves the goal and scope definition. The goal
of an LCA study must be clearly defined including the intended application,
the intended use of the results and users of the results (intended audience).
The goals of an LCA study are, for example, to compare two or more different
products fulfilling the same function, to identify improvement possibilities in
further development of existing products or in innovation and design of new
products, etc. The definition of the scope of an LCA study sets the borders of
the assessment: what is included in the modeled system and what assessment
methods are to be used. The following items must be clearly described within
the scope definition: the system to be studied and its function, the functional
unit, the system boundaries, the types of impact and the methodology of
impact assessment, data quality requirements, assumptions and limitations,
the type of critical review, if any (Jensen et al., 1997). Detailed information
on each of these items is given in Section 3.3.

Inventory analysis is the second step in an LCA. It involves data collection

© Woodhead Publishing Limited, 2013



Life cycle assessment (LCA) aspects of concrete 47

Goal and scope

definition >
(ISO 14041)
l T Direct application
Product development and
Inventory Interpretation improvgment .
analysis > (ISg 14043 h gtrslt_eglc Ir_)lannmg
(ISO 14041) Mu klctpo icy
arketing
Other

Impact >
assessment
(ISO 14042)

3.1 LCA phases.

and calculation procedures to quantify relevant inputs and outputs of a product
system. These inputs and outputs include the use of resources, emissions to
air, water and soil, and waste generation associated with the system. The
inventory analysis is supported by a process tree (process diagram, flow tree)
which defines the phases in the life cycle of a product, (Fig. 3.2). Each of the
different phases can be made up from different unit processes, i.e. production
of different kinds of raw materials to be combined in the material production
phase. The different phases are often connected by transport processes. The
data regarding material and energy consumption, waste and emissions have
to be collected from all unit processes in a product life cycle. The data can
be site specific (from specific companies, specific areas or specific countries)
or more general, from more general sources like trade organizations or public
surveys. For detailed LCA studies, site-specific data should be used. The
average data (from trade organizations, from previous investigations of the
same or similar product, etc.) may be used for conceptual or simplified LCA
(Jensen et al., 1997). However, this step is often the most work-intensive
part of an LCA, especially if the site-specific data are needed for all the unit
processes in the life cycle.

Impact assessment is the third phase in an LCA, in which the potential
environmental impacts of the modeled system are evaluated. This step
consists of three mandatory elements: (1) selection of impact categories,
category indicators and characterization models, (2) classification and (3)
characterization.
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3.2 Example of a simple flow diagram to be used as a support in the
LCI.

The impact categories are selected in order to describe the impacts
caused by the analyzed product or product system. This is a follow-up of
the decisions made in the goal and scoping phase. Examples of the impact
categories usually considered are: depletion of abiotic and biotic resources,
land use, climate change, stratospheric ozone depletion, ecotoxicological
impacts, human toxicological impacts, photo-oxidant creation, acidification,
eutrophication, etc. The impact categories relevant for concrete production
and utilization are described in detail in Section 3.5.

Classification of the inventory input and output data is a qualitative step
based on scientific analysis of relevant environmental processes (Jensen et
al., 1997). The classification has to assign the inventory input and output
data (emissions, resources and waste) to chosen environmental impacts, i.e.
impact categories.

The aim of the characterization step is to model each impact category
based on scientific knowledge, wherever possible (Jensen et al., 1997).
This means that the category indicator and the relationship between the
inventory input and output data and the indicator must be defined. In fact, the
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converted LCI results are aggregated into a category indicator result, which
is the numerical value of the indicator in appropriate units. The indicator
result is the final result of the mandatory part of a LCIA. The examples of
the characterization models are shown in Section 3.5. To date, consensus
has not been reached either for one single default list of impact categories
or for one single characterization model.

Normalization, grouping, weighting and additional LCIA data quality
analysis are the optional steps within the LCIA phase (ISO, 2006a).
Normalization is calculating the magnitude of the category indicator results
relative to reference information. Grouping is assigning impact categories
into one or more sets as predefined in the goal and scope definition, and it
may involve sorting and/or ranking. Weighting is the process of converting
and possibly aggregating indicator results across impact categories using
numerical factors based on value choices. Since weighting may include
aggregation of the weighted indicator results, the outcome of this step can be
one number. This score, or index, represents the environmental performance
of the product system under study. It should be noted that according to ISO
14040 there is no scientific way to reduce LCA results to a single overall
score or number, hence it cannot be used for comparative assertions. Data
quality analysis is an additional technique aiming at better understanding
the reliability of the collection of indicator results, i.e. the LCIA profile.

Interpretation is the fourth phase in LCA containing the following main
issues: identification of significant environmental issues, evaluation of the
results with the aim of establishing their reliability, and conclusions and
recommendations.

The application of this methodology in the case of concrete production
and utilization is discussed in the following sections.

3.3 Life cycle assessment (LCA) of concrete: goal
and scope definition

Within this step, the following items must be defined:

e The goal of the study, for example: comparison of two or more different
types of concrete or concrete structural elements, assessment of the whole
building or bridge, determination of the sources of the relevant impacts
and possible optimization potentials, etc.

The function of the product or product system, i.e. functional unit.
The system boundaries.

The relevant impacts.

The necessary data to reach the goal of the study.

The functional unit is defined by the function of the product or product system
(by services it provides with certain quality and for a certain period). For a
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material, the functional unit can include the quantity (m?), the mechanical
properties (in appropriate units) and durability related properties (in years).
For a building, the functional unit can include the size (mz), the lifetime
(years), the need for maintenance or the materials used. The results of the
study will directly relate to the chosen functional unit. For example, if the
functional unit is one cubic meter of concrete of certain quality, the result
will be the amount of resources, waste and emitted pollutants per each cubic
meter of such a concrete.

The system boundaries determine what part of the life cycle will be
considered. The complete life cycle of the concrete structure is shown in Fig.
3.3. It includes the production of raw materials, the production of concrete,
construction and service phase, demolition or dismantling, and disposal or
recycling of waste materials.

Generally, there are two possible different situations when assessing the
environmental burdens of the concrete. The first is the assessment of the
environmental impact of the concrete as a building material or a specific
structural element (for example, a precast bridge girder), i.e. the assessment
of the production phase only. This is a cradle-to-gate type of analysis (Fig.
3.3) and the result of the study is called environmental product declaration
(EPD). The second is the assessment of the environmental impact of the
concrete structure or structural element as a part of a building, bridge, road
or some other kind of the construction work. This is a cradle-to-grave type of
analysis (Fig. 3.3). The type of assessment and system boundaries are chosen
depending on the goal of an LCA study: whether the goal of the study is
to evaluate the environmental impact of the concrete as a building material
(cradle-to-gate) or the goal of the study is to evaluate the environmental
impact of the building, bridge, road, etc., as a whole (cradle-to-grave).

Among various environmental impacts, for a specific product or process,
some impacts are more and some impacts are less important. At this point,
the relevant impact for concrete should be determined, which is discussed in
detail in Section 3.5. Then, the necessary data for calculation of the chosen
environmental impacts must be collected. This is done within the next step
of LCA - life cycle inventory phase.

3.4 Life cycle assessment (LCA) of concrete - life
cycle inventory (LCI)

Based on the decisions made in the goal and scope phase, the process tree is
drawn, as shown in Fig. 3.3. Each of the different phases in the life cycle of
concrete is made up from different unit processes. For example, the cement
production within the raw or constituent material production phase consists
of many unit processes (Fig. 3.4).

To calculate the environmental impacts, energy and materials flows as
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production

(aggregate,
cement, steel)

Cradle to gate

v
v

Production of
concrete or
concrete
element

Construction .

!

Operation
(maintenance,
repair,
renovation)

'

End-of-life
(demolition,
dismantling)

Resources
energy carriers

Raw materials (stone, sand, iron ore, water)
Cradle to grave

Waste
Emissions (to water, soil and air)
Resources depletion, land use

Reuse and recovery
(recycling of steel
and concrete)

\—//

3.3 Life cycle of a concrete structure.

Disposal in
landfill

well as emissions must be estimated for each unit process (Fig. 3.5). Now
the question is how to get the necessary data. Energy and material flows data
can be obtained from bills of quantities and usually it is not the problem.
However, the information about the type and amount of pollutants emitted
into the air, water and soil must be measured or calculated. Looking at the
process tree in Fig. 3.3, it is easy to conclude that in the case of a building, for
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Quarrying
of limestone
and other raw
materials

!

Crushing of the
quarried material

'

Transport to the
cement plant

preparation

Quarrying and raw material

Mixing of raw
materials

!

Milling and
drying of raw
materials

!

Preheating of raw
materials

}

Burning of raw
materials in a kiln

}

Cement clinker
cooling

Clinker production

Storing of cooled
cement clinker

!

Cement clinker &
gypsum grinding

!

Transport of the

3.4 Phases of cement production.

Cement grinding and
distribution

example, there will be a hundreds of unit processes for which this operation
has to be performed. This is obviously very time-consuming and expensive
work. That is why, especially in the case of cradle-to-grave assessment, the
necessary emission data are taken from existing databases.

© Woodhead Publishing Limited, 2013



Life cycle assessment (LCA) aspects of concrete 53

— —
Raw materials Products
Energy and fuels Co-products
Process
Water Waste
Other
— —
Emissions to air, water and soil
dust, noise
Bill of quantities | 1 | Bill of quantities
?

3.5 Energy and material flows and emissions of a unit process.

3.4.1 Databases

In order to facilitate the LCI phase, many databases have been developed.
These include public national or regional databases, academic databases,
industrial databases and commercial databases (Khasreen et al., 2009). Some
of them are offered in combination with LCA software tools. Databases
provide inventory data on a variety of products and basic services that are
needed in every LCA, such as raw materials, electricity generation, transport
processes and waste services, as well as complex products sometimes
(Finnveden et al., 2009).

Some of the most famous databases and LCA software tools are listed
in Table 3.1 (Bribian et al., 2009, Khasreen et al., 2009). The majority of
databases are based on average data representing average production and
supply conditions for products and services. It should be pointed out again
that average data from databases can be used for simplified LCA studies;
for detailed LCA studies site-specific data (measured or calculated for each
unit process) should be used.

The most important problem with databases is that the data for the same
product or process can differ from one database to another. The reasons for
these variations are different boundaries assumed, different energy source and
supply assumptions, different transportations types and distances assumptions,
production differences, etc. (Khasreen et al., 2009). All these issues are
dependent on geography, i.e. they differ from country to country.

The availability and geographical representativeness of data on concrete in
some databases is shown in Table 3.2. The ELCD database is the European
Life Cycle Database that is developing under the European Platform on LCA,
which is a project of the European Commission (European Commission —
JRC, 2011). Ecoinvent is a database developed by the Ecoinvent Centre,
Switzerland, originally called the Swiss Centre for Life Cycle Inventories
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Table 3.2 LCl data on concrete in some databases

Data on: ELCD Ecoinvent USNREL
Aggregate Crushed Location European Switzerland NA'
production average
River Location NA Switzerland NA
Cement production Location European Switzerland USA
average
Concrete production Location NA Switzerland NA
Transport Location European Switzerland, USA
average European
average

"Not available.

(Ecoinvent Centre, 2011). NREL is the US Life-Cycle Inventory Database
developed mainly by National Renewable Energy Laboratory, USA (NREL,
2011). The representative Japanese database JEMALI is not listed in Table
3.2 because it is available only in Japanese.

As can be seen from Table 3.2, only Ecoinvent offers all the necessary
LCI data for concrete production. However, the data is geographically
dependable. Ecoinvent is an internationally accepted database, although
it is mostly based on Swiss data regarding concrete. This is a potentially
misleading situation because the types of raw materials, energy and transport
data and even technologies may be different in different countries. That is
why each country should have its own database according to its construction
industry resources and traditions.

Unlike general databases, LCA tools for building assessment usually
contain databases with ‘final” LCI data on specific building materials and
products. For example, ATHENA database contains LCI data on several
concrete structural products in various mixes, size and strength designations:
20 and 30 MPa ready-mixed concrete, with 25% and 35% fly ash content,
60 MPa ready-mixed concrete, precast double T beams, precast hollow deck,
concrete blocks (Athena Sustainable Materials Institute, 2011). Data are
representative for North America.

Table 3.3 provides, as an indication of the general range of values, CO,
emissions and energy consumption for concrete raw materials and reinforcement
steel production (FIB TG 3.8, 2011). The data should be considered only as
rough estimates and should not be used in detailed LCA studies.

3.4.2 LCIl data on cement

The research performed so far in the area of LCA of concrete (Flower and
Sanjayan, 2007; Marinkovic et al., 2008; Oliver-Sola et al., 2009; Selih
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Table 3.3 Value ranges of CO, emissions and energy consumption for concrete
raw materials and steel reinforcement production (FIB TG 3.8, 2011)

Inventory data, cradle-to-gate Remarks
CO, emissions (kgCO,/kg) Energy use
Lower Upper (MJ/kg)
Portland cement 0.80 1.0 4-7
Natural 0.004 0.008 0.05-0.07 Lower: river aggregate
aggregate Upper: crushed stone
aggregate
Reinforcement  0.70 2.90 10-40 Lower: electric arc
steel furnace; only scrap
Upper: blast furnace;
no recycled material
Prestressing 0.80 3.00 10-40 Lower: electric arc
steel furnace; only scrap

Upper: blast furnace;
no recycled material

and Sousa, 2007) showed that because of the large CO, emissions, cement
production is the biggest contributor to all concrete environmental impacts.
Moreover, it is estimated that cement production is responsible for 5-7% of
total world CO, emissions. These emissions are due to CO, release from the
calcination process of limestone (to produce cement clinker), combustion
of fossil fuels used for achieving the necessary temperature in the kiln
(1400-1500°C), as well as from power generation. According to Josa et al.
(2004), who conducted the comparative analysis of several different types
of cement produced in Europe, the average emissions per 1 kg of Portland
cement type I (95% of clinker and 5% of gypsum) are: approximately 800 g
of CO,, 2.4g of NO, 0.5¢g of SO, and 0.2-0.3 g of dust. The average total
energy consumption is about 4.3 MJ. Similar figures are obtained for cement
production in Serbia (Marinkovic et al., 2008) except for SO, emissions
that are much bigger. This is a consequence of large SO, emissions from
electricity production (electricity is produced mostly in thermo-power plants
in Serbia).

An obvious solution to this problem is to replace a part of the cement
clinker with industrial waste materials that have pozzolanic activity, such
as blast furnace slag (BFS) and fly ash (FA). Two benefits are gained in
this way: application of waste material in the new product, so decreasing
the amount of waste to be disposed of in landfills, and lowering the CO,
emissions from clinker production. This procedure is already included in the
cement production technology in many European countries (in Serbia, the
replacement of clinker with BFS and/or FA up to 30% by mass has been
done for last 40 years). However, the replacement ratio should be limited to
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a level that does not significantly affect the basic properties of cement and,
consequently, the concrete.

LCA of cement with supplementary cementitious materials that are by-
products or waste from another industrial process (such as BFS or FA) is
always connected to allocation procedures. To be used as a substitution for
cement clinker, these by-products must be additionally processed (so-called
secondary process) and this has an impact on the environment, too. The
following question is then raised: should the environmental impacts of the
primary production process (production of the main product) be associated
with the production of the by-product, and how? If BFS and FA are considered
as waste, no environmental impacts from the primary production process are
allocated to the secondary process. If they are considered as by-products,
then part of the environmental impacts from primary production process are
allocated to the secondary process and it can be done using two different
allocation procedures. According to the mass allocation procedure, the part
of the primary production impacts allocated to by-product production is
determined from the ratio of the mass of the by-product and the total mass
of the main and by-product.

According to the economic allocation procedure, the part of the primary
production impacts allocated to by-product production is determined from
the ratio of the price of the by-product and the sum of the prices of the
main product and by-product. The choice of the allocation procedure is very
important because it significantly affects the environmental impacts of the
by-product. Chen et al. (2010) have shown that a mass allocation procedure
imposes large environmental impacts on BFS and FA that can jeopardize the
decision to apply these by-products as substitutes for cement clinker. However,
the economic allocation procedure, which imposes smaller environmental
impacts on BFS and FA, has the disadvantage of being unstable because of
the potential price fluctuations on the market. They have concluded that no
allocation procedure appears to be unquestionable.

3.5 Life cycle assessment (LCA) of concrete: life
cycle impact assessment (LCIA)

3.5.1 Methodology
Choice of impact category and category indicator

Generally, there are two different types of impact assessment methods. The
first one is called the damage-oriented approach (also the top-down approach
or ‘endpoints’) and the second one is called the problem-oriented approach
(also the bottom-up approach or ‘midpoints’).

When defining the impact category, the category indicator must be chosen
somewhere in the environmental mechanism. The task of LCIA is to establish
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a relation between the inputs, e.g. fossil fuels or minerals, and outputs,
e.g. emissions, of the LCI phase with the impacts on the environment. For
this reason, for each impact category an indicator should be chosen in the
environmental mechanism, which as far as possible represents the totality of
all impacts in the impact category. This indicator can in principle be located
at any position in the mechanism, from the LCI results down to the category
indicators. However, the environmental relevance is typically higher for
indicators chosen later in the environmental mechanism (ISO, 2003). For
example, the environmental mechanism of acidification is shown in Fig.
3.6 (ISO, 2006a). In the damage-oriented approach, the category indicator
is chosen at the endpoint of the environmental mechanism. In the problem-
oriented approach, the category indicator is chosen at an intermediate level
somewhere along the mechanism — at midpoint. Examples of category
midpoints and endpoints for some impact categories are shown in Table 3.4
(IS0, 2003).

The most famous example of damage-oriented approaches is Eco-indicator
99 methodology, developed at Pré Consultants B.V., The Netherlands
(Goedkoop and Spriensma, 2001). The impact categories are defined at the
endpoint of the environmental mechanism and express the damage to Human
Health, Ecosystem Quality and Resources (Table 3.5). Definitions at this level
are much easier to comprehend than the rather abstract definitions of midpoints
such as infrared radiation, UV-B radiation or proton release. However, the
problem with this approach is in fact that it is not easy to establish a clear
relationship between the LCI results and damage categories. In the top-down
approach, it is not possible to avoid normalization, grouping and weighting.

LClI results < » SO,, HCI, etc.
(kg/functional unit)

€
Y Impact | , Acidification 8
category L o c
LClI results assigned to _ Acidifying emission <
impact category (NO,, SO,, etc.) 3
assigned to acidification £
s
Characterization é
. model Proton release c
Category indicator = > o
H*aq =
>
. c
Environmental w
relevance
__________________________________________ A4
3 | Forest
Category endpoint N »vegetation
etc.

3.6 Concept of category indicators — acidification example (ISO,
2006a).
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Table 3.4 Examples of intermediate variables (midpoints) and endpoints for
some impact categories (ISO, 2003)

Impact category

Choice of indicator level

Examples of intermediate
variables

Examples of category endpoints

Climate change

Stratospheric
ozone depletion

Acidification

Eutrophication

Human toxicity

Ecotoxicity

Infrared radiation,
temperature, sea-level

UV-B radiation

Proton release, pH, base-
cation level, Al/Ca ratio

Concentration of
macronutrients (nitrogen,
phosphorus)

Concentration of toxic
substances in
environment, human
exposure

Concentration or bio-

availability of toxic
substances in environment

Human life expectancy, coral
reefs, natural vegetation, forests,
crops, buildings

Human skin, ocean biodiversity,
crops

Biodiversity of forests, wood
production, fish populations,
materials

Biodiversity of terrestrial and
aquatic ecosystems

Aspects of human health
(organ functioning, human life
expectancy, number of illness
days)

Plant and animal species
populations

Table 3.5 Impact categories according to Eco-indicator 99 and CML

methodologies

Eco-indicator 99

CML

Impact category

Sub-categories

Impact category

Damage to human

health

Damage to

ecosystem quality

Damage to
resources

Caused by carcinogenic
substances

Caused by respiratory
effects

Caused by climate change

Caused by ionizing
radiation

Caused by ozone layer
depletion

Caused by ecotoxic
substances

Caused by acidification and
eutrophication by airborne

emissions
Caused by land use
Caused by depletion of

minerals and fossil fuels

Depletion of abiotic resources
Impacts of land use
Climate change

Stratospheric ozone depletion
Human toxicity

Ecotoxicity
Photo-oxidant formation

Acidification
Eutrophication
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Weighting is not a scientifically based operation, but it relies upon the
opinion and attitude of experts towards different environmental effects. On
the other hand, the relationship between midpoint category indicators and
LCI results is easily established through appropriate, scientifically based,
characterization models. That is why the ‘midpoints’ approach is often used
to quantify the results in the early stage in the cause and effect chain to limit
the uncertainties (Mateus and Braganca, 2011). The most representative
example of this type of approach is CML methodology, developed at the
Institute of Environmental Sciences (CML) of the Faculty of Science, Leiden
University in The Netherlands. Their choice of impact categories (only
baseline) is shown in Table 3.5 (Guinée et al., 2002).

Characterization model

The link between the LCI results (extraction of resources, emissions and
waste), and the category indicator is normally given by clear modeling
algorithms (ISO, 2003). These modeling algorithms are called characterization
models. Many characterization models for different impact categories have
been developed. In the following, characterization models proposed by CML
methodology (Guinée et al., 2002) are briefly presented.

e  Climate change: the characterization model of the IPCC (Intergovernmental
Panel on Climate Change). The IPCC provides characterization factors,
global warming potentials (GWPs), for three different time horizons: 20,
100 and 500 years in terms of CO, equivalents. The indicator result is
estimated by calculating the product of the amount of emitted greenhouse
gas per functional unit of produced material (m;) and the GWP given in
CO,-equivalents for each gas (GWP,) . Finally, the contribution to the
indicator result from each gas is summarized:

Climate change = X GWP, x my [3.1]

e  Stratospheric ozone depletion: the characterization model of the WMO
(World Meteorological Organization). This model provides characterization
factors, stratospheric ozone depletion potentials (ODPs) for a steady state
in terms of CFC-11 equivalents:

Stratospheric ozone depletion = 2 ODP, X m; [3.2]
The indicator result is expressed in kg of the reference substance, CFC-

11 equivalent. ODP; is the steady state ozone depletion potential for
substance i, while m; (kg) is the quantity of substance i emitted.

Similarly, the category indicators (midpoints) are proposed for other impact
categories, and together with other relevant data, shown in Table 3.6. The
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characterization factors (potentials) for relevant substances and each impact
category, according to the characterization models previously explained, are
given in Table 3.7.

The list given in Table 3.6 cannot be regarded as complete. Other categories
may, for instance, focus on radiation, noise and odor, working environmental
impacts or land use, but for these categories as yet no widely accepted
characterization models are available (ISO, 2003). However, characterization
models for impacts of land use (competition), ionizing radiation and odor
exist in CML methodology, see Guinée et al. (2002).

Case study: ready-mixed concrete production in Belgrade, Serbia

The case study presented here is the example of the LCIA of ready-mixed
concrete production in the capital of Serbia — Belgrade. The impact assessment
follows the standard protocol of LCA (ISO, 2006a). Therefore, the goal of
the study is the LCIA of ready-mixed concrete production in Belgrade. This
goal determines the system boundaries: the analyzed part of the life cycle
includes production and transport of aggregate and cement, and production
of concrete (the production of admixtures and water is not included as their
contribution is very small) — cradle-to-gate type of assessment (Fig. 3.7).
The construction, service and demolition phases are excluded because the
impacts for these phases significantly depend on the type of the concrete
structure to be made. The functional unit of 1 m® of ready-mixed concrete
is used in this work.

The production of ready-mixed concrete is located in Serbia, so all the
LCI data for aggregate, cement and concrete production were collected from
local suppliers and manufacturers (Marinkovic et al., 2008). Emission data
for diesel production and transportation, natural gas distribution and transport
that could not be collected for local conditions were taken from GEMIS
database (Oko-Institut, 2008). Data were taken from no earlier than 2000,
so the processes analyzed in this work are based on recent technologies and
normal production conditions.

The problem-oriented (midpoints) methodology is chosen for the impact
assessment. The impacts are evaluated using the CML method (Guinée et
al., 2002), only the total energy consumption expressed in MJ (energy use) is
calculated instead of the depletion of abiotic resources. The impact categories
included in this work are: climate change, eutrophication, acidification and
photo-oxidant creation (POC).

Transport types and distances are estimated as typical for the construction
site located in Belgrade. Cement is transported by heavy trucks from cement
factory to concrete plant and assumed transport distance is equal to 150 km.
River aggregate is most often used in Serbia for concrete production and is
therefore transported by medium-sized ships; assumed transport distance is
equal to 100 km.
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Natural aggregate:
extraction + screening
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Transport

NI
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Analyzed part of
Production of concrete structure
concrete life cycle
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Service phase

k.

Demolition

3.7 Analyzed part of the concrete structure life cycle.

The type and amount of component materials used for concrete production
are shown in Table 3.8. The mix proportion of concrete was determined from
two conditions: the target concrete strength class was C25/30 (characteristic
compressive cylinder/cube strength equal to 25/30 MPa), nomenclature
according to Eurocode 2 (CEN, 2004) and the target slump 20 minutes after
mixing was 6+2cm.

Table 3.9 shows the collected LCI data for aggregate, cement, concrete
production and for transport. Calculated cumulative energy requirement and
emissions to air for the production of 1 m* of ready-mixed concrete (so-called
inventory table) are presented in Table 3.10. For chosen impact categories,
category indicator results (per functional unit) are calculated according
to CML methodology and are shown in Table 3.11. Figure 3.8 shows the
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Table 3.8 Concrete mix proportions and tested properties for concrete
strength class C25/30

Components Unit Amount
Cement CEM | 42.5 R (kg/m?) 315
Aggregate 0/4mm (kg/m?) 658
(river aggregate, 4/8mm (kg/m?) 338
Morava river) 8/16 mm (kg/m?) 282
16/31.5mm (kg/m?) 601
Water (kg/m?) 180
w/c' / 0.571
a/c? / 5.965
Properties
Density (kg/m?) 2396
Slump after 20 minutes (cm) 5.5
Compressive strength at 28 days (MPa) 39.2

'"Water-to-cement ratio.
2Aggregate-to-cement ratio.

Table 3.9 LCI data for various phases of the concrete life cycle

Production Production Production  Transport (tkm)
of cement of aggregate of concrete

(kg) (kg) (1m3) Heavy truck Medium-
sized ship

Energy (MJ)
Coal 3.370140
Natural gas  0.083178
Diesel 0.024369 0.014780 1.540900 0.599850
Electricity 0.507672 20.06894
Emissions to air (g)
(of0) 4.203224 0.003475 0.722680 0.318850 0.155420
NO, 2.279068 0.015579 13.22440 0.984380 0.426770
SO, 3.646948 0.005447 98.75360 0.430940 0.171510
CH, 1.002748 0.001296 0.433290 0.123860 0.046390
Co, 861.2028 1.377926 5698.210 110.7700 43.38800
N,O 0.000756 0.000055 0.029100 0.002950 0.001290
HCI 0.067800 2.680210
HC 0.000580 0.023080
NMVOC 0.034732 0.000392 0.071040 0.124710 0.075790
particles 0.711981 0.001455 11.99120 0.193270 0.152050

contribution to the total indicator results of various phases in raw material
extraction and material production part of the concrete life cycle.

The results show that the cement production is by far the largest contributor
to all impact categories (Fig. 3.8). It causes approximately 84% of the total
energy use, 93% of the total climate change, 81% of the total eutrophication,
86% of the total acidification and 83% of the total photo-oxidant creation.
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Table 3.10 Inventory table per 1 m® of concrete

Cement (kg) Aggregate (kg) Concrete Transport Total

315.00 1879.00 1m?3 1m?3

Energy (MJ)

Coal 1061.594 1061.594
Diesel 7.676 27.772 185.519 220.967
Natural gas 26.201 26.201
Electricity 159.917 20.069 179.986
Emission to air (g)

Cco 1324.016 6.530 0.723 44.269 1375.537
NO, 717.906 29.273 13.224 126.702 887.106
SO, 1148.789 10.235 98.754 52.589 1310.366
CH, 315.866 2.435 0.433 14.569 333.303
Co, 271278.882  2589.123 5698.210 13386.488 292952.703
N,O 0.238 0.103 0.029 0.382 0.752
HCI 21.357 2.680 24.037
HC 0.183 0.023 0.206
NMVOC 10.941 0.737 0.071 20.133 31.882
particles 224.274 2.734 11.991 37.702 276.701

Table 3.11 Category indicator results per 1 m® of concrete

Category  Energy Climate Eutrophication Acidification POC
Indicator use change g PO§-eq. g SO,-eq. g C,H,-eq.
result MJ g CO,-eq.

Cement 1255.388 279251.727 93.328 1670.117 49.054
Aggregate 27.772 2683.073 3.805 30.726 0.527
Concrete 20.069 5718.354 1.719 110.369 0.055
Transport 185.519 13872.883 16.471 141.280 9.753
Total 1488.748 301526.038 115.324 1952.493 59.390

The main reason for such a situation is a large CO, emission during the
calcination process in clinker production and fossil fuel usage, as explained.
The contributions of the aggregate and concrete production phases are very
small, while the contribution of transport phase lies somewhere in between.
The contribution of transport depends on the transport scenario: assumed
transport distance and type. It can be significant, especially to POC and to a
minor extent to eutrophication, for larger distances or other transport vehicles
than assumed in this study.

It can be seen from the inventory table of concrete (Table 3.10) that the
relevant impact categories are: energy consumption, fossil fuel depletion, and
categories related to emissions released mostly from the cement production
and transport such as climate change, acidification, eutrophication and photo-
oxidant creation (smog). Human toxicity can also be included because of the
sulfur dioxide and nitrogen dioxide emissions. In addition, solid waste
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B Cement Il Concrete
[JAggregate [ Transport

Contribution of different life-cycle
phases (%)

3.8 Contribution of different life-cycle phases to category indicator
results.

production and mineral resources (sand and stone) depletion are one of the major
impacts of concrete, although they were not treated in this case study.
Unfortunately, most of the proposed methodologies do not include
solid waste production as an impact category, or consider sand and stone
as abiotic resources that can be depleted. Besides the fact that sources of
quality sand and stone for aggregate production are not endless, especially
at regional level, their unlimited extraction also has strong impact on the
environment and led to direct local devastation of the natural environment,
whether crushed stone or river aggregate. The possible way to account for
these issues is to develop a special indicator for natural bulk resources (that
are used in concrete production, i.e. sand and gravel) depletion. Habert et
al. (2010) proposed a methodology for development of such an indicator.

3.5.2 EPD

EPD is defined by international standard ISO 14025 (ISO, 2006b) as ISO
Type III label. It contains specific results from an LCA of a product according
to ISO 14040 (ISO 2006a), presented in a formalized and comparable way.
Besides LCA results, EPDs declare other environmentally relevant issues,
which are not covered by LCA such as technical data or information on
special substances.
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According to ISO 14025 (ISO 2006b), three different steps are needed
for the generation of EPD. Firstly, the standard sets the framework for EPD
programs and the validation of EPDs. Secondly, the program holder defines
detailed rules for LCA of defined product categories, so-called product
category rules (PCR). These rules determine the format and content of EPD
for specific product categories. And finally, according to these rules, the data
for the EPD for the respective product category is gathered and documented.
All data within the EPD must be verified by an independent third party.

EPD as a Type III declaration differs from other environmental labels and
declarations that can be found in the market today in the following ways:

e EPD contains quantitative information on a number of standardized
environmental effects which is obtained by application of generally
accepted and standardized LCA methodology;

e within the specific product category, the same format and content of
EPD enables easy comparison between products;

e all data in EPD must be verified by an independent third party.

In that way, EPDs solve the problems associated with manufacturers of products
publishing unverified, misleading, un-comparable and often incomprehensible
environmental data derived through non-standardized methodologies.

One of the most important applications of EPDs in the construction sector
is the use for environmental assessment of construction works. Looking at the
process tree in Fig. 3.3, it is easy to conclude that in the case of a building,
for example, there will be a hundreds of unit processes for which LCI data
should be collected. This is obviously very time-consuming and expensive
work even for the simplest construction work. The EPDs for building materials,
precast structural elements, various building products (for example, facade
elements) significantly facilitate this work because they contain all the
necessary environmental data collected and processed in a formalized and
comparable way. EPD programs can be found in several European countries,
many of them specialized for the building sector. However, EPDs are still a
very young communication tool. Even in the countries where EPD programs
are under developement, the number of existing EPDs is fairly small.

For example, in Germany the holder of the EPD program for building
products is AUB- Association of Building Product Producers and Distributors
(Braune et al., 2007). Up to now, 14 PCRs for different construction products
have been developed (IBU, 2011). It is interesting to note that there are EPDs
for structural steel, for some timber and masonry products, but an EPD for
structural concrete is still missing.

According to the AUB program, EPD contains a summary (usually of
one page) and the following chapters: product definition, raw materials,
manufacturing of the building product, working with the building product,
building product in use, singular effects, end-of-life phase, LCA, evidence
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and verification, and references. The summary of EPD contains the results
of the LCA. The example of tabular overview of category indicators in
summary is given from the EPD for structural steel, manufacturer CELSA
Barcelona, Table 3.12 (IBU, 2011). The values of indicators in Table 3.12
are calculated per 1kg of structural steel. In the end-of-life phase, 88%
recycling, 11% reuse and 1% loss are assumed.

As another example, the part of the EPD for Portland cement (CEM
I) issued by the European Cement Association in 2008 is given in Table
3.13 (CEMBUREAU, 2008). It was developed as business-to-business
communication tool with the prime intention to provide measurable and
verifiable input for the environmental assessment of construction works.
The functional unit is 1000 kg of cement.

3.56.3 LCA tools and rating systems

LCA tools are software designed for calculation of the environmental impacts
of products and services based on LCA methodology. The most recognized
and sophisticated LCA tools are listed in Table 3.1. Some of these tools are
general and therefore can be used for the environmental assessment of various
types of construction works (SimaPro, Gabi, TEAM, Umberto). Besides them,
there are tools developed specifically for buildings and building products,
such as Athena, BEES, Eco-Quantum, Envest, EQUER.

The application of LCA in the environmental assessment of buildings and
other construction works is a very complex task as a construction incorporates

Table 3.12 Category indicators in an AUB EPD (CELSA Barcelona) for
structural steel (IBU, 2011)

Structural steel: sections, rebars and marchant bars

Indicator Unit per kg Production End-of-life Total
Primary energy, (MJ) 11.26 0.26 11.52
non-renewable

Primary energy, (MJ) 1.09 -0.15 0.94
renewable

Global warming (kg CO,-eq.) 0.68 0.10 0.76
potential (GWP)

Ozone depletion (kg CFC-11-eq.) 7.68E-08 -1.26E-08 6.60E-08
potential (ODP)

Acidification (kg SO,-eq.) 4.22E-03 4.97E-05 4.27E-03
potential (AP)

Eutrophication (kg PO, —-eq.) 2.56E-04 -6.82E-06 2.49E-04
potential (EP)

Photochemical (kg CyH4-eq.) 2.95E-04 5.73E-05 3.52E-04

oxidant creation
potential (POCP)
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Table 3.13 EPD for Portland cement CEM | (CEMBUREAU, 2008)

Impact category Unit per 1000kg Pre-factory Cement Total
factory

Raw materials
Natural resources

Renewable (kg) 0 0 0
Non-renewable (kg) 18 1447 1465
Secondary resources

Renewable (kg) 0 0 0
Non-renewable (kg) 0 44 44

Energy resources
Natural resources

Renewable (MJ) 132 0 132
Non-renewable (MJ) 1370 2501 3871
Secondary resources

Renewable (MJ) 0 157 157
Non-renewable (MJ) 0 638 638
Use of water (kg) 1467 226 1693
Global warming (kg CO,-eq.) 118 781 899
Acidification (kg SO,-eq.) 1.10 1.30 2.40
Ozone depletion (kg CFC-11-eq.)  0.000043 0 0.000043
Photochemical oxidant (kg C,H4-eq.) 0.13 0.12 0.25
formation

Eutrophication (kg PO4-eq.) 0.05 0.20 0.25
Waste for disposal

Non-hazardous (kg) 665 not relevant 665
Hazardous (kg) 1.2 not relevant 1.2

hundreds and thousands of different products and furthermore, the expected
service life of construction works compared to the service life of other products
is very long. For that reason, LCA tools mentioned in Table 3.1 are not widely
used by most stakeholders (designers, contractors, occupants) but much more
by experts and very often at academic level (Mateus and Bragancga, 2011).

During the last two decades various assessment and rating systems (mostly
for buildings) which simplify LCA for practical use, have been developed.
The first commercially available environmental assessment framework and
rating system for buildings was BREEAM (Building Research Establishment
Environmental Assessment Method), developed in UK in 1990 by Building
Research Establishment (BREEAM, 2011). Since then many different tools
of this type have been launched around the world. The most widely used,
besides BREEAM, are: LEED developed by US Green Building Council
(LEED, 2011), SBTool — previously known as GBTool — developed by
International Initiative for a Sustainable Built Environment (iiSBE, 2011),
DGNB developed by German Sustainable Building Council (DGNB,
2011).
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Although the sets of indicators and consequently the assessment methods
integrated in these rating systems are not based on LCA methodology
comprehensively and consistently, they play an important role in improving
the sustainable performance of buildings (Mateus and Braganga, 2011).
Besides, unlike LCA tools, these systems contain some kind of a rating
system that ends in awarding a certain certification (credit point, grade) to
assessed building (Ding, 2008).

There is also one LCA tool developed specifically for reinforced concrete
structures. It is called EcoConcrete (EcoConcrete, 2011). EcoConcrete is
developed and promoted by the *Joint Project Group on the LCA of concrete’
(JPG), set up by and composed of the European associations of the different
components of concrete: BIBM (International Bureau for Precast Concrete),
CEMBUREAU (European Cement Association), EFCA (European Federation
of Concrete Admixtures Associations), ERMCO (European Ready Mixed
Concrete Organisation) and EUROFER (European Confederation of Iron
and Steel Industries). It is a tailor made and peer reviewed MSExcel-based
software for environmental assessment of European ready-mixed and precast
concrete products. EcoConcrete provides results of LCA of ten selected
concrete applications, according to three different methodologies (CML,
EDIP and Eco-Indicator) and ISO standards.

The ten functional units correspond to the following concrete applications:
a flat slab, a continuous beam, a foundation pile, a motorway pavement,
a bridge pylon, a separation floor, a load-bearing wall, the elements of
a solid wall, a column and pavement blocks. The first five correspond to
ready-mixed concrete applications and the last five correspond to precast
concrete applications. These ten functional units are analyzed from cradle to
grave, using inventory data provided by co-owners of software and taking
into account the use and maintenance phase and the end-of-life scenario of
different applications considered (Josa et al., 2005). EcoConcrete is available
under license including a training program. The limitations of EcoConcrete
tool are in its database: data is European average and limited to ten specific
products, so it cannot be applied in detailed LCA or for the assessment of
elements that involve different components (for example, recycled aggregate
instead of natural aggregate) or different execution procedures or plant
processes. Some of the applications of this tool have been published. For
example, the assessment of concrete with fine recycled concrete aggregate
(Evangelista and de Brito, 2007), concrete sidewalks (Oliver-Sola et al.,
2009) and concrete walls (Selih and Sousa, 2007).

3.6 Conclusion and future trends

As is well known, three pillars of sustainability are environmental, social and
economic aspects. Therefore, the integrated approach to design and evaluation
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of the overall performance of sustainable construction works should include
the assessment of all three sustainability aspects in addition to technical and
functional requirements. The inclusion of social and economic aspects is
considered as a step from ‘green’ to ‘sustainable’.

The social aspects are related to wellbeing and comfort. These are the
most subjective aspects, but for certain types of construction work such as
buildings, they are fundamental to the perception of the user. The social
aspects are already integrated in some rating systems. For example, the
following categories and indicators are integrated in the Portuguese version
of SB Tool — SB Tool"! (Braganca and Mateus, 2011):

e occupant’s health and comfort (indicators: natural ventilation efficiency,
toxicity of finishing, thermal comfort, lighting comfort, acoustic
comfort);

e accessibility (indicators: accessibility to public transportations and
accessibility to urban amenities);

e awareness and education for sustainability (indicator: education of
occupants).

The economic aspects are related to the cost, but the cost analysis should
comprise all phases of the life cycle. As with social aspects, the cost analysis is
already included in some rating systems. In SB Tool’T (Braganca and Mateus,
2011) for example, this category is called life-cycle costs, and the indicators
are capital cost and operation cost. On the other hand, the diversity of so
far proposed environmental and sustainability assessment methods makes
the comparison between results obtained by different tools and especially,
rating systems not comprehensively based in LCA methodology, practically
impossible. To overcome this problem at the European level, the European
Commission mandated the CEN (European Centre of Normalization) to
develop a standard method for the assessment of construction works. For
this purpose, the Technical Committee CEN/TC 350, ‘Sustainability of
Construction Works’, was created in 2005. The standards being developed
by this committee are to provide a voluntary, harmonized and horizontal
(applicable to all products/building types) method for the environmental
assessment of new and existing construction works across their entire life
cycle. In addition, CEN/TC 350 aims at developing the standards for the
environmental product declarations of construction products. In the meantime,
the scope of these standards has been extended to include all sustainability
aspects as social and economic performance of buildings. To date, following
CEN/TC 350 standards and prestandards have been produced (Dias and
[lomaki, 2011):

e EN 15643-1:2010, Sustainability of construction works — Integrated
assessment of building performance. Part 1: General Framework;
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e prEN 15643-2:2009, Sustainability of construction works — Integrated
assessment of building performance. Part 2: Framework for the assessment
of environmental performance;

e prEN 15643-3:2008, Sustainability of construction works — Integrated
assessment of building performance. Part 3: Framework for the assessment
of social performance;

e prEN 15643-4:2008, Sustainability of construction works — Integrated
assessment of building performance. Part 4: Framework for the assessment
of economic performance;

e prEN 15978:2010, Sustainability of construction works — Assessment
of environmental performance of buildings — Calculation method;

e CEN/TR 15941:2010, Sustainability of construction works — Environmental
product declaration — Methodology for selection and use of generic
data.

Regarding the environmental aspect, prEN 15643-2:20009 sets the environmental
indicators that should be used in the European building sustainability
assessment methods, Table 3.14 (Mateus and Braganca, 2011). In future, all
standardized European sustainability assessment should consider the same
list of indicators, the new sustainability rating systems should be consistent
with it and it is expected that the existing ones will be adapted to this new
approach (Mateus and Bragancga, 2011).

Therefore, future work should be focused on developing environmental
product declarations for various materials and construction products and
technologies, which is important especially for concrete and concrete
products as they are the most widely used. Besides, a lot of work remains

Table 3.14 Impact categories for environmental impacts/aspects assessment
according to prEN 15643-2:2009

Environmental impacts expressed with ~ Environmental aspects expressed with
the impact categories of LCA data derived from LCI and not assigned
to the impact categories of LCA

Climate change expressed as global Use of non-renewable resources other
warming potential than primary energy

Destruction of the stratospheric ozone Use of recycled/reused resources other
layer than primary energy

Acidification of land and water resources Use of non-renewable primary energy
Eutrophication Use of renewable primary energy
Formation of ground level ozone Use of fresh water resources

expressed as photochemical oxidants
Non-hazardous waste to disposal
Hazardous waste to disposal

Nuclear waste (separated from
hazardous waste)
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to be done in the area of social and economic aspects, in their inclusion in
the assessment of construction works.

Here it should also be mentioned that there is an ISO standard regarding
environmental management for concrete and concrete structures that is currently
under development. This is ISO/FDIS 13315: Environmental management
for concrete and concrete structures, Part 1: General principles and Part 2:
System boundary and inventory data. It is currently prepared by ISO TC71/
SC8 (ISO TC71/SC8, 2011).

3.7 Sources of further information and advice

The websites of the most frequently used LCA tools and databases are given in
Table 3.1. Detailed research on LCI data of Portland cement concrete produced
in United States, which include ready-mixed concrete, concrete masonry and
precast concrete, is performed by Portland Cement Association (Marceau et
al., 2007). In addition, for slag cement concrete and the same geographical
area, LCI data are available in Prusinski et al. (2004). Comparative analysis
of LCA tools and rating systems can be found in Ding (2008), Haapio and
Viitaniemi (2008), Bribian et al. (2009) and Erlandsson and Borg (2003).
A very thorough and detailed information about most frequently used rating
systems is available in Mateus et al. (2011) and at SB Alliance web site
(SB Alliance, 2011).

Some examples of the application of LCA in concrete and concrete
structures are published: FIB TG 3.8 (2011), Hajek et al. (2011), Kawai et
al. (2005), Marinkovi¢ et al. (2010), Oliver-Sola et al. (2009), Sakai (2005),
Selih and Sousa. (2007), although some of the studies regarding concrete are
focused only on energy consumption and CO, emissions. Further information
on environmental design of concrete structures can be found in FIB TG3.3
(2004), FIB TG3.6 (2008) and FIB TG 3.8 (2011).
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Abstract: This chapter discusses the major natural pozzolans, along with the
technical, economic and environmental advantages of using such materials
in cement manufacture. The characterisation, pozzolanic properties, reaction
kinetics and mechanical strength of pozzolans of different origins are
described. The use of new pozzolans obtained from fired clay waste, which
can be classified as a natural calcined pozzolan, is also addressed.
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4.1 Introduction

The term pozzolan, originally applied to a kind of volcanic tuff found at
Pozzuoli, at the foot of Mount Vesuvius, is now used generically to define
materials which, while not cementitious per se, have constituents that at
ambient temperature combine with lime in the presence of water to form
permanently insoluble and stable compounds that behave like hydraulic
binders. The Ca(OH), needed for the pozzolanic reaction may come directly
from hydrated lime or a hydrating Portland cement.

Pozzolans have been in use since antiquity. The works erected with
pozzolan- and lime-based ‘Roman cement and mortars’, pantheons, coliseums,
stadiums, basilicas, aqueducts, bridges and a wide variety of other structures
(cited by Vitruvius and Pliny in their writings), have endured to our times
as invaluable relics of Roman civilisation.

Pozzolans continue to be used today, as attested to by international
standards that cite various types of pozzolanic materials among the constituents
of cement. Roy and Langton (1989) suggest that calcined clays mix with
slaked lime (calcium hydroxide) were the first hydraulic binder to be made.
Malinowsky (1991) reports ancient constructions from 70008c in the Galilei
area (Israel) using this type of binder. The eruption of Thera in 1500Bc,
which destroyed part of Santorin island was responsible for the appearance
of large amounts of ashes used by the Greeks to make mortars that reveal
having hydraulic properties. However, the Romans already knew that calcined
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clay was needed to produce mortars with a high performance, so their use
was not conditioned by the availability of natural pozzolans (Hazra and
Krishnaswamy, 1987).

The use of pozzolans is justified from a number of perspectives. Technically,
depending on their nature, pozzolans afford cement special characteristics, in
particular by enhancing its durability, understood here to mean mortar and
concrete resistance to chemical attack by aggressive external agents. This
is because pozzolanic additions set off a chemical reaction in cement paste
in which the lime hydrolysed from portlandite, a calcium silicate present in
clinker, combines with active acid components in the pozzolan, silica and
alumina to form silicates and aluminates. This raises the tobermorite content
in the hydrated cement paste, with beneficial results. The various forms and
structures of tobermorite (calcium silicate hydrate — CSH) are primarily
responsible for cement paste (and consequently mortar and concrete) bonding
and strength. Therefore, any increase in the (secondary) tobermorite formed
by pozzolanic action over the (primary) amount formed directly during
hydration of the silicates present in clinker enhances the mechanical strength
of the binder. This effect is more significant in the medium and long term,
since pozzolanic reactions tend to be slow, although that depends on the
reactivity of the pozzolan in question. Given the same fineness, then, and
the same clinker, pozzolan-free cements generally exhibit higher short-term
mechanical strength than cements with pozzolan additions, but in the medium
and long term, the latter have substantially higher strength than the former.

Moreover, portlandite fixation in the form of secondary tobermorite affords
cement paste greater chemical resistance or durability, primarily for two reasons.
On the one hand, portlandite is considerably more water soluble and vulnerable
to acid media than tobermorite, which is less liable to be leached or carried
away. This conversion from portlandite to tobermorite makes cement pastes
more resistant to attack by pure mountain and granitic soil water, which is
a powerful solvent, and to aggressive acid or carbonic solutions. Pure water
dissolves portlandite physically; acid solutions convert it chemically into soluble
calcium salts, while carbonic solutions turn it into soluble and leachable calcium
bicarbonates. The concomitant porosity weakens cement paste, mortars and
concretes. Pozzolanic action prevents or mitigates that effect.

Secondary tobermorite gel formation densifies cement paste, generally
lowering total porosity, while increasing the proportion of micropores at the
expense of mesopores and especially macropores, even where total porosity
rises slightly. This has very beneficial effects, since micropores are less
interconnected and more difficult to penetrate, making cement paste less
permeable to water and aggressive ionic solutions, primarily sulphates and
chlorides, and less permeable also to ion penetration by diffusion. Pozzolanic
cement paste is ten times less chloride ion-penetrable than Portland cement
without such additions (Calleja, 1992).
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The presence of pozzolans in cements helps dilute clinker components,
including tricalcium aluminate, C3A, and the aluminates, ferrite-aluminates
and calcium ferrites in general that are most sensitive to aggressive external
agents such as sulphates in the soil or sea water or mist.

Taylor (1997) noted that the inclusion of active additions in Portland cement
improves the performance of the resulting matrices. This improvement is due
to both the so-called filler effect in which filler particles act as nuclei for the
formation of hydrated Portland cement phases, and the pozzolanic effect,
whereby pozzolanic reaction products fill the voids left by the excess water.
These developments change the pore structure and pore size distribution
substantially.

Economically, pozzolans are added at the end of the process, i.e. in the
cement mill with no need for prior drying, dehydration or calcination, with the
concomitant savings in energy. As a rule, the cost of purchasing, quarrying
and transporting pozzolans is amply offset by the aforementioned energy
savings.

Environmentally, the reduction in the fuel consumed in the furnace entails
smaller volumes of combustion gases and hence lower carbon dioxide,
sulphur, nitrogen oxide and carbon monoxide (as appropriate) emissions.
This not only favours compliance with the Kyoto Treaty, but is also in line
with worldwide environmental policy in the struggle against climate change
and the effort to reach the EU’s 80-90% greenhouse gas reduction target by
2050 (Infocemento, 2011; Isrcer, 2011; Oficement, 2011).

Nonetheless, the availability of these traditional pozzolans is declining
due to less intensive and less extensive quarrying, as well as a downward
trend in the establishment of new sites, primarily to minimise the impact
on the landscape. Environmental policies also seek to eliminate or reduce
spoil banks, prioritising industrial waste and by-product recycling for use as
prime materials in cement manufacture (Chapter 5). For all these reasons,
waste or by-products of natural origin that after activation can be classified
as natural or natural calcined pozzolans are being actively sought. This is
the case of the waste generated by the fired clay industry.

This chapter discusses the most common traditional pozzolans and the
studies conducted on natural calcined pozzolans. The research conducted by
the Eduardo Torroja Institute’s Material Recycling Team on the viability
of using brick and roof tile waste as pozzolanic additions is also described.
Such fired materials, given their origin and processing, can be classified as
natural calcined pozzolans.

4.2 Sources and availability

The term pozzolan is used for a number of different materials, all of
which exhibit a high reactivity with lime. Establishing a single and precise
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classification of pozzolans is no easy task, however, for the word covers a
wide variety of materials with different origins and different chemical and
mineralogical compositions. Unsurprisingly, several classifications can be
found in the literature, proposed by Calleja (1969), Massazza (1974, 1993),
Sersale (1980), Soria (1983) and Malhotra (1987), to name a few. All, however,
concur in grouping pozzolans as either natural or artificial. The former require
no processing that would prompt major chemical or mineralogical changes,
for they are inherently active. The latter are the outcome of the chemical or
structural transformation of materials initially devoid of pozzolanicity. The
typically pozzolanic components in this group need heat to be activated.
Natural calcined pozzolans form part of this group.

The origin of natural pozzolans may be purely mineral or purely organic,
although some mixed materials can also be found. When of a mineral origin,
pozzolans are usually materials deposited in the proximity of the volcano
after an explosive volcanic eruption. Depending on its viscosity, cooling
rate and gas content, the original magma generates (powdery) ash, pumice
(fragments with small, regular alveoli separated by a thin film of lava), scoria
(regular pores and higher density) and bombs (dense material).

When the incoherent fragments of these original pyroclasts are exposed
to diagenetic cementing processes, they convert into compact rocks known
as tuffs. Attendant upon such cementation are the chemical-mineralogical
transformations that have a direct effect on the pozzolanicity of these
materials.The incoherent materials include the traditional Italian pozzolans
from Campania and Latium (respectively the regions of Naples and Rome);
Spanish rock such as the pumice found at Campo de Calatrava in the province
of Ciudad Real, Olot in the province of Gerona and Almerfa, in the province
of the same name; Greek materials such as Santorin earth, pozzolans from
the French Massif Central and vitreous rhyolites found in the United States
and India. Tuffs include German trass, used in Roman times, and materials
from the Canary Islands, Naples, Romania and Crimea.

Non-volcanic materials come from rocks that have been simply deposited,
such as clay, or have an organic origin such as diatomaceous earth, which
contains the siliceous skeletons of microorganisms that were deposited
in seawater. They may also contain clay or sand, such as in the Danish
mbler, which is of mixed origin. In Spain the largest beds are located in the
provinces of Albacete and Jaén. Materials of this type found in Central Asia
are known as Gliezh, originally schists that were calcined during underground
combustion. In Spain, sedimentary materials known as opaline rock, whose
main component is non-crystalline silica, are found in the provinces of
Salamanca and Zamora.

Another material, amorphous silica is basically a sedimentary rock formed
in surface. Actually, it forms in volcanic hydrothermal systems in which
fluids, containing colloidal silica particulates having a definite temperature,
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cool by reaching to the Earth’s surface and they also reach to excessive
saturation. Amorphous silica is also called silica sinter or geo-silica (Davraz
and Giuinduz, 2005, 2008). Other materials have a diverse origin (volcanic,
sedimentary and organic), such as Sacrofano soil (north of Rome) and gaize
(Ardennes, France), a rock rich in siliceous organic remains and clay.

Materials with a high clay content, which are initially inert, exhibit
significant pozzolanicity when calcined at temperatures of 600 to 900 °C and
ground to the same fineness as cement. Due to their origin, these materials
consist mainly of silica and alumina. The loss of chemically combined water
during calcination destroys the crystalline network of the clay constituents,
rendering their components amorphous, poorly defined and unstable. One
example of such materials is srkhi, found in India. Another material is the
bentonite clay that is found in many different areas of Khyber Pakhtunkhwa
province of Pakistan.

Calcined clay products include fired clay manufactures, such as roof tile
and brick, whose processing entails the use of temperatures able to activate
the clay used as a prime material.

4.2.1 Natural pozzolans

According to the chemical analyses found in the literature (Schwiete et al.,
1968; Calleja, 1969; Mehta, 1981; Soria, 1983; Sanchez de Rojas, 1986;
Malhotra, 1987; Sanchez de Rojas et al., 1993; Uzal and Turanli, 2003, 2012;
Turanli et al., 2004; Moropoulou et al., 2004) the various types of natural
pozzolans do not differ substantially in this respect. They are all highly
acidic, with a predominance of silica and alumina as well as iron oxide,
which together generally amount to over 70% of the total, although in some
cases the silica may account for 90%. The difference between mineral and
organic pozzolans is fairly straightforward, inasmuch as the former usually
contain less silica and more alumina and alkalis. The loss on ignition (LOI)
values tend to vary widely among pozzolans regardless of their origin.
Pumice stone (natural volcanic pozzolan) from Gerona, for instance,
exhibits 0.9% LOI, whereas in the pumice from Ciudad Real the value is
4.9%, even though the sums of their silica, alumina and iron oxide contents
come to 69 and 69.5%, respectively.The most significant differences among
tuffs lie in the percentage of alkalis (Na,O and K,O): Canary tuff contains
11.5%, while the material from Crimea has only 3.7%; and the LOI is 6%
in Canary and 11.7% in Crimea tuff, even though their acid contents are
very similar (80 and 81.8%, respectively) (Calleja, 1969; Soria 1983).
Two volcanic tuffs from different regions in Turkey (Uzal and Turanli,
2003) have very similar chemical compositions and LOI values of 6.3 and
5.9%:; their silica, alumina and iron oxide contents are 82.4 and 81.4% and
their alkali contents, 5.7 and 4.2%. Other volcanic materials such as volcanic
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ash formed during volcanic eruptions (Siddique, 2011) exhibit a low LOI
(1%), along with an 80% acid, and around a 5% alkali content.

Silica, alumina and iron oxide account for around 80% of natural zeolitic
tuffs (Ahmadi and Shekarchi, 2010; Uzal and Turanli, 2012), which also
have a low alkali content (3—5%) and medium LOI values (6-9%).

Chemical analyses of trasses reveal that the Rhine variety has LOI values
of 4.6—11.8%, the Bavarian variety 6.1-8.8% and the Austrian variety 15%.
The sum of their acid components comes to around 75%, although differences
exist in the alkali content: 9% in the first, 4% in the second and 3% in the
third (Schwiete et al., 1968). Spanish opaline has high silica contents, from
87 to 90%, barely more than traces of alkalis (0.5%) and 3% LOI (Sanchez
de Rojas et al., 1993).

The Greek pozzolans, such as Santorin earth, have silica, alumina and iron
oxide contents of 65.1, 14.5 and 5.5%, respectively, and 6.5% alkalis with
a LOI of 3.5% (Mehta, 1981). These values do not differ substantially from
the pozzolanic material studied by Moropoulou et al. (2004), who reported
silica, alumina and iron oxide values of 69.7, 12.3 and 2.3%, along with
4% alkalis and 7.4% LOI, although the literature also contains data on other
Greek materials with higher LOI (Turanli et al., 2004).

Of the organic pozzolans, moler has a LOI of 5.6% and a combined
silica, alumina and iron oxide content of 86%, whereas the LOI values for
diatomaceous earth range from 7 to 15%, even though both materials have
80-90% acid components and an alkalic content of under 1% (Calleja, 1969;
Soria, 1983; Sanchez de Rojas, 1986; Sanchez de Rojas et al., 1993).

The amorphous silica rock in the Isparta Keciborlu region have silica and
alumina contents of 92.48% and 2.60%, respectively, and 1.12% alkalis with
a LOI of 1.85% and sulphur (SO;) contents are low (Davraz and Gundiz,
2005, 2008). Also, the bentonite clay of Pakistan meets the requirements of
chemical composition of natural pozzolans (silica and alumina contents of
54% and 20% and iron oxide content of 8.6%), with a LOI of 5.4% and an
alkalic content of under 5% (Memon et al., 2012).

Mineralogical composition, which is a determinant for material activity, also
varies widely from one pozzolan to another. The main crystalline component
of pumice is augite, a pyroxene and a major constituent of eruptive rocks.
Magnetite and hematite may also be present in this stone (Sanchez de Rojas,
1986; Sanchez de Rojas et al., 1993).

The chief constituents of volcanic tuff are feldspars and zeolites. Ordinary
trachytic, pyroxenic or augitic tuff consists of alkaline feldspars and may
therefore contain high percentages of alkalis and iron- and magnesium-bearing
minerals (Calleja, 1969).

Diatomaceous earth comprises calcite, quartz and traces of opal-CT
(cristobalite-tridymite) and usually has high loss on ignition values (up to
15%) (Sanchez de Rojas, 1986; Sanchez de Rojas et al., 1993).
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Opaline rocks consist primarily of silica, found in a number of metastable
forms: opal A, which is practically amorphous, and opal-CT. Quartz, kaolinite
and smaller amounts of micas are also present (Sanchez de Rojas, 1986;
Sanchez de Rojas et al. 1993).

The Keciborlu amorphous silica rocks generally contain more than 90%
silicon dioxide, 68.90% of which are amorphous (Davraz and Gundiuz, 2005,
2008). Bentonite at a temperature of 200 °C contains anorthite, bentonite and
sanidine among other crystalline compounds (Memon et al., 2012).

4.2.2 Natural calcined pozzolans

In its discussion of common cement manufactured with natural calcined
pozzolan (CEM II/A&B-Q), Spanish and European Standard EN197-1
(2011) defines natural calcined pozzolans as thermally activated volcanic,
clay, schist or sedimentary materials. Pozzolans must consist essentially of
reactive silicon dioxide (SiO,) and aluminium oxide (Al,03), and secondarily
of iron (Fe,03) and other oxides. Reactive silicon dioxide must account for
at least 25 wt% of the total.

As a rule, clay minerals, which are initially inert, exhibit significant
pozzolanicity when calcined at temperatures of 500-900 °C and ground to
the same fineness as cement. The loss of chemically combined water during
calcination destroys the crystalline network of the clay constituents, rendering
their components amorphous or vitreous. This thermodynamic instability is
largely responsible for the pozzolanicity of these calcined materials (Hea et
al., 1995).

In the phyllosilicate family, research has focused mainly on kaolinite, one
of whose two structural sheets consists of tetrahedral silica and the other of
octahedral alumina. Its tetrahedral (‘t”) and octahedral (‘O’) sheets together
form ‘t-O’ layers that are electrically neutral and inter-connected by weak
van der Waals bonds. When kaolinite is heated to 450—600 °C the resulting
dehydroxylation gives rise to a disorderly phase (13.76% mass loss) known
as metakaolin (MK).

4.3 Pozzolanic activity

‘Pozzolanic activity’ or ‘pozzolanicity’ is the capacity of a material to react
with lime. The many methods in place to assess this property from the
chemical or mechanical perspective (Donatello et al., 2010) are discussed in
depth in Chapter 6 — Tests to assess pozzolanic activity. The results described
below were obtained with an accelerated chemical method which, applied
to pozzolan/calcium hydroxide systems, establishes the pozzolanicity of the
test material (Sanchez de Rojas et al., 1993).

Lime fixation rates in natural pozzolans vary depending on their origin. The
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graphs in Fig. 4.1 show the 7- and 28-day lime fixation values for Spanish
volcanic materials: pumice from Ciudad Real (Pumice-CR), pumice from
Gerona (Pumice-Ge). Tuff from the Canary Islands (Tuff-Ca), tuff from
Murcia (Tuff-Mu), tuff from Huelva (Tuff-Hu) and tuff from Almeria (Tuff-
Al). The findings for non-volcanic materials are shown in Fig. 4.2: opaline
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from Salamanca (Op. Rock-Sa), opaline from Zamora (Op. Rock-Za) and
diatomaceous earth from Seville, Jaen and Albacete (Diat. Earth-Se, Diat.
Earth-Ja, and Diat. Earth-Ab). According to these figures, opaline is the most
active pozzolan (fixation of the greatest amount of lime over time), followed
by diatomaceous earth, pumice and tuff, in that order. Of the tuffs, the best
performers were the materials from the Canary Islands (Sanchez de Rojas,
(1986). Similar test findings show that certain natural zeolites can fix 94%
of the lime in 14 days (Ahmadi and Shekarchi, 2010), while others (Uzal
and Turanli, 2012) are able to fix only 75% in 28 days.

MK has long been known to exhibit such high pozzolanicity (Murat, 1983;
de Silva and Glasser, 1990; Kostuch et al., 1993; Coleman and Page, 1997;
Badogiannis et al., 2005). MK fixes 70% of the available lime in the first 7
days and 81% in the first 28 (Frias et al., 2000).

Doubts nonetheless existed about the stability of the hydrated phases
formed during the pozzolanic reaction, for these phases were associated
with volume changes at high curing temperatures, in turn believed to favour
the conversion of metastable hexagonal hydrated phases into stable cubic
phases (de Silva and Glasser, 1993).This transformation would entail a loss
of strength and durability due essentially to the release of large amounts of
water and the presence of a smaller volume of stable phase. Certain studies
(Cabrera and Frias, 2001; Frias and Cabrera, 2001, 2002; Frias and Sanchez de
Rojas, 2003; Frias, 2006), however, have shown that at a curing temperature
of 60 °C, the pozzolanic reaction between MK and calcium hydroxide in an
MK/Ca(OH), system simultaneously generates metastable phases (C4AH;jand
C,ASHyg) as well as a cubic phase (C3ASHg) of the hydrogarnet family, with
no sign of the feared conversion reaction. Moreover, the pore structure is
refined in this process, improving cement performance when blended with
MK (Pera et al. 1998; Cabrera and Nwaubani, 1993; Chabannet et al. 2000;
Ramlochan et al. 2000; Sabir et al., 2001). Consequently, MK, as a highly
active natural calcined pozzolan, exhibits ideal properties for use in cement
manufacture.

4.4 Properties of pozzolan-blended cement
4.4.1 Heat of hydration

Portland cement hydration reactions are so highly exothermal that they heat
the cement paste. Heat develops rapidly during setting and initial hardening
and gradually declines and finally stabilises as hydration slows. Hence, 50%
of the heat is generated in the first 3 days and 80% in the first 7 (Soria, 1980).
Moreover, the substantial temperature variations recorded in the first few hours
may cause shrinkage, generating the cracks observed in some construction
works involving large masses of concrete or structures with cement-rich mortar
or concrete (Springenschmid, 1991). All the cement constituents participate
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in the generation of this heat: most prominently tricalcium aluminate with
207 cal/g and free lime with 279 cal/g, while dicalcium silicate contributes the
least, with 62 cal/g. Since cement heat of hydration depends on the proportion
of its constituents, it is particularly important to quantify its composition,
as well as the proportion of any additions.

The use of pozzolans in cement reduces the heat released during hydration,
although the pozzolanic material-lime reaction also generates heat, which
would explain why the decline is not proportional to the amount of clinker
replaced in the blended cement (Sanchez de Rojas et al., 1993, 2000;
Sanchez de Rojas and Frias, 1996; Frias et al., 2000).Consequently, early
age pozzolanic behaviour can be estimated by measuring heat of hydration,
which can also be used to establish its impact in the development of low or
very low heat of hydration cements (European Standards EN 197-1, 2011,
and EN 14216, 2005).

The Langavant calorimeter is the procedure recommended in Spanish
legislation (European standard EN 196-9, 2011).This semi-adiabatic method
consists of quantifying the heat generated during cement hydration using
a Dewar flask, i.e. a thermally insulated vessel, as a calorimeter (Alegre,
1961). According to the aforementioned standard, measurements are to be
taken only up to the age of 41 hours, for heat rises so slowly at later ages
variations are on the order of measurement error.

Figure 4.3 shows heat of hydration over time up to 14 hours for cements
prepared with different materials. In the studies discussed, since the batching
was the same in all cases (cement: addition, 70 : 30), the effect of each material
on the heat of hydration generated by the base Portland cement, which was
the same in all the mixes.
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4.3 Heat of hydration versus time: mortar prepared with different
additions (cement : addition ratio, 70 : 30).
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In the first few hours of the test, the pozzolanic materials raised the heat
of hydration as a result of the filler effect (Taylor, 1997), which favours
hydration and pozzolanicity. Between 5 and 12 hours, however, the reactions
were highly exothermal and the upward slope on the curves was very steep,
with the base cement exhibiting greater heat of hydration than the blended
materials. Over time, the pozzolanic activity of the material was instrumental
in the development of heat of hydration.

This effect is shown more clearly in Fig. 4.4 which depicts the variation in
heat of hydration in mixed mortars normalised to the base mortar (assigned
a value of 0) in the first 14 hours of the trial. Note that the heat of hydration
declined with rising addition pozzolanicity. Hence, opaline lowered the heat
of hydration less than the other additions. Given its high pozzolanicity, the
MK blend even exhibited greater heat of hydration than the control due to
its specific reactions with calcium hydroxide, for the formation of aluminium
hydrate compounds plays an important role in the development of the heat
released (Frias et al., 2000).

4.4.2 Mechanical properties

The existing European Standard (EN 197-1, 2011) lists the mechanical
specifications (compressive strength) to be met by commercial Portland
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4.4 Incremental heat of hydration in mortars with different additions
(cement : addition ratio, 70 : 30) referred to base cement (100 : 0).
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cement, by strength category. In the research discussed here, mechanical
trials were conducted with mortars prepared with a CEM I 42.5N Portland
cement (defined in standard EN 196-1, 2005), blended with a series of
natural pozzolans: pumice from Ciudad Real, volcanic tuff from the Canary
Islands and Almerfa and opaline from Salamanca. Two replacement ratios
were used: 20 and 35%.

The mechanical findings (Fig. 4.5) showed that the mortars containing 20%
pumice from Ciudad Real had a 28-day mean strength of 45 MPa, or 90%
of the strength found for Portland cement alone (100/0). When 35% of the
cement was replaced, however, compressive strength was 19% lower than in
the control. Similarly, Hossain (2003, 2005) and Siddique (2011), studying
volcanic ash and pumice powder, reported that the compressive strength
of mortar containing blended cement declined with rising percentages of
pozzolan. Mehta (1981), in a study with blended Portland cements containing
10, 20 and 30% Santorin earth, found that the 7-day strength was proportional
to the cement content in the blend. In the 28-day specimens, however, the
cement containing 10% pozzolan was 6% stronger than the control, while
strength in the 20 and 30% pozzolan blends was only 7 and 18% lower than
in pure Portland cement.

Canary Island tuff raised mortar mechanical strength. When the ratio was
80/20, the 28-day values were similar to the findings for cement (98.8%).
When the ratio was 65/35, strength in the samples was 90% of the value
for the unblended cement. By contrast, the Almeria tuff exhibited deficient
behaviour, with 28-day values for the 65/35 blend of 24 MPa or 50% of
Portland cement strength. By contrast, other authors reported good results
for cements with a high with tuff content. Uzal and Tutanli (2003, 2012)
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observed that cement containing 55% zeolitic tuff and 45% Portland exhibited
high strength, with 28-day values similar to the strength found for 100%
Portland cement.

Compressive strength has also been reported to rise at all test ages with
respect to the control for concrete made with cement containing natural
zeolite (Ahmadi and Shekarchi, 2010). The best results were obtained with
a replacement ratio of 15%. Opaline also yielded good results, even better
than those obtained with volcanic tuff. When the ratio was 80/20, the 28-
day values were similar to the findings for cement (99.6%). When the ratio
was 65/35, strength in the samples was 92% of the value for the unblended
cement. The excessive amount of mixing water required for diatomaceous
earth constitutes a substantial drawback to its use as a pozzolan, which
adversely affects its use as a pozzolanic material.

The Keciborlu amorphous silica rocks generally show strength enhancement
with the addition of AS at all curing ages and higher strengths are obtained
in comparison with that of control mix (Davraz and Gunduz, 2005) and the
comparative compressive strength analysis of bentonite mixes showed higher
strength than the reference cement (Memon et al. 2012).

The effect of MK has been studied in pastes, mortars and concretes.
Poon et al. (2001) and Badogiannis et al. (2005) explored the effect of the
presence of MK as a partial cement replacement (5-20 wt%) on cement
paste compressive strength. Mechanical behaviour was observed to improve
in both these studies, according to which the optimal replacement ratio is
10%. Other authors have focused on the effect of using metakaolin as an
addition (10-30 wt%) on the mechanical properties of mortars (Curcio et al.,
1998; Li and Ding, 2003; Potgieter-Vermaak and Potgieter, 2006), likewise
observing a rise in compressive strength.Wild et al. (1996) and Brooks and
Johari (2001) reported that the greatest rise in compressive strength was
obtained with replacement ratios of 20 and 15%, respectively.

The effect of adding varying percentages (5-30 wt%) of MK to cement on
the properties of new concretes has also been researched (Wild et al., 1996;
Brooks and Johari, 2001; Qian and Li, 2001; Roy et al., 2001; Sabir et al.,
2001; Badogiannis et al., 2004; Guneyisi et al., 2008; Abbas et al., 2010).
All these studies revealed the beneficial effect of this material on concrete
compressive and tensile strength (Qian and Li, 2001).

45 Conclusion and future trends

As noted earlier, the future of natural pozzolans will depend on the availability
of quarries, i.e. the maintenance and enlargementof existing sites or the
discovery of new ones. In this regard, a review of the literature shows that
papers have been published recently on volcanic tuffs from Turkey (Uzal
and Turanli, 2003; Turanli et al., 2004), natural zeolites (Uzal and Turanli,
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2012), natural pozzolans from the island of Milos in Greece (Velosa and
Cachim, 2009), and volcanic ash from Rabaul in the Papua New Guinean
province of East New Britain, where the source was a volcano known as
Mount Tavurvur (Hossain, 2005). Such papers attest to the topicality of
research on natural pozzolans.

Nonetheless, the difficulties in exploiting natural pozzolan quarries
continue to grow, primarily due to concerns around their impact on the
landscape. Alternative materials must therefore be sought. Furthermore, the
Kyoto protocol has established demanding reduction targets for greenhouse
gas emissions, while the use of eco-friendly materials has been driven by
the growing awareness of the contribution of energy consumption to global
warming and climate change. These materials may be industrial by-products,
as explained in Chapter 5, or materials which, while not active in their
original natural state, have undergone industrial processing that affords them
pozzolanic characteristics. This is the case of the waste generated by the
fired clay industry.

The inclusion of ceramic waste in Chapter 4 on natural pozzolans rather
than in Chapter 5 on artificial pozzolans is justified by the origin of the
material. Ceramic waste comes from calcined natural clay. While this thermal
treatment is the result of a manufacturing process, it nonetheless constitutes
thermal activation. As a result, if these materials were included in a possible
future standard, they would be regarded as natural calcined pozzolans (Q),
further to the definition of that material in European Standard (EN 197-1,
2011), natural calcined pozzolans are materials of volcanic origin, clay,
shales or sedimentary rocks active by thermal treatment.

Thirty million tonnes of fired clay products such as bricks, roof tiles and
block were manufactured in Spain in 2006, although with the economic
crisis, this figure has since tumbled to ten million tonnes (Hispalyt, 2011).
Nonetheless, the percentage of discards continues to make this material
attractive for use in construction, as a source of pozzolan for cement
production. In addition, according to the National Construction and Demolition
Waste Plan (Official State Journal, 2009), 54% of the 40 million tonnes of
construction and demolition waste produced annually in Spain comprise
fired clay materials, which are presently being studied for their aptitude for
the above purpose’.

While the polluting power of this inert waste is low, it poses a severe
environmental problem because it must be stockpiled, a practice that mars
the landscape. During the manufacture of brick and similar products, which
involves dehydration followed by firing at controlled temperatures ranging

!Sanchez de Rojas M.1., Head researcher for research project BIA 2010-21194-C03-01,
funded by the National Plan for Scientific Research, Development and Technological
Innovation. Ministry of Science and Innovation.
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from 700 to 1000 °C, the high proportions of clay minerals present in the
natural materials used acquire properties characteristic of ‘fired clay’. As a
result, these minerals may become activated, i.e., pozzolanic.

The pozzolanic properties of waste clay discards have been emphasised
by the authors, who noted that hydrated products similar to those obtained
with other pozzolanic materials are formed in the respective pozzolanic
reactions. The impact of the temperature at which the waste is obtained
has likewise been studied. When the firing temperature is inappropriate
(under- or overfired material), the chemical and mineralogical composition
of the waste varies significantly with respect to the product obtained under
optimal firing conditions. But in any event the temperature used (around
900°C) is sufficient to activate the clay and confer pozzolanic properties
on the discarded material. Moreover, studies have been conducted on the
feasibility of using waste clay brick as a raw material in the manufacture of
concrete roofing tiles, either as a replacement for cement, capitalising on its
pozzolanic properties, or as part of the aggregate (Rivera et al., 2001; Sanchez
de Rojas et al., 2001a, 2001b, 2003, 2006, 2007a, 2007b; Senthamarai and
Devadas, 2005; Lavat et al., 2009; Pacheco-Torgal and Jalali, 2010, 2011;
Medina et al., 2012a, 2012b).

This type of waste, like other pozzolanic materials, is very acidic, with
silica (53.88%) prevailing in its composition, followed by alumina (16.80%)
and iron oxide (5.29%). It also contains CaO (12.41%) and the alkalis Na,O
and K,O (0.58% and 3.10%), respectively. The main crystalline compounds
in its mineralogical composition are quartz, muscovite, calcite, microcline
and anorthite.

Pozzolanic activity has been studied in brick and roof tile, ground to different
Blaine fineness values.The results are shown in Fig. 4.6. The lime fixation
values for the brick and tile tested are shown in Fig. 4.7. The findings reveal
that fired clay waste exhibits acceptable pozzolanicity, for the percentage of
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4.6 Blaine fineness for different types of fired clay waste.
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4.7 Lime fixed over time by fired clay material.

lime fixed in the 1-day specimens may be as high as 40% of the total lime
available under the most favourable (finest material) conditions and 5%
in the least (coarsest material). These results highlight the importance of
fineness in early age specimens. Over time, lime fixation tends to even out,
with similar 90-day results for all the samples. These findings indicate that
the firing temperature used to manufacture these materials (around 900 °C)
suffices to activate the pozzolanic properties of clay. Note that these fired clay
materials behave much like the most active natural pozzolans and as MK.

The effect of including fired clay waste in mortars was studied for this
review by running mechanical strength trials and comparing the results to
the findings for standard mortar. The waste was used as a pozzolan at a
cement replacement ratio of 15%. The fired clay waste used for the trial was
obtained by mixing ground brick and roof tile ground to a Blaine fineness
of 3500 cm?/g.

The findings for bending and compressive strength in percentage of
the values for the control mortar (with no fired clay additions) in 24-hour
and 28-day specimens are shown in Fig. 4.8. The 24-hour bending and
compressive strength values were similar in the test and control specimens.
The 28-day values were slightly lower than in the control, however, but in
all cases, the percentage decline was smaller than the cement replacement
ratio. This is an indication that these waste materials act as pozzolans and
contribute to mechanical strength. The above studies confirm that additions
have a beneficial effect on cement characteristics, since they contribute to
enhancing mechanical strength in the medium to long term.

In this same vein, i.e. the reuse of fired clay industry waste, Toledo et al.
(2007) studied material from plants in Brazil and Velosa and Cachim (2009)
a residue from expanded clay production. Both teams confirmed that this
waste is apt for use as a pozzolanic addition in concrete with a hydraulic
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4.8 Flexural and compressive strength in mortars prepared with 15%
fired clay waste (cement:waste ratio, 85 : 15) referred to unblended
cement (100 : 0) mortars (=100%).

lime binder. Other authors (Moropoulou et al., 2004) have reported that waste
from clay fired at low temperatures (<900 °C) has lower pozzolanicity than
MK.

4.6 Sources of further information and advice

Nano-science and nanotechnology have recently drawn considerable attention
from the scientific community in light of the potential applications of nano-
scale particles, whose high surface area-to-volume ratio translates into
exceptional chemical reactivity as well as unique physical properties.

Improvements in concrete performance have also been sought by resorting
to these new disciplines (Korpa and Trettin, 2008; Sanchez and Sobolew,
2010; Cardenas et al., 2011; Nina et al., 2012). One possible application of
nanotechnology is the manufacture of nano-pozzolans to raise the reactivity
of the original materials. Authors such Askarinejad et al. (2012) are studying
the manufacture of pozzolannano-structures from bulk natural pozzolans,
opening a new line of research based on natural pozzolans.
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Abstract: This chapter aims to stress the importance of finding new artificial
pozzolans for the manufacture of future, more eco-efficient cements and
concretes, given the social and environmental benefits they deliver. It also
addresses the scientific (characterisation, pozzolanic properties, reaction
kinetics) and technical (physical and mechanical) aspects of new blended
cement matrices.
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5.1 Introduction

The industrial development attendant upon human social evolution has greatly
enhanced social welfare. Nonetheless, that development has also led to the
generation of huge volumes of industrial by-products and waste, which in most
cases are stockpiled in landfills and, depending on their nature, incinerated
under uncontrolled conditions; which poses severe environmental, economic
and technical problems.

For a number of decades, some of these industrial by-products have been
successfully recycled in the manufacture of cements as artificial pozzolans,
as evinced by the existing European legislation (EN 197-1, 2011). The
scientific, technical and environmental advantages of adding silica fume
(SF), fly ash (FA) or granulated blast furnace slag (GBS) to cement matrices
(pastes, mortars and concretes) are well known, while interest in the subject
has focused in particular on improving durability (Malhotra, 1987; Sanchez
de Rojas et al., 1989, 1999; Frias and Sanchez de Rojas, 1997; Taylor, 1997;
Siddique, 2008; Lothenbach et al., 2011). The availability of these traditional
pozzolans has been observed to decline in recent years, however, primarily
as a result of technological changes in industrial processes and the use of
alternative fuels. This has raised certain doubts or uncertainties about the
future of commercial cements made with these materials. Consequently,
the forthcoming revision of European Standard EN 197-1 is expected to

105
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address the need for Member States to accept new pozzolans, affording the
industries concerned greater flexibility as they rise to the challenges facing
21st-century society.

For this reason, recent research has focused on the identification of new
wastes whose characteristics make it apt for use as a supplementary cementitious
material in future blended cements. This line of endeavour is one of the
cement industry’s research priorities and worldwide environmental policy
guidelines, which stress the need to recycle rather than stockpile industrial
waste. It also forms part of the European Commission premises on waste
co-processing in the cement industry as a key element in combating climate
change and reducing greenhouse gas emissions between 80 and 90% by
2050, in keeping with Community targets (Infocemento, 2011 Isrcer, 2011;
Oficemen, 2011).

As a result of the foregoing and in light of the present global economic
crisis, the urgent need to find alternative materials is a worldwide priority,
given the substantial losses incurred by the construction industry, mainly
in Spain. That, however, calls for a firm commitment by all concerned:
waste-generating companies, research institutions, the cement and concrete
industry and government at all levels.

This chapter discusses the main scientific-technical features of the alternative
industrial wastes and by-products studied by the ‘Materials Recycling’
research team at the Eduardo Torroja Institute (Spanish National Research
Council), which may serve as alternative artificial pozzolans in the future.
For a clearer understanding of the findings, industial wastes have been
divided into two main groups: artificial pozzolans from industrial processes
(SiMn slag, Cu slag, coal combustion bottom ash, fluid catalytic cracking)
and artificial pozzolans from agro-industrial waste (sugar cane, paper sludge,
rice husks, bamboo leaves).

5.2 Sources and availability

5.2.1 Artificial pozzolans generated in industrial
processes

Silicon—-manganese slag (SiMn)

This kind of pozzolan is obtained during SiMn production as a combination
of the non-profitable part of the raw materials and the fluxes such as quartz
or lime that are added to the ore in ferroalloy production furnaces to endow
the cast-iron products with certain physical properties. Due to the difference
in density, this slag can be separated from the ferroalloy (SiMn) during
casting and poured onto a slag bed, from where it is transported, classified
and stored, if necessary.

Slag generation the world over comes to around 10 Mt per year, 2.2 Mt
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of which are produced in Europe. In Spain, 150000t are generated by the
Ferroalloys Division of Ferroatlantica at its Boo de Guarnizo Plant, located
in the province of Cantabria. Table 5.1 shows the X-ray fluorescence (XRF)
results on the chemical composition of the Spanish SiMn slag. The main
oxides are SiO, and CaO (which summed over 67%), followed by Al,O;
(2.2%) and MnO (9.9%). The remaining compounds account for less than
5% each. The sulphide content comes to 0.42% and loss on ignition (LOI)
is — 0.91% (weight gain). According to these data, the SiMn slag would be
classified as acidic (Ca/Si = 0.59), because its Ca/Si chemical modulus is
less than 1 (Pera et al., 1999). The X-ray diffraction (XRD) mineralogical
composition of the slag obtained shows akermanite (Ca,MgSi,0,) to be the
main crystalline phase. Other compounds identified are CaAl,Si,, K,MgSisO,,
Ca,Si04, manganese oxides, and sulphides (mainly manganese). Figure
5.1 depicts a fragment of the SiMn slag analysed. This slag exhibits five
clearly differentiated layers, in which the greenish coloration and the textural
morphology varied substantially with depth (1-5).

Copper slag (Cu)

For decades, the metallurgical industry has used non-ferrous slag (Pb, Zn,
Cu, Ni) as an alternative source for obtaining raw materials for construction

Table 5.1 SiMn slag chemical composition

Oxides S|02 A|203 F6203 CaO MgO Nazo K20 MnO TlOz 303
(%) 42.6 12.2 1.0 25.2 4.2 0.36 2.2 9.9 0.36 0.12

5.1 Morphological aspect of the SiMn slag.
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and, more specifically, as artificial additions in cement manufacture (Douglas
and Malhotra, 1987). Nonetheless, research has focused primarily on slag
generated in copper metallurgy via fusion of primary minerals or copper-
based industrial waste. The end product is a shiny black, stable, vitreous,
compact, abrasive slag with variable particle size distribution (primarily
under 10 mm) (Fig. 5.2). Further to the data available worldwide, 27 Mt of
Cu slag are generated yearly, 700000t of which by Spanish industry.

The chemical composition of copper slag varies within a normal range,
depending primarily on the process and raw materials used. Cu slag consists
of Fe,03 (45-60%) and SiO, (20-36%), followed by Al,O3 (2—7%) and ZnO
(1-8%). None of the remaining oxides present (CuO, CaO, MgO) comes
to 2% of the total weight of the sample. The sulphide content is lower
than 0.5%, with and LOI of 4 to 7% (weight gain), due to the presence of
oxidisable compounds. The main crystalline component, fayalite (SiO4Fe,),
is a member of the olivine family. XRD analysis has also identified traces
of iron oxides (FeO, Fe,05 and F;0,).

Pulverised coal combustion bottom ash (BA)

In addition to FA, well known for its pozzolanic properties (Sanchez de Rojas
and Frias, 1996) and included the world over in legislation on commercial
cement and concrete manufacture, other types of combustion wastes (bottom
ash, BA) are generated at coal-fired steam power plants and stockpiled in
open spaces, with the resulting adverse impact on the environment. Given its
characteristics, BA (Fig. 5.3) is presently being studied from the scientific,
technical and environmental standpoints for use alone or in combination

5.2 Morphological aspect of the Cu slag.
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5.3 Morphological aspect of the bottom ash.

with FA (Cheriaf et al., 1999; Bai et al., 2003; Sanjuan and Menéndez,
2011). Generation of this type of waste has declined drastically worldwide,
particularly in Europe, in the wake of restructuring in the coal industry, the
growing use of gas as an alternative to coal and new less polluting electric
power generation approaches such as combined cycle plants. The USA is
estimated to have generated around 18 Mt of bottom ash in 2007, 10% less
than in 2002. Spanish production in 2009 was estimated to come to 150000,
a drastic decline from the 1 Mt recorded in the late 1990s.

Substantial discrepancies can be found in the scant literature on the
subject with respect to the chemical composition of bottom ash, which can
be attributed prmarily to differences in the type of coal used (Cheriaf et al.,
1999; Sanjuan and Menéndez, 2011). As arule, the sum of Si0,+Al,03+Fe,0;
accounts for 85%, a value comparable to the findings for fly ash, which
has been used in cement manufacture for many years. The CaO content in
bottom ash is under 6%, i.e., this siliceous ash can be classified as EN type
V and ASTM type F. The XRD pattern for this material reveals a sizeable
vitreous phase, which is responsible for its pozzolanic activity. While quartz
and mullite are the main crystalline compounds in BA, smaller proportions
of calcite and haematite have also been detected.

Fluid catalytic cracking catalyst (FCC)

FCC is a substance that increases the rate of a chemical reaction by reducing
the activation energy and is often used in oil refinery process for the rupture of
high molecular weight hydrocarbon chains, a process needed to optimise the
proportion of gasoline produced. FCC has two particle sizes (Fig. 5.4): one,
at 69 um, is drawn from the spent catalyst, and the other, at around 22 um,
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present in smaller proportions is collected in electrostatic precipitators in
FCC units. The world production of this waste, which is estimated to amount
to around 1100 t/day, is highly concentrated in specific areas. XRF chemical
analysis of FCC shows that it is a silico-aluminium, consisting primarily of
Si0, (43.62%) and Al,O5 (51.57%) (Garcia de Lomas et al., 2006, 2007).
Other standardised and highly reactive pozzolans such as metakaolin (Frias,
2006; Rojas, 2006; Banfill and Frias, 2007; Siddique, 2008) are similar in
nature. XRD mineralogical studies reveal a high amorphous matter content
(around 80%) and the presence of a single crystalline phase, a hydrogen
aluminium silicate very similar to faujasite (Na,0.Al,05.4.7510,.xH,0).

5.2.2 Artificial pozzolans from agro-industrial wastes

As a rule, agro-industrial wastes are associated with technical, economic
and especially environmental problems, due to the large quantities of
wastes generated and the concomitant handling and shipping complexities
involved. Consequently, the final solution is often uncontrolled combustion.
These problems will intensify in the near future, according to the United
Nations Food and Agriculture Organization (FAQO). The planet’s projected
nine billion inhabitants in 2050 will raise the demand for food by 70% over
today’s figures. Suitable measures should therefore be taken to process and
recycle the resulting waste as raw materials for other industries. One such
alternative, in light of the rising price of oil, is to use agro-industrial wastes
as an alternative fuel to generate electric power (rice husk and bagasse have
heating capacity values of 16.3 and 19.3 MJ/kg, respectively) (Armesto et
al., 2002). At the same time, the characteristics of these wastes when fired
under controlled temperature and retention time conditions would appear
to be an inexhaustible source of new pozzolans that could be used in the
manufacture of future commercial cements.
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Rice husk ash (RHA)

Rice husk, one the most abundant types of agricultural waste, has been
used for decades in construction. Worldwide production is estimated to be
140Mt, 700000t of which are generated in Spain. Incinerating this husk
under controlled conditions (500-900 °C)( Fig. 5.5), which vary depending
on the source of the ash (laboratory or cogeneration), produces a practically
amorphous material (Copra, et al., 1981; Armesto et al., 2002), with different
morphologies (Borrachero et al., 2007).

RHA comprises mainly SiO, (85-90%), with much smaller K,O (2.5-5.5%),
Na,O (0.1-1.2%) and P,O5 (0.8-3.7%) contents. Its LOI ranges from 5 to
9%. Its reactive silica content is upward of 80% of the total silica in the
ash. RHA contains some crystalline compounds, which may differ with
the calcining temperature. At temperatures of over 800 °C (cogeneration),
reflection peaks typical of cristobalite, at 21.95°, 28.45° and 36.15° (20),
are detected and the material is found to be practically amorphous. Quartz
and non-burnt coal may also be present.

Sugar cane ash (CSA)

The sugar cane industry generates two types of waste. The first, sugar cane
straw (SCS), is usually burnt in open landfills (or even on the plantation
itself) and practically unknown to the scientific community. Only Frias et
al. (2005, 2007) and Villar et al. (2008) have reported the potential of this
type of ash (SCSA) as an active addition. The second is sugar cane bagasse
(SCB), which is what remains after the juice has been extracted from the cane.
Research has focused on recycling this latter type of waste as an artificial
pozzolan. According to the data available, world cane production is in the
order of 1.5 billion tonnes, which translates into 375 Mt of bagasse and, once

5.5 Morphological aspect of the rice husk ash.
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incinerated, 15 Mt of ash (SCBA) (Fig. 5.6). Since this is a recent line of
research, very few papers on the subject have been published (Paya et al.,
2002; Rainho et al., 2008; Chusilp et al., 2009). Ash particle morphology,
texture and composition are affected by calcining temperature, which ranges
widely, from 600 to 1000 °C (Morales et al., 2009).

The chemical compositions of the two types of sugar cane wastes (SCS
and SCB) when calcining at 800°C are given in Table 5.2. Both contain
Si0,, Al,O3, Fe,053 and CaO, which together account for over 85% of the
total. The rest of the oxides are present in concentrations of under 3.5%.
Bagasse ash has a smaller silica and higher alumina and iron oxide content
than straw ash. Depending on the origin of the bagasse waste and the calcining
process, however, ash chemical composition may vary. The table shows the
differences in the chemical compositions of two types of bagasse ash obtained
with different processes (laboratory and cogeneration). Although these
differences are not conclusive because the bagasse waste used also differed,
the BA was highly contaminated by quartz particles (Fig. 5.7), illustrating
the importance of optimising agro-industrial waste-fired cogeneration and
the re-use of the ash as a pozzolanic material.

Both types of sugar cane ashes exhibit very low crystallinity after calcining
at temperatures of < 800 °C. Calcite, quartz, mullite, iron oxides and carbon

5.6 Morphological aspect of the sugar cane bagasse ash.

Table 5.2 Chemical compositions of sugar cane ashes (%)

Oxides SiO, Al,0; Fe,0; CaO MgO Na,0 K,0 P,05 TiO, SO; LOI
SCSA 7020 1.93 2.09 12.20 1.95 0.50 3.05 1.40 0.02 410 181
SCBA 5861 7.32 9.5 1256 2.04 092 3.22 209 0.34 053 273
SCBA* 66.61 9.46 10.08 1.43 0.92 022 3.19 1.04 2.44 0.10 4.27

*Bottom ash from a cogeneration process.
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5.7 Particles of quartz in cogenerated sugar cane bagasse ash.

may be present in the ashes as crystalline compounds. When the calcining
temperature was raised to 1000 °C, however, cristobalite was detected as a
result of the recrystallisation of amorphous to crystalline silica.

Activated paper sludge (APS).

The paper industry, which uses recycled paper as a raw material, generates
great volume of paper sludge wastes, which presently constitutes an alternative
source of metakaolinite, a highly pozzolanic product classified in class Q
in European legislation (Bai et al. 2003). Europe generates on the order of
2.5Mt of such sludge yearly, and Spain alone 800000t. The dry sludge
(35-40% moisture) consists primarily of organic matter (30%), calcite (35%)
and kaolinite (20%) (Fig. 5.8).

Recent studies conducted by Frias et al. (2008a, 2008b, 2010a), Garcia
et al. (2007) and Vigil et al. (2007) established the scientific, technical and
environmental basis for its reuse as a new artificial pozzolan. These authors
showed that the optimum activation conditions to eliminate all the organic
matter and completely convert the kaolinite into reactive metakaolinite
consisted of calcination at 650700 °C for two hours. The product obtained
is depicted in Fig. 5.9: its particles are normally smaller than 90 um with
luminosity (whiteness index) of over 90%, an important property for the
manufacture of white blended cements. Chloride ions (<0.02%) may or
may not be present in paper sludge, depending on the industrial bleaching
process used by each individual paper manufacturer (Frias et al., 2011a). The
chemical composition of this activated sludge may vary substantially with
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5.9 Aspect of the calcined paper sludge.

the activating conditions, nature of the recycled paper, industrial process
and chemical composition. Studies conducted on this type of activated waste
reveal that it consists primarily of silica (30%), lime (30%) alumina (18%)
and magnesium <5%), with calcite, talc, chlorite and phyllosilicates (illite)
as crystalline phases.

5.3 Pozzolanic activity in waste

For a waste to be regarded as an active addition to cement it must exhibit
pozzolanic properties. This is defined to be the reactivity observed in siliceous
or silicoaluminous substances or a combination of the two with calcium
hydroxide to form hydrated pastes similar to the pastes obtained during
Portland cement hydration. This property can be determined by a number
of methods, which adopt different chemical or mechanical approaches
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(Donatello, et al. 2010) (also see Chapter 6 — Tests to evaluate pozzolanic
activity). An accelerated chemical method is used in order to evaluate this
property in waste/calcium hydroxide systems, which predicts subsequent
behaviour in cement matrices (Frias et al., 2008c).

The findings on the amount of fixed lime with reaction time show that all
the types of waste considered here react with the portlandite in the medium
(Fig. 5.10). Nonetheless, they differ in terms of reaction rate, which has a
direct effect on the final application of the blended cement (mass or high
performance concretes). Copper slag pozzolanic behaviour is similar to the
reactivity observed in FA, i.e. with nil early age activity, which rises sharply
in 28- to 90-day specimens. FCC exhibits higher 24-h activity than SF. SiMn
slag fixes lime at an intermediate rate between SF and FA in the first 28
days of the reaction. Thereafter its activity is practically nil. The differences
in reactivity between the acid components of the waste and the lime in the
medium are closely related to factors such as fineness, industrial process,
cooling conditions, degree of crystallinity and reactive silica content.

Analyses of the ash obtained by calcining the agro-industrial wastes show
that lime consumption is very high at first hours of the reaction, different
behaviour to that observed for the waste from industrial process mentioned
above (Fig. 5.11). The percentages of lime fixed exceed the values obtained
with pure metakaolin, defined as a calcined pozzolan (Q) in the existing
legislation. From 25 to 40% of the total lime is fixed in the first 24 hours;
the subsequent reaction rate is so high that it outpaces the findings for SF.
After 28 days, the pozzolanic activity in RHA, SCBA and APS is negligible.
The good performance observed in agro-industrial wastes is due primarily
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to its amorphous nature and ash particle fineness, with low density and high
surface area.

5.4 Physical and mechanical properties

The existing European legislation (EN 197-1) specifies physical (initial setting
time and soundness) and mechanical (compressive strength) requirements for
commercialising Portland cements by strength category. These requirements
are discussed below.

5.4.1 Physical properties

Table 5.3 shows the relative variation in initial setting (IS) time and
soundness (expansion) values for the artificial pozzolans studied here for
several replacement percentages. As a rule, the inclusion of non-ferrous slag
(SiMn and Cu) and BA retard the initial setting time (positive values) with
respect to the reference cement paste, more effectively at higher addition
contents. This development is the result of the presence of certain minority
elements known to retard anhydrous cement particle hydration (Pb, Zn, Mn).
However, the addition of FCC accelerates cement hydration by 12 to 19%
as a result of its high fineness.

Agro-industrial pozzolans such as RHA and SCBA can retard initial setting
time by 25-50% with respect to the control paste, while APS accelerates
initial setting by a substantial 11-23%, primarily as a result of the dual
(physical and chemical) effect of calcite in the starting pozzolan (Banfill
et al., 2009).
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Table 5.3 Physical and mechanical properties of blended cements

Relative compressive strength (%)

Pozzolans IS (%) Expansion 7 days 28 days 90 days
(mm)
SiMN 5% +6.5 <05 -7.8 -3.1 0.0
15% +6.5 -13.4 -11.4 -3.2
Cu 30% +35.0 < 0.5 -37.0 -30.0 -20.0
BA 6% 0 < 0.5 -5.0 -4.0 -3.5
20% +14.5 -18.5 -7.5 -7.2
FCC 10% -12.0 <05 +1.0 +8.2 +7.3
20% -19.3 -12.6 +0.8 +1.6
RHA 10% +25 < 0.5 -10.0 -6.0 +10.0
CSBA 10% +25 <0.5 +23.0 +25.0 +27.0
20% +50 +9.5 +12.6 +13.0
APS 10% -11.5 <1.0 +5.0 +2.5 0.0
20% -23.0 3.1 -1.5 +2.0

Expansion tests conducted on blended cement pastes reveal that these
pozzolans do not expand, for all the values obtained are under 1 mm, a value
comfortably below the 10-mm ceiling specified in the standard.

5.4.2 Mechanical properties

Table 5.3 also gives the 7, 28 and 90-day relative compressive strength
values for the blended cement mortars. It shows that each pozzolan affects
compressive strength differently, as would be expected, depending on
pozzolanic activity, reaction rate and replacement percentage. The SiMn,
Cu and BA pozzolans show lower strength values than the control (negative
values), although the difference narrows with reaction time (Frias et al., 2006;
Frias and Rodriguez, 2008; Sanchez de Rojas et al., 2008; Najimi et al.,
2011). By contrast, adding FCC to the cement matrix improves compressive
strength, with values higher than in the control after 7 days of hydration
(positive values) (Payéa et al., 2003; Garcia de Lomas et al., 2007). This same
pattern was observed for the agro-industrial pozzolans RHA and APS, whose
28- to 90-day strength values are similar to or greater than the findings for
the control mortar (Vegas et al., 2006; Siddique, 2008; Ferreiro et al., 2009).
The presence of limestone in APS leads to positive 7-day strength, which
accelerates hydration in the anhydrous C;A particles (Taylor, 1997). Finally,
the SCBA blended cement mortars exhibit compressive strength values up
to 27% higher than the reference mortar (Singh et al., 2000; Ganesen et al.,
2007; Chusilp et al., 2009; Frias et al., 2011b).
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Despite the strength loss, all the new artificial pozzolans discussed in the
present chapter are compliant with the present European legislation on physical
and mechanical requirements (standard 28-day strength), an indication of
their scientific and technical viability as pozzolanic additions.

5.5 Conclusion and future trends

Artificial additions, used as supplementary cementitious materials in
commercial cement and concrete manufacture, play an important role in
social, economic and environmental development. For different reasons,
traditionally used pozzolans (silica fume, granulated blast furnace slag and
fly ash) and even natural pozzolans pose serious short-term availability
problems that are obliging cement and concrete producers to seek alternatives
to enhance industry sustainability.

Artificial pozzolans such as mentioned above are being explored today
for their potential to improve blended cement matrix performance. For most,
however, the results reported in the literature are contradictory due to the
novelty of this line of research, the variability of the parameters analysed
(fineness, nature of the waste, calcining temperature, industrial process,
cooling, replacement grade, type of cement), which may distort the scientific
and technical advantages. Moreover, the effect of these new additions on
durability, contraction-expansion, and fresh and hardened concrete properties
is nil or virtually unknown.

For that reason and in light of the present worldwide economic crisis,
research on possible artificial pozzolans is likely to be considerably more
intense in the future to establish the scientific, technical and normalisation
bases for future blended cements and concretes. The research conducted on
agro-industrial wastes merits special mention, for its use as a co-generation
fuel will lead to huge volumes of a type of ash that is an ideal active addition
(due to its high reactive silica content) for cement used in construction.

5.6 Sources of further information and advice

In addition to the artificial pozzolans set out above, the literature addresses
research related to other industrial wastes with pozzolanic properties, such
as discussed below.

e Sewage sludge ash (SSA) is a waste obtained from the incineration of
waste water sludge. According to available statistics, the USA and EU
alone generate around 1.2 Mt of SSA yearly. Its immediate effect when
used as an addition is to lower blended cement mortar mechanical
strength, more intensely as the replacement ratio rises. Certain doubts
remain around the possible use of this kind of ash as an active addition in
view of its high P,05(0.3-26.7%) _SO; (0.1-12.4%), Na,O (0.01-6.8%)
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and MgO (0.02-23.4%) content, as well as the presence of heavy metals
such as chromium, copper and zinc at concentrations of under 2700,
5500 and 10000 mg/kg, respectively. These elements have an adverse
effect on reaction kinetics, microporosity, fresh and hardened concrete
properties and durability (Monzd et al., 1999; Bai et al., 2003; Cyr et
al., 2007; Jamshidi et al., 2012).

e Electric arc furnace steel slag (EAFS) generated during steel manufacture-
related mining and refining. In the late 1990s, Europe generated 12 Mt/
year of steel slag, 35% of which was stockpiled. That slag, primarily
black slag, is known to have no pozzolanic properties and hence is
primarily recycled as an aggregate for concrete and road building (Frias
and Sanchez de Rojas, 2004; Frias et al., 2010b). Nonetheless, a recent
study (Muhmood et al., 2009) showed that it may be recycled as an active
addition to cement if subjected to prior remelting and water quenching,
after which its mechanical behaviour is similar to performance in the
control.

e Palm oil fuel ash (POFA), obtained when palm shell oil, is used as a
fuel to generate electric power (Borrachero et al., 2007). Production is
estimated at 1.1t per crop hectare which, after incineration, generates
ash (5% of the waste) rich in silica (58%) and potassium oxide (8.3%)
and with excellent pozzolanic properties (Tangchirapat et al., 2007).
Research has shown that replacing ordinary Portland cement (OPC)
with up to 20% of (finely ground) POFA raises concrete compressive
strength, although at higher percentages its inclusion in cement lowers
strength values compared to the reference concrete.
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Abstract: This chapter discusses various methods available for evaluating
pozzolans as cement replacement materials. The merits and disadvantages
of the methods are elaborated, and some existing anomalies are highlighted.
Guides on applying a combination of these methods are presented in order
to evaluate pozzolans in a way that complies with pozzolan performance in
concrete.

Key words: natural pozzolan, fly ash, silica fume, pozzolanic activity,
strength activity index.

6.1 Introduction

Human beings have used natural pozzolans for 6000-7000 years. Malinowski
and Frifelt (1993) reported that the oldest example of hydraulic binder,
dating from 5000-4000 Bc, was a mixture of lime and natural pozzolan, a
diatomaceous earth from the Persian Gulf. The next oldest report of using
pozzolans was in the Mediterranean region. The pozzolan was volcanic ash
produced from two volcanic eruptions: one sometime between 1600 and
1500 Bc.

In recent decades environmental considerations and energy efficiency
requirements have ushered researchers to focus on sustainable development.
One of the most pollutant industries is cement production; inasmuch as
producing 1 tonne of cement results in the emission of about 1 tonne of
CO, (Mehta, 1999; Uzal et al., 2007). Therefore, the application of blended
cements, in lieu of ordinary Portland cement, is rapidly increasing, which
reaps great environmental and economical benefits while improving concrete
properties (Meyer, 2009).

Contemporary surveys reveal that the majority of European cement
production is allocated to blended cements (CEMBUREAU, 2001). EN 197-1
(2000) designates 27 different cement types, from which 26 are categorized
as blended cements. Blended cements consist of different supplementary
cementitious materials (SCM), such as fly ash, silica fume, blast furnace slag,
limestone and natural pozzolans. Natural pozzolans, owing to their abundance
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and relatively low costs, present considerable potential for employment in
the cement and concrete industries. Additionally, their application generally
results in decreases in pollutant emissions and increases in concrete durability
properties (Shannag and Xeginobali, 1995; Colak, 2002, 2003; Targan et
al., 2003; Ezziane et al., 2007; Najimi et al., 2008). For a long time the use
of natural pozzolans has been mostly restricted to Italy, where considerable
reserves of natural pozzolans are found (Kogel et al., 2006). Nowadays,
ample resources of natural pozzolans capable of being used in binary cements
exist in Italy, China, the USA, Chile, Greece, Cameroon, Algeria, France,
Turkey, Iran, Saudi Arabia, Honduras, etc. (Massazza, 1993; Poon et al.,
1999; Turkmenoglu and Tankut, 2002; Feng and Peng, 2005; Kogel et al.,
2006; Cavdar and Yetgin, 2007, 2009; Jana, 2007; Kaid et al., 2009).

Heretofore, numerous investigations on cement replacement materials, such
as natural pozzolans, silica fume and fly ash, have resulted in various methods
for the assessment and classification of pozzolans (Diamond, 1982; Mehta,
1986; Luxan et al., 1989; Sybertz, 1989; Wesche et al., 1989; Tashiro et al.,
1994; Shi and Day, 2001; Paya et al., 2001; Gava and Prudencio, 2007a,b).
These methods are principally based on testing the chemical characteristics
of pozzolans, and physical properties of cement—pozzolan mixtures. The
complicated and multifaceted interaction of pozzolans in concrete mixtures
depends on a battery of parameters. Hence, testing methods normally
interpreting from few properties and observations have limited ability in
foreseeing real performances of pozzolans in concretes. Recent researches
assert that pozzolanic activity should be assessed in conjunction with real
concrete/pozzolan mixture performance; consequently, a simple and versatile
procedure, reflecting real pozzolan performance in concrete mixtures would
be invaluable (Luxan et al., 1989; Sybertz, 1989; Tashiro et al., 1994; Paya
et al., 2001; Gava and Prudencio, 2007a,b).

6.2 Methods for evaluating pozzolanic activity

The combination of pozzolanic materials with hydraulic cements has long
been utilized in construction practices. Research on specifications and testing
methods of fly ash started in the 1930s when fly ash, from coal-burning electric
power plants, was used in cement concretes (ACI 232.2R, 2003). The first
classification of natural pozzolans, based on pozzolanic constituents, was
introduced in the 1950s (ACI 232.1R, 2000). Also, investigations of silica
fume performance in concrete began in the Scandinavian countries around
1950 (ACI 234R, 1996).

Hitherto, extensive research on pozzolanic materials has resulted in various
standards and testing methods. Nonetheless, it is apparent that these methods
are unable to project all the aspects of pozzolan performance in concrete.
Peer reviews of the literature suggest that some standard procedures totally
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neglect the importance of pozzolan performance in the concrete mixture,
inasmuch as some methods have ambiguities.

The methods and standard procedures for the evaluation of specifications
and requirements for pozzolans are designated in two main categories:
direct methods and indirect methods. Direct methods, ‘monitor the presence
of Ca(OH), and its subsequent reduction in abundance with time as the
pozzolanic reaction proceeds’ (Donatello et al., 2010). That is to say, some
chemical (e.g., insoluble residue) and mineralogical (e.g., amourphous or
crystalline minerals) properties of the pozzolan are traced (e.g., via X-ray
diffraction, XRD) and measured (e.g., thermo-gravimetry) which provide a
basis for evaluating the pozzolan quality.

Indirect methods ‘measure a physical property of a test sample that indicates
the extent of pozzolanic activity’ (Donatello et al., 2010). Hence, some
characters of the pozzolan in combination with cement (e.g., compressive
strength of mortar containing pozzolan as cement replacement) are measured,
and pozzolanic quality is assessed. In the following an overview of these
methods is presented.

6.3 Direct methods

Direct methods stem from techniques usually applied in powder technology
applications.

6.3.1 Thermo-gravimetric analysis

The pozzolanic activity, lime binding capacity, of pozzolans can be measured
by thermo-gravimetric analysis. This method is based on the thermal
decomposition of crystalline calcium hydroxide in a temperature range of
400-500°C to calcium oxide and water. By applying the above-mentioned
temperatures, the calcium hydroxide is decomposed and the resulting water is
evaporated. The weight reduction resulting from water evaporation in the test
is very low for suitable pozzolans and high in weak pozzolans (Moropoulou
et al., 2004; Pourkhorshidi et al., 2010a, b).

6.3.2 Determination of insoluble residue

The insoluble residue (IR) test, according to EN 196-2 (2005), determines
the amount of insoluble residue ingredients. This test can be carried out by
two methods or better described in two conditions. In the first (here named
method I), hydrochloric acid and sodium carbonate are used, while the
second (here termed method II) utilizes hydrochloric acid and potassium
hydroxide as a stronger condition for solution (Pourkhorshidi et al., 2010a, b,
2011).
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Although these methods are not directly applied for recognition of amorphic
minerals, results have significant compatibility in case of amorphic minerals
in natural pozzolans. Therefore, measurement of insoluble residue according
to the EN196-2 procedure is recommended for evaluation of amorphic and
non-amorphic phases that are at play in pozzolanic activity (Pourkhorshidi
et al., 2010a, b).

6.3.3 Mineralogical analysis

Mineral components of pozzolans are identified semi-quantitatively by the
XRD method. The amount of non-crystalline (amorphous) silica having a
major role in pozzolanic activities is determined through identification of
the amount of crystalline minerals (Pourkhorshidi et al., 2010a, b). It should
be noted that there is a remarkable relation between IR and XRD; as the
insoluble residue content indicates the amount of soluble and insoluble
minerals detected in XRD.

Regarding the evaluation of major oxides, assessment of amorphic and
crystaline minerals for natural pozzolans is of prime importance. Results
of numerous antecedent studies have revealed that amorphic constituents
(such as cristopolite, zeolite and calcite) are the most significant active alkali
phases. There is no universal deterministic limit to the amount of amorphic
minerals in natural pozzolans considered for cement replacement. However,
investigations show that natural pozzolans, with less than 15% amorphic
minerals, would not have good performance as a cement replacement.
Another method being used for the identification of crystalline and non-
crystalline minerals in pozzolans is petrography which can be performed
using a petrography-microscope.

6.3.4 EN 196-5 and Frattini test

EN 196-5 (2005) evaluates pozzolanic activity of pozzolan cements designated
in EN 197-1 (2000). According to EN 197-1 (first published in 1995) pozzolanic
cements are classified in two groups, namely; CEM IV/A, and CEM IV/B.
The former type comprises 65-89% clinker plus a mixture of silica fume,
natural pozzolan and fly ash. The latter type has 45 to 64% clinker.

In EN 196-5, pozzolanicity is assessed based on the concentration of
calcium ion Ca** (expressed as calcium oxide or Ca0), present in the aqueous
solution in contact with hydrated blended cement after a fixed period. As
seen in Fig. 6.1, a unique predefined curve demarcates pozzolanic and non-
pozzolanic areas. The blended cement is satisfactory, if the concentration
of CaO in the solution falls below the curve.

In this method, test samples are prepared consisting of cement and natural
pozzolan and mixed with distilled water. After preparation, samples are
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6.1 Treatment results for pozzolan cement pastes at 8 and 30 days in
40°C (acc. EN 196-5).

left for 8 days in a sealed plastic bottle in an oven at 40 °C. It should be
noted that the number of days spent in the oven can be increased depending
on the pozzolans. After the above-mentioned times, samples are vacuum
filtered through a 2.7 wm nominal pore size filter paper and allowed to cool
to ambient temperature in sealed Buchner funnels. The filtrate is analysed
for [OH™] by titration against dilute HCI with methyl orange indicator and
for [Ca®*] by pH adjustment to 12.5, followed by titration with 0.03 mol/l
EDTA solution using Patton and Reeders indicator (Donatello et al., 2010;
Pourkhorshidi et al., 2010a, b).

Results are presented as a graph of [Ca®*], expressed as equivalent CaO, in
mmol/l versus [OH™] in mmol/l. Test results lying below the curve (see Fig.
6.1), indicate removal of Ca** from solution which is attributed to pozzolanic
activity. Results lying on the line indicate zero pozzolanic activity and results
above the line correspond to no pozzolanic activity. It should be noted that
this procedure assumes no other source of soluble calcium is present in the
system, as leaching of calcium would invalidate this approach (Donatello
et al., 2010; Pourkhorshidi et al., 2010a, b).

6.3.5 Saturated lime test

The saturated lime method is similar to the Frattini test, wherein the pozzolan
is mixed with saturated lime (slaked lime; Ca(OH),) solution instead of cement
and water (Donatello et al., 2010). Measurement of the residual dissolved
calcium shows the amount of lime fixed by the pozzolan. During cement
hydration, Ca(OH), is precipitated; however, in the presence of pozzolan
Ca(OH), reacts with the pozzolan, and this allows more solid Ca(OH), to
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dissolve. In the saturated lime test a fixed quantity of Ca(OH), is available
in solution, thus the quantity of Ca”* ions is accurately known at the start
of the test, and since Ca* ions only interact with pozzolan or water, the
amount of lime fixed by pozzolan is quantifiable. Test results indicate mmol
CaO fixed or % total CaO fixed per gram of test pozzolan (Donatello et al.,
2010). The saturated lime test method has been used for paper sludge waste
(Garcia et al., 2008), sugar cane straw waste (Frias et al., 2005, 2007) and
ferroalloy industry wastes (Frias and Rodriguez, 2007).

6.4 Indirect methods

Amongst the indirect methods ASTM C618 (2003) and ASTM C1240 (2003)
are more reliable and usually implemented in current design practice.

6.4.1 ASTM C618

The most common and simplest method for assessing pozzolanic activity
is the ASTM C618 standard practice. ASTM C618 presents chemical and
physical requirements and specifications of fly ash and natural pozzolans
for cement replacement (see Table 6.1), where the standard tests procedure
of ASTM C311 (2002) is incorporated. ASTM C618 was published in 1968
to combine and replace ASTM C350 on fly ash and ASTM C402 on other
pozzolans (ACI 232.1R, 2000).

Briefly, in this method, the foremost important criteria for pozzolanic activity
are: (1) the sum of chemical components, that is, SiO,+ Fe,O3+Al,05 and
(2) the strength index defined by ASTM C311. In ASTM C311 the strength
index is determined as the ratio of compressive strength for mortar with
20% pozzolan replacement to compressive strength of control mortar. For
the control mortar, w/b = 0.485, and water in the test mortar is regulated to
give same consistency as the control mortar. In fact in this method the role
of natural pozzolan in mobilization of the concrete strength is determined.
Note that w/b stands for water/binder, where binder consists of cement plus
cement replacement material (if any).

ASTM C618 has disadvantageous and vague points. For example the
blain of some natural pozzolans affect test results. As the pozzolan’s blain
increases, the amount of water required to ensure the target slump (i.e.,
slump identical to control mortar) increases. This in turn increases w/b and
leads to a smaller strength index (Pourkhorshidi et al., 2010a, b). Many
investigators have suggested that both the trial and control mortars should
possess the same w/b ratio, in order to produce authentic results. It should
be noted, however, that the effects of blain on pozzolanic activity cannot be
generalized for all pozzolan types, that is to say in some pozzolans there is a
limit, beyond which blain does not affect pozzolanic activity. Notwithstanding
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Table 6.1 Chemical/physical properties and standard specification of pozzolans

Requirements Standard specification
Natural Fly ash, Silica fume,
pozzolan, Class F, ASTM
Class N, ASTM C618 C1240
ASTM C618
Chemical SiO,+Al,03+Fe,03, % min, 70 min, 70 -
requirements g;o, - - min, 85
Sulphur trioxide (SO3), % max, 4 max, 4 -
Moisture content, % max, 3 max, 3 max, 3
Loss on ignition, % max, 10 max, 10 max, 6
Physical Amount retained when max, 34 max, 34 max, 10
requirements wet-sieved on 45um
sieve, %
Strength activity index, min, 75 min, 75 -
at 7 days, percent of
control
Strength activity index, min, 75 min, 75 -
at 28 days, percent of
control
Accelerated strength - - min, 105

activity index, at 7 days,
percent of control

Water requirement, max, 115 max, 105 -
percent of control
Autoclave expansion or max, 0.8 max, 0.8 -

contraction, %
Specific surface, m?/g - - min, 15

this, the ASTM C311 abandons discussion of the pozzolan PSD (particle
size distribution) and only demarcates the percentage passing 45 pm.

6.4.2 ASTM C1240

Originally it was intended to consider silica fume in ASTM C618; however,
this suggestion was rejected and silica fume is covered in ASTM C1240 —
first introduced in 1993 (ACI 234R, 1996). ASTM C1240 addresses physical
and chemical requirements of silica fume for cement replacement (see Table
6.1). The prominent requirements are: (1) the amount of SiO,, and (2) the
accelerated strength activity index, defined in ASTM C311, considering that;
the amount of silica fume replacement in binary cement is 10%, the amount
of water in tested mortar is regulated with super-plasticizers to be identical
with control mortar, and specimens are stored at 65 °C for 6 days.
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6.4.3 Electrical conductivity

The electrical conductivity method was first introduced by Rassk and Bhaskar
(1975) who measured the electrical conductivity of amount of silica dissolved
in a solution of hydrofluoric acid (HF) with dispersed pozzolan. Luxan et
al. (1989) suggested a pozzolanic index given by the variation between
initial and final electrical conductivity of a calcium hydroxide—pozzolan
suspension for 120 seconds. Feng et al. (2004) used Luxan’s methods to
assess pozzolanic properties of rice husk ash. Tashiro et al. (1994) suggest
that only 72 h testing is required to assess pozzolanic behavior with electrical
conductivity for lime-pastes cured under steam at 70 °C. McCarter and Tran
(1996) alluded that calcium hydroxide consumption after 72h correlates
with electrical resistance of several artificial pozzolans. Paya et al. (2001)
recommend a technique predicated on electrical conductivity which assesses
pozzolanic activity in less than one hour. Sinthaworn and Nimityongskul
(2009) studied pozzolans dispersed in an ordinary Portland cement using
a temperature of 80 °C and suggested that is possible to assess pozzolanic
activity by measuring changes in electrical conductivity in a 28 h test.

6.5 Comparison and guidelines

Attempts have been made to compare pozzolanicity and pozzolanic activity
indices measured by various methods. The results of ASTM C618 show
the least conformity with concrete mixture results, whereas the Frattini
test, insoluble residue and recognizing crystalline and amorphous minerals
presented suitable agreement with concrete mixture results (Pourkhorshidi
et al., 2010a, b).

Moropoulou et al. (2004) compared pozzolanic activity by differential
thermal analysis/thermo-gravimetric (DTA/TG) analysis for metakaolin and
ceramic powder (artificial pozzolans) and earth of Milos (natural pozzolan).
The metakaolin has a higher Ca(OH), consumption than the earth of Milos
or the ceramic powder (Fig. 6.2). The metakaolin has the lowest overall
Ca(OH), consumption although at 3 days curing its consumption is higher
than earth of Milos.

Das (2006) suggests predicting pozzolanic activity of fly ash by strength
index using a model based on fly ash chemical composition and fineness.
Franke and Sisomphon (2004) and Sisomphon and Franke (2011) state
that DTA is not accurate for low calcium hydroxide content and suggest a
chemical method to determine the calcium hydroxide content. Uzal et al.
(2010) suggested that compressive strength of lime—pozzolan paste specimens
(2.5cm®) cured at 50°C is a more reliable indicator than conventional
pozzolanic tests. Gava and Prudencio (2007a, 2007b) present a comparison
of pozzolanic activity index results obtained from several test procedures
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6.2 Calcium hydroxide reaction vs curing time for metakaolin (MK2),
earth of Milos (EM3) and ceramic powder (CP3) (Moropoulou et al.,
2004).

recommended by Brazilian, American and British Standards to evaluate
three types of pozzolan: fly ash, silica fume and rice-husk ash. They
assert that different standards may sometimes generate conflicting results.
Pourkhorshidi et al. (2010a, b) mention that strength activity index in ASTM
C618 sometimes classifies as high reactive pozzolans, some supplementary
material that led to concrete with unsatisfactory performance, and that EN
196-5 had superior compatibility with real concrete performance. Donatello
et al. (2010) stipulate that strength activity index of ASTM C618 and of
EN 196-5 are not suitable for evaluating pozzolanic activity of incinerator
sewage sludge ash. Accordingly sludge ash is a low reactive pozzolan, hence
the 28-day curing period is not sufficient, thus suggesting the Frattini test to
evaluate its pozzolanic activity. Donatello et al. (2010) compared pozzolanic
activity of metakaolin, silica fume, coal fly ash, incinerated sewage sludge ash
using the Frattini test, the saturated lime test and the strength activity index
test. It was observed that saturated lime test is not a reliable test because it
does not correlate with other tests that could be explained by the different
activator to pozzolan ratio. They recommend application of the Frattini and
SAI methods in combination with an independent determination of Ca(OH),
content (thermal or diffraction methods) for the assessment of the pozzolanic
activity.

Although the electrical conductivity test correlates with other standard
methods it is not valid for high calcium fly ashes. Villar-Cocina et al. (2003),
Frias et al. (2005), Rosell-Lam et al. (2011) and Dalinaidu et al. (2007)
have suggested a mathematical model predicated on electrical conductivity
measurements to describe the process in a kinetic—diffusive or kinetic regimes.
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Dalinaidu et al. (2007) also describe a procedure to assess the pozzolanic
activity by measuring electrical conductivity of a pozzolan—lime solution.

After the initial evaluation for selecting the appropriate natural pozzolans,
its performance in concrete should be evaluated. The performance of pozzolan
in concrete is complicated and dependent on a host of parameters and
conditions, thus evaluating pozzolan performance in concrete is sensitive
and requires proficient insight. A battery of different parameters such as
pozzolan PSD and blain, cement type, amount of replacement, w/b and so
on, have prominent influence on the pozzolan behaviour in concrete. Hence,
available standard procedures cannot always accurately define the amount
of replacement and projected concrete performance.

One can think of high-tech and expensive methologies for the assessment of
pozzolanic activity; however, simple and versatile methods that are applicable
in modest laboratories and agree well with the pozzolan behavior in concrete
are beneficiary and popular. A reliable assessment of pozzolans should adress
two main phenomena; (a) recognition of pozzolanicity in contrast to non-
active fillers, and (b) evaluating pozzolan performance as cement replacement
in concrete. As a guide to reliable evaluation of pozzolans the procedure
illustrated in Fig. 6.3 is recomended (Parhizkar et al., 2010). Therefore, this
guideline consists of steps which start from simple and prelimenary methods,
towards the accurate and more expensive methods. Considering Fig. 6.3 the
steps for evaluating pozzolans are as follows:

e Step 1, Comparing with ASTM C618. Since all pozzolans and some
non-active fillers satisfy ASTM C618 requirements, materials that do
not satisfy the requirements are not a pozzolan.

o Step 2, Determining insoluble residue and minerals. In this step, firstly
IR of natural pozzolans is measured according to method I of EN 196-2.
If a pozzolan cannot satisfy the limitations, IR is evaluated again by
method II of EN 196-2.

e Step 3, Frattini test. At this step, a Frattini test is carried out according
to EN 196-5, except that if a pozzolan does not show pozzolanic activity,
the time of the test should be continued until 30 days.

e Step 4, Evaluation of natural pozzolans in concrete. The optimum
percentage of replacement, depending on concrete condition, can be
selected in this step. Moreover, if some pozzolans show little differences
in former steps, the quality of them can be judged in this step.

6.6 Conclusion and future trends

The proposed and approved test methods are mainly based on testing the
chemical characteristics of pozzolans, and physical properties of cement—
pozzolan mixtures. These test methods measure only one or few properties
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6.3 Flowchart of guideline (procedure of investigating pozzolans).
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and have limited ability in foreseeing real performances of pozzolans in
concretes.

These days most of the designs are based on the performance of materials
and structures at older ages. The extensive use of pozzolanic materials to
reduce permeability and enhance the durability of concretes reveals the fact
that performance tests are necessary for evaluation of concrete mixtures
containing pozzolanic materials. Simple test methods for the permeability
of mortars and concretes to assess the durability of pozzolanic materials
are among the performance tests which it is essential are considered in the
future.

Heretofore, a combination of different methods can determine/assess the
suitable pozzolan material for use as cement replacement in blended cements.
Yet in the near future improvements in techniques and methods for evaluating
the properties of powders and different materials may enhance the ability to
precisely evaluate poozzolans, before combining them with cement.

In order to evaluate pozzolans from the prospect of chemical composition
and crystalline matter the high-tech techniques of XRF (X-ray fluorescence),
XRD (X-ray diffraction), mass spectrometry, ICP (inductively coupled plasma)
and EDAX (energy despersive analysis X-ray) are applicable. Concerning
the morphology and particle sizes of pozzolans SEM (scanning electron
microscopy), TEM (transmission electron microscopy) and BET (Brunauer
Emmet Teller) can be deployed.

Besides improvements in physio-chemical analysis methods, such as tracing
and determination of chemical reaction rates by HPLC (high-performance
liquid chromatography), GC (gas chromatography) and NMR (nuclear magnetic
resonance spectroscopy) provide a more accurate and faster assessment of
pozzolans.
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Abstract: This chapter focuses on the materials and properties of high-
volume natural pozzolan (HVNP) concrete. The characteristics of natural
pozzolans used in high-volume pozzolan mixtures are discussed, together
with the fresh and hardened properties of HVNP cementitious systems, their
hydration characteristics and their microstructures.
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7.1 Introduction

The use of pozzolanic mineral admixtures in concrete mixtures improves
the properties of fresh and hardened concrete, providing better workability,
low heat of hydration, increased ultimate strength, and improved durability
performance. The same advantages can be applied to concrete mixtures made
with blended Portland cement by including pozzolan as a clinker-replacement
material and, as an additional benefit, CO, emissions resulting from Portland
cement production will be reduced.

In order to get the most benefit from incorporating pozzolanic materials
into concrete systems, it is reasonable to use as high a proportion as possible.
High-volume pozzolan cementitious systems, containing 50% or more
pozzolanic material by weight of total binder content, efficiently reduce
Portland cement consumption and improve the durability of structural concrete
mixtures. Greenhouse gas emissions are also reduced as a consequence
of lower cement consumption. Ground granulated blast furnace slags, fly
ashes and natural pozzolans are among the most suitable for high-volume
incorporation into concrete mixtures, due to their physical properties and
comparatively low cost. Silica fume and metakaolinite are not appropriate
because of their relatively high cost and water demand.

Many reports have already been written on the use and properties of high-
volume fly ash concrete. The main focus of this chapter is on the composition
and properties of high-volume natural pozzolan (HVNP) concrete mixtures,
which are a new type of high-volume pozzolan concrete. Future trends and
sources for further information about high-volume pozzolan concrete are
also presented in individual sections. Section 7.3 covers the characteristics
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of natural pozzolans used in HVNP concrete mixtures and typical mixture
proportions of HVNP concrete. In Sections 7.4-7.6, properties of fresh and
hardened HVNP concrete are discussed, such as workability, superplasticizer
requirement, air content, setting time, strength development, modulus of
elasticity, and resistance to chloride-ion penetration. In Section 7.7, future
trends and sources of further information on high-volume pozzolan concrete
(HVPC) are presented.

7.1.1  Definition and history of development of
HVPC systems

The term high-volume pozzolan concrete dates back to the late 1980s, when
Malhotra first used high volumes of fly ash (50% by mass of total binder)
in Canada CANMET (Malhotra and Ramezanianpour, 1994; Malhotra and
Mehta, 2002). This kind of concrete was called high-volume fly ash (HVFA)
concrete, and was characterized by very low water content, and having 50%
or more of the Portland cement replaced by ASTM Class F fly ash. In order
to provide excellent workability with low water contents, superplasticizers
must be used for HVFA concrete mixtures. Comprehensive studies on HVFA
concrete have shown that it is a high-performing material, exhibiting sufficient
early-age strength, very high ultimate strength, low shrinkage and superior
durability (Malhotra and Mehta, 2002).

The use of natural pozzolans instead of fly ashes in high-volume pozzolan
cementitious systems was first proposed in a preliminary study conducted by
Uzal and Turanli (2001). HVNP systems were defined similarly to HVFA,
with 50% or more natural pozzolan by mass, and reduced water content aided
by superplasticizers. Although HVNP systems initially showed relatively
poor performance in terms of strength development, further studies have
indicated that HVNP systems could perform comparably to HVFA mixtures,
if the appropriate natural pozzolanic material and superplasticizer were
selected (Uzal and Turanli, 2003, 2012; Turanli et al., 2004, 2005; Uzal et
al., 2007).

7.1.2  Significance of HVPC in the sustainable
development of concrete technology

The concrete industry is not sustainable due to its consumption of natural
resources, the huge amounts of greenhouse gases generated by Portland
cement production, and lack of durability of concrete structures. HVPC
systems provide reasonable solutions to these sustainability deficiencies.
The HVFA concrete system, which uses solid waste material from thermal
power plants, affords solutions to the all the aforementioned sustainability
issues. Fly ash is a by-product of energy production and so can be obtained
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with no additional resource consumption. The HVNP concrete system, by
contrast, consumes natural pozzolanic materials. However, HVNP concrete
systems improve sustainability in other ways, by reducing greenhouse gas
emissions and increasing the durability of concrete structures.

The climatic changes that have occured in recent years are believed to be
the result of the increased atmospheric content of greenhouse gases, mainly
CO,. The Portland cement industry is responsible for approximately 7%
of total global CO, emissions (Mehta, 1999). Reducing Portland cement
production using pozzolanic materials could therefore make the concrete
industry more sustainable. In addition, the improved durability conferred
by pozzolanic minerals results in longer service life of concrete structures
and reduced repair and renewal costs. Clearly, incorporating high quantities
of pozzolanic materials into concrete mixtures results in more sustainable
concrete systems and structures. This is the main rationale driving efforts
to develop HVPC systems.

7.2 Composition of natural pozzolans for
high-volume natural pozzolan (HVNP)
systems

Natural pozzolans are inorganic materials with no inherent binding abilities.
However, they harden when mixed with water and calcium hydroxide, or
with materials that release calcium hydroxide, such as Portland cement
clinker (Massazza, 2001). This hydraulic reactivity with slaked lime is called
pozzolanic activity.

Most natural pozzolans are volcanic in origin, while some others originate
from sedimentary deposits such as diatomaceous earth. The chemical
composition of natural pozzolans depends on the nature and the origin of
the deposits. Si0O,, Al,O3, Fe,0O5 are the major oxides present in natural
pozzolans. Other oxides such as CaO, Na,O, K,0, and SO3 are also part of
their chemical composition. Oxide compositions of natural pozzolans, which
were formerly used in studies on HVNP cementitious systems, are shown in
Table 7.1. As shown in Table 7.1, the oxide composition of natural pozzolans
may vary considerably. In fact, the effect of chemical composition on the
performance of cementitious systems is not considerable. The mineralogical
composition and physical characteristics, including particle size distribution,
specific surface area, etc., of pozzolans are more influential.

It is commonly believed that the pozzolanic activity of natural pozzolans
is mainly governed by the quantity and composition of glassy phases present.
However, some mainly crystalline natural minerals with very little glassy
phase, for instance zeolitic minerals such as clinoptilolite, can exhibit high
pozzolanic activity and performance in cementitious systems (Uzal et al.,
2010).
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Table 7.1 Chemical composition of natural pozzolans formerly tested in HVNP
systems (% by weight)

Pozzolan SiO, Al,0; Fe,0; CaO MgO Na,0 K,0 SO; LOI" Ref.
no.

623 150 51 49 12 22 1.8 0.2 63 Uzaland Turanli
617 162 35 50 15 35 24 01 59 (2003

615 182 3.8 46 09 39 41 01 27 Turanlietal
542 152 6.4 88 24 15 21 05 11.6 (2004)

622 152 33 49 15 35 24 05 6.1

*%

69.3 11.4 1.3 1.7 0.8 1.0 4.0 n.a.” 6.2 Uzal and Turanli
66.1 11.0 11 37 1.0 02 18 n.a’ 9.4 (2012
71.0 13.4 1.2 1.7 03 3.2 4.7 - 3.3 Uzal et al.

542 148 56 7.3 27 1.0 12 0.1 127 (2007)

© 00 N OO OB WN =

*LOI: Loss on ignition.
“n.a.: Not available.

Table 7.2 Qualitative mineral composition of the natural pozzolans formerly tested
in HVNP systems

Pozzolan Glass Quartz Cristobalite Albite Calcite Clinoptilolite Ref.
no.

1 + - - + + + Uzal and Turanli
2 + — — + — - (2003)

3 + - + - - Turanli et al.

4 + _ " _ " (2004)

5 + - - + - -

6 - - - - - Uzal and Turanli
7 - - - - - (2012)

8 + + + + - - Uzal et al.

9 - + + + (2007)

The common minerals present in natural pozzolans are glass, quartz,
feldspar, mica and analcime. In some deposits, glassy phases in volcanic tuffs
transform into crystalline zeolitic minerals. The nature of zeolitization and the
type of the resulting zeolitic mineral depend on hydrothermal conditions in
the geology of the deposit. On the other hand, geological transformation of
glassy phases in natural materials of volcanic origin may result in formation
of clay minerals (argillation process). Zeolitization improves the pozzolanic
activity of volcanic materials whereas argillation decreases it (Massazza,
2001). The mineral composition of some of the natural pozzolans formerly
used in studies on HVNP cementitious systems as determined by X-ray
diffraction (XRD) analysis is shown in Table 7.2.
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7.3 Physical characteristics of finely ground
natural pozzolans

The physical properties of finely ground natural pozzolans, such as particle
size distribution and specific surface, have considerable effects on fresh
and hardened concrete properties, especially in the case of high-volume
incorporation. The water demand and workability of pozzolan-containing
concrete mixtures are dependent upon particle size distribution and smoothness
of surface texture (Malhotra and Mehta, 2002). Particle size distribution is
also a significant parameter for the extent of pozzolanic activity. It is believed
that pozzolan particles larger than 45um exhibit little or no pozzolanic
action, and the particles smaller than 10 wm are most effective in pozzolanic
reactions.

In contrast to fly ashes obtained in particulate form, natural pozzolans are
received in bulk and, then processed in order to give finely divided pozzolanic
material. Their fineness and particle size distribution therefore depend on
the types and parameters of processing equipment used. Figure 7.1 shows
the particle size distribution curves for some finely ground natural pozzolans
processed with laboratory equipment (jaw crusher and ball mill) (Uzal et al.,
2010). Particle size distribution of a Turkish fly ash is also shown in Fig.
7.1 for the purpose of comparison.

Fly ash particles are spherical while finely ground natural pozzolans are
composed of angular particles. Spherical particles of fly ash result in lower
water requirement and improved workability when compared with natural
pozzolan incorporated concrete mixtures. The difference between fly ash and

—4— Pozzolan no. 7 ——Pozzolan no. 8 —%-Pozzolan no. 10 (Fly ash)
100 it ——

90
80
70

60

50

Finer, %

40

30
20

0.1 1.0 10.0 100.0 1000.0
Particle size, pm

7.1 Particle size distribution curves of finely ground natural pozzolans
and a Turkish fly ash (adapted from Uzal et al., 2010).
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natural pozzolans is more significant than conventional concrete mixtures
containing mineral admixtures, especially in HVPC applications. Another
particle characteristic that distinguishes the fly ash and natural pozzolans is
surface texture. Fly ash particles have smooth surfaces whereas the surface
texture of natural pozzolans is generally porous, resulting in relatively high
specific surface area. Table 7.3 shows some physical properties including
particle characteristics such as specific surface area of a fly ash as well as a
zeolitic and a non-zeolitic natural pozzolan as determined by the Brunauer—
Emmett-Teller (BET) method (Uzal et al., 2007, 2010). As seen from Table
7.3, specific surface area of the fly ash is considerably lower than natural
pozzolans, although their median particle sizes are similar. This fact is one
of the reasons for the difference in water requirement of fly ashes and natural
pozzolans.

7.4 Hydration characteristics and microstructure
of high-volume natural pozzolan (HVNP)
cementitious systems

HVNP cementitious systems display specific hydration processes and
microstructures as a result of low Portland cement content and high volume
of natural pozzolan. Uzal and Turanli (2012) investigated the hydration and
paste microstructure of HVNP cementitious systems containing 55% natural
zeolitic pozzolan and 45% Portland cement by mass. They reported that the
Ca(OH), content of hardened HVNP cement pastes is significantly lower
than that of control Portland cement paste, which are below the detectable
limits of thermal analysis by 91 days (Fig. 7.2). They also determined that
HVNP cement pastes contain fewer pores larger than 50 nm when compared
with the reference Portland cement paste at the end of 91 days, which results

Table 7.3 Some physical properties of finely ground natural pozzolans and a
Turkish fly ash

Pozzolan Specific Median size Blaine BET SAl", % Ref.
no. gravity of particles fingzness surzface area MayT
(um) (m<kg)  (m%/kg) days

6 2.16 13.9 995 35500 71 84 Uzal and

7 2.19 8.2 1287 26870 79 98 Turanli
(2012)

8 2.38 19.1 413 n.a. 78 80 Uzal et al.

9 226  15.4 670 24650 79 94 (2007)

10 2.37 13.2 388 3380 86 93 Uzal et al.

(Fly ash) (2010)

*SAl: Strength activity index as determined in accordance with ASTM C 311.
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7.2 Free Ca(OH), content of HVNP cement pastes containing 55% by
weight of zeolitic pozzolan (adapted from Uzal and Turanli, 2012).
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7.3 Percent volume of pores larger than 50nm in hardened cement
pastes (adapted from Uzal and Turanli, 2012).

in higher mechanical strength and lower permeability in HVNP cement
pastes (Fig. 7.3). As shown in Fig. 7.3, a pozzolanic reaction progressing
beyond 28 days refines larger pores and reduces their percent amount more
drastically when compared to the ordinary Portland cement paste. Uzal
and Turanli (2012) also reported that XRD analysis and scanning electron
microscopy (SEM) observations on hardened cementitious pastes indicated
the dissolution of the crystalline zeolite phase in natural pozzolan to exhibit
a pozzolanic reaction.

Sato and Trischuk (2008) investigated the hydration process of cementitious
pastes containing 50% natural pozzolans (chabazite and clinoptilolite types of
natural zeolite) using a conduction calorimetry technique. They reported that
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the rate of heat development accelerates during the first hours of hydration of
cement pastes containing 50% chabazite when compared with the reference
Portland cement paste. They attributed the acceleration of hydration to the
high BET surface area of the natural zeolite, rather than its fine particle
sizes.

7.5 Mixture proportions for high-volume natural
pozzolan (HVNP) concrete

HVNP concrete should be proportioned in accordance with the required
levels of workability, strength and durability, as with conventional concrete
mixtures. Due to some differences in the nature and particle characteristics
of fly ashes and natural pozzolans, typical mixture proportions show some
dissimilarity between HVFA and HVNP concrete mixtures. HVFA concrete,
in general, has 100-180kg/m> Portland cement content and 150-270kg/
m® fly ash content, with approximately 0.30-0.40 water to cementitious
materials (cement + fly ash) ratio (Malhotra and Ramezanianpour, 1994;
Malhotra and Mehta, 2002). The slump values of >150 mm are provided in
approximately 115kg/m> water content with the help of superplasticizers in
HVFA concrete. On the other hand, Uzal et al. (2007) showed that HVNP
concrete for structural applications could be proportioned with 200 kg/m?
Portland cement and 200 kg/m? natural pozzolan, with 0.45 ratio of water to
cement + pozzolan by weight w/(c + p) and slump values of 100-150 mm (Uzal
et al., 2007). Superplasticizer is a mandatory component of HVNP concrete,
and its dosage is approximately 1.5-2% by weight of total cementitious
materials content. The maximum coarse aggregate size is 19 mm in typical
examples of HVNP concrete mixtures. Typical mixture proportions for HVNP
concrete are shown in Table 7.4 (Uzal et al., 2007).

7.6 Properties of fresh and hardened high-volume
natural pozzolan (HVNP) concrete

7.6.1  Slump and workability

The incorporation of mineral admixtures generally improves the workability
of fresh concrete, which can be defined as ease of mixing, transporting,

Table 7.4 Typical mixture proportions for HVNP concrete for a slump of 100-
150 mm (Uzal et al. 2007)

Portland cement Natural Water Aggregates Superplasticizer
3 3 3
(kg/m”) Fkoz/fﬁ:’;?n tkg/m*) Fine Coarse tkg/m?)
9 (kg/m®  (kg/m®)
200 200 180 820 850 2.6-6

© Woodhead Publishing Limited, 2013



146 Eco-efficient concrete

placing and compaction without segregation. In the case of high-volume
replacement of Portland cement by finely ground natural pozzolans, the
concrete mixtures exhibit better cohesiveness and workability compared
to ordinary concrete. Other advantages include improved pumpability,
compactibility and finishability. On the other hand, high-volume incorporation
of pozzolanic materials into concrete mixtures makes use of superplasticizers,
which are necessary in obtaining high slumps due to the low water content
of HVPC mixtures. The type and dosage of superplasticizer vary depending
on the nature and particulate characteristics of the pozzolan, as well as
the compatibility between the superplasticizer and cementitious materials.
Selecting a superplasticizer for use in HVPC mixtures is critical to obtaining
a fresh concrete with satisfactory slump and workability.

7.6.2 Air content

In published literature, it has been reported that HVFA concrete requires
a somewhat higher dosage of air-entraining agent compared to the control
concrete mixture without fly ash. For high-volume fly ash concrete mixtures,
relatively high carbon content in fly ash (>6%) may cause difficulties in air
entrainment (Malhotra and Ramezanianpour, 1994).

The air content of non-air-entrained HVNP concrete is somewhat lower
than the control concrete mixture for the same water-to-cementitious
materials content (w/cm) (Uzal et al., 2007). This is actually true of all
types pozzolan incorporated into concrete mixtures. Similarly to HVFA
concrete, HVNP concrete might require a higher dosage of air-entraining
agent for a certain level of air content compared to a plain concrete
mixture.

7.6.3 Setting time

HVNP concrete mixtures exhibit quite different setting times compared
with HVFA concrete. HVFA concrete mixtures typically show comparable
initial setting time to the control concrete made with the same water content
and the same ratio of water to cement + fly ash by weight w/(c + f), and a
setting time approximately 3 hours longer that the control (Malhotra and
Ramezanianpour, 1994). However, published data on HVNP systems has
demonstrated that HVNP replacement may cause accelerated initial and final
set in paste and concrete specimens when compared to the control specimens
without replacement (Uzal and Turanli, 2003, 2012; Turanli et al., 2004,
2005; Uzal et al., 2007). Table 7.5 shows the setting times of HVNP cement
pastes and concrete mixtures in comparison to reference mixtures without
natural pozzolan. It is believed that the accelerated setting times of HVNP
cementitious systems are related to self-desiccation of the hydrating system
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Table 7.5 Setting time of HVNP pastes and concretes

Cementitious Pozzolan Setting times (minute) Reference
system Initial Final

Reference PC paste - 155 180 Uzal and
HVNP paste Pozzolan no. 1 157 190 Turanli (2003)
HVNP paste Pozzolan no. 2 98 140

Reference PC paste - 150 188 Turanli et al.
HVNP paste Pozzolan no. 3 197 295 (2004)
Reference PC paste - 175 215

HVNP paste Pozzolan no. 4 103 157

Reference PC paste - 160 189

HVNP paste Pozzolan no. 5 115 144

Reference PC paste - 218 245 Uzal and
HVNP paste Pozzolan no. 6 112 185 Turanli (2012)
HVNP paste Pozzolan no. 7 54 164

Reference PC concrete - 265 375 Uzal et al.
HVNP concrete Pozzolan no. 8 280 425 (2007)

HVNP concrete Pozzolan no. 9 185 395

Note: PC = Portland cement

due to incessant absorption of free water by the natural pozzolan, due to
their high specific surface area.

7.6.4 Strength

Strength development in HVPC mixtures varies significantly depending on
the type (fly ash or natural pozzolan) and source of the pozzolan used. HVFA
and HVNP concrete mixtures exhibit sufficient strength values for structural
applications both at early and later ages (Malhotra and Ramezanianpour, 1994;
Uzal et al., 2007). Since HVFA concrete mixtures are typically made with
lower w/cm values compared to HVNP mixtures, HVFA concrete generally
shows a higher rate and extent of strength development, especially in the
early stages. However, for the same w/cm, some HVNP concrete mixtures
exhibit comparable or higher compressive strength development for up to
28 days when compared with the identical HVFA concrete mixture. Beyond
28 days, HVFA concrete is again stronger than the HVNP concrete (Uzal
et al., 2007). Compressive strength development of the HVFA and HVNP
concrete mixtures made with the same w/cm is illustrated in Fig. 7.4 (Uzal
et al., 2007). Splitting-tensile strengths of the HVFA and HVNP concrete at
28 days are approximately 10-15% and 8—10% of the corresponding 28-day
compressive strength, respectively (Malhotra and Ramezanianpour, 1994;
Uzal et al., 2007).
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7.4 Compressive strength development of HVNP and HVFA concrete
(adapted from Uzal et al., 2007).

7.6.5 Modulus of elasticity

The modulus of elasticity of HVNP concrete made with a zeolitic natural
pozzolan is somewhat lower than that of the control concrete made with the
same w/cm ratio (Uzal, 2007). However, it is known that the modulus of
elasticity of HVFA concrete is higher than that of Portland cement concrete
with comparable strengths (Malhotra and Ramezanianpour, 1994). This
difference between HVFA and HVNP concrete mixtures could be related to
differences in microstructure of the interfacial transition zone, but it requires
further study. In both types of high-volume pozzolan concretes, the modulus
of elasticity is close to or higher than 30 GPa at 28 days, and thus they are
suitable for structural applications.

7.6.6 Resistance to chloride-ion penetration

Investigations into the resistance of HVFA and HVNP concretes to penetration
by chloride ions, as measured by ASTM C 1202 test method, indicated that
their chloride ion permeability is very low (Malhotra and Ramezanianpour,
1994; Bouzoubaa et al., 2000; Uzal et al., 2007; Uzal, 2007). ASTM C
1202 (2005) test method is based on the measurement of the total electrical
charge, in coulombs, passed through a concrete disc subjected to a potential
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difference. This test is the most commonly accepted method for evaluating
the resistance of concrete specimens against chloride-ion penetration. The
chloride-ion penetrability is considered to be low and very low for the values
of total charge passed of 10002000 coulombs and 100-1000 coulombs,
respectively, in accordance with ASTM C 1202 (2005).

In HVFA concrete, the charge generally varies from 500 to 2000 coulombs
at 28 days, and lower than 1000 coulombs at 3 months depending on mixture
proportions and curing conditions (Bouzoubaa et al., 2000, Malhotra and
Mehta, 2002). Reports on HVNP concrete demonstrated that charge values
are comparable to the values for HVFA concrete, for the same w/cm (Fig.
7.5) (Uzal et al., 2007). It is possible to obtain charge values lower than
500 coulombs at 28 days in HVNP concrete made with a highly reactive
zeolitic natural pozzolan at 0.45 w/cm, whereas the corresponding value
is approximately 4500 coulombs for the control concrete mixture (Uzal,
2007).

8000

7000+

6000

Total charge passes, coulombs
w S (&2}
o o o
S S S
o o o
| | 1

2000

1000

28 days 91 days

W Plain concrete (w/c: 0.61) [0 HVNP concrete (w/cm: 0.45
with Pozzolan no. 9)
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0 T

7.5 Chloride-ion penetration of HVYNP and HVFA concrete (adapted
from Uzal et al., 2007).
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7.6.7 Resistance to sulfate attack and alkali-silica
reaction

Turanli et al. (2005) investigated the sulfate resistance performance of HVNP
blended cement mortars in accordance with ASTM C 1012 (1994) sulfate
immersion test, by measuring the expansion of mortar bars. HVNP blended
cement mortars showed considerably lower expansion (about 0.04%) than the
control mortar (about 0.13%) at the end of 36 weeks of sulfate immersion.
This excellent durability against sulfate attack is attributable to low Portland
cement content and thus low content of Ca(OH), which is a key factor in
deterioration caused by sulfate attack.

Reported investigations have demonstrated that HVFA and HVNP
cementitious systems are quite successful in controlling the expansions
caused by alkali—silica reactions. Ramachandran et al. (1992) demonstrated
that high volume fly ash replacement efficiently reduces alkali—silica reaction
expansions, so the mortar bars of HVFA system exhibited negligible expansion
when subjected to the accelerated mortar bar test.

Uzal and Turanli (2003) and Turanli et al. (2005) used the accelerated test
method ASTM C 1260 (1994) to evaluate the alkali—silica reaction expansions
of HVNP cementitious systems. They showed that the expansion of HVNP
mortars remained at an insignificant level whereas the control mortar had
expanded by more than 0.35% at the end of 30 days of testing.

7.7 Future trends

The importance of high-volume pozzolan cementitious systems in the
sustainable development of cement and concrete technology is clearly accepted,
not only by researchers but also by members of the concrete construction
industry. The cement and concrete industry undeniably increases global
warming and climatic changes due to the huge amounts of greenhouse gases,
mainly CO,, released into the atmosphere during production of Portland
cement. High volume pozzolan cementitious systems with low Portland
cement content provide an effective solution to the problem of meeting
increasing construction needs in a sustainable manner.

The published literature contains many reports on the properties, durability
characteristics and field performance of high-volume fly ash concrete. However
knowledge about high-volume natural pozzolan cementitious systems is so
limited and the literature is lacking in data concerning their field performance.
HVNP cementitious systems should be investigated in a more detailed
manner, especially in countries that do not have access to quality fly ashes.
Where good quality fly ash that conforms to the standard requirements is
unavailable, finely ground natural pozzolans could be evaluated as alternative
pozzolanic materials for making high volume pozzolan concrete.
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Recent trends have shown the future of high-volume fly ash cementitious
systems. Bentz et al. (2011) have recently presented a new approach to
optimizing fly ash blended cements by adjusting the particle sizes of
cement and fly ash, in order to solve problems related to the rate of strength
development at early ages. They showed that equivalent 1-day and 28-day
compressive strength may be achieved with 35% fly ash replacement when the
particle size distributions of cement and fly ash were selected appropriately.
Therefore it could be anticipated that research efforts will focus on the
property improvement of high-volume pozzolan systems by optimizing
the system components. The type and dosage of superplasticizers as a key
component of HVPC mixtures will probably be one of the variables of the
optimization approaches. Furthermore, research should be focused on the
development of new kinds of superplasticizers, which are more compatible
with HVPC systems.

Ternary HVPC systems could be a future research topic. The use of two
different pozzolanic materials together with Portland cement in a concrete
mixture may generate more improvement than if only one types of pozzolanic
material is incorporated (Bentz, 2010; De Weerdt et al., 2011; Bentz et al.,
2012). The use of fly ash and natural pozzolans together in HVPC mixtures
could also provide a synergistic effect on concrete properties and durability
characteristics, especially on water requirement and workability properties,
and should therefore be investigated.
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Abstract: This chapter presents the effects of supplementary cementitious
materials (SCMs) on properties affecting the durability of concrete (porosity,
permeability), and on the major factors affecting concrete durability (alkali—
silica reaction, delayed ettringite formation, sulphate attacks, acid attacks,
frost resistance, abrasion, carbonation and chloride ingress). General trends
and specific effects of ground-granulated blast-furnace slag, fly ash, silica
fume and metakaolin, when used as cement replacement, are reported and
discussed.

Key words: pozzolans, mineral admixtures, supplementary cementitious
materials, ground-granulated blast-furnace slag, fly ash, silica fume,
metakaolin, porosity, permeability, alkali—silica reaction, delayed ettringite
formation, sulphate attacks, acid attacks, frost resistance, abrasion,
carbonation, chloride ingress, corrosion.

8.1 Introduction

For many engineers, concrete materials are specified principally on the
basis of their compressive strengths at 28 days. Current standards, such as
EN 206-1, correct this point of view by taking the durability of concretes
into account and classifying them according to exposure classes related to
environmental actions (corrosion induced by carbonation or by chlorides,
freeze/thaw attacks and chemical attacks).

According to ACI Committee 201’s Guide to Durable Concrete (ACI,
2008), the ‘durability of hydraulic-cement concrete is defined as its ability
to resist weathering action, chemical attack, abrasion, or any other process
of deterioration. Durable concrete will retain its original form, quality, and
serviceability when exposed to its environment.” Supplementary cementitious
materials (SCMs) greatly affect the durability of concrete and an extremely
large number of research papers have been published, increasing the difficulty
of generalizing the effect of a given mineral admixture on a durability
property. Nevertheless, this chapter, which is in three main sections, tries
to present general trends concerning the effects of SCMs on the principal
topics regarding the durability of concrete (Fig. 8.1):

e the major properties governing durability, i.e. porosity and per-
meability;
153
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Concrete parameters
influencing durability
- Porosity

- Permeability

g

Concrete deterioration
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— Aggressive chemical - - corrosion (carbonation,
chlorides)

environments (sulphates, acid)
- Frost (freeze-thaw)
— Mechanical stress (abrasion)

8.1 Principal topics treated in this chapter regarding the durability of
concrete.

e the principal mechanisms of concrete deterioration, i.e. internal, chemical,
physical and mechanical attacks;

e the two durability aspects related to reinforced concrete corrosion, i.e.
carbonation and chloride ingress.

It should be noted that this chapter is intentionally limited to the principal
artificial supplementary cementitious materials (SCMs) most commonly
used, i.e. fly ash (FA), silica fume (SF), metakaolin (MK), and ground-
granulated blast-furnace slag (GGBS). Ternary and quaternary binders are
omitted. Moreover, only the results and effects concerning the replacement
of Portland cement are treated.

8.2 Influence of supplementary cementitious
materials (SCMs) on moisture transfer
properties of concrete

The durability of cement-based materials is greatly influenced by the
transport properties of the concrete, mainly by the difficulty that aggressive
agents (chlorides, sulphates, etc.) have in penetrating the porous network
of the concrete. The capacity of the concrete to exchange with its external
environment depends strongly on the porous structure of the material. The
formulation of a durable concrete especially requires a reduction of the open
porosity (Section 8.2.1) and permeability (Section 8.2.2). SCMs are known
to play a significant role in the modification of these two properties.
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8.2.1 Porosity

The porous structure of a cement paste is made up of capillary pores (~200—
700nm), which are residues of the water-filled spaces in the fresh paste,
and gel pores (~3-30nm), which are the interstitial voids in the hydrates
(e.g. C-S-H) (Verbeck and Helmuth, 1968). The presence of aggregates in
mortars and concretes creates an interfacial transition zone (ITZ), which is
a porosity having a size comparable to that of capillary pores (Maso, 1980;
Ollivier et al., 1995). The orders of magnitude of the total porosity at 28
days are around 15% for an ordinary concrete, 10-12% for a high-strength
concrete, and 7-9% for a very high-strength concrete.

The capillary pores, which are the largest pores in size, play a preponderant
role in the transfer properties of the concrete, and thus on the durability
performances, especially when they are interconnected (open pore structure).
The capillary porosity is strongly reduced when:

e The water—cement ratio decreases. According to the results of Mehta and
Manmohan (1980), no interconnected pores of 100nm or more remain
in cement paste after 28 days of curing when the water—cement ratio
is smaller than 0.50. Interconnection between ITZs can, however, still
exist if the thickness and number of ITZs are too great (Ollivier and
Torrenti, 2008).

e The degree of hydration increases. Mehta and Manmohan (1980) showed
a reduction of the size and volume of capillary pores for prolonged
curing times, leading to a significant decrease in the open porosity. The
minimum relative humidity in the concrete must be at least 75% to allow
hydration to continue (Ollivier and Torrenti, 2008).

The presence of SCMs affects the porosity of cement-based materials:
refinement of the pore size distribution compared to control mixtures, decrease
of the thickness and porosity of the ITZ (Carles-Gibergues, 1981; Scrivener
et al., 1988; Poon et al., 1999), etc. The total porosity of cement-based
materials with SCMs can be affected by chemical (pozzolanic reaction) and
physical (compactness) influences. In the latter case the porosity is decreased
by using very small particles such as silica fume (if correctly dispersed with
a superplasticizer), since the minimal porosity of a solid particle arrangement
is proportional to 3 % (Caquot, 1937), where d and D are the minimal and
maximal sizes of grains, respectively. An optimization of the grading curve
can also help decrease the porosity, for instance by use of the Fuller and
Thompson (1907) approach, which permits a maximum density gradation
of the solid particles to be attained.

A schematic representation of pozzolan effects on the porosity of hardened
cement pastes is presented in Fig. 8.2. In this figure, the pore size distribution
is represented as a cumulated curve giving, for a particular equivalent diameter
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8.2 Schematic representation of the pore size distribution of cement
pastes with (Pz, Pz,; and Pz,,) and without (Ref, and Ref,) mineral
admixture.

of pore, the total volume of pores having a dimension greater than or equal
to this diameter. These cumulated curves highlight possible reductions of
the maximum pore size and of the open porosity, as illustrated by arrows A
and B respectively (Fig. 8.2). These reductions are achieved for any paste
with (Pz, to Pz;,) or without (Ref, to Ref;) pozzolan by a decrease in the
water—binder (w/b) ratio or an increase in the paste curing time or degree
of hydration.

Specific effects of SCMs on the pore structure of cement pastes, when
compared to reference pastes with Portland cement only, are as follows:

e At young ages, SCMs lead to an increase in paste porosity and the
size of pores (Pz, vs. Ref,) because a smaller quantity of hydrates is
formed in the paste. At that time, most pozzolans have not yet reacted to
produce pozzolanic C-S-H and the replacement of a fraction of cement
by a mineral admixture has merely the effect of diluting the cement.
With fly ash and GGBS, this situation can last for several days (more
than 7 days for some fly ashes (Feldman, 1983; Poon et al., 2001)) and
can even be prolonged if the SCMs are used at high doses or cured for
particularly short periods of time. For very active pozzolans such as
silica fume and some metakaolins, this state can be short, e.g. less than
3 days (Khatib and Wild, 1996; Poon et al., 2001, 2006).

e At later ages, the pozzolanic reaction leads to the production of hydrates
in addition to those of Portland cement. The main consequences are as
follows:

o A refinement of the open porosity (arrow A on Fig. 8.2), leading to
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a reduction in the size of the larger pores and in the average pore
diameter. Most works found in the literature confirm this characteristic
for all usual SCMs: Feldman (1983) and Uchikawa (1986) for GGBS,
Feldman (1983), Nagataki and Ujike (1986) and Poon et al. (1999,
2001) for fly ash, Nagataki and Ujike (1986), Batrakov et al. (1992),
Hooton (1993) and Poon et al. (1999, 2001, 2006) for silica fume,
and Khatib and Wild (1996), Frias and Cabrera (2000), Poon et al.
(2001, 2006), Guneyisi et al. (2008) and Badogiannis and Tsivilis
(2009) for metakaolin.

o A decrease of the volume of the open porosity with age, which
sometimes allows the paste/concrete with pozzolan to reach values
lower (Pz;, vs. Ref;, on Fig. 8.2) than that of the reference paste/
concrete. This situation has been seen, especially for low w/b (e.g.
0.30), for very active pozzolans such as silica fume (5, 10, 20%) and
metakaolin (10, 20%) (Yogendran et al., 1987, Poon et al., 2001,
2006; Giuneyisi et al., 2008), but also for fly ash (20, 40, 50%) and
GGBS (60%) (Al-Amoudi et al., 1993; Shafiq and Cabrera, 2004).
Higher contents of less reactive SCMs are necessary to reach the
same efficiency.

o Otherwise the open porosity can be equal to or higher than that of
comparable plain Portland cement pastes (Pz,; vs. Ref}, on Fig. 8.2)
for high w/b or mineral admixture contents: Feldman (1983) (fly ash
and GGBS), Gonen and Yazicioglu (2007) (fly ash), Cwirzen and
Penttala (2005) (silica fume), Khan (2003) (silica fume), Khatib and
Wild (1996) and Frias and Cabrera (2000) (metakaolin). It should
be noted that a few authors (Hooton, 1993, for silica fume, Poon et
al., 1999, for silica fume and fly ash) obtained higher porosity in the
pozzolan pastes compared to reference pastes, but the contrary in
concrete. This situation shows the efficiency of SCMs in improving
the ITZ.

8.2.2 Permeability

The permeability refers to the ease with which liquids or gases can enter
and move through the concrete due to a pressure head. The literature reports
measurements obtained by various methods based on the use of water, air
or other gases (oxygen, nitrogen...).

The usual range of permeability for a typical concrete is of the order of
107"% — 107 m? (water permeability), and 107! — 10~'® m? (gas permeability)
(Baroghel-Bouny, 2004) but lower values can be obtained for high-strength
concretes or for concretes with SCMs. The dispersion of values found in
replicate measurements may be significant, and the general scatter of the results
can be very high. This is the reason why the results are often presented on
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a logarithmic scale and why the difference between the permeability of two
distinct concretes must be substantial (a factor of about 10) to be statistically
significant.

General trends

The water content and the curing time greatly influence the permeability
of cement-based materials. Generally speaking, these two parameters are
more important regarding permeability variations than the effect of cement
replacement by a mineral admixture. In the latter case, the measured
permeability usually varies by a factor of 1 to 10 (see Fig. 8.3), while it has
been shown that the variations of w/b (e.g. 0.30 vs. 0.70) combined with
different curing times (e.g. > 7 days vs. < 1 day) can lead to permeability
variations of several orders of magnitude (Dhir et al., 1989).

The ITZ is sometimes regarded as a key feature governing the permeability
of mortars and concretes (e.g. (Winslow et al., 1994; Garboczi and Bentz,
1996). The beneficial effect of pozzolans on the ITZ (Bentur and Cohen, 1987;
Xu et al., 1993; Gao et al., 2005), i.e. the densification of the microstructure
and the improvement in the mechanical properties of the bond by a decrease
in the quantity of portlandite crystals and a modification of their orientation
arrangement at the ITZ, could partly explain the reduction of permeability
when pozzolans are used.

Although results in the literature about the effect of SCMs on permeability
are quite dispersed, some general trends, schematized on Figs 8.3 and 8.4,
can be highlighted. On the one hand, some rare results, involving mainly fly
ash or GGBS, imply an increase in the permeability with the use of mineral
admixture (1 on Fig. 8.3) (Kasai et al., 1983; Shi et al., 2009; Elahi et al.,

10%n - —
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< i v Minearl admixture
£ vs control
E 0 Lower strength
=
g 104 e QEquivalent or
1S ] higher strength
& ]
v

0- Mineral admixture content (%) - +

8.3 Schematic representation of the mineral admixture effect on
concrete permeability (n = -18 (gas permeability) or —20 (water
permeability).
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8.4 Relation between relative permeability (K,,,/K,.) and relative
compressive strength (f,,/f.) for concretes containing GGBS, fly ash,
silica fume and metakaolin. A, B, C and D delimit the effects of SCMs
on permeability (K) and compressive strength ().

2010). This situation, often associated with pozzolan concretes having much
lower strength than the control concrete (zone A on Fig. 8.4), could be due
to the use of weakly reactive mineral admixture, to high replacement rates,
or to an insufficient curing time (as stated earlier, SCMs are very sensitive
to curing time).

On the other hand, several studies report a beneficial effect of GGBS, fly
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ash, silica fume and metakaolin on the permeability of concrete compared to
a control mixture without mineral admixture (2 on Fig. 8.3), with different
efficiencies depending on many parameters (quality and quantity of pozzolan,
time of curing, concrete properties...). Most of the studies concern mixtures
having slightly or much higher strength than control concretes (zone D on
Fig. 8.4). However, the increase in compressive strength alone does not
explain the reduction of permeability of pozzolan concrete, since significant
decreases can be obtained even for equivalent concrete strengths (region near
the interface between zones C and D on Fig. 8.4) (Thomas and Matthews,
1992a). These reductions are often attributed to the formation of smaller
and less permeable capillaries (Manmohan and Mehta, 1981), i.e. a pore
structure refinement due to the pozzolanic reaction, and to a reduction of the
pore continuity (Feldman, 1984; Hooton, 1986). It can be noted that very
few increases in permeability are found when the compressive strengths of
pozzolan concrete are higher than those of control concretes (zone B on Fig.
8.4).

Particular effects of SCMs

GGBS contents up to 67% are able to maintain permeabilities (+10%) similar
to that of control concrete, even for decreases in strength of up to 30% (zone
C on Fig. 8.4) (Dhir et al., 1996). Significant reductions in permeability
can also be found. For instance, Cheng et al. (2005) obtained 41 and 48%
decreases for GGBS contents of 40 and 60% respectively.

Low-lime and high-lime fly ashes used up to the range of 30-50% can
lead to reductions in permeability, especially when the concretes are correctly
cured (Nagataki and Ujike, 1986; Dhir and Byars, 1993a; Naik et al., 1994;
Khan and Lynsdale, 2002).

For metakaolin (MK), Bonakdar et al. (2005) showed a continuous decrease
of permeability (-=70%) with up to 15% MK. This trend was confirmed by
Shekarchi et al. (2010), who found similar results. Badogiannis and Tsivilis
(2009) and San Nicolas (2011) found an optimum at 10 and 20% respectively.
These differences in the quantity of metakaolin to be used may be related
to the characteristics of the product (e.g. purity and fineness).

Silica fume is a very active pozzolan which rarely provokes an increase
in permeability. The use of 5 to 10% SF is usually sufficient to divide the
permeability by a factor of 1.5 (Bonakdar et al., 2005; Shekarchi et al., 2010)
or 3 (Nagataki and Ujike, 1986; Batrakov et al., 1992; Zadeh et al., 1998;
Khan and Lynsdale, 2002). Larger replacement rates (17 to 30%), although
they are not easy to achieve in practice, can lead to even larger reductions
(Nagataki and Ujike, 1986; Batrakov et al., 1992). It has also been reported
that silica fume concretes are less dependent on the curing time in water
(Nagataki and Ujike, 1986).
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8.3 Influence of supplementary cementitious
materials (SCMs) on concrete deterioration

8.3.1 Internal attacks: endogenous swelling reactions

Endogenous reactions are defined here as reactions that are generated from
the internal components of the initial concrete mixture, without the need for
exterior aggressive agents. The reaction products are expansive compounds
which induce stresses, and hence cracking, in concrete. The two principal
types of endogenous reactions are the alkali—silica reaction (ASR) and delayed
ettringite formation (DEF).

ASR

ASR occurs when the amorphous or poorly crystallized silica phase in an
aggregate (e.g. chert, flint, chalcedony or opaline sandstone) is attacked
and dissolved by the alkali hydroxides in the concrete pore solution. The
formation of an alkali—silica gel leads to concrete swelling and cracking. ASR
will develop only if the following conditions are found: sufficient amount
of alkalis in concrete pore solution, sufficient moisture level in concrete and
reactive aggregate.

To limit or suppress ASR expansion, it is necessary to act on one or more
of the above factors. However, these precautions are often economically and
technically insufficient to prevent disorders in concrete; the use of SCMs
is regarded as one of the most effective methods for suppressing abnormal
expansion due to ASR. Numerous papers have been published regarding
the mitigation of ASR with pozzolans when used in sufficient proportion
and correctly dispersed (Pepper and Mather, 1959; Stanton, 1959; Swamy,
1992; Massazza, 1998; Fournier and Bérubé, 2000; Duchesne and Bérubé,
2001; Carles-Gibergues and Hornain, 2008).

It should be noted that poor dispersion of the pozzolan may lead to
deleterious effects. Many cases of ASR have been reported concerning
abnormal expansions or pop-outs of concrete when large agglomerates of
densified silica fume were incorrectly dispersed in concrete paste (Pettersson,
1992; Escadeillas et al., 2000; Marusin and Shotwell, 2000; Diamond et al.,
2004; Juenger and Ostertag, 2004; Maas et al., 2007). Considering this, it
has been suggested that the chemistry of ASR has common features with
the pozzolanic reaction (Taylor, 1998).

Figure 8.5 gives a schematic representation of the effect of SCMs on the
expansion of concrete due to ASR. The use of an insufficient quantity of
pozzolan can sometimes lead to an increase of the expansion (curve Pzp).
A typical example is the pessimum effect of fly ash, especially when it has
a high alkali content (Duchesne and Bérubé, 1994a; Carles-Gibergues and
Hornain, 2008).
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8.5 Schematic representation of the effect of pozzolan on ASR-
expansion (inspired from Thomas and Folliard, 2007; Thomas 2011;
Carles-Gibergues and Hornain, 2008).

The amount of SCMs required to control ASR-expansion in concrete
increases for the following conditions (from Pz, to Pz, on Fig. 8.5):

For a given pozzolan, when the amount of alkalis in the mixture (from
cement or other internal or external sources) is high or becomes higher, the
aggregates are more alkali-reactive, or the temperature of the test decreases
(e.g. accelerated tests at 40 or 60 °C vs. in situ conservation).

For a given mixture kept in fixed conditions, when the pozzolan is less
reactive (less amorphous silica) or contains more alkalis or calcium.

In the case of very active pozzolans, the required content is lower (silica
fume: 8—-12%, metakaolin: 10-20%) than for less reactive SCMs (low-calcium
fly ash: 20-30%; high-calcium fly ash: 40-60%; GGBS: 35-65%) (Thomas

and

Folliard, 2007).

Several mechanisms have been put forward to explain the effectiveness
of SCMs against ASR. It is more than probable that many of them should
be taken simultaneously to justify the role of SCMs.

A densification of the hardened paste due to the physical and chemical
actions of SCMs leads to a decrease in the porosity and the permeability
(see Section 8.2.1) and the resulting reduction of the ionic mobility
slows down the migration of alkalis towards the reactive aggregate. At
the same time, these C-S-H lead to an improvement in the strength of
the cement paste and, consequently, a higher resistance to the expansive
stresses due to ASR gels (Turriziani, 1986; Bérubé and Duchesne, 1992;
Glasser, 1992).

A dilution of alkalis in concrete when low-alkali SCMs are used as cement
replacement (Glasser, 1992). According to this hypothesis, pozzolans
having high alkali contents, such as some silica fumes (Na,0, > 3%),
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or fly ashes (Na,0., > 8%), are unable to reduce the ASR-expansion of
concrete (Duchesne and Bérubé, 1994a, 1994b) but, on the other hand,
this assertion cannot explain other results involving pozzolans such as
glass powders, since glass brings a significant amount of alkalis (>12%
Na,0O.,), leading to higher alkali contents in the mixtures (Carles-
Gibergues et al. 2008; Idir et al., 2010).

e A depletion of portlandite: it is considered that the consumption of
portlandite plays a major role in the reduction or the suppression of the
ASR expansion. According to some authors (Chatterji 1979; Chatterji
et al., 1983; Bleszynski and Thomas, 1998), the depletion of portlandite
leads to a decrease in pH and/or to the production of non-destructive
gels. However, this view is contested by Duchesne and Bérubé (1994b).
Other authors, e.g. Diamond (1989), affirm that calcium is involved in the
formation of ASR gels (Ca is almost always found in various amounts
in ASR-gels; Bérubé and Fournier, 1986). So the depletion of Ca(OH),
due to the pozzolanic reaction reduces the risk of producing harmful
gels.

e A decrease of alkalis in the pore solution. Many authors (Bhatty and
Greening, 1987; Taylor, 1987, Hong and Glasser, 1999; Lothenbach et
al., 2011) have established that the ability of low Ca/Si C-S-H (produced
by the reaction of pozzolans) to fix alkalis is enhanced compared to that
of normal C-S-H. The depletion of free alkalis lowers the pH of the pore
solution by decreasing the OH™ content and, consequently, reduces the
attack of reactive aggregates (Uchikawa, 1986; Nixon and Page, 1987;
Larbi et al., 1990; Glasser, 1992; Duchesne and Bérubé, 1994b). This
last mechanism is the hypothesis most cited in the literature to explain
the role of SCMs in counteracting the effect of ASR but cannot be used
alone in all cases (Idir et al., 2010).

DEF

DEF can be defined as the formation of ettringite (AFt) several months or
years after the setting of cement, without the need for new external sulphates.
DEF is a consecutive consequence of a significant heating of the concrete
(>65°C) after its casting, either due to a thermal treatment (e.g. steam curing
in the precast industry) or to the exothermic reaction of the cement (e.g. mass
concrete). The consequences of DEF include swelling and cracking of the
concrete, which can happen after several years of humid conservation.

It is believed that, since AFt is not a stable phase at high temperature,
the initial heating of the concrete leads to the decomposition of primary
ettringite. Some of the sulphate ions would then remain in the pore solution
(Glasser et al., 1995), while others would be adsorbed by C-S-H (Brown
and Bothe, 1993), which is a reversible process. Later with moist storage,
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their subsequent desorption would favour the reformation of ettringite in the
hardened material, causing expansion and cracking in the concrete during
its service life (Ramlochan et al., 2003, 2004).

General trends

Several parameters are necessary for DEF to be initiated and develop in
concrete, and SCMs can affect most of them. Concrete must be subjected
to a high temperature (65-90 °C), a temperature for which the stability of
ettringite cannot be guaranteed, for a certain duration in the first few days
of its hydration (Taylor et al., 2001; Carles-Gibergues and Hornain, 2008).
It is recognized that fly ash and GGBS reduce the peak temperature of
concrete when they are used in large quantities (Neville, 1995). These SCMs
could thus help to limit the increase of heating by a cement dilution effect,
especially in mass concretes.

The presence of water and humidity are essential to DEF since water
is involved in the diffusion process and in the formation of the reaction
products. DEF is essentially present in structures that are exposed to high
humidity, in contact with water, or subjected to water ingress. The beneficial
effect of pozzolan in the production of a denser and less permeable paste
pore structure (Section 8.2.2) could help reduce the transport properties of
the concrete.

The alkali content in the concrete has an effect on the solubility of ettringite,
since high amounts of alkalis in the pore solution favour its dissolution and
inhibit the precipitation of primary ettringite, making sulphate ions available
for further delayed ettringite formation. Alkalis do not need to be at high
concentrations in the concretes affected. For instance, in a study of eight
bridges affected by DEF (LCPC, 2007), the alkali content in the concretes
ranged from 2 to 4.6kg/m>. A decrease in the amount of alkalis increases
the critical value of temperature causing DEF (LCPC, 2007).

As already stated for ASR, SCMs help to produce low Ca/Si C-S-H that
fix more alkalis than normal C-S-H. All other things being equal, the decrease
of alkali content in the pore solution reduces the initial sulphate uptake by
C-S-H, thus limiting their future availability after desorption (Ramlochan
et al., 2003).

The sulphate and aluminate contents have to be high enough to allow the
formation of delayed ettringite and increase the risk of expansion (Odler
and Chen 1995, 1996; Fu and Beaudoin, 1996). The critical SO5 content is
within the normal dosage in Portland cement (up to 3-4%) (Taylor, 1998).
The amount of Al,O3 in Portland cement depends on the C3A content, and
damage due to DEF has been identified in bridges for quantities of C;A as
low as 7% (LCPC, 2007). However, DEF seems to remain insignificant for
C;A contents below 5% (Carles-Gibergues and Hornain, 2008).
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According to Ramlochan et al. (2003, 2004), one of the major roles
of pozzolan in controlling DEF expansion is related to the availability of
reactive Al,O;, often found in SCMs such as fly ash, metakaolin or GGBS.
The release of additional alumina from SCMs favours the precipitation of
AFm instead of AFt (Taylor et al., 2001), as confirmed by the experimental
work of Ramlochan et al. (2004), by decreasing the SO3/Al,O5 ratio. This
ratio is sometimes proposed to estimate the risk of DEF occurrence (Heinz
and Ludwig, 1987; Grabowski et al., 1992; Odler and Chen, 1996). The
presence of supplementary alumina moves the ratio away from the pessimum
(around 0.8 in mass, according to Grabowski et al., 1992, Heinz et al., 1999,
and Zhang et al., 2002), under the critical value for DEF to occur. Heinz
and Ludwig (1987) and Heinz et al. (1999) affirm that blended cements with
appropriate amounts of GGBS and siliceous fly ash must keep the SO3/Al,0;
ratio under 0.45-0.55 to avoid DEF.

Particular effects of SCMs

Most SCMs show a beneficial effect in reducing DEF expansion when used
in sufficient amounts (Fig. 8.6). Their efficiency could be related to several
parameters, including their available aluminium content (MK, GGBS and
class F fly ash) (Ramlochan et al., 2003, 2004). For GGBS, the minimum
content varies between 25 and 35%, depending on the author (Fu, 1996;
Kelham, 1999; Ramlochan et al., 2003), but it can reach 40% (Santos Silva
et al., 2010) or higher levels when it is used with cements having very high
sulphate or alkali contents (Ramlochan et al., 2003). Santos Silva et al.
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8.6 Reduction of DEF expansion (in %) due to the use of SCMs. Data
from Ramlochan et al. (2003), Ghorab et al. (1980), Santos Silva et al.
(2006, 2010), Fu (1996), Kelham (1999), Kurdowski and Duszak (2004).
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(2010) have shown that low GGBS levels (e.g. 10 and 15%) can even lead
to increased DEF expansions (Fig. 8.6).

In the case of fly ash, which performs well in existing structures (Thomas
et al., 2008a), the distinction between low and high calcium must be made. In
the former case, most of the results show that at least 15 to 25% is necessary
to reduce the expansion significantly (Santos Silva, 2010: 15%; Ramlochan et
al., 2003: 15-25%, Santos Silva et al., 2006: 20%, Heinz et al. 1999: 20%),
and more is sometimes needed (Kurdowski and Duszak, 2004: 30%). In the
latter case (high-calcium fly ash), 30% may not be enough to significantly
reduce the expansion (Fu, 1996) (Fig. 8.6).

From the literature, it seems that 10 to 15% of silica fume is needed to
counteract the harmful effect of DEF: Santos Silva et al. (2010) 10%, Fu
(1996): 15%, Ramlochan et al. (2003): 15%. However, its efficiency is not
always verified, probably due to its low-alumina content (Ramlochan et al.,
2004).

Finally, 8% or more of metakaolin reduces the expansion significantly
(Ramlochan et al., 2003: 8%, Santos Silva et al., 2010: 10%) but the LCPC’s
technical guide for the prevention of disorders due to DEF (LCPC, 2007)
recommends using at least 20% of pozzolan. After 2 years of tests, Santos
Silva et al. (2006) confirmed that the use of 20% of metakaolin was efficient
in eliminating DEF expansion.

8.3.2 Aggressive chemical environments

Chemical attacks on concrete essentially concern the reactions of dissolution
and precipitation that are produced when aggressive elements reach calcium
hydrates of the cement paste by diffusion or permeation processes: dissolution
of portlandite, leaching of calcium in C-S-H, and/or precipitation of more
or less deleterious compounds. The principal effects of chemical attacks
are as follows:

e Increase in the porosity of the cement paste due, for instance, to the
dissolution and leaching of hydrates, leading to an augmentation of the
permeability and the diffusivity of the concrete, and sometimes to a
decrease in the mechanical characteristics (e.g. Young’s modulus).

e Swelling and cracking of the concrete related, for instance, to the
precipitation of secondary ettringite due to penetration of external
sulphate.

These effects can cause deterioration of the concrete that may be simply
unaesthetic but that can sometimes be harmful for the mechanical stability of
the structure. SCMs are generally believed to be favourable to the chemical
resistance of concrete since they consume portlandite and improve the
transfer properties of the paste and ITZ. Among the multiple aggressive
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environments existing in a nature (soils, seawater, etc.) or occurring because
of human activity (e.g. industry), only the two main ones are treated in this
part: sulphate and acid attacks.

Sulphate attacks

Sulphate attack concerns the ingress of external sulphate producing mainly
ettringite, which must be distinguished from primary AFt resulting from
the reaction of C3A with calcium sulphate, and DEF (Section 8.3.1). The
sulphates can come from different sources, mainly soils, industrial or
agricultural effluents or seawater, and they have different aggressiveness
depending on the cation associated with the SO/~ anion: calcium, sodium
or potassium, magnesium and ammonium are the main ones. The last two
are known to be the most aggressive forms, leading to deleterious effects
and rapid degradation of concrete (Massazza, 1998; Mehta and Monteiro,
2005; Escadeillas and Hornain, 2008).

Sulphate attack of hydrated cement is related to the reaction of sulphate
ions with CH and C-A-H to form gypsum and ettringite. The sulphate also
reacts with remaining C;A in the cement to form ettringite. In the particular
case of magnesium sulphate, this compound can react with C-S-H directly,
resulting in the formation of magnesium silicate hydrate, which lacks cohesive
properties.

Low permeability and diffusivity provide the best defence against sulphate
attack by reducing sulphate penetration. This can partly be achieved by the
use of SCMs. The dilution of C3A content by the use of SCMs can also be
beneficial (Escadeillas and Hornain, 2008).

In a general way, pozzolans or GGBS have a more beneficial effect against
sodium sulphate than against magnesium sulphate (Fig. 8.7). For sodium
sulphate, consumption of CH by SCMs reduces the amount of gypsum and
ettringite produced. Numerous authors have reported beneficial effects of
SCMs in counteracting sodium sulphate attack: see for example Frearson
(1986), Frearson and Higgins (1992), Hogan (1981), Osborne (1991), Wee
et al. (2000), Cao et al. (1997), Zeljkovic (2009), O’Connell et al. (2012)
for GGBS; Kalousek et al. (1972), Cao et al. (1997), Torii and Kawamura
(1994), Shashiprakash and Thomas (2001), Sideris et al. (2006) for fly ash;
Wee et al. (2000), Moon et al. (2003), Cao et al. (1997), Torii and Kawamura
(1994), Cohen and Bentur (1988), Al-Amoudi et al. (1995a), Shashiprakash
and Thomas (2001) for silica fume; Zeljkovic (2009), Malolepszy and Pytel
(2000), Khatib and Wild (1998), Courard et al. (2003), Al-Akhras (2006),
Ramlochan and Thomas (2000) for metakaolin.

In the case of magnesium sulphate, a lower CH content in hydrated cement
is undesirable because it encourages the reaction of sulphate with C-S-H
(Al-Amoudi, 2002; Ganjian and Pouya, 2005; Lee et al., 2005). This could
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8.7 Relation between relative sodium and magnesium sulphate
expansions (epoz/eref) and mineral admixture contents for concretes
containing GGBS, fly ash, silica fume and metakaolin. Data from
Al-Akhras (2006), Al-Amoudi et al. (1995a, 1995b), Cao et al. (1997),
Cohen and Bentur (1988), Courard et al. (2003), Diab et al. (2008a.
2008b), Hooton (1993), Kalousek et al. (1972), Khatib and Wild (1998),
Lee et al. (2005), Malolepszy and Pytel (2000), Moon et al. (2003),
Ramlochan and Thomas (2000), Shashiprakash and Thomas (2001),
Sideris et al. (2006), Torii and Kawamura (1994), Wee et al. (2000),
Zeljkovic (2009).
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explain the inefficiency of pozzolans, especially silica fume and metakaolin
(Fig. 8.7), to protect concrete from magnesium sulphate attack (Hekal et
al., 2002; Moon et al., 2003; Lee et al., 2005; Diab et al., 2008a, 2008b;
Al-Amoudi et al., 1995a).

Acid attacks

Any environment having a pH lower than 12.5 may be aggressive to
concrete through leaching processes, but pH below 6 is much more critical
and is responsible for most concrete damage, such as increases in porosity
and permeability, decrease in strength, cracking and spalling (Mehta and
Monteiro, 2005).

The parameters of concrete governing its quality (e.g. water—binder ratio,
cure) are of major significance compared to the effect of SCMs (Hobbs and
Matthews, 1998). Nevertheless, all other things being equal, including SCMs
usually improves the concrete’s resistance to mineral acids (hydrochloric,
sulphuric, phosphoric, carbonic) or organic acids (acetic, lactic, citric) (Backes,
1986; Yamato and Emoto, 1989; Durning and Hicks, 1991; Torii and Kawamura,
1994; O’Donnell et al., 1995; Roy et al., 2001; Hill et al., 2003; Chang et al.,
2005; Aydin et al., 2007; Larreur-Cayol et al., 2011; Gruyaert et al., 2012;
O’Connell et al., 2012), as a result of a slower rate of acid attack due to lower
permeability and reduced calcium hydroxide content. Enhanced resistance to
silage effluent (lactic and acetic acids) or manure liquids (mixture of acetic,
propionic, butyric, isobutyric and valeric acids) has also been reported (De
Belie et al., 1996, 1997a, 1997b, 1997¢, 2000; De Belie, 1997; Bertron et al.,
2004, 2005a, 2005b, 2007; Pavia and Condren, 2008).

This improvement is illustrated in Fig. 8.8 on selected literature results
for relative loss of mass (AM,, /AM,.,) after short- and long-term immersion
in different kinds of mineral and organic acids. It can be seen that all classic
SCMs are able to reduce the degradation due to acid attacks (GGBS often
performs better), although higher losses of mass can sometimes be found.

The short-term efficiency of SCMs is often higher than at later ages, meaning
that SCMs retard the degradation due to acid attack without automatically
preventing it (Fig 8.8). This has been confirmed by several authors, e.g.
Durning and Hicks (1991), who obtained similar losses of mass, but over
longer times when silica fume was used: 7.5% SF doubled the time for 25%
mass loss for concrete in a 5% acetic acid solution, while 15% quadrupled
this time.

8.3.3 Frost resistance

It is generally recognized that durability problems related to cold weather
conditions can take two principal forms:
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8.8 Effect of SCMs on the loss of mass due to different acid attacks,
relative to reference. Data from Backes (1986), Yamato and Emoto
(1989), Durning and Hicks (1991), Bertron et al. (2004, 2005b, 2007),
Chang et al. (2005), Aydin et al. (2007), Pavia and Condren (2008),
Larreur-Cayol et al. (2011).

e Internal cracking due to freezing and thawing cycles generally causes
a loss of concrete strength and stiffness. It is often evaluated by the
variation of the dynamic modulus of elasticity with freeze—thaw cycles
(Fig. 8.9).

e Surface scaling due to freezing in the presence of de-icing salts, which
leads to loss of concrete cover. The mass of scaling debris is usually
the parameter measured to characterize this degradation (Fig. 8.9).

General trends

The mechanisms of frost damage have been attributed to several phenomena,
partially due to the 9% expansion of water during freezing: hydraulic pressure
build-up as water is forced away from the freezing front (Powers, 1954, 1975),
osmotic pressure gradients driving water toward the freezing centres (Powers
and Helmuth, 1956; Helmuth, 1960), vapour pressure potentials (Litvan,
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1972), and combinations of these processes. Most of these theories agree on
the significant parameters responsible for frost damage in concrete:

Degree of saturation — Concretes with or without pozzolan that have
internal relative humidity below approximately 75 to 80% are normally
not subject to internal damage from freezing, whatever the concrete
composition (ACI Committee 201, 2008).

Air-void — Frost damage is practically eliminated when a proper air-void
system is achieved. Since air bubbles are practically never completely
filled with water, ice can be formed without creating excessive internal
pressure. In order to resist freeze—thaw cycles, it is generally recognized
that concretes should contain more than 4% of air, with a bubble spacing
factor of less than 200-250 um. This is usually achieved by the use of
air-entraining admixture.

It has been shown that the use of very active pozzolans such as
silica fume in very high strength concretes (> 90 MPa) generally gives
satisfactory behaviour in freeze—thaw cycles, without the need for a
particular air void structure (Gagné et al., 1990; Pigeon et al., 1991).
For other concretes with or without pozzolan, a correct air void structure
is almost always necessary (Gagné and Linger, 2008).
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SCMs can sometimes have a negative effect on entrained air voids,
by increasing the demand for air-entraining agent (AEA) to attain a
correct air-void spacing length. At equivalent AEA content, the use of
certain SCMs can lead to larger spacing factors. This effect principally
concerns fly ash (Gebler and Klieger, 1983; Zhang, 1996) but is also
observed with GGBS (Fernandez and Malhotra, 1990; Saric-Coric and
Aitcin, 2003) and silica fume (Khayat and Aitcin, 1992). This could
be due either to a greater surface area or to high carbon content of the
pozzolans. The carbon absorbs a portion of the air-entraining agent, thus
limiting its availability for producing the required air bubble network.
When the carbon content is low, pozzolans have practically no effect
on air void structure (Pigeon et al., 1989).

Water—binder ratio — Relatively high w/b (0.7-0.8) leads to mediocre
freeze—thaw durability, even though the concrete contains air-entrained
(Gagné and Linger, 2008). Water—binder ratios of less than 0.5 or 0.3
for air-entrained or non-air-entrained concretes, respectively, are usually
needed to reach a correct level of durability. At these levels, there is less
freezable water and concrete has a higher resistance to internal stresses
due to the formation of ice. Moreover, a decrease of w/b tends to decrease
the size of pores, leading to less freeze-water at a given temperature,
since the ice needs a lower temperature to be formed in smaller pores
(Gagné and Linger, 2008). In many cases, SCMs also tend to decrease
the size of pores (see Section 8.2.1), which can be beneficial for frost
resistance.

Maturity of the concrete — As for air-void, many frost problems (especially
for surface scaling) are eliminated when an adequate maturity of the
concrete is achieved, since it helps decrease porosity and permeability.
Concretes with SCMs are particularly vulnerable to short curing or to
early freeze and thaw cycles. Numerous examples of SCMs having low
reaction kinetics (e.g. GGBS and fly ash) are reported in the literature
concerning short curing times leading afterward to insufficient frost
resistance: see, for instance, Saric-Coric and Aitcin (2003).

Specific effects of SCMs

Internal cracking and surface scaling should be taken separately when analysing
the effect of SCMs on the frost resistance of concrete conserved in a humid
environment. Internal cracking is generally only slightly affected by SCMs
(Fig. 8.9 left) for concretes having equivalent strength and adequate air
void structure. Several authors have noted little or no significant influence
of fly ash (Gebler and Klieger, 1986b; Langley et al., 1989; Naik et al.,
1995a), GGBS (Malhotra, 1983; Sakai et al., 1992), silica fume (Bilodeau

and

Carette, 1989; Batrakov et al., 1992; Sabir and Kouyiali, 1991) and
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metakaolin (Zhang and Malhotra, 1995; Kim et al., 2007; Vejmelkova et
al., 2010), when pozzolans are used in limited amounts (e.g. 10% for silica
fume). High-volume fly ash (> 40%) concrete can also be resistant to internal
cracking, on condition that the w/b is lower than 0.35 (Langan et al., 1990;
Langley et al., 1989).

Surface scaling is much more dependent on the type and content of
pozzolan, and also on the curing time. The scaling resistance is usually
reduced when SCMs are used (Fig. 8.9 right). All SCMs are concerned:
fly ash (Gebler and Klieger, 1986b; Pigeon et al., 1996; Zhang et al., 1998;
Boyd and Hooton, 2007), GGBS (Stark and Ludwig, 1997; Saric-Coric and
Aitcin, 2003; Boyd and Hooton, 2007; Battaglia et al., 2010), silica fume
(Sabir, 1997) and metakaolin (Zhang and Malhotra, 1995; Vejmelkova et al.,
2010). A few authors believe that the decrease in de-icer scaling resistance
is related to carbonation of the surface layer of the concrete, which produces
metastable calcium carbonates soluble in NaCl (Stark and Ludwig, 1997,
Battaglia et al., 2010).

Nevertheless, a few exceptions have been found, for instance for fly ash
up to 30-50% (Bilodeau et al., 1991; Naik et al., 1995a) or silica fume at
10% and low w/b (Bilodeau and Carette, 1989; Hammer and Sellevold,
1990). It should be noted that a difference is sometimes observed in field
cured specimens since GGBS concrete, for instance, can perform relatively
well up to 25-35% of GGBS (Boyd and Hooton, 2007; Bouzoubaa et al.,
2008).

8.3.4 Mechanical stresses: wear of concrete surfaces

Mechanical damage such as wear of concrete can mainly be caused by impact,
abrasion, erosion or cavitation. These effects concern the surface of the
concrete and are due to attrition by sliding, rolling, scraping or percussion.
Wear of concrete surfaces can occur on concrete pavements such as roads
and industrial floors, for instance, when mechanical stresses locally exceed
the strength of concrete. It can be initiated in the hydrated cement paste,
in the aggregates or in the paste—aggregate interface by aggregate pull
out. It has been pointed out that the wear resistance of concrete depends
on the strength and hardness characteristics of the concrete constituents,
including paste—aggregate bond strength. These characteristics are themselves
influenced by several factors such as the water—cement ratio, the type and
grading of aggregates, the presence of SCMs, air-entrainment, the finished
surface condition and the duration of curing (Hilsdorf, 1995; Neville, 1995;
Lawrence, 1998).

The behaviour of SCMs regarding abrasion resistance is strongly correlated
to the compressive strength of the concrete, as shown in Fig. 8.10. This figure
summarizes several relative results (81) taken from the literature for fly ash

© Woodhead Publishing Limited, 2013



"S|elI91BW PASBQ-1UsWad JO UOISBICR SAIIR[S BY} UO 8WNy BII[IS 10 YSe A} 40 108143 0L°8

4o4
L yibualls anissaidwod anlle|ay
Nonu.
SL'L gL ST'L L SL0 S0 S20
| | ——t—————+————+05'0
(e9g6L) 49Ba1ly pue 49|qeD O ]
awny eol|Is e,
160
(L002Z) NI X o ]
awny edl|Is . ]
+ yse A4 (L66lL) ‘|e 10 @uejdeo 1 =z
p 00l o
(9002) |eu| pue 101zeAn % v 1 =
(o) @
1 [
(L00Z) "[e 30 UBA O " o ] g
& o< TGl o
(0L02) gueyy| pue anbippisy M A ] g
yse A|4 = <& Ol . i NES
b ]
(0L0Z) anbippis¥Y N . n logt % mm
(€002) @nbippisv L -
L (9g661) ‘1e 10 yieNm Iy
T ooz

© Woodhead Publishing Limited, 2013



Influence of SCMs on concrete durability 175

and silica fume incorporated at replacement rates from 10 to 70%, in all kinds
of concrete having strengths in the range 16-80 MPa. It is noteworthy that
the general trend is that SCMs improve the abrasion resistance compared to
a reference concrete when they are accompanied by an increase in strength.
Conversely, a decrease of strength almost systematically leads to worse
abrasion resistance. The curing of the outer skin of the concrete is of a great
importance, especially for pozzolan concretes.

This tendency is confirmed by several authors for all SCMs: Gebler and
Klieger (1986a), Dhir et al. (1991), Laplante et al. (1991), Bilodeau and
Malhotra (1992), Naik et al. (1995b), Siddique (2003, 2010a), Yazici and
Inan (2006), Yen et al. (2007), Liu (2007), Siddique and Khatib (2010),
Yetgin and Cavdar (2011).

8.4 Influence of supplementary cementitious
materials (SCMs) on reinforced concrete
deterioration

Most of the concrete used in the construction industry is intended to be
included in reinforced concrete structures. The presence of steel compensates
for the weakness of tensile strength of concrete but steel is very vulnerable
to corrosion. Steel bars are naturally protected in sound concrete, since
a shielding outer layer, called ‘passivating layer’, is formed on the steel
surface, reducing the corrosion rate to a negligible level (passive state). The
passivating layer is stable in alkali environments like the one provided by
concrete under normal conditions (pH > 13).

The corrosion of steel in reinforced concrete is initiated when the passivating
layer is partially or totally destroyed. Two principal phenomena are implicated
in such destruction: the carbonation of concrete due to the penetration of CO,
from the surface to the core of the concrete, and the penetration of chloride
ions for concretes exposed to marine environments or de-icing salts. Both
phenomena are significantly modified by the presence of SCMs.

8.4.1 Corrosion induced by carbonation

Carbon dioxide (CO,) present in the air (~0.038%) enters the concrete by
open porosity or cracks. In the presence of water, it reacts with the hydrates
of cement (mainly portlandite — Ca(OH),, but also C-S-H, Dunster, 1989)
to form calcium carbonate (CaCQOs;) and silica gels (Dunster, 1989; Cowie
and Glasser, 1991). This reaction, called ‘carbonation’ and for which the
detailed mechanism can be found elsewhere (e.g. Baroghel-Bouny et al.,
2008), has two main consequences:

e A reduction of global concrete porosity, since CaCOj5 and silica gels
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have a larger molar volume than the initial components (Ca(OH), and
C-S-H), and a modification of the pore size distribution (Pihlajavaara,
1968; Ngala and Page, 1997; Thiery et al., 2003; Villain and Thiery,
2005). The decrease of the porosity is not harmful and can lead to the
improvement of some mechanical performances.

e The consumption of portlandite, which can be regarded as the ‘basic
reserve’ of the concrete, causing a decrease in the pore solution pH,
from 12.5-13.5 to around 9. At that level of pH, the passivating layer
is not stable and dissolves, causing corrosion to start.

A schematic representation of the behaviour of concrete subjected to a
carbonation test is given in Fig. 8.11. The carbonation depth usually follows
a straight line versus the square root of the time, meaning that it is driven
by the gas diffusion process (Baroghel-Bouny et al., 2008). At a given age
of concrete, the carbonation depth is greater when the water—cement ratio
is increased (Skjolsvold, 1986), the cement content is reduced (Venuat and
Alexandre, 1968, 1969), or the curing time is shortened (Meyer, 1968) (A
to B on Fig. 8.11). The carbonation is maximum at intermediate relative
humidity (40-80%, depending on the author: Van Balen and Van Gemert,
1994; Saetta et al., 1995), while it is very low for completely dry or fully
saturated concretes. In fact, the relative humidity must be sufficiently low to
allow the permeation of CO, into the concrete but also sufficiently high for
the carbonation reaction to be achieved in aqueous phase. Therefore, porosity
and gas permeability are among the most important properties influencing
the carbonation of concrete.

General trends

SCMs influence the carbonation of concrete by at least two antagonistic
phenomena:
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8.11 Schematic representation of the behaviour of concrete subjected
to a carbonation test. A to B (A) is obtained by an increase in w/b, a
decrease in curing time, or an increase in mineral admixture content.
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e The consumption of portlandite due to the pozzolanic reaction, which
implies that a smaller amount of CO, is required to carbonate the remaining
hydrates. It has been shown that the depth of carbonation is greater when
the amount of Ca(OH), present is lower (Bier, 1986). Consequently the
presence of SCMs could result in more rapid carbonation.

e Modification of the porosity and permeability of concrete (Sections 8.2.1
and 8.2.2), which could lead to an improvement in the transport properties
of pozzolan concretes in certain conditions (active pozzolan, long curing
time, etc.). The denser microstructure, refined and more tortuous pores,
and reduced permeability encountered in pozzolan concretes tend to
slow down the carbonation rate.

Depending on the dominant effect, pozzolan concretes can be more or less
carbonated than control mixtures at a given age.

Although numerous papers comparing the carbonation of Portland cement
with and without SCMs have been published, generalizations remain difficult.
This could be partly due to different experimental conditions existing in the
literature, e.g. accelerated test vs. natural carbonation, driven by the CO,
content and the relative humidity. According to Massazza (1998), accelerated
tests tend to overestimate the depth of carbonation of pozzolan concretes
compared to long exposure on site. So care should be taken when interpreting
the results of accelerated tests.

The overall trend found in the literature is that the depth of carbonation
increases with the use of pozzolan in concretes (A to B on Fig. 8.11)
(Massazza, 1998; Neville, 1995). However, some authors affirm that there
is no significant difference in carbonation depth if the concretes with or
without pozzolan have a similar strengths (Matthews, 1984; Hobbs, 1988;
Kokubu and Nagataki, 1989). This affirmation is not always supported,
as shown by Kim et al. (2007) with metakaolin and silica fume. All other
things being equal, the carbonation of pozzolan concretes increases relative
to control mixtures when the relative strength decreases (Shi et al., 2009).
Compressive strength of concrete over 50 MPa can significantly reduce
the depth of natural carbonation (indoor or outdoor), not only for ordinary
Portland cement (OPC) but also for fly ash concretes (Sulapha et al., 2003).
However, this is not always the case for accelerated conditions (CO, > 4%),
for which even high-strength concretes with very active pozzolans can remain
vulnerable to carbonation (Kim et al., 2007, 75 MPa concretes). For relatively
low pozzolan content, the differences might be negligible (Collepardi et al.,
2004), but for high pozzolan content, it could be necessary to decrease the
water—binder ratio to maintain the same carbonation performance (Cengiz
Duran, 2003). One important parameter that greatly influences the result is the
curing of concretes, which can be very problematic for pozzolan concrete.

Although concretes containing SCMs are sometimes considered as less
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resistant to carbonation (especially in accelerated tests) due to their low
portlandite content, this property should not be considered alone regarding
the risk of corrosion since the SCMs can sometimes reduce the permeability
of the concrete, so that the high rate of carbonation might be confined to
the first few centimetres, especially for high-strength concretes containing
very active pozzolans. Consequently, further progression of the CO, can be
slowed down, thereby providing appropriate protection to the steel (Bouikni
et al., 2009). Moreover, it has been shown that many concretes with SCMs
have very low probabilities of corrosion even after several tenths of years
(due to lower permeability), often within the service life of the structure,
meaning that carbonation effect may by insignificant in these cases (McNally
and Sheils, 2012).

Specific effects of SCMs

The presence of GGBS often leads to an increase in the depth of carbonation
for high percentages of GGBS (> 50%) (Bouikni et al., 2009; Gruyaert et al.,
2010). An increase in the GGBS fineness has a beneficial effect on carbonation
(Sulapha et al., 2003), as does long curing time. When the duration of the
cure is prolonged beyond 7 days, the carbonation of concretes containing
up to 50% of GGBS is not significantly higher than that of OPC concretes
(Malhotra et al., 2000; Sulapha et al., 2003).

In the case of fly ash, the increase of carbonation is significant when the
replacement rate is beyond around 30% (Thomas and Matthews, 1992b).
This critical pozzolan content can sometimes be higher (e.g. 50%; Cengiz
Duran, 2003).

The general tendency for silica fume concrete is an increase of carbonation
depth, especially for high pozzolan content (>10%) (Khayat and Aitcin,
1992). Kim et al. (2007), using 5, 10, 15 and 20% of metakaolin in high
strength concretes (w/b of 0.25, 75MPa), obtained a continuous increase
of carbonation depth (5% CO,, 60% RH and 30°C) with the increase of
pozzolan, even for equivalent compressive strength. McPolin et al. (2007)
found similar results on 58 MPa—10% metakaolin concrete (5% CO,, 65%
RH and 20°C).

8.4.2 Corrosion induced by chlorides

The presence of chloride ions around the concrete rebar induces a local
dissolution of the passivating layer, leading to localized corrosion pits due to
the creation of electrochemical microcells. A minimum chloride concentration
in the pore solution must be reached for the corrosion to be initiated. This
critical concentration value is evaluated at around 0.4% of chlorides with
respect to the cement mass (Baroghel-Bouny et al., 2008). The use of the
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ratio C1I/OH™ is often chosen as a criterion for corrosion initiation (CI~ and
OH™ are the concentrations of free chloride and hydroxyl ions, respectively,
near the steel bar): the higher the ratio, the high the corrosion rate. Critical
values are between 0.3 and 0.6 (Hausmann, 1967; Diamond, 1986).

Chlorides can be found in the components of the mixture themselves
but most of the regulations in the world impose the use of chloride-free
materials in concrete (e.g. chemical admixtures, or washed aggregates of
marine origin). SCMs are also concerned by these restrictions and many
standards limit the free chloride content to very low values: 0.10% for fly
ash, GGBS and metakaolin, according to European standards EN 450-1 and
EN 15167-1, and French standard NF P18-513, respectively, and 0.3% for
silica fume (EN 13263-1).

Other possible sources of chlorides are seawater or de-icing salts. In the
case of saturated conditions, the penetration of chlorides in the concrete is
governed by a diffusion process following Fick’s laws. When the concrete
is subjected to wetting and drying cycles, chloride ions enter by capillary
absorption and are transported into the concrete by convection of the liquid
phase. Then chlorides can migrate by diffusion in the saturated zones. This
mode of penetration allows rapid ingress of chlorides, explaining why
concretes subjected to wetting and drying cycles are often degraded at higher
rates than fully immersed concretes.

The two main properties responsible for the penetration of chlorides
(diffusion and capillary absorption) are greatly influenced by the same
parameters as govern the porosity and permeability of concrete (Section
8.2.2), i.e. the water—binder ratio, the cement content and the curing time.
The diffusion of chlorides into the concrete depends strongly on the open
porosity and pore tortuosity of the cement paste (Roy et al., 1986). A decrease
in the former and an increase in the latter tend to reduce the coefficient of
diffusion.

The presence of SCMs can play a major role in the modification of
chloride diffusion, although it has been suggested that, in certain cases, the
compactness of concrete (i.e. w/b) is more crucial than its pozzolan content.
In other words, to improve the diffusion properties, it is better to reduce
w/b than use pozzolan with a high water content (the best solution being
obviously to decrease w/b and use SCMs).

The main effects of SCMs relative to the penetration of chlorides are the
following:

e Open porosity and pore tortuosity of the cement paste — As stated earlier
(Section 8.2.1), SCMs tend to refine and decrease the open porosity of
cement-based materials, especially for low w/b and adequate curing
times. This leads to a segmentation of the porosity and a creation of more
tortuous paths in the paste, the main consequence being a decrease in the
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diffusivity of chloride ions. It has been shown that the chloride diffusion
coefficient ratio between Portland cement and pozzolanic cement pastes
can range between 3 and 10 (Page et al., 1981; Kumar and Roy, 1986;
Byfors, 1987; Chatterji and Kawamura, 1992).
Reduction of pH — The use of SCMs usually reduces the pH of the pore
solution (Section 8.3.1). This reduction of OH™ concentration results
in a lower threshold chloride value to initiate the corrosion, when the
ratio CI7/OH™ is considered (Byfors, 1987). In other words, less chloride
is needed to initiate corrosion when SCMs are used in concrete (due
to a lower stability of the passivating layer when the pH is reduced).
However, the ratio CI'/OH™ is not always increased by the use of SCMs
since some CI™ can be bound by C-S-H.
Chloride binding — Chloride ions in the concrete exist in different forms
(free, adsorbed and chemically bound) and not all of them are harmful
regarding rebar corrosion. Of all the chloride ions entering the concrete,
only the free chlorides are considered to be active in the process of
depassivation and rebar corrosion (Baroghel-Bouny et al., 2008). Some
of the chloride ions interact with the hydrated phases of Portland cement
and the role of SCMs in the consumption of chloride ions is variable
since the binding capacity differs considerably from one pozzolan to
another:

o Chlorides can be adsorbed on C-S-H, but to a lesser extent as the
ratio Ca/Si decreases (Beaudoin et al., 1990). An increase in the
proportion of active pozzolan, such as silica fume, causes a reduction
in the amount of Cl™ adsorbed on C-S-H, due to the lower Ca/Si
ratio of C-S-H. SCMs containing alumina are less affected by this
phenomenon since there is evidence that calcium aluminate hydrates
(C-A-H) produced by the pozzolanic reaction of fly ash (and probably
GGBS and metakaolin) can bind the chlorides (Jensen and Pratt,
1989).

o0 Chlorides can react with other compounds to give new hydrates such
as calcium chloroaluminates (e.g. Friedel salts — C3A-CaCl,-10H,0).
In plain Portland cement, the C;A (and C4AF) content play an
important role in the binding of chloride ions. It should be noted
that the amount of C;A decreases in pozzolan pastes, due to a
dilution effect. On the one hand, for alumina-free pozzolans (e.g.
silica fume), the amount of Friedel’s salt decreases with increasing
pozzolan content (Page and Vennesland, 1983), thus reducing the
binding capacity. On the other hand, alumina-bearing SCMs such
as fly ash, GGBS and metakaolin generally lead to an increase of
chloride binding, due to the formation of more Friedel’s salt (Dhir
et al., 1996, 1997; Vejmelkova et al., 2010).
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Specific effects of SCMs

The decrease of pH caused by the introduction of SCMs causes a reduction
in the amount of chlorides necessary to destroy the passive layer and
initiate corrosion, but this negative effect is counterbalanced by the chloride
binding of certain SCMs (GGBS, fly ash, metakaolin), and by the decrease
of chloride diffusion due to the segmentation of the porosity (GGBS, fly
ash, metakaolin, silica fume). The overall result is generally a significant
decrease of chloride penetration, as shown on Fig. 8.12. All results show
lower coefficients of diffusion, and the efficiency depends on the reactivity
of the pozzolan. This could results in longer service life of structures, as
reported by McNally and Sheils (2012) in their probabilistic service life
prediction of concrete with GGBS.
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8.12 Effect of mineral admixture content on the coefficient of chloride
diffusion, relative to the reference. Data from Gautefall (1986), Byfors
(1987), Gautefall and Havdahl (1989), Luping and Nilsson (1992), Dhir
and Byars (1993b), Dhir et al. (1996), Cabrera and Nwaubani (1998),
Boddy et al. (2001), Oliveira et al. (2005), Kessler et al. (2008), Ryou
and Ann (2008), Thomas et al. (2008b), Zeljkovic (2009), Elahi et

al. (2010), Gruyaert et al. (2010), Baroghel-Bouny et al. (2011), San
Nicolas (2011).
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However, as stated by Angst et al. (2009) in their extensive review:

the effect of some of these materials — namely SF, FA, and GGBS —
has been studied several times, but the results were often contradictory
and/or cannot be transferred to real structures due to unrealistic testing
conditions. Regarding reinforcement corrosion, the behaviour of the
mentioned pozzolanas, but also many other upcoming cementing materials,
is completely unknown.

Future trends

Many important topics will need further research, for example:

Since the interest in SCMs is continuing to increase, partly because of
environmental, technological and economic concerns, other sources of
SCMs still need to be characterized, including at nanoscale, in order to
arrive at standards that will help their use in concrete. The use of ternary
and quaternary binders is also a promising track.
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e The development of mathematical models completing the existing ones
(e.g. for ASR). These models could help the understanding and prediction
of the behaviour of SCMs regarding the durability of concrete.

The comparison of the results of accelerated tests vs. in situ behaviour of
concrete in real structures. It has been pointed out that accelerated tests are
sometimes far from reality, so feedback of experience is still necessary to
confirm the laboratory conclusions.

8.6 Sources of further information and advice

This chapter has presented a brief overview of some of the main effects of
four artificial SCMs on major aspects of concrete durability. However it was
not possible to include all interesting topics that would have merited further
detailed discussion, such as shrinkage, pure water leaching, micro-organism
attacks, high temperature effects (e.g. fire), etc. Further information on these
subjects and on the ones treated in this chapter may be found in various media
(books, conference proceedings, review papers, etc.) that deal specifically
with the durability of concrete, for example:

e  The effect of supplementary cementing materials on alkali—silica reaction:
a review (Thomas, 2011).

e Resistance of silica fume concrete to de-icing salt scaling: a review
(Zhang et al., 1999).

e  Fire resistance of high strength/dense concrete with particular reference
to the use of condensed silica fume: a review (Jahren, 1989).

e Biochemical attack on concrete in wastewater applications: a state of
the art review (O’Connell et al., 2010).

8.7 References

ACI Committee 201 (2008), ACI 201.2 — Guide to Durable Concrete.

Al-Akhras N M (2006), Durability of metakaolin concrete to sulfate attack, Cement and
Concrete Research, 36, 1727-1734.

Al-Amoudi O S B (2002), Attack on plain and blended cements exposed to aggressive
sulfate environments, Cement and Concrete Composites, 24, 305-316.

Al-Amoudi O S B, Rasheeduzzafar, Maslehuddin M and Almana A 1(1993), Prediction of
long-term corrosion-resistance of plain and blended cement concretes, ACI Materials
Journal, 90, 564-570.

Al-Amoudi O S B, Maslehuddin M and Saadi M M (1995a), Effects of magnesium-sulfate
and sodium-sulfate on the durability performance of plain and blended cements, ACI
Materials Journal, 92, 15-24.

Al-Amoudi O S B, Maslehuddin M and Abdul-Al Y A B (1995b), Role of chloride
ions on expansion and strength reduction in plain and blended cements in sulfate
environments, Construction and Building Materials, 9, 25-33.

© Woodhead Publishing Limited, 2013



184 Eco-efficient concrete

Angst U, Elsener B, Larsen C and Vennesland O (2009), Critical chloride content in
reinforced concrete — A review, Cement and Concrete Research, 39, 1122-1138.
Aydin S, Yazici H, Yigiter H and Baradan B (2007), Sulfuric acid resistance of high-

volume fly ash concrete, Building and Environment, 42, 717-721.

Backes H P (1986), Carbonic acid corrosion of mortars containing fly ash, in SP-91: Fly
Ash, Silica Fume, Slag, and Natural Pozzolans in Concrete, ACI, 621-636.

Badogiannis E and Tsivilis S (2009), Exploitation of poor Greek kaolins: Durability of
metakaolin concrete, Cement and Concrete Composites, 31, 128—-133.

Baroghel-Bouny V (2004), Conception des bétons pour une durée de vie donnée des
ouvrages — Maitrise de la durabilité vis-a-vis de la corrosion des armatures et de
l’alcali-réaction — Etat de ’art et guide pour la mise en oeuvre d’une approche
performantielle et prédictive sur la base d’indicateurs de durabilité, Bagneux.

Baroghel-Bouny V, Capra B and Laurens S (2008), La durabilité¢ des armatures et du
béton d’enrobage, La durabilité des bétons — Bases scientifiques pour la formulation
de bétons durables dans leur environnement, 2nd ed. Paris, Presses de 1’école nationale
des Ponts et Chaussées (ENPC).

Baroghel-Bouny V, Kinomura K, Thiery M and Moscardelli S (2011), Easy assessment
of durability indicators for service life prediction or quality control of concretes
with high volumes of supplementary cementitious materials, Cement and Concrete
Composites, 33, 832-847.

Batrakov V G, Kaprielov S S and Sheinfeld A V (1992), Influence of different types
of silica fume having varying silica content on the microstructure and properties of
concrete, in SP-132: Fly Ash, Silica Fume, Slag, & Natural Pozzolans & Natural
Pozzolans in Conc: Proc 4th Intl Conf ACI, 943-964.

Battaglia I K, Munoz J F and Cramer S M (2010), Proposed behavioral model for deicer
scaling resistance of slag cement concrete, Journal of Materials in Civil Engineering,
22, 361-368.

Beaudoin J J, Ramachandran V S and Feldman R F (1990), Interaction of chloride and
C-S-H, Cement and Concrete Research, 20, 875-883.

Bentur A and Cohen M D (1987), Effect of condensed silica fume on the microstructure
of the interfacial zone in portland cement mortars, Journal of the American Ceramic
Society, 70, 738-743. 10.1111/j.1151-2916.1987.tb04873.x

Bertron A, Escadeillas G and Duchesne J (2004), Cement pastes alteration by liquid
manure organic acids: Chemical and mineralogical characterization, Cement and
Concrete Research, 34, 1823-1835. 10.1016/j.cemconres.2004.01.002

Bertron A, Duchesne J and Escadeillas G (2005a), Attack of cement pastes exposed to
organic acids in manure, Cement and Concrete Composites, 27, 898-909. 10.1016/].
cemconcomp.2005.06.003

Bertron A, Duchesne J and Escadeillas G (2005b), Accelerated tests of hardened cement
pastes alteration by organic acids: analysis of the pH effect, Cement and Concrete
Research, 35, 155-166. 10.1016/j.cemconres.2004.09.009

Bertron A, Duchesne J and Escadeillas G (2007), Degradation of cement pastes by organic
acids, Materials and Structures, 40, 341-354. 10.1617/s11527-006-9110-3

Bérubé M A and Duchesne J (1992), Does silica fume merely postpone expansion due
to alkali-aggregate reactivity?, in 9th International Conference on Alkali-Aggregate
Reaction in Concrete, 71-80.

Bérubé M A and Fournier B (1986), Les produits de la réaction alcali-silice dans le béton:
étude de cas de la région de Québec, Canadian Mineralogist, 24, 271-288.

Bhatty M S Y and Greening N R (1987), Some long time studies of blended cements

© Woodhead Publishing Limited, 2013



Influence of SCMs on concrete durability 185

with emphasis on alkali-aggregate reaction, in 7th International Conference on
Alkali-Aggregate Reaction in Concrete, 85-92.

Bier T A (1986), Influence of type of cement and curing on carbonation progress and
pore structure of hydrated cement pastes, in Materials Research Society Symposium
Proceedings, 85, 123—134.

Bilodeau A and Carette G G (1989), Resistance of condensed silica fume concrete to
the combined action of freezing and thawing cycling and deicing salts, in SP-114:
Fly Ash, Silica Fume, Slag, & Natural Pozzolans in Conc: Proc 3rd Intl Conf, ACI,
945-970.

Bilodeau A and Malhotra V M (1992), Concretes incorporating high volumes of ASTM
Class F fly ashes: Mechanical properties and resistance to de-icing salt scaling and to
chloride-ion Penetration, in SP-132: Fly Ash, Silica Fume, Slag, & Natural Pozzolans
& Natural Pozzolans in Conc: Proc 4th Intl Conf, ACI, 319-350.

Bilodeau A, Carette G G and Malhotra V M (1991), Influence of curing and drying on
salt scaling resistance of fly ash concrete, in SP-126: Durability of Concrete: Second
International Conference, ACI, 201-228.

Bleszynski R F and Thomas M D A (1998), Microstructural studies of alkali-silica
reaction in fly ash concrete immersed in alkaline solutions, Advanced Cement Based
Materials, 7, 66-78.

Boddy A, Hooton R D and Gruber K A (2001), Long-term testing of the chloride-
penetration resistance of concrete containing high-reactivity metakaolin, Cement and
Concrete Research, 31, 759-765.

Bonakdar A, Bakhshi M and Ghalibafian M (2005), Properties of high-performance
concrete containing high reactivity metakaolin, in SP-228: 7th Intl Symposium on the
Utilization of High-Strength/High-Performance Concrete, ACI, 287-296.

Bouikni A, Swamy R N and Bali A (2009), Durability properties of concrete containing
50% and 65% slag, Construction and Building Materials, 23, 2836-2845.

Bouzoubaa N, Bilodeau A, Fournier B, Hooton R D, Gagné R and Jolin M (2008),
Deicing salt scaling resistance of concrete incorporating supplementary cementing
materials: Laboratory and field test data, Canadian Journal of Civil Engineering, 35,
1261-1275. 10.1139/108-067

Boyd A J and Hooton R D (2007), Long-term scaling performance of concretes containing
supplementary cementing materials, Journal of Materials in Civil Engineering, 19,
820-825.

Brown P W and Bothe J V (1993), The stability of ettringite, Advances in Cement
Research, 3, 47-63.

Byfors K (1987), Influence of silica fume and flyash on chloride diffusion and pH values
in cement paste, Cement and Concrete Research, 17, 115-130.

Cabrera J G and Nwaubani S O (1998), The microstructure and chloride ion diffusion
characteristics of cements containing metakaolin and fly ash, in SP-178: Sixth
CANMET/ACI/JCI Conference: Fly Ash, Silica Fume, Slag & Natural Pozzolans in
Concrete, ACI, 385-400.

Cao H T, Bucea L, Ray A and Yozghatlian S (1997), The effect of cement composition
and pH of environment on sulfate resistance of Portland cements and blended cements,
Cement and Concrete Composites, 19, 161-171.

Caquot A (1937), Le rdle des matériaux dans le béton, Mémoires de la Société des
ingénieurs civils de France, juillet-aolt, 562-582.

Carles-Gibergues A (1981), Les ajouts dans les microbétons. Influence sur I’auréole d