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Chapter 1
Introduction

1.1 General

The most important environmental problem faced by Planet Earth is related to the
increase of the mean air temperature (IPCC 2007; Schellnhuber 2008), which is
due to the increase of carbon dioxide (CO2) in the atmosphere. In the early
eighteenth century, the concentration level of atmospheric CO2 was 280 parts per
million (ppm), at present it is already 430 ppm and growing at a pace above
2 ppm/yr. Keeping the current level of emissions (which is unlikely given the high
economic growth of less developed countries with consequent increases in emis-
sion rates) will imply a CO2 concentration of 550 ppm in the year 2050 (Stern
2006). The rise in the mean air temperature will lead to a rise in the sea level
caused by thermal expansion of the water. Until 2100 it is expected that the sea
level will rise, between 0.18 and 0.59 m (Meehl et al. 2007). When the sea level
rises above 0.40 m it will submerge 11% of the area of Bangladesh and as a result
of this fact will lead to almost 10 million homeless (IPCC 2007). This rise does not
include the melting of the ice caps, whose impacts are not quantified accurately
and can be very substantial, meaning a rise in sea level of almost seven meters
(Broecker and Kunzig 2008). Another consequence of the increase in the mean air
temperature is the occurrence of increasingly extreme atmospheric events. Not
only long-term dry periods that could enhance the action of fires, but also heavy
rains and even hurricanes (Allan and Soden 2008; Liu et al. 2009; Zolina et al.
2010). Saunders and Lea (2008) mentioned that between 1996 and 2005 the
occurrence of hurricanes, increased 40% due to an increase of only 0.5�C in the
temperature of seawater. The rise in the seawater temperature will eventually stop
the thermohaline circulation (Fig. 1.1), which is related to the movement of ocean
mass due to its salinity and temperature (together with the action of the wind),
being responsible for carrying heat from the tropics to areas of higher latitudes.

In the Polar regions the water becomes denser and sinks moving back to the
South. The thermohaline circulation in the North Atlantic is responsible for the
fact that the climate on the West coast of Europe is more moderate than in other
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areas located on the same latitude (Vellinga and Wood 2002), it is also responsible
for the increase in the level of oxygen at the bottom of the ocean. If the ther-
mohaline circulation stops it will not only lead to extreme weather events, but will
also lead to serious changes in the oceanic biodiversity (Meehl et al. 2007;
Vellinga and Wood 2008). The rise in the mean air temperature may also lead to
the thawing of the permafrost (permanently frozen ground), where approx. 1 9 106

million tons (1,000 giga-tones) of CO2 are still retained. In order to comprehend
this number we should remember that the atmosphere already contains 0.7 million
tonnes 9 106 (750 giga-tones) of CO2 and that the human activity produces
annually 6.5 gigatons of CO2 (Bourne 2008). Some projections show that the rise
in the mean air temperature will also lead to an increase in desert-like areas
(Fig. 1.2).

The majority of CO2 emissions come from burning fossil fuels for energy
production. Coal plants are responsible for 20% of CO2 emissions worldwide and

Fig. 1.1 Thermohaline circulation

Fig. 1.2 Increase in desert areas according to the increase in the mean air temperature (UNEP
2006)
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it is known that China, as the world’s largest producer of coal, puts into operation a
new coal plant every two weeks. Chinese coal plants are responsible for 80% of
electricity generation (Shealy and Dorian 2009). One of the most obvious and
immediate consequences of burning coal, is the fact that 16 of the 20 most polluted
cities of the Earth are located in China, in addition, the World Bank estimates that
every year 400,000 people die in China, because of poor air quality (Wang and
Watson 2010). China recently surpassed the United States in terms of global CO2

emissions; however, this scenario can get worse because China still has a very low
level of CO2 emissions per capita (5 ton.), when compared to the emissions of
United States (20 ton.). Since the increase in the world population that is expected
to rise from the current 5,600 to 7,900 million inhabitants in 2050 (UN 2008) will
occur in countries with low CO2 emissions per capita, this does not constitute an
optimistic scenario in terms of agreements to reduce overall CO2 emissions. It is
then understandable why the countries present in the Copenhagen Climate Summit
(2009) failed to reach a binding and ambitious agreement towards the reduction of
CO2 emissions (Goldenberg and Prado 2010). Despite this lack of agreement it is
inevitable that in a short period all countries must lower their CO2 emissions and
the most industrialized countries should do it more significantly.

Another serious environmental problem relates to the loss of biodiversity
caused by human activity. The Convention on Biological Diversity, an organiza-
tion founded in 1993, defines biodiversity as ‘‘the diversity among living organ-
isms, whatever their origin, including terrestrial, marine and other aquatic
ecosystems and the ecological complexes of which they are part, which includes
diversity within species, between species and of ecosystems’’. No one knows for
sure how many species exist on Planet Earth. According to the report ‘‘Global
Biodiversity Outlook’’, of the Convention on Biological Diversity, 1.75 million
species have already been identified. However, it is estimated that their number is
much higher, approaching 15 million. The current rate of species extinction varies
between 1,000 and 10,000 times higher than the average extinction paleontology
rate. In Europe alone, 42% of mammals, 15% of birds and 45% of butterflies and
reptiles, are at risk of extinction. The climate change, the high rates of urbani-
zation, the excessive exploitation of resources and the consequent production of
waste, are high-risk factors for the preservation of biodiversity:

• Mankind already uses almost 50% of freshwater reserves and the scenarios for
the increase in the world population, create a serious problem.

• Almost 50% of world grain is being fed to livestock rather than being consumed
directly by humans.

• Agriculture, cattle and other livestock consume 70% of the freshwater reserves.
• Approximately 24% of the land is already cultivated with some plant species

(Millenium 2005).
• The use of water for cotton irrigation purposes led to a decrease of 74% of the

Aral Sea area, which once would have been the fourth largest lake in the world
(Micklin 2007).
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• Between 1960 and 1990 the use of fertilizers increased by 300% (Millenium
2005). The major part of fertilizers used in agricultural processes are dragged
into lakes, rivers and into the sea, contributing to eutrophication (Spiertz 2010).

• Currently only 12% of the soils and 0.5% of the seas are subject to conservation
measures.

• Over the past 300 years there has been a 40% reduction in the forest area (Ring
et al. 2010).

• Each year 13.7 million hectares of forest are thinned. This results in a negative
net balance of 7.3 million hectares per year (Gore 2009).

• Almost 20% of coral reefs have been destroyed and another 20% are at risk
(Millenium 2005).

• Transportation accounts for 26% of global carbon dioxide emissions, and
existing projects indicate an increase in emissions in this sector (Chapman
2007).

• Between 1960 and 2000 the production of plastic resins increased 25-fold, while
reused plastic only grew by 5% (Derraik 2002).

• In the U.S. alone 50,000 million plastic bottles are landfilled (Gore 2009).
• Between 500,000 million to one billion plastic bags are used each year, some of

which end up as waste in the oceans.

Moore et al. (2001) mention a deposit of plastic waste floating in the Pacific
Ocean with a diameter of about 1,000 km and almost 3 million tons known as the
‘‘The Great Pacific garbage patch’’. According to Moore (2008) most of these
plastics, among others, are eaten by turtles, fish and seabirds (Fig. 1.3).

Beyond the ethical arguments related to the importance of the intrinsic value of
all species, biodiversity is a guarantee of water and air purification, production of
food resources and other products such as vaccines, antibiotics etc. For instance,
approximately 80% of the major crops benefit from the action of natural pollin-
ators like bees. Unfortunately the deaths of large amounts of swarms have become
frequent (Genersch 2010). Part of the explanation for this phenomenon is related to

Fig. 1.3 Albatross corpse
with a stomach full of plastic
waste
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the high amount of pesticides used in agricultural production (Brittain et al. 2010).
The increase in CO2 emissions will also lead to the acidification of sea water, with
negative consequences in coral reefs putting habitats of high economic value at
risk (Anthony et al. 2008). Coral reef habitats represent fish resources that feed
more than 1,000 million people and have an economic value estimated at 20,000
million € (Bourne 2008). According to Costanza et al. (1998), the services pro-
vided free of charge by Nature reach almost 33 billion (1012) dollars/year. As a
comparison the global GDP in the same period was 18 billion (1012) dollars per
year, roughly half the value of the services and products provided by Nature.
Balmford et al. (2002) studied the economic benefits of the protection of areas
subject to conservation measures, pointing to a gain of 1 to 100. A study begun in
2007 under the G8 and five emerging economies (Brazil, China, India, Mexico and
South Africa), shows that the investment in the protection of ecosystems, may
have a return between 25 and 100 times the amount invested (Ring et al. 2010).
For instance the expansion of marine protected areas from the current 0.5% to
30%, would generate a benefit between 40 and 50 billion dollars.

1.2 Sustainable Development

The report ‘‘Our common future’’, also known as the Bruntland (1987) report, is
where for the first time appears the expression sustainable development as one that
‘‘meets the needs of the present without compromising the ability of future gen-
erations to meet theirs’’. It is worth remembering that there are many definitions
about the concept of sustainability, which are not as simplistic as the one present in
the Brundtland report (Robinson 2004; Destatte 2010). Pearce and Walrath (2008)
presented a list of over 160 definitions of sustainability. Other authors (Dietz et al.
2009) suggest that the concept of sustainability should focus on balancing the
welfare of humankind and the environmental impacts arising from it. Some
authors (Clayton 2001; Choi and Pattent 2001) argue that ‘‘sustainable develop-
ment’’ is an oxymoron, because we cannot have development/growth for the entire
world population, and at the same time expect that this development may be
compatible with environmental sustainability. This view is not without merit
because when we look to the ecologic footprint, the concept developed by Rees
and Wackernagel (1966) to measure the world biocapacity, we realize that we are
already living beyond the Earth’s biocapacity (Fig. 1.4).

Concerns about sustainable development were not born with the Brundtland
Report. Table 1.1 presents the most relevant events in the context of sustainable
development. The publication of the book ‘‘Silent Spring’’ which warned about the
harmful effects of pesticides can be considered an important landmark in this
context and similarly with the fourth IPCC report which showed that climate
change is a fact (not just a theory) related to the emission of greenhouse gases
(GHGs). As for the Kyoto Protocol (UNFCCC 1997), it represents the most known
instrument for the reduction of green house gases (GHGs). The signatory countries
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(almost 200 so far) committed themselves to reduce their emission of GHGs to
5.2% by 2012 below the level of the GHG emissions in the reference year of 1990.

As for the Copenhagen Climate Summit it failed to generate a comprehensive
agreement that could have a significant impact on reducing carbon dioxide
emissions. Therefore different countries decide to pursue different reduction tar-
gets. The European Union agreed to reduce its overall emissions by 20% in the
year 2020 with reference to the year 1990. The United States agreed to reduce its

Fig. 1.4 Global ecological footprint, 1961–2005 (WWF 2008; Wiedmann and Barrett 2010)

Table 1.1 Landmark events related to sustainable development (adapted from Mateus 2009)

Year Fact

1962 Publication of the book ‘‘Silent Spring’’ by the biologist Rachel Carson
1972 Presentation of the Report ‘‘The Limits of Grow’’ by the Club of Rome

UN Conference in Stockholm about the Human Environment which led to the appearance
of the UN Environment Program—UNEP

1979 Bern Convention on Habitats
Geneva Convention on indoor air quality

1980 The IUCN, UNEP, WWF and the UNESCO present a strategic document about the
conservation of Nature

Presentation of the Report Global 2000
1983 UN protocol about air pollution (Helsinki)

UN comission on environment and development
1987 UN protocol about substances that damage the ozone layer (Montreal)

Bruntland Report
1990 EU Report on urban environment
1992 Earth Summit in Rio
1997 Kyoto Summit about the global warming
2007 4th IPCC Report

Al Gore features the movie ‘‘An inconvenient truth’’
The IPCC and Al Gore received the Nobel Peace prize

2009 Copenhagen Summit about climate change
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overall emissions by 17% in 2010, with reference to the year 2005. China and
India did not accept a reduction in their total emissions, but rather a reduction in
their carbon dioxide intensity (carbon dioxide/unit of wealth) until 2020, between
40 and 45% for China and between 20 and 25% for India. Goldenberg and Prado
(2010), reviewed the above cited goals and report that they simply follow the
standard ‘‘business as usual’’ for the period 1990–2007, which is clearly insuffi-
cient to achieve significant reductions by the year 2020. This is not surprising,
since Stern (2006) stated the need for minimum reductions of 25% to achieve the
stabilization of carbon dioxide concentration in the atmosphere.

1.3 Sustainable Construction

The construction industry is one of the largest and most active sectors throughout
Europe representing 28.1% and 7.5% of employment respectively in the industry
and in the European economy. With an annual turnover of 750 million euro, this
sector represents 25% of all European industrial production, being the largest
exporter with 52% market share. In global terms the construction industry will
keep on growing at a fast pace. For instance China will need 40 billion square
meters of combined residential and commercial floor space over the next
20 years—equivalent to adding one New York every two years or the area of
Switzerland (Dobbs 2010). Environmentally speaking, this industry accounts for
30% of carbon dioxide emissions and the building stock consumes 42% of the
energy consumed in Europe. In addition, the global construction industry con-
sumes more raw materials (about 3000 Mt/yr, almost 50% by weight) than any
other economic activity, which shows a clearly unsustainable industry. Moreover,
many buildings currently suffer from problems related to excessive moisture with
mold formation, or present humidity levels below 40% giving rise to respiratory
diseases. Another problem affecting the quality of the indoor air has to do with the
presence of construction materials with some level of toxicity, even respecting
legal regulations! This aspect will be properly addressed in Chap. 2. In 1994, the
International Council of Building, CIB, defined the concept of sustainable con-
struction as the one ‘‘responsible for creating and maintaining’’ a healthy built
environment based on the efficient use of resources and in the project based on
ecological principles (Kibert 1994, 2008). Also in 1994 the CIB has defined seven
principles for sustainable construction (Table 1.2).

In the previous years a number of tools have been developed aiming at the
assessment of the sustainability of building stock (Table 1.3).

Some tools assess the life cycle (LCA) of buildings while others assess the
sustainability of buildings or real state such as the Building Research and Con-
sultancy’s Environmental Assessment Method BREEAM-(UK, 1990) and the
Leadership in Energy and Environment LEED (USA 1998), the GBTool (Canada,
1995) which later changed its name to SBTool and even the Deutsches Gütesiegel
Nachhaltiges Bauen—DGNB (Germany, 2009). The first two are the most widely
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used and have some similarities between them (Lee and Burnett 2008; Fenner and
Ryce 2008a, b). Although the tools for assessment of buildings’ sustainability
constitute a step forward in environmental terms, it is necessary to bear in mind
that its existence entails serious disadvantages. For instance they carry the risk of
portraying as sustainable options buildings that have just minor environmental
improvements. Beyond the oxymoron implicit in the term ‘‘sustainable construc-
tion’’, as it happens for ‘‘sustainable development’’ (Clayton 2001; Choi and
Pattent 2001) it may well be the case of sending the wrong message to the con-
struction market and the general population, passing the idea that sustainable
construction is only a matter of a slight change in building practices. Similar
observations can be made about the tools aiming for the assessment of the
buildings sustainability which are based on assumptions more concerned with the
‘‘human’’ aspect and neglect or minimize the enforcement of the ‘‘ecological
principles’’ set forth in the very own definition of sustainable construction. Neither
do they seem to incorporate the severity of the environmental impacts caused by
the human specie and already described in Sect. 1.1. Although the construction
sector is not confined to the building sector (residential or otherwise), also cov-
ering the civil engineering works related to infrastructures, it is symptomatic that
the emphasis on sustainable construction has been placed on the energy efficiency

Table 1.3 LCA tools for
buildings (Bribian et al. 2009)

Designação Link

ECO-QUANTUM www.ecoquantum.nl
LEGEP www.legep.de
EQUER www.izuba.fr
ATHENA www.athenasSMI.ca
OGIP www.ogip.ch/
ECO-SOFT www.ibo.at/de/ecosoft.htm
ENVEST 2.0 envestv2.bre.co.uk
BECOST www.vtt.fi/rte/esitteet/ymparisto

/lcahouse.html
BEES www.bfrl.nist.gov/oae/software/bees.html
GREENCALC www.greencalc.com
ECOEFFECT www.ecoeffect.se
ECO-QUANTUM www.ecoquantum.nl
LEGEP www.legep.de
EQUER www.izuba.fr

Table 1.2 The principles of
sustainable construction
(Kibert 2008)

1 Reduce resource consumption (resources)
2 Ruse resources (reuse)
3 Use of recycle resources (recycle)
4 Protection of nature (Nature)
5 Elimination of toxics (toxics)
6 Application of life cycle costing (economics)
7 Focus on quality (quality)
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of the building stock. One reason for this, perhaps the most important, has to do
with the high cost of buildings on operational energy consumption. This is not the
case for other civil engineering works, in which the environmental performance is
crucial only at the time of the execution and conditioned by the construction
materials used in it. However, as we will show in Chap. 3, as the buildings become
increasingly energy efficient, the role of energy related to construction and
building materials (embodied energy) acquires increasing importance, justifying
an increased attention.

1.4 Eco-Efficient Construction and Building Materials

The concept of eco-efficiency was first introduced in 1991 by the World Business
Council for Sustainable Development-WBCSD (2000) and includes ‘‘the devel-
opment 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’’. This concept means producing more
products with fewer resources and less waste (Bidoki et al. 2006). Therefore, the
eco-efficient construction and building materials are those that present a less
environmental impact. It is then necessary to assess all environmental impacts
caused by a given material since the beginning of the extraction of raw materials
(cradle) to the end of its service life (grave).

One of the most important environmental issues related to the production of
construction and building materials, are the environmental impacts caused by the
extraction of raw materials (Barnett and Morse 1963; Suslick and Machado 2009).
Other impacts will be analyzed in the subsequent chapters of this book. For some
decades several authors and organizations have warned about the depletion of raw
materials, and some even pointed to early doomsday scenarios unproven so far, the
most famous of which has been the report ‘‘The Limits to Growth’’ (Meadows et
al. 1972) produced by the Massachusetts Institute of Technology (MIT) to the Club
of Rome, a think tank founded in 1968 by scientists, politicians and entrepreneurs.
While it is important to recognize that there are exhaustible non-renewable raw
materials, it is not clear that its duration is that presented in Table 1.4. The
problem of consumption scarcity would be more serious if the high consumption
patterns of the developed countries expanded throughout the world population.
The real environmental threat associated with the production of construction and
building materials, is not so much the depletion of non-renewable raw materials,
but instead the environmental impacts caused by its extraction (Meadows et al.
2004). Including the destruction of the biodiversity of mining areas, the threats
associated to mining wastes (Table 1.5) and the possible environmental accidents
caused by them.

In 2000, the mining activity worldwide generated 6000 million tons of mine
wastes to produce just 900 million tons of raw materials (Whitmore 2006). This
means an average use of only 0.15%, resulting in vast quantities of waste, whose
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disposal represents an environmental risk in terms of biodiversity conservation, air
pollution and pollution of water reserves. In 2003, the US mining activities were
responsible for releasing 3 billion pounds of toxic substances (Royte 2005). As a

Table 1.4 Non-renewable
raw materials (Berge 2009)

Raw material Reserves
(years)

Annual growth consumption
between 1999 and 2006 (%)

Agreggates Very large –
Arsenic 20 6
Bauxite 141 6
Bentonite Large –
Boric salts 35 1
Brom Large –
Cadmium 26 1
Clay Very large –
Chrome 25 8
Coal 150 4,5
Cobalt 121 15
Copper 31 3
Crude oil 41 1,4
Diatomite Large –
Earth for

compressing
Very large –

Feldspar Large –
Gold 17 1
Iron 95 10
Kaolin Large –
Lime Very large –
Lead 20 1,5
Magnesium Large –
Manganese 40 9
Natural gas 63 3
Nikel 41 5
Perlite Large –
Phosphate 124 –
Potash Large –
Pumice Large –
Quartz Large –
Silver 14 3
Silica Large –
Sodium carbonate Large –
Sodium chloride Very large –
Sulphur 21 1
Tin 22 4
Titanium 122 5
Vermiculite Large –
Zinc 22 4,5
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result, since the 70s there were 30 serious environmental accidents in mines, and 5
of them occurred in Europe. The following is a description of three mine accidents
in Europe:

In July 1985, two embankments that contained mine sludge, located in the
valley of Stava in Italy broke up and a torrent of fines and sands razed 68 buildings
and killed 268 people (Alexander 1986). In April 1998, the toxic landfill sludge of
the Aznalcollar Mine in Spain (Fig. 1.5), broke up, and almost five million tons of
mine sludge were released into the Agrio river.

The mine sludge spread over a length of 40 km contaminating 2,650 hectares of
the Donana National Park, a Unesco world heritage (Grimalt and Macpherson
1999). Investigations carried out on plant species revealed high concentrations of
heavy metals (Gómez-Parra et al. 2000), which in some cases reached values 100
times higher than the current levels. The same investigations also showed that
many animal species had high levels of heavy metals in their bodies. On January
30, 2000, a landfill sludge in Baia Mare mine, Romania broke up and 100,000 m3

Table 1.5 Amount of rock excavated and percentage of raw material extracted (Gardner and
Sampat 1998)

Raw material Excavated rock (MT) Extracted raw material (%)

Iron 25503 40
Copper 11026 1
Zinc 1267 0.05
Aluminum 869 30
Lead 1077 2.5
Tin 195 1
Nikel 387 2.5
Tungsten 125 0.25
Manganese 745 30

Fig. 1.5 Mine of Aznalcollar—view of the landfill rupture
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of sludge contaminated with cyanide, arsenic and other metals were released into
the river Tisza (Fig. 1.6 n-1). On February 1 the contamination was on the borders
of Hungary, on February 11th reached Yugoslavia and by the end of February it
reached the Black Sea (Fig. 1.6 n-9). High concentrations of cyanide were
detected up to 2000 km away from the place of the sludge discharge (Michnea and
Gherhes 2001; Kraft et al. 2006).

The mine accidents, particularly the two that took place in 1998 and 2000
respectively in Spain (Los Frailes) and in Romania (Baia Mare), show that within a
short period the environmental impacts associated with mining operations, rep-
resent a threat as serious as climate change (BRGM 2001; Puura et al. 2002). Apart
from the need to minimize the extraction of non-renewable raw materials, other
issues must be considered in the context of eco-efficient construction and building
materials. The choice of these materials must focus on:

• non toxic materials;
• materials with low embodied energy;
• recyclable materials;
• materials containing wastes from other industries;
• materials obtained from renewable resources;
• materials responsible for low GHGs;
• materials with high durability;
• materials with self-cleaning ability and capable of reducing air pollution.

A summary of the contents of each of the remaining ten chapters that constitute
the present book is presented below.

Chapter 2 presents several construction and building materials associated with
some level of toxicity, whether in terms of the contamination of indoor air, the

Fig. 1.6 Mina of Baia Mare—evolution of the sludge spreading from Romania until the Black
Sea (Csagoly 2000)
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realease of toxic fumes during fires or even by contaminating drinking water. This
chapter also contains considerations about the importance of leaching tests to
assess the potential hazard of construction and building materials containing other
wastes. Chapter 3 deals with the importance of reducing energy consumption as a
crucial aspect of sustainable construction. It covers the embodied energy and also
the materials responsible for the reduction of energy consumption. Namely current
thermal insulation materials, insulation materials based on vegetable fibres, high
performance insulation materials and also phase change materials. Chapter 4
addresses the subject of construction and demolition wastes. It covers the waste
volume estimation, the deconstruction principles, the sorting and recycling pro-
cedures. The recycling of gypsum wastes, asbestos and concrete receive close
attention. Chapter 5 presents several contributes in order to increase the eco-
efficiency of concrete, the most used construction material on Earth. By replacing
natural aggregates with industrial wastes (construction and demolition wastes,
recycled tyres and poly-ethylene terephthalate wastes) or even by replacing cement
with industrial by-products (fly ash, silica fume, rice husk ash, sewage sludge ash,
ceramic wastes, recycled glass). The chapter also describes the characteristics of
organic polymer concrete, concrete with sensing capability, and also new family
binders alternative to Portland cement. Chapter 6 compares the contribution of
ceramic bricks and concrete blocks towards the eco-efficiency of masonry. The
incorporation of wastes from other industries as well as shape optimization are
considered. Chapter 7 covers the use of vegetable fibres as reinforcement in
cement-based composites. It includes fibre characteristics, properties and the
description of the treatments that improve their performance; it also includes the
properties and durability performance of cementitious materials reinforced with
vegetable fibres. Chapter 8 is related to earth construction; it describes the con-
struction techniques, the soil selection and the soil stabilization procedures and also
covers durability-related issues. Chapter 9 deals with the pathology and durability
of concrete. It also covers the pathology of gypsum and lime-based renders, the
procedures to evaluate the composition of renders of ancient buildings and the
criteria used in their rehabilitation. Chapter 10 examines the role of nanotech-
nology to increase the eco-efficiency of construction and building materials. It
covers the nanoscale analysis of Portland cement hydration products, the use of
nanoparticles to increase the strength and durability of cimentitious composites and
also the photocatalytic capacity of nanomaterials. Chapter 11 deals with LCA of
construction and building materials. It covers eco-labeling and environmental
product declarations (EPD’s). Some practical cases are presented in this chapter.

1.5 Conclusions

The Earth faces very serious environmental threats that require immediate action.
One must realize that even if all the carbon dioxide emissions suddenly ceased,

the amount already in the atmosphere would remain there for the next 100 years
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(Clayton 2001). Unfortunately worldwide consensus on this matter that would
translate into meaningful action has not yet been reached. This is because different
countries have different levels of development and those in lower positions believe
that any environmental constraints imposed on them will prevent their economic
ascent. Since the Earth does not have an unlimited capacity in terms of continuing
to support the current level of devastation, the more developed countries must
adopt very high environmental standards. The construction industry is one of the
sectors that must reduce its environmental impact. Several tools have been
developed for the assessment of the environmental impacts of buildings; however,
it seems unlikely that it is possible to accommodate the 8,000 million people
expected for the year 2050, in buildings with the highest environmental rating
under these tools without intolerable environmental consequences. As for con-
struction and building materials, their highest environmental impact is not so much
related to their scarcity but to the extraction of raw materials needed for their
production.
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Chapter 2
Toxicity of Construction and Building
Materials

2.1 General

While our ancestors lived in buildings made of raw materials, nowadays resi-
dential buildings contain a high amount of chemicals and heavy metals, that either
contaminate indoor air or pollute tap water, thus causing several health-related
problems such as: asthma; itchiness; burning eyes, skin irritations or rashes, nose
and throat irritation; nausea; headaches; dizziness; fatigue; reproductive impair-
ment; disruption of the endocrine system; cancer; impaired child development and
birth defects; immune system suppression and cancer. Besides the toxicity of
building materials indoors one must also keep in mind the toxicity potential during
the production of chemicals. Since 1930 more than 100,000 new chemical com-
pounds have been developed and insufficient information exists for health
assessments of 95% of chemicals in the environment (World Watch Institute
1998). Recall for instance the Bhopal disaster that occured in India in 1984, when
a cloud of methyl isocyanate caused almost 15,000 deaths and health problems in
almost 200,000 human beings (Varma and Mulay 2006; Satyanand 2008). During
the production of chemical materials hazardous wastes are generated and those
impacts should be related to the building materials containing these chemicals. The
most common toxic chemicals are the following: Dioxins and furans—Dioxins and
furans are chemical wastes generated in the industrial process evolving chlorine as
in PVC production. Dioxins and furans are extremely toxic and also bio-cumu-
lative (Koopman-Esseboom et al. 1996; Paauw et al. 1996; IARC 1997; Lanting
et al. 1998). This has hazardous effects on biodiversity by contaminating the entire
food chain (Oppenhuizen and Sijm 1990; Tillitt et al. 1993). Furthermore,
chemical analyses carried out in dolphins in the North pacific ocean reveal dioxin
and furan concentrations between 13 million and 37 million times higher than
plain sea water concentrations (Thorton 2000). Several scientist groups already
suggest that chlorine industrial-based products should be prohibited (Flores et al.
2004). Phthalates—chemical compounds caused by phthalic acid. Phthalates are
used to soften plastic materials. Several studies show that phthalates are very toxic
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to human health (Lovekamp-swan and Davis 2003; Hauser and Calafat 2005;
Heudorf et al. 2007; Wolff et al. 2008; Swan 2008; Meeker et al. 2009).Volatile
Organic Compounds (VOCs)—Atmospheric pollutants release from building
materials which contain organic solvents like paints and varnishes. The reduction
of indoor ventilation to minimize energy consumption (as it often happens in many
countries) contributes to increase the effects of VOCs in human health (Sterling
1985; Samfield 1992; Hansen and Burroughs 1999).

2.2 Paints, Varnishes and Wood Impregnating Agents

Several authors confirm the release of VOCs from paints and varnishes (Kostia-
nien 1995; Kwok et al. 2003). More recently Salasar (2007) studied VOCs
emissions in solvent and water-based paints stating that the former are responsible
for VOCs emissions 520 higher than the latter. Painting can also be a source of
several cancer agents (Table 2.1).

Although wood is an excellent example of a sustainable building material it has
low resistance to biologic degradation (fungal and insect attack) (Morrell 2002).
Until very recently wood preservation meant the use of impregnating agents
(insecticides or fungicides) like creosote or others based on salt impregnation like
copper, chrome and arsenic (CCA). However, these salts are highly toxic and also
bio-cumulative. When they come in contact with rain water the majority of these
salts is leached away contaminating the environment. Since January 1, 2004 the
EPA-USA forbid the use of CCA for wood preservation (Edlich et al. 2005).
Regarding creosote, it contains potential cancer agents (ATSDR 2002; Smith
2008) therefore, since the 2001 Directive 2001/90/EC, the process of banning the
use of creosote for wood treatment purposes was initiated. Some studies mentioned
that wood used in railway cross ties has a high content of creosote (Thierfelder and
Sandstrom 2008), so they must be seen as hazardous wastes, meaning that they

Table 2.1 Cancer agents
detected in paints (IARC
1995; UNCHS 1997)

Cancer agent Likely source
Chromates Primers, paints
Cadmium Pigments
Benzene Solvents
Methylene chloride Paint strippers
Styrene Organic solvents
Nikel compounds Pigments
Dichlorobenzidine Pigments
Lead Primers, dryers, pigments
Antimony oxide Some pigments
Nitropropane Organic solvent
Tetrachloroethylene Organic solvent
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must be properly immobilized and can no longer be reused (Pruszinski 1999). The
same should apply to all the creosote-treated wood which in the near future ends
up in construction and demolition wastes.

2.3 Plastics and Synthetic Adhesives

Plastics are used in the production of several building materials and come from the
extraction of non-renewable resources by the oil industry. Plastics are generated by
a polymerization of basic molecules (monomers), leading to long chain monomers,
which fall into two main categories, thermoplastics and thermosetting plastics. The
former are the plastics supplied ready to use that can be softened by temperature
and become rigid on cooling such as PVC, polyethylene, polypropylene or poly-
styrene. The thermosetting plastics are supplied as fluid products that acquire their
final and irreversible shape by chemical reaction (two part epoxi); or when sub-
mitted to a temperature above 200�C. This group includes polyurethane, mela-
mine, styrene butadiene rubber or epoxy and other synthetic adhesives. Almost all
plastics contain various additives such as plasticizers, softners, heat stabilizers, UV
stabilizers, dyes, smoke reducers and others that imply the use of phthalates and
heavy metals. Polystyrene is obtained from the polymerization of styrene, and its
applications relates to thermal insulation products, obtained by expansion (EPS) or
extrusion (XPS). This material contains anti-oxidant additives and ignition retar-
dants and during its production benzene and chlorofluorocarbons are generated.
Polyethylene is obtained from the polymerization of ethylene, containing 0.5% of
additives such as phenol based anti-oxidants, UV stabilizers and dyes, including
aluminum, magnesium hydroxide, chloroparaffin as ignition retardants. Polypro-
pylene is obtained from the polymerization of propylene with additives similar to
those used in polyethylene (Berge 2009). Polyurethane is obtained from isocya-
nates, known worldwide for its tragic association with the Bhopal disaster.This
substance is highly toxic (Marczynski et al. 1992; Baur et al. 1994) and there are
multiple records of serious health problems in workers using polyurethane (Lit-
torin et al. 1994; Skarping et al. 1996). Chester et al. (2005) even reported the
death of a worker due to the simple application of polyurethane. The production of
polyurethane also involves the production of toxic substances such as phenol and
chlorofluorocarbons. Polyvinyl chloride (PVC) is a thermoplastic polymer,
obtained from the polymerization of vinyl chloride monomer, which in turn is
obtained from petroleum and chlorine. Worldwide consumption of PVC is
approximately 30 million tons annually and it is used mostly in pipe production
(Rahman 2007). Despite being the third most produced plastic, after polyethylene
and polypropylene, PVC plastic is the largest producer of organochlorine sub-
stances (Thorton 2000, 2002). Furthermore, the production of PVC involves the
use of tin-based stabilizers (organostannic compounds) in order to prevent this
material to degrade under the effects of temperature (between 1508C and 2008C).
This compound has a high eco-toxicity level and may have a harmful effect on the
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environment (Hoch 2001) even in terms of contamination of water supply (Wu
et al. 1989; Sadiki and Williams 1996, 1999; Forsyth and Jay 1997; Sadiki et al.
1996; Stern and Lagos 2008; Fristachi et al. 2009). Beyond the environmental
impacts associated with the production of plastic materials, it should also be taken
into account that these materials are not biodegradable and their end of life
treatment involves GHGs emissions. Synthetic adhesives are used in the con-
struction industry for several purposes, which include bonding laminated wood,
waterproofing materials or even the rehabilitation of concrete structures. In terms
of their composition they can be based on epoxy resins, melamine-urea-formal-
dehyde, phenol or organic solvents. The epoxy resins are toxic materials and the
workers exposed to them can show eczemas and dermatitis. These materials are
also responsible for trigging the appearance of allergies and even cancer (Peltonen
et al. 1986; Tsai 2006). The melamine-urea-formaldehyde compounds are equally
toxic, and some authors argue that they have carcinogenic potential (Vale and
Rycroft 1988; Wilbur et al. 1999; Zhang et al. 2008). Adhesives based on organic
solvents are also hazardous (Heuser et al. 2005).

2.4 Materials That Release Toxic Fumes During Fire

Another case of building materials toxicity is related to materials that release toxic
fumes during fires. Some studies show that the majority of deaths during fires is
due to the inhalation of toxic fumes and that such deaths are increasing since the
1980s, maybe due to the fact that the amount of combustible materials inside
households has increased in the last three decades (Gann et al. 1994; Hall and
Harwood 1995; Wu 2001; Levin and Kuligowski 2005). Liang and Ho (2007)
studied the toxicity during fires of several insulation materials concluding that
polyethylene foam and polyurethane foam have a toxicity index (TI) higher than
10, thus meaning extremely high toxicity (Fig. 2.1) levels.

The TI is obtained from the emissions of 14 different combustion gases
reaching deadly concentration after 30 minutes exposure. These authors recom-
mend that polyethylene and polyurethane foams should not be used unless covered
by incombustible materials. Other authors Doroudiani and Omidian (2010) say that
polystyrene decorative mouldings should be avoided because polystyrene is a very
combustible material that releases toxic fumes during fires. They also say that new
polystyrene with flame-retardant properties is now under production, but it also
releases other toxic substances.

2.5 Radioactive Materials

The use of waste materials with some kind of radiological contamination is known
to be a matter of concern to public health because exposure during a long period
even to low doses can lead to cancer formation (ICRP 1990). In general, building
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materials do not show dangerous radioactivity levels (Papaefthmiou and Gouseti
2008), but the same cannot be said about some industrial by-products used for
concrete production such as phosphogypsum, some blast furnace slags and some
fly ashes (Table 2.2).

Phosphogypsums contains heavy metals and radioactive elements such as radio
(226Ra), lead (210Pb) e uranium (238U, 234U) that come from phosphate rocks
(Rihanek 1971). The use of phosphogypsum with a concentration level of

Fig. 2.1 Average value of
toxicity index (Liang and Ho
2007)

Table 2.2 Typical and maximum activity concentrations in common building materials and
industrial by-products used for building materials in Europe (Kovler et al. 2002; Kovler 2009)

Material Typical activity concentration
(Bq/kg)

Maximum activity concentration
(Bq/kg)

226Ra 232Th 40K 226Ra 232Th 40K

Construction materials
Concrete 40 30 400 240 190 1600
Lightweight concrete 60 40 430 2600 190 1600
Ceramic bricks 50 50 670 200 200 2000
Concrete blocks 10 10 330 25 30 700
Natural stone 60 60 640 500 310 4000
Natural gypsum 10 10 80 70 100 200
Industrial by-products
Phosphogypsum 390 20 60 1100 160 300
Blast furnace slag 270 70 240 2100 340 1000
Coal fly ash 180 100 650 1100 300 1500
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370 Bq/kg (in which 1 Bq corresponds to 1 nuclear disintegration per second), is
prohibited since 1992 (EPA 1992). The Euratom threshold is 500 Bq/kg (Euratom
1996). Since different phosphate rocks possess different radioactivity levels, not all
phosphogypsums can be considered radioactive (Canut 2006). Another important
case of radioactive contamination is related to radon exhalation, a radioactive gas
found in some types of phosphogypsum which can be toxic for indoor air with low
ventilation rates (Kovler 2009). In most cases radon comes from the ground in
granite areas but its source can be from granite floor materials thus polluting
indoor air. Chen et al. (2010) analyzed 33 different types of granites and mentioned
that only two of them had exhalation rates above 200 (Bq/m2d). These findings
were confirmed by Pavlidou et al. (2006). Chen et al. (2010) studied the combined
influence of indoor air ventilation rate and granite exhalation rates serving as floor
materials, concluding that the highest exhalation rate granite from floor materials
in a place with a low ventilation rate (ACH = 0.3) contributes only with 18 Bq/m3

to the total concentration (Table 2.3).
For ACH levels near zero, high exhalation rate granites can be effectively

responsible for toxic radioactive concentrations. Other cases of radioactive
building materials can be found in the literature. In Sweden, 300,000 residential
buildings were made from concrete based on aggregates from a uranium mine
(alum shale). Recent studies reveal that infants and children are more prone to
develop leukemia-related diseases (Axelson et al. 2002).

2.6 Asbestos-Based Materials

Asbestos covers several mineral fibres with 5 lm length and 3 lm in diameter
such as: chrysolite, crocidolite, amosite, anthhrophyllite, tremolite and actinolite.
It was not until the 1960s that a relationship between asbestos exposure and several
professional diseases was established by scientific evidence. By that time only
some mineral fibres (crocidolite-blue asbestos and amosite-brown asbestos) were
thought of as toxic and responsible for pleural mesothelioma from which most
patients died, just 12 months after being diagnosed (Bianchi et al. 1997; Jarvholm
et al. 1999; Azuma et al. 2009). Chrysolite-white asbestos was not included

Table 2.3 Radom concentration (Bq/m3) due to radon exhalation from floor material according
to the ventilation rate (Chen et al. 2010)

Radon exhalation rate (Bq/m2d) Air changes per hour (ACH)

3 1 0.3 0.15 0

5 0.03 0.09 0.3 0.6 5
10 0.06 0.2 0.6 1.2 25
50 0.3 0.9 3.0 5.9 123
100 0.6 1.8 6.0 12 246
300 1.8 5.5 18 35 737
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because it was considered to have a low toxicity risk and that is why asbestos
continues to be produced. Only in the 1980s with the Directive 83/477/CEE did the
asbestos problem start to be taken more seriously. Since the Directive 91/382/EEC
was enforced even stricter caution about asbestos was imposed and finally
Directive 2003/18/EC prohibited the production of asbestos-based products. This
Directive defines a threshold risk (VLE) when asbestos fibres concentration is
higher than 0.1 fibres/cm3. In the meantime, scientific evidence proved that all
minerals fibres present cancer risks such as asbestosis (lung damage due to acid
formation in a body’s attempt to dissolve the asbestos fibres) (Akira 2010) or even
lung cancer or other types of cancer (Ladou 2004; Silverstein et al. 2009; An-
tonescu-Turcu and Schapira 2010). Although some may think that asbestos is no
longer a problem let’s not forget about the vast number of fibres-cement materials
asbestos based that are still installed. One may argue that cement materials con-
taining asbestos has low toxicity risk but it is also true that cement will lose its
binder capacity under environmental erosion and some cracking accident could
take place releasing asbestos fibres. Therefore, it is not possible to say that people
working (or living) under fibre-cement asbestos roofing sheets are not submitted to
a fibre concentration higher than the VLE threshold or if people submitted to a
fibre concentration below VLE will not develop cancer after a long time of
exposure. It is noteworthy that according to World Health Organization (WHO)
there is no such thing as a safe asbestos threshold.

2.7 Nanoparticles

Although the use of nanoparticles is very recent, it has already raised issues
concerning its potential toxicity. Some investigations show that nanoparticles can
cause symptoms like those caused by asbestos fibres. Grassian et al. (2007) studied
the effects related to the inhalation of TiO2 particles with primary particle sizes
between 2 and 5 nm, reporting lung inflammation for a concentration of 8.8 mg/
m3. These symptoms have been confirmed by other authors (Yu et al. 2008; Liu
et al. 2008; Poland et al. 2008; Donaldson and Poland 2009; Pacurari et al. 2010).
Hallock et al. (2008) recommending that the use of nanoparticles should be made
with the same care already used in Universities for materials of unknown toxicity,
i.e., by using air extraction devices to prevent inhalation and gloves to prevent
dermal contact. Singh et al. (2009) mentioned the possibility of DNA damage
resulting in later cancer development. Some authors (Dhawan et al. 2009) believe
that the nanotoxicity risk depends on the nanoparticles type, concentration volume
and superficial characteristics. Other authors (Tyshenko and Krewski 2008) sug-
gest that several categories and new parameters must be formulated to better
analyze this subject. Some questions that deserve further investigation are pre-
sented elsewhere (Walker and Bucher 2009; Hirano 2009). Bystrzejewska-Pio-
trowska et al. (2009) have recently carried out an extended literature review on this
subject. These authors mentioned that Environment Protection Agency has
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considered that carbon nanotubes are a new form of carbon that must be treated
under the toxic products act. These authors also mentioned that nanoparticles may
be responsible for a new kind of problem, the appearance of nanowastes. They
suggest that products containing nanoparticles should be labeled in order to
facilitate future separation and recycling procedures.

2.8 Lead Plumbing

Due to its low corrosion characteristics lead was used as water pipe material at
least since the Roman Empire (Hodge 1981; Dutrizac et al. 1982; Nriagu 1983).
Several authors mentioned that lead plumbing is responsible for health problems,
because a film of corrosion products is formed at the pipe surface that eventually
will be leached away, thus contaminating water (Zietz et al. 2009). This con-
tamination is particularly toxic to infants and children causing behavior problems
and intellectual impairment (Pocock et al. 1994; Wilhelm and Dieter 2003; Can-
field et al. 2003). Troesken (2006) refers several cases of lead poisoning due to
lead plumbing in the last two centuries. A problem that is as big as the Chernobyl
or Bhopal disasters. This author states that only in the US thousands of children
have died due to lead poisoning and as much as that amount suffered from
intellectual impairment. A blood lead content higher than 10 lg/dl is considered to
be the threshold of lead poisoning (Labat et al. 2006; Tararbit et al. 2009), it is also
associated with cardiovascular related deaths and cancer development. Khalil et al.
(2009) mentioned that a blood lead level higher than 8 lg/dl is responsible for
increased mortality by coronary heart disease. Other authors Menke et al. (2006)
found out that a blood lead level higher than 2 lg/dl was associated with myo-
cardial infarction and stroke mortality. Although health related risks due to lead
pipe poisoning were known from quite sometime and in fact many cities in the US
tried to prohibit lead based plumbing in the 1920s, this was not enough to stop the
counter actions of the lead pipe industry (Rabin 2008). In the 1970s the WHO still
admitted 300 lg/l as the threshold for safe lead level in drinking water, but since
then this value has fallen significantly (Table 2.4) as if all of a sudden the toxic
risks of lead plumbing were made clear.

Some how this threshold evolution is quite similar to the asbestos problem in
which an increased pattern of restrictions were adopted until, at last, the final
prohibition came. It is then no surprise to see that the related Directive (98/83/CE)
established a 15 year delay period before the 10 lg/l lead content threshold is
enforced. This delay period is related to the cost of pipe substitution if the 10 lg/l
lead content threshold was to be enforced immediately. A survey carried out in
1995 under the Directive (98/83/CE) revealed that Europe had almost 50 million
meters of lead pipes. The replacement costs implied back then almost
34,000 million € (Papadopoulos 1999). More recent estimates points to
200,000 million € (Hayes 2009).
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2.9 Leaching and Eco-Toxicity Tests

As previously mentioned in Sect. 1.4, the eco-efficiency of construction and
building materials encompasses waste recycling. Mortars, concretes and clay
bricks constitute a viable way to reuse industrial wastes and further details on this
subject will be carried out in Chaps. 5 and 6. Since many wastes contain heavy
metals and other toxic substances it is then necessary to prove that they are safely
encapsulated and do not harm the environment and the public health. Leaching is
the process by which a contaminant is released from the solid phase to the
waterphase. Leaching tests are used to assess that materials containing wastes in its
composition do not constitute an environmental risk when in contact with surface
or groundwater. It is impossible that a single leaching test can reproduce the
conditions present in a real situation, therefore a wide variety of leaching tests
exist (almost 50), but they represent minor variations of the same principles (Van
Der Sloot et al. 1997). Table 2.5 presents some leaching tests.

At the European level there is no uniformity on leaching tests, however the
European Committee for Standardization CEN TC 292—European Standardiza-
tion of leaching tests, distinguishes three kinds of tests:

(a) Tests for basic characterization used to obtain the environmental performance
of the waste in medium and long-term release of its constituents;
(b) Conformity tests used to verify if the waste meets certain benchmarks;
(c) On site verification tests, used to check in a fast manner if the waste are the
same submitted to compliance tests.

The aforementioned tests assess the amount of contaminants present in the
leachant solution being influenced by the leachant type (water or acid), tempera-
ture, specimen size, agitation degree, test period, liquid/solid ratio or the number
of extractions. The choice of a particular leaching test should be done according to
the type of waste and the immobilization process (Van Der Sloot 1996). For
instance, Poon and Lio (1997) reported that the TLCP/EPA test is not suitable for
measuring the immobilization of wastes in a cement matrix, because its alkalinity
neutralizes the acidity of the leaching solution. Lewin (1996), argues that it is not
realistic to expect that there is a test for each specific situation. Other authors

Table 2.4 Threshold evolution for lead content in drinking water in the last decades

Legal regulation Year Threshold for lead in
drinking water (lg/l)

WHO 1970 300
Directive (80/778/CEE) 1980 50
Directive (98/83/CE) From 25th December 2003 to 25th

December 2013
25

After 25th December 2013 10
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(Hage and Mulder 2004) mentioned that the high variety of leaching tests is
confusing and that the European committee for Standardization—CEN TC, got
under way for several years, a project for its harmonization, which includes the
development of new percolation test (pr EN14405), pH (CEN TC 292 WG6-N213)
and a new batch test (prEN 12457). Although the toxicity of waste materials is
usually assessed with leaching tests it should also be evaluated regarding their eco-
toxicity using biologic tests. These tests assess the influence of the generated
leachated in bacteria, algae growth, crustaceans mobility and even in the plant
germination (Lapa et al. 2002). According to the standard procedures used in some
European countries, if one of the two criteria (chemical or biological) is not met
this means that the waste can not be directly used in the manufacture of building
materials.

2.10 Conclusions

It has been shown throughout this chapter, that the toxicity of many building
materials is a complex reality that implies a careful choice of them. Many mate-
rials used in the construction sector have some degree of toxicity, in terms of the
environmental impacts of its production, by polluting indoor air or even by con-
taining hazardous substances that imply a previous assessment. Unfortunately, the
experience gained over the years shows that one cannot rely solely on legal reg-
ulations, as a guarantee that no risk to public health exist. Because the legal
regulations are always a step behind of research findings and also because in some
cases the legal regulations are more concerned to balance the public health and the
economic impacts arising from setting very restrictive regulations. All this sug-
gests that the toxicity of construction and building materials is an avoidable issue
in the context of its eco-efficiency.

Table 2.5 Some leaching tests

Description Year Origin

EN 12457-3—characterization of waste—leaching-compliance leaching of
granular waste material and sludges—Part 3: two stage batch test at a
liquid to solid ratio of 2 and 8l/kg for materials with a particle size
below 4 mm

2002 Europe

ASTM 6234/98—standard test method for shake extraction of mining waste
by the synthetic precipitation leaching procedure

1998 US

NVN 7347—determination of the maximum leachable quantity and the
emission of inorganic contaminants from granular construction materials
and waste materials

1996 The
Netherlands

AFNOR X-31-210/92 Essai de lexiviation. 1992 France
Toxic characteristics leaching procedure—TLCP/EPA 1992 US
NBR 10.005/1897—waste leaching 1987 Brazil
DIN 38414–S4—German Standard methods for the examination of water,

waste water and sludge. Sludge and sediments (Group S). Determination
of leachability (S4)

1984 Germany
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Chapter 3
Energy

3.1 General

The increasing demand for worldwide energy, is a major cause for the unsus-
tainable development of our Planet. Between 2007 and 2030 energy demand will
increase about 40% to 16.8 billion tons of equivalent petroleum-TEP (Fig. 3.1).

The rise in energy consumption has two main reasons, the increase in world
population and the fact that there are an increasing number of people with access
to electricity. Currently, 1.5 billion people still have no access to electricity (UN
2010). Beyond what energy consumption means in terms of using non-renewable
fossil materials, the highest environmental impact of energy consumption, has to
do with carbon dioxide emissions (Fig. 3.2), generated during the burning of coal
and gas for electricity generation in power stations.

Given that buildings consume throughout their life cycle, more than 40% of all
energy produced (OCDE 2003), we can easily see the high energy saving potential
that this subsector may represent in terms of reducing carbon dioxide emissions.

3.2 Embodied Energy

The energy associated to construction and building materials (embodied energy),
covers the energy consumed during its service life (Hammond and Jones 2008).
There are however different approaches to this definition, namely: from the
extraction of raw materials to the factory gate (cradle to gate), from extraction to
site works (cradle to site) or from extraction to the demolition and disposal phase
(cradle to grave). Berge (2009) considers as embodied energy, only the energy
needed to put the material or product at the factory gate (first case), as to the
transport energy and the energy related to the work execution both are included in
the construction phase of the building. According to this author, the embodied
energy represents 85–95% of the material total energy and the remaining 5–15%
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relates to the construction, maintenance and demolition of the building. In the third
case, the embodied energy includes all energy consumption phases from the
production at cradle. As to the transport energy, this varies depending on the mode
of transport: sea, air, road or rail. Reddy and Jagadish (2003) present some figures
related to the transport energy of several construction materials (Table 3.1).

More recently, Berge (2009) presents some energy figures according to the
transportation mode (Table 3.2).

Table 3.1 Energy
consumption for construction
materials (Reddy and
Jagadish 2003)

Material transported Energy consumption

Sand 1.75 (MJ/m3 km)
Coarse aggregates 1.75 (MJ/m3 km)
Bricks 2.0 (MJ/m3 km)
Cement 1.0 (MJ/ton km)
Steel 1.0 (MJ/ton km)

Fig. 3.2 World carbon dioxide emissions from the consumption of energy (ERA 2007)

Fig. 3.1 World primary energy demand by fuel (WEO 2009)
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Such a scenario shows the need to use local materials or to use materials away
from the site, only if they have low density. Table 3.3 presents an inventory of the
embodied energy of several construction materials used by several authors.

More recently Hammond and Jones (2008)presented the embodied energy and
the embodied carbon for approximately 200 construction materials in the ‘‘cradle
to gate’’ scenario.

This option intends to encourage a more rigorous establishment of the energy
and carbon dioxide impacts of the transport phase. These authors based their study
on the values used in the UK, but also on values currently used in Continental
Europe. Morel et al. (2001) describe the construction of several houses in France,
where it was possible to reduce the building energy by 215% with the use of local
materials. Goverse et al. (2001) mentioned that an increased use of wood in
buildings in Holland could reduce by almost 50% carbon emissions in that country.

Reddy and Jagadish (2003) observed that cement mortars have higher embodied
energy than other mortars (Table 3.4). The same authors compared the embodied
energy embedded in masonry, mentioning that the use of clay bricks, is not a wise
option (Table 3.5).

According to Thormark (2006) an appropriate choice of construction and
building materials can mean a 17% reduction in the energy of a building. Gonzalez
and Navarro (2006) mentioned that a correct choice of building materials can
reduce almost 30% CO2 emissions, avoiding the emission of 38 tons of CO2. These
authors reported that a building constructed with materials of low environmental
impact, will present CO2 emissions of approximately 196 kg/m2. For Dimoudi and
Tompa (2008) the embodied energy of office buildings represent 13% to 19% of the
operational energy for a service life of 50 years. Regarding the energy consumption
and the carbon emissions per floor area, these authors report values of 1.93 GJ/m2

and 198 kg CO2/m2 (building 1), for building 2 these values are 3.97 GJ/m2 and
289.4 kg CO2/m2. The material differences between the two buildings are as fol-
lows: building 1 uses external walls made of double brick walls with a core thermal
insulation, of a 5-cm thick extruded polystyrene layer and building 2 uses similar
eexternal walls with a 5-cm thick mineral wool layer. The façade of building 1is
covered by mortar while building 2 uses aluminum cladding. The flooring material
in building 1 is ceramic tiles in the office spaces and marble in the corridors and
staircases. Building 2 it uses vinyl tiles in the offices and marble in all corridors and
staircases.These authors reported that the embodied energy in structural materials
constitutes the most significant fraction, reaching 66.7% in the building 1 (42% for
concrete and 24% for steel reinforcement) (Fig. 3.3).

Table 3.2 Transportation
energy (Berge 2009)

Tranport mode MJ/ton km

Plane 33–36
Highway (diesel) 0.8–2.2
Railway (diesel) 0.6–0.9
Railway (electricity) 0.2–0.4
Boat 0.3–0.9
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Table 3.3 Embodied energy
(Wellington 2005)

Material MJ/kg MJ/m3

Agreggates 0.1 150
River aggregates 0.02 36
Extruded aluminum 201 542.700
Anodized extruded aluminum 227 612.900
Recycled aluminum 8.1 21.870
Recycled extruded aluminum 17.3 46.710
Recycled anodized aluminum 42.9 115.830
Asphalt 3.4 7.140
Bitumen 44.1 45.420
Cement 7.8 15.210
Cement mortar 2.0 3.200
Ready-mixed concrete (fc = 17.5 MPa) 1.0 2.350
Ready-mixed concrete (fc = 30 MPa) 1.3 3.180
Ready-mixed concrete (fc = 40 MPa) 1.6 3.890
Concrete block 0.94 –
Ceramic brick 2.5 5.170
Ceramic tile 0.81 –
Adobe blocks stabilized with cement 0.42 –
Compressed earth blocks (CEB) 0.42 –
Rammed earth stabilized with cement 0.8 –
Glass 15.9 40.060
Laminated glass 16.3 41.080
Stucco 4.5 6.460
Gypsum board 6.1 5890
Steel 32 251.200
Recycled steel 10.1 37.210
Local stone 0.79 1.890
Imported stone 6.8 1.890
Zinc 51 364.140
MDF 11.9 8330
Rough wood air-dried 0.3 165
Rough wood kiln-dried 1.6 880
Polished wood air-dried 1.16 638
Polished wood kiln-dried 2.5 1380
Plywood 10.4 –
Poliyester 53.7 7710
Poliuretane 74 44.400
PVC 70 93.620

Table 3.4 Embodied energy
for several mortars (Reddy
and Jagadish 2003)

Mortar Cement Soil Sand Energy per
m3 (MJ)

Cement 1 0 6 1,268
Cement ? pozzolan 80% 0 6 918
Soil–cement 1 2 6 849
Lime–pozzolan (1:2) – 0 3 732
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Berge (2009) compared several paving slabs (Fig. 3.4) and mentioned that
although concrete tiles have a high embodied energy and thus high CO2 emissions
they can constitute a lesser environmental evil when compared to granite tiles with
lower embodied energy and lower CO2 emissions but with much higher trans-
portation impacts.

The embodied energy of a C30 strength class concrete in Ireland is 1.08 MJ/kg
(Goggins et al. 2010). These authors studied the energy saving potential associated
with the replacement of Portland cement by blast furnace slag. They analyzed two
types of concrete used for an office building in Ireland mentioning that when using
concrete with 50% blast furnace slags they could save 924.175 MJ (Table 3.6).

In recent decades the operational energy in buildings (lighting, heating, cooling,
etc.) was accepted to be the major part and that the embodied energy represented
only a small fraction (10–15%). Consequently, much effort has been made towards
the reduction of the operational energy by increasing the energy efficiency of the
buildings. However, as operational energy is reduced the percentage of the
embodied energy in the total energy of the buildings becomes increasingly pre-
valent. Thormark (2002) studied one of the buildings with the lowest energy
consumption in Sweden (45 kWh/m2) refering that the embodied energy for a
lifetime of 50 years, could represent almost 45% of total energy. In a medium or
even in a short term, it is possible that embodied energy could exceed the

Table 3.5 Embodied energy in masonry (Reddy and Jagadish 2003)

Masonry type Energy
per m3 (MJ)

Energy percentage related to the
masonry with ceramic bricks

Ceramic bricks 2,141 100
Cellular concrete blocks 1,396 65.2
Concrete blocks 819 38.3
Soil–cement blocks 646 30.2

Fig. 3.3 Contribution of different materials into the embodied energy in building 1 (Dimoudi
and Tompa 2008)
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operational energy in the building sector; in that scenario the embodied energy
should be included in a future revision of the EU Directive on the Energy Per-
formance of Buildings (Szalay 2007). More recently, Pacheco-Torgal and Jalali
(2011) study a 97 apartment-type building (27.647 m2) located in Portugal, con-
cerning both embodied energy as well as operational energy. The operational
energy was an average of 187.2 MJ/m2/year and the embodied energy accounted
for aproximately 2,372 MJ/m2, representing just 25.3% of the former. If the
buildings were in the AA+ energy class it would mean that embodied energy could
be almost four times the operational energy for a service life of 50 years.

3.3 Materials That Reduce Energy Consumption

3.3.1 Traditional Thermal Insulation Materials

Building insulation has been found to be one of the most cost-effective actions for
the reduction of energy consumption and GHGs abatement (McKinsey and
Company 2009). Thermal insulation materials represent a 21 billion € market
share. These materials have a thermal conductivity factor, k (W/m 8C) lower than

Table 3.6 Embodied energy
according to concrete
composition (Gojjins et al.
2010)

Embodied energy (MJ) Concrete without
additions

Concrete
with 50% BFS

Steel reinforcement 6.121 6.121
Aggregates 2.556 2.556
Cement 24.377 12.188
Water 15 15
Transport 428 428
Direct 7.358 7.358
Per slab panel 40.855 28.666
Total 3.064.125 2.139.950
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0.065 and a thermal resistance higher than 0.30 (m2. 8C)/W (Santos and Matias
2006). Some materials like lightweight concrete or expanded clay do not respect
these thresholds, however, if they have enough thickness they could be considered
as thermal insulation materials. Regarding the masonry units (ceramic or concrete
based) with improved thermal performance they will be discussed in Chap. 6.
Thermal insulation materials can be as follows:

• Panels of expanded polystyrene (EPS)
• Panels of mineral wool (MW)
• Panels of extruded polystyrene (XPS)
• Panels of expanded chipboard cork (ICB)
• Rigid foam of poly-isocyanurate (PIR) or polyurethane (PUR)

Table 3.7 presents the thermal conductivity factor of the aforementioned
thermal insulation materials. Table 3.8 presents the thermal conductivity factor of
some construction and building materials for comparisons purposes.

Table 3.7 Thermal conductivity factor of some thermal insulation materials (Santos and Matias
2006)

Material Dry density q
(kg/m3)

Thermal conductivity
factor-k-W/(m 8C)

EPS-expanded polystyrene [20 0.037
MW-mineral wool-rock 100–180 0.042
MW-mineral wool-glass 15–100 0.040
XPS-panels of extruded polystyrene 25–40 0.037
ICB-panels of expanded chipboard cork 90–140 0.045
PIR-rigid foam of polyurethane

PUR-Rigid foam of poly-isocyanurate
20–50 0.040

Table 3.8 Thermal conductivity factor of some construction and building materials (Santos and
Matias 2006)

Material Dry density q
(kg/m3)

Thermal conductivity
factor-k-W/(m �C)

Aluminum 2,700 230
Steel 7,800 50
Granite 2,500–2,700 3.5
Soft limestone 1,600–1,790 1.1
Ceramic material 2,200–2,400 1.04

\1,000 0.34
Ordinary concrete 2,300–2,600 2.0
Concrete with ligthweigth aggregates 400–600 0.24
Stucco 1,000–1,300 0.57
Ligthweigth wood 200–435 0.13
Adobe, CEB or rammed earth 1,770–2,000 1.1
Glass 2,200 1.4
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The majority of the five thermal insulation materials previously described are
associated with negative impacts in terms of their toxicity already discussed in
Chap. 2. The only exception concerns the expanded cork, which is a product based
on a renewable and completely recyclable material, cork. Even in terms of the
energy consumed in the production phase, one can see that the expanded cork
compares in a favourable manner with the other thermal insulation materials
(Fig. 3.5). Besides, the cork production contributes to the preservation of cork
trees, which are indispensable for the maintenance of the biodiversity in Alentejo,
the Southern region of Portugal, the world’s largest producer of cork.

3.3.2 Thermal Insulation Materials Based on Natural Materials

In recent years some investigations have focussed on thermal insulation materials
based on natural materials like hemp fibres (Collet 2004). Although thermal
insulation materials based on flax and hemp fibres show high insulation perfor-
mance, these fibres are less cost-effective than glass or mineral fibres (Table 3.9).
In addition, for a relative humidity above 80% they can be associated to molding.

More recently Collet et al. (2011) studied the water vapour properties of two
hemp wools manufactured with different treatments. The first was constituted of
hemp fibres linked with an organic binder and the second of hemp and cotton fibres
with a polyester binder. According to these authors the results are useful to be used
as input in numerical models in order to predict the hygrothermal behaviour of
building walls.

Expanded cork Mineral wool PUR XPS EPS
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Fig. 3.5 Energy used in the
production of several thermal
insulation materials

Table 3.9 List prices of a
packet of 100-mm thick thermal
insulation sheet (Kymalainen
and Sjoberg 2008)

Fibre raw material of insulation Price (€/m2)

Flax 10.8–15.4
Glass 5.4–8.7
Mineral 4.9–7.9
Wood fibre 9.3–11.8
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3.3.3 High Performance Thermal Insulation Materials

The need to reduce energy costs in buildings, meant that the thickness of thermal
insulation materials, has grown over the years, and in some countries of Northern
Europe it has almost doubled (Fig. 3.6).

The development of thermal insulation materials with higher performance and
lower thickness has become an important research field. At first, the solution
involved the development of panels containing rare gases; however it soon became
evident that their performance was surpassed by vacuum insulation panels (VIPs)
which provide a thermal insulation almost ten times that of current thermal
insulation materials (Fig. 3.7).

Fig. 3.6 Evolution of insulation thickness applicable in walls in Europe (Papadopoulos 2005)

Fig. 3.7 Comparison of thermal conductivity between current insulation materials and high
performance ones
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VIPs consist of a core material, which is placed inside the vacuum panel and
having a much lower thickness for the same thermal performance (Fig. 3.8).

Although the initial applications used a polystyrene core, lately they have been
replaced by silica fume submitted to a compression up to 200 kg/m3 which causes
the air pore to be below the atmospheric pressure (Simmler and Brunner 2005).
Some disadvantages of VIPs are the fact that they could not be cut on-site, its
fragility brings the risk of being easily damaged and also the fact that they are
associated to thermal bridging effects (Baetens et al. 2010). Fricke et al. (2008)
mentioned that in Germany there are five companies dedicated to the production of
vacuum insulation panels. Aerogel is another example of a high performance
thermal insulation material. This material was developed by NASA in the 1950s

Fig. 3.8 Comparison between a VIP and a conventional thermal insulation material with the
same thermal performance (Baetens et al. 2010)
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and has been known as ‘‘solid smoke’’. It is composed of air (99.8%) and silica
nanoparticles (0.2%) having the lowest thermal conductivity of any solid (between
0.004 and 0.03 W/mK). The current cost of this product is in the range of 25 €/m2

which is almost 10 times higher when compared to a conventional insulation
material for the same thermal resistance (Baetens et al. 2011). Some investigations
have tried to produce aerogel-based windows (Wittwer 1992; Venkateswara et al.
2001; Baetens et al. 2011), this will allow for future high insulation windows
representing its most valuable application in the near future.

3.3.4 Phase Change Materials

These materials use chemical bonds to store or release heat thus reducing energy
consumption. Depending on the air temperature PCMs can change from solid to
liquid or liquid to solid, absorbing or releasing heat during the process. Therefore,
they can absorb heat inside buildings avoiding excessive heating or they can
release heat in order to increase the minimum room temperature. Investigations
related to PCMs started 30 years ago, but they have increase almost exponentially
in the last five years (Fig. 3.9).

Early investigations used immersion processes and macro-capsules to integrate
PCMs. These approaches have different drawbacks so PCMs had no big market
impact. Recent advances in the technology of micro-encapsulation changed this
situation (Schossig et al. 2005). PCMs can be organic, paraffin based or non-
paraffin based (Table 3.10), they can also be inorganic like salt hydrate and

Fig. 3.10 Maximum storable energy between 18�C and 26�C for 10 mm of material and for 24 h
(Kuznik et al. 2008, 2011)
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metallics (Table 3.11), or even inorganic eutectics when PCMs are composed of
two or more components which freeze and melt in a congruent manner
(Table 3.12).

There are several ways of using PCMs in construction, including microcap-
sules, planar or cylindrical elements. PCM in the microcapsules is wrapped in a
polymer coating and they are then mixed to mortars used in walls and ceilings.
Table 3.13 shows several commercial PCMs recommended for building purposes
(Tyagi and Buddhi 2007).

Athienitis et al. (1997) mentioned that the use of walls with PCMs allows a
reduction of 4�C in the daytime maximum room temperature. Other authors
(Darkwa and Kim 2004; 2005; Darkwa et al. 2006) observed that the random
dispersion of the microcapsules of PCMs presents a performance reduction up to
20% than if PCMs were applied in laminated drywalls. Cabeza et al. (2007) used
5% of PCMs microcapsules in concrete panels 0.12 m thick, noticing an increase
in the minimum room temperature of 2�C. As for the maximum room temperature,
the same authors mentioned that when the outside temperature was 32�C, the
concrete wall without PCMs reached 39�C, while the wall with this additive
reached a maximum of 36�C. Alawadhi (2008) studied bricks with cylindrical
holes filled with PCM reporting that the best results (a 18% reduction in the heat
flux), occurred in bricks with three cylindrical holes placed at the centreline of the
bricks. According to Kuznik et al. (2008, 2011) 1 cm is the optimal thickness for

Table 3.10 Organic
substances suitable for PCMs
(Tyagi and Buddhi 2007)

Compound Melting
point (8C)

Heat of
fusion (kJ/kg)

Butyl stearate 19 140
Paraffin C16–C18 20–22 152
Capric–lauric acid 21 143
Dimethyl sabacate 21 120
Polyglycol E600 22 127.2
Paraffin C13–C24 22–24 189
Mistiric acid (34%) +

Capric acid (66%)
24 147.7

1-Dodecanol 26 200
Paraffin C18 (45–55%) 28 244
Vynil stearate 27–29 122
Capric acid 32 152.7

Table 3.11 Inorganic
substances suitable for PCMs
(Tyagi and Buddhi 2007)

Compound Melting
point (8C)

Heat of
fusion (kJ/kg)

KF � 4H2O 18.5 231
Mn(No3)2 6H2O 25.8 125.9
CaCl2 � 6H2O 29 190.8
LiNO3 � 3H2O 30 296
Na2SO4 � 10H2O 32 251
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light panels containing PCMs. The results show that this thickness, allows for a
doubled thermal inertia. Fig. 3.10 compares this solution with the energy storage
capacity of several materials with 1 cm thickness.

These authors mentioned that 1 cm light panels with PCMs allows for a
reduction of 4.2�C in the maximum room temperature. Kuznik and Virgone (2009)
mentioned that the aforementioned light panels use 60 wt% of microencapsulated
PCMs, while only 30 wt% PCMs can be incorporated in gypsum mortars. On the
other hand when buildings reach to the end of their service life, gypsum mortars
with PCMs cannot be considered an inert waste as happens with other mortars and
this makes demolition and removal operations more complex.

3.4 Conclusions

Worldwide energy consumption is the main cause for the majority of carbon
dioxide emissions. The European legislation related to the thermal efficiency of the
building sector is responsible for a substantial reduction in energy consumption;

Tabel 3.12 Eutectics
substances suitable for PCMs
(Tyagi and Buddhi 2007)

Compound Melting
point (8C)

Heat of fusion
(kJ/kg)

66.6% CaCl2 6H2O
? 33.3% Mgcl2 6H2O

25 127

48% CaCl2 ? 4.3% NaCl
? 0.4% KCl ? 47.3% H2O

26.8 188

47% Ca(NO3)2 4H2O
? 53% Mg(NO3)2 6H2O

30 136

60% Na(CH3COO)3H2O
? 40% CO(NH2)2

30 200.5

Table 3.13 Commercial
PCMs (Tyagi and
Buddhi 2007)

Designation Substance Melting
point (8C)

Heat of
fusion (kJ/kg)

RT20 Paraffin 22 172
Climsel23 Salt hydrate 23 148
Climsel24 Salt hydrate 24 216
RT26 Paraffin 25 131
RT25 Paraffin 26 232
STL27 Salt hydrate 27 213
S27 Salt hydrate 27 207
RT30 Paraffin 28 206
RT27 Paraffin 28 179
TH29 Salt hydrate 29 188
Climsel32 Salt hydrate 31 212
RT32 Paraffin 32 130
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however, there is a limit beyond which no further reductions can be achieved
within this legal framework. Thus, the use of building materials with lower
embodied energy becomes a priority area. Most conventional thermal insulation
materials, have disadvantages in terms of their toxicity, so the use of natural
materials for insulation purposes can be a new step towards a more sustainable
construction. Although the use of vacuum insulation panels, allows for high
thermal insulation performance, it is not expected that in the short term their
market share will rise in a sky rocketing manner because they are far from being
cost-efficient when compared to conventional insulation materials. Translucent
aerogels are much more prone to immediate commercial dissemination. Regarding
PCMs, they have high potential in terms of mitigating the maximum and minimum
room temperatures thus reducing energy demand without higher costs.
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Chapter 4
Construction and Demolition
(C&D) Wastes

4.1 General

Although C&D wastes are a problem of increasing magnitude, there is little con-
sensus about its volume. This subject is dependent on the absence of reliable
statistics because in most countries these kinds of wastes are illegally dumped.
Solis-Guzman et al. (2009) reported that worldwide, C&D wastes represent
approximately 35% of the total waste and for Europe the same authors mention that
C&D wastes represent 450 million ton/year. However, this figure cannot be taken
for granted because it is unlikely that in Europe C&D wastes represent 22% of the
total. For instance, the production of MSW ash exceeds C&D wastes more than 20
times (Tiruta-Barna et al. 2007). In the EU 15 the C&D wastes generated per capita
are as much as 480 kg, meaning a total of 180 million ton/year. Kofoworola and
Gheewala (2009) mentioned C&D wastes generated per capita for different
European countries: Austria (300 kg), Denmark (500 kg), Germany (2,600 kg),
The Netherlands (900 kg). The Eurostat (2010) mention a total of 970 million ton/
year of C&D wastes and 2.0 ton/per capita. In terms of C&D wastes recycling rates,
the values also differ from country to country. While the European average is only
25% (Solis-Guzman et al. 2009), some countries may reach 80%, as it happens in
Denmark or in The Netherlands (Chini 2005). However, a recent report shows that
these rates are very outdated (Table 4.1).

The landfill of C&D wastes generated in EU15 that are not recycled represent a
volume with a 10 m height and 13 km2 surface each year. The benefits of proper
waste management are not solely environmental as we already saw in Chap. 1 but
also economic. The preservation of biodiversity has a very relevant economic
value associated with it. According to Weisleder and Nasseri 2006 the German
market for recycled materials generated about 4,940 million euros in 2004, and the
employment in this segment increased from 13,357 to 17,000 jobs between 2000
and 2004. A good example of the economic benefits associated with the recycling
of C&D wastes is illustrated by the Environment Agency of the U.S. (EPA 2002),
which states that the incineration of 10,000 tonnes of wastes can mean the creation

F. P. Torgal and S. Jalali, Eco-efficient Construction and Building Materials,
DOI: 10.1007/978-0-85729-892-8_4, � Springer-Verlag London Limited 2011
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of one job, the landfill can create six jobs, but if the same amount of waste is
recycled it can create 36 jobs.

4.2 Regulations

According to the Waste Management Acts 1996 and 2001, wastes can be defined
as ‘‘any substance or object belonging to a category of waste which the holder
discards or intends or is required to discard, and anything which is discarded or
otherwise dealt with as if it were waste shall be presumed to be waste until the
contrary is proved’’. The European waste catalogue-EWC encompasses 20 chapters
related to different waste categories:

1. Wastes resulting from exploration, mining, quarrying, physical and chemical
treatment of minerals;

2. Wastes from agriculture, horticulture, aquaculture, forestry, hunting and
fishing, food preparation and processing;

3. Wastes from wood processing and the production of panels and furniture,
pulp, paper and cardboard;

4. Wastes from the leather, fur and textile industries;
5. Wastes from petroleum refining, natural gas purification and pyrolytic treat-

ment of coal;
6. Wastes from inorganic chemical processes;
7. Wastes from organic chemical processes;
8. Wastes from the manufacture, formulation, supply and use (MFSU) of coat-

ings (paints, varnishes and vitreous enamels), sealants and printing inks;
9. Wastes from photographic industry;

10. Wastes from thermal processes;
11. Wastes from chemical surface treatment and coating of metals and other

materials; non-ferrous hydro-metallurgy;
12. Wastes from shaping and physical and mechanical surface treatment of metals

and plastics;
13. Oil wastes and wastes of liquid fuels (except edible oils, 05 and 12);

Table 4.1 Recycling rates of C&D wastes in Europe (Sonigo et al. 2010)

Countries Recycling rates (%)

Belgium (Flanders) Over 90
Denmark, Estonia, Germany, Ireland and The Netherlands Over 70
Austria, Belgium, France, Lithuania, UK 60–70
Luxemburgo, Letónia, Eslovenia 40–60
Average recycling rate for EU-27 47
Cyprus, Czech Republic, Finland, Greece, Hungary, Poland,

Portugal and Spain
Below 40

Bulgaria, Italy, Malta, Romania, Slovakia and Sweden No data available
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14. Waste organic solvents, refrigerants and propellants (except 07 and 08);
15. Waste packaging; absorbents, wiping cloths, filter materials and protective

clothing not otherwise specified;
16. Wastes not otherwise specified in the list;
17. Construction and demolition wastes (including excavated soil from contami-

nated sites);
18. Wastes from human or animal health care and/or related research (except

kitchen and restaurant wastes not arising from immediate health care);
19. Wastes from waste management facilities, off-site waste water treatment

plants and the preparation of water intended for human consumption and
water for industrial use;

20. Municipal wastes (household waste and similar commercial, industrial and
institutional wastes) including separately collected fractions.

Table 4.2 presents Chap. 17 of the EWC related to the construction and
demolition wastes.

Figure 4.1 presents a sequence to evaluate whether a waste can be classified as
a hazardous one. According to Annex III of the European Council Directive
91/689/EC on hazardous waste, the properties of the wastes which render them
hazardous are as follows:

H1: Explosive;
H2: Oxidizing;
H3: A—Highly flammable;
H3: B—Flammable;
H4: Irritant;
H5: Harmful;
H6: Toxic;
H7: Carcinogenic;
H8: Corrosive;
H9: Infectious;
H10: Teratogenic;
H11: Mutagenic;
H12: Substances and preparations which release toxic or very toxic gases in
contact with water, air or an acid;
H13: Substances and preparations capable by any means, after disposal, of
yielding another substance, e.g. a leachate, which possesses any of the charac-
teristics listed above;
H14: Ecotoxic.

In 1991 the Japanese Government approved the ‘‘Recycling Law’’ under which
they set minimum recycling targets for several by-products (Kawano 2003). As a
consequence, the recycling percentages increase significantly (Fig. 4.2).

Since 1995 a C&D waste plan was implemented in Belgium. In 1996 the
German industry accepted to cut by half the C&D wastes that were landfilled. In
1997 the Government of Finland decided that by the year 2000 50% of this waste
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Table 4.2 Chapter 17 of the European waste catalogue-EWC

Code Description

17 Construction and demolition wastes (including excavated soil from
contaminated sites)

1701 Concrete, bricks, tiles and ceramics
170101 Concrete
17 01 02 Bricks
17 01 03 Tiles and ceramics
17 01 06 (*) Mixtures of, or separate fractions of concrete, bricks, tiles and ceramics

containing dangerous substances
17 01 07 Mixture of concrete, bricks, tiles and ceramics other than those mentioned in

17 01 06
17 02 Wood, glass and plastic
17 02 01 Wood
17 02 02 Glass
17 02 03 Plastic
17 02 04 (*) Glass, plastic and wood containing or contaminated with dangerous

substances
17 03 Bituminous mixtures, coal tar and tarred products
17 03 01 Bituminous mixtures containing coal tar
17 03 02 Bituminous mixtures containing other than those mentioned in 17 03 01
17 03 03 (*) Coal tar and tarred products
17 04 Metals (including their alloys)
17 04 01 Copper, bronze, brass
17 04 02 Aluminium
17 04 03 Lead
17 04 04 Zinc
17 04 05 Iron and steel
17 04 06 Tin
17 04 07 Mixed metals
17 04 09 (*) Metal waste contaminated with dangerous substances
17 04 10 (*) Cables containing oil, coal tar and other dangerous substances
17 04 11 Cables other than those mentioned in 17 04 10
17 05 Soil (including excavated soil from contaminated sites), stones and dredging

spoil
17 05 03 (*) Soil and stones containing dangerous substances
17 05 04 Soil and stones other than those mentioned in 17 05 03
17 05 05 (*) Dredging spoil containing dangerous substances
17 05 06 Dredging spoil other than those mentioned 17 05 05
17 05 07 (*) Track ballast containing dangerous substances
17 05 08 Track ballast other than those mentioned in 17 05 07
17 06 Insulation materials and asbestos-containing construction materials
17 06 01 (*) Insulation materials containing asbestos
17 06 03 (*) Other insulation materials consisting of or containing dangerous

substances
17 06 04 Insulation materials other than those mentioned in 17 06 01 and 17 06 03
17 06 05 (*) Construction materials containing asbestos

(continued)
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should be recycled. In Spain, the first national plan on C&D waste occured in 2001.
On November 19 of 2008 the EU approved the Revised Waste framework Directive
No. 2008/98/EC. According to this Directive the minimum recycling percentage for

Table 4.2 (continued)

Code Description

17 08 Gypsum-based construction material
17 08 01 (*) Gypsum-based construction materials contaminated with dangerous

substances
17 08 02 Gypsum-based construction materials other than those mentioned in 17 08 01
17 09 Other construction and demolition waste
17 09 01 (*) Construction and demolition wastes containing mercury
17 09 02 (*) Construction and demolition wastes containing PCB (for example PCB-

containing sealants, PCB-containing resin-based floorings, PCB-containing
sealed glazing units, PCB-containing capacitors)

17 09 03 (*) Other construction and demolition wastes (including mixed wastes)
containing dangerous substances

17 09 04 Mixed construction and demolition wastes other than those mentioned in 17
09 01, 17 09 02 and 17 09 03

The wastes with (*) are considered hazardous wastes

Fig. 4.1 Hazardous waste flowchart
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C&D wastes by the year 2020 should be at least 70% by weight. This regulation
appears quite promising in order to achieve a more sustainable construction;
however, it is unclear why it sets a delay of more than 10 years.

4.3 C&D Waste Management Plan

In order to reduce the C&D wastes several regulations impose the execution of a
waste management plan. This plan should contain information about:

• Characterization of the construction works;
• Main waste streams;
• Waste management framework;
• Estimation of the quantities of each material;
• Proposal for minimization, reuse and recycling;
• Transport of the C&D wastes.

According to (DEHLG 2006) a C&D waste management plan should be
prepared in case of development projects that exceed any of the following thresholds:

• New residential development of ten houses or more;
• New developments other than the above, including institutional, educational,

health and other public facilities, with an aggregate floor area in excess of
1,250 m2;

• Demolition/renovation/refurbishment projects generating in excess of 100 m3 in
volume, of C&D waste;

• Civil Engineering projects producing an excess of 500 m3 of waste, excluding
waste materials used for development works on the site.

Table 4.3 shows an example of a C&D waste management plan.
Tam (2008) ranked some measures to help the implementation of the C&D

waste management plans:

1. Use of prefabricated building components
2. Purchase management

Fig. 4.2 Recycling
percentage between 1995 and
2003 (Kawano 2003)
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Table 4.3 C&D waste management plan (DEHLG 2006)

(continued)
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3. Education and training
4. Proper site layout planning
5. On-site waste recycling operation
6. Implementation of environmental management systems
7. High-level management commitment
8. Install underground mechanical wheel washing machines
9. Identification of available recycling facilitate

10. On-site sorting of construction and demolition materials

This author mentioned that the ‘‘Low financial incentive’’ and the ‘‘Increase in
overhead cost’’ are considered the major difficulties in the implementation of the
waste management plan. Other authors (Katz and Baum 2010) mentioned that on-
site sorting of construction and demolition materials and waste management can
slow down the construction rate.

Estimating C&D wastes. The estimation of the quantities of the different C&D
wastes depends on the building system, the characteristics of the demolition and
sorting process. It also depends on the amount of buildings under construction,
rehabilitation or demolition at any given time, which will influence the quantities
of C&D wastes for a certain area or country. Between 1998 and 2002 the Uni-
versity of Minho in Portugal participated in the European waste manual for
building construction-WAMBUCO which was coordinated by the University of
Dresden (Lipsmeier and Gunther 2002). In this project several card files were
developed for specific waste building elements (walls, ceilings, floors and renders).
Specific files were also developed for the amount of wastes associated with
building construction. The specific card files allow for an estimation of the amount
of wastes generated during the construction of a new building using the MS-Excel
based Wambucalc software tool (Table 4.4).

The column ‘‘Sum’’ shows the total amount of waste generated during the
specified construction component. The column ‘‘Rate’’ it shows the percentage
contribution of the construction component on the overall waste generation. If
the characteristics of building components are unknown it is still possible to
estimate the quantity of waste produced on-site using the building card files. For
this purpose it is necessary to know the construction area, the type of building
(dwelling house, hotel or office building), and the comfort level (low, medium or
high). Figure 4.3 shows the relationship between the floor area and the waste mass
for dwelling houses.

Pascual and Cladera (2004) base their estimation of C&D wastes on the exis-
tence of a linear correlation between the amount of waste generation and the

Table 4.4 Example of a calculation chart for Wambucalc (Lipsmeier and Gunther 2002)

Cat Nr Construction component Construction design SUM (kg) Rate (%)

Unit Amount

Shell
S 1 Foundation m2 81.97 2,156.6 17.1
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consumption of Portland cement.Mariano (2008) analyzed the C&D wastes gen-
erated during the construction of a school with a floor area of 4,465 m2, comparing
it with that reported by other authors (Table 4.5)

This author mentioned that the large difference between the total value of
34.15 kg/m2 and the value of 300 kg/m2 reported by Monteiro et al. (2001), is due
to the fact that in the first case some of the wastes have been reused and also
because Monteiro also considered the demolition wastes. The differences between
the results of Bohne et al. (2005) and Tozzi (2006) are minor and can be explained

Table 4.5 Comparing the amount of C&D wastes generated during the construction phase
(Mariano 2008)

Material Amount of waste (kg/m2)

Mariano (2008) Monteiro et al. (2001) Bohne et al. (2005) Tozzi (2006)

Concrete 9.08 87 19.11 3.0
Ceramics 2.55 – 17.65
Mortar 2.93 189.0 – 18.33
Wood 16.82 3.0 2.75 0.87
Paper 0.16 21 0.46 0.58
Plastic 0.04 2.43
Fiber cement 0.63 0
Others 1.94 6.19
Hazardous – – 0.07 –
Gypsum – – 1.38 –
Glass – – 0.12 –
EPS – – 0.21 –
Metals – – 0.48 –
Total 34.15 300.0 30.77 42.89

Fig. 4.3 Waste generation for dwelling houses according to the comfort level: a high; b medium;
c low (Lipsmeier and Gunther 2002)
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by the differences in the materials used in both cases. Mariano (2008) defines the
efficiency of the waste management plan, as the relationship between the amount
of materials purchased and the amount of waste generated at the end of the site
work, which could not be reused (Table 4.6).

Although the value of the total efficiency is rather high, this form of accounting
does not illustrate how much waste is recycled during the construction phase,
which is a true measure of efficiency. In addition, this ratio does not allow for
comparisons with smaller construction works in which the possibility of C&D
wastes reuse is much lower. Solis-Guzman et al. (2009) mentioned that in Feb-
ruary of 2008 a Government decree was enforced in Spain related to the C&D
wastes management. This regulation requires the execution of a study about C&D
wastes during the design phase. It also states that the contractor is responsible for
the execution of a C&D wastes management plan. These two parts are required to
obtain a building permit and must contain an estimation of the quantities of each
waste stream and also an estimate of their treatment cost. The authors describe a
new method for the estimation of C&D wastes whose indices were obtained from
the study of a sample of 100 buildings. Lage et al. (2010) predict that in 2011 the
Spanish region of Galicia will generate 2.2 million tonnes of C&D wastes per
year, which corresponds to a ratio of 800 kg/person. In their study they assumed
an estimate of 80 kg/m2 of construction wastes from new constructions (0.11 m3/
m2), an estimate of 80 kg/m2 for renovation/rehabilitation works (without
demolition) and an estimate of 1,350 kg/m2 related to demolition wastes. Also, of
the total C&D wastes produced, 40% relates to new construction, 20% to reha-
bilitation works and 40% to demolition works. Kofoworola and Gheewala (2009)
used a value of 21.38 kg/m2 as an estimate for the construction wastes generated
in Thailand; this figure is quite low when compared with other countries. These
authors mentioned that the reason is related to the fact that construction and
maintenance of infrastructure (such as bridges and highways) were not considered.
Demolition in any form was also not considered for the same reason. Last but not
the least, most of the waste is dumped illegally and not accounted for. According
to Katz and Baum (2010) the total amount of waste expected to accumulate
exponentially in a residential construction site is estimated at 0.2 m3/m2

(Fig. 4.4).

Table 4.6 Efficiency of the waste management plan (Mariano 2008)

Material Purchased materials (ton.) Waste materials Q (ton.) Efficiency (%)

Concrete 2,175.4 40.5 98.1
Ceramics 508.7 11.4 97.8
Mortar 629.8 13.0 97.9
Fibercement 27.6 2.8 89.8
Wood 88.3 75.1 14.9
Total 3,429.8 142.9 95.8
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4.4 Selective Demolition and Disassembly

Until very recently demolition processes were subordinate to a single principle, the
minimization of the time spent in this operation, as a consequence the different
waste streams would end all mixed up. However, the need to maximize the reuse
and recycling of C&D wastes has forced the appearance of a new principle named
‘‘selective demolition’’ (Lipsmeier and Gunther 2002). The selective demolition
involves the removal of components of the building in the inverse direction of its
construction (Fig. 4.5).

Given that the selective demolition takes longer and is therefore more expen-
sive than traditional demolition, this means that this technique could only be viable
if financial compensation for this option is provided or if the regulations favour
selective demolition. Regulations that set very low recycling rates, inhibit the
implementation of selective demolition. Harnessing the full potential of selective
demolition implies that in the design phase some principles to enhance the dis-
assembly of the building are met (Kibert 2005):

1. Use of recycled and recyclable materials;
2. Minimize the number of types of materials;
3. Avoid toxic and hazardous materials;
4. Avoid composite materials and make inseparable products from the same

material;
5. Avoid secondary finishes to materials;
6. Provide standard and permanent identification of material types;
7. Minimize the number of different types of components;
8. Use mechanical rather than chemical connections;
9. Use an open building system with interchangeable parts;

10. Use modular design;
11. Use assembly technologies compatible with the standard building practices;
12. Separate the structure from the cladding;
13. Provide access to all building components;

Fig. 4.4 Accumulation of
construction waste
throughout the project
duration (Katz 2010)
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14. Design components sized to suit handling at all stages;
15. Provide for handling components during assembly and disassembly;
16. Provide adequate tolerance to allow for disassembly;
17. Minimize the number of fasteners and connectors;
18. Minimize the types of connectors;
19. Design joints and connectors to withstand repeated assembly and disassembly;
20. Allow for parallel disassembly;
21. Provide permanent identification for each component;
22. Use a standard structural grid;
23. Use prefabricated assemblies;
24. Use lightweight materials and components;
25. Identify the point of disassembly permanently;
26. Provide spare parts and storage for them;
27. Retain information about the building and its assembly process.

According to Thormark (2007) design for disassembly has many environ-
mental, economical as well as social benefits:

Economical motives

• Increased costs for waste handling
• Increased costs for extraction of resource
• Increased score in environmental labelling for demountable buildings
• Increased terminal value for demountable buildings

Social motives

• Demographic changes and changes in household structure
• Buildings are demolished before intended time

Environmental motives

• Increased problems with waste production
• Lack of virgin resources
• Recycling and the quality of the end products

Fig. 4.5 Dismantling of a building in terms of selective demolition
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• Reduced need of energy need for building operation
• Climate changes

4.5 On Site-Sorting and Recycling

On site-sorting allows for the separation of the different stream wastes
(paper, wood, metal, plastic, etc.), being a crucial step to increase the recycling
rate of C&D wastes. Wang et al. (2011) identified six critical success factors for
on-site sorting of construction waste in China.

1. Manpower;
2. Market for recycled materials;
3. Waste sortability;
4. Better management;
5. Site space;
6. Equipment for sorting of construction waste.

The production of recycled aggregates from concrete and masonry wastes
represents the most common case of recycling C&D wastes. The reuse of recycled

Fig. 4.6 Sorting process for production of recycled aggregates
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aggregates in concrete is discussed in more detail in Chap. 5, nevertheless, it is
important to draw attention to a crucial aspect that can influence the quality of
recycled aggregates which has to do with the presence of undesirable materials
such as soil, plastics, metals and organic matter. The sorting process can reduce
this problem. Figure 4.6 shows the sorting process used for the production of
recycled aggregates.

4.5.1 Recycling Gypsum-Based Materials

Gypsum materials can be recycled indefinitely without property loss. The recy-
cling of gypsum materials requires grinding, removal of impurities and a low-
temperature calcination. The construction activities directly related to the use of
gypsum materials generate large amounts of wastes, either as renders for walls and
ceilings or as plasterboards for drywalls. Although no specific values are known
for the wastes generated by gypsum renders it is clear that a relevant part of these
wastes are due to the fast hardening of the binder. According to Vanderley and
Cincotto (2004) gypsum renders are associated with almost 45% of the wastes and
plasterboards with about 10% to 12%. The use of recycled aggregates contami-
nated with gypsum particles for concrete production is a risk factor for concrete
durability. The deterioration of concrete is caused by the chemical reaction of
sulfate ions with the alumina of the aggregates or with the tricalcium aluminate
(C3A) of the hardened cement paste in the presence of water, both expansion
products that can lead to the cracking of concrete. That is why the regulations on
C&D wastes limited to less than 1% the presence of SO3.

The recycling of gypsum plasterboards is already a consolidated reality in
several countries. As long as the treatment process can reduce the amount of
impurities present in the recovered gypsum this can be an important gypsum
source. Table 4.7 defines the acceptance criteria for gypsum obtained from recy-
cled plaster boards according to Eurogypsum.

Figure 4.7 shows the flowchart related to the recycling operations of gypsum
plasterboards in Germany.

Table 4.7 Quality criteria for recycled gypsum (Demich 2008)

Parameter Unit Quality criteria
(% mass)

Humidity H2O \10
Calcium sulfate dihydrate CaSO4 � 2H2O [95
Chloride Cl \0.01
Soluble magnesium salts MgO \0.1
Soluble sodium salts Na2O \0.06
Soluble potassium salts K2O –
pH – 5–9
Toxicity – Non toxic
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4.5.2 Recycling Asbestos-Based Materials

Construction materials with asbestos are considered hazardous wastes under the
European waste catalogue (code 170601 and code 170605), nevertheless, the state
of the art about asbestos wastes points out to the possibility of their inertization
and several industrial processes have already been developed for that purpose:
INERTAM (Borderes 2000), ASBESTEX and ARI (Downey and Timmons 2005).
The treatment of asbestos-based wastes can be as follows: Thermal treatments;
chemical or mechanochemical treatments; microwave treatments (friable asbes-
tos). Gualtieri and Tartaglia (2000) state that the use of a temperature treatment
between 1,000 and 1,250�C allows the inertization of friable asbestos and also
cement-based asbestos. The temperature is responsible for the transformations of
the internal structure of asbestos into new and non-toxic crystalline phases
(Fig. 4.8).

Different asbestos fibres present different performances when submitted to
calcination operations (Table 4.8). Equations 1 and 2 show the transformations of
chrysolite (1) and tremolite (2) asbestos as temperature increases:

ðÞ

Fig. 4.7 Recycling of gypsum plasterboards. German process (Demich 2008)
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Leonelli et al. (2006) studied the inertization of friable asbestos and its incor-
poration as a magnesium source to produce ceramic-based products. They used a
thermal treatment based on microwaves of 2.45 GHz during 13 min. The authors
state that the cost of asbestos valorization varies between 0.05 a 0.2 €/kg, which is
almost 10 times less than the cost of asbestos landfill disposal. Other investigations
by Gualtieri et al. (2008a) confirm these results, referring to the possibility of using
3% to 5% of inertized asbestos in the production of porcelain products. Gualtieri
et al. (2008b) patented a tunnel capable of achieving the inertization of asbestos
cement wastes by using a temperature of 1,200�C during 16 h. This method has the
advantage that it does not need the opening of the asbestos packing and does not
require grinding operations. The authors use a low melting glass to reduce the
calcination temperature. Dellisanti et al. (2009) refer to a pilot installation using
the Joule vitrification method, in which a high intensity electric power (130 A) can
melt the asbestos wastes at 1,500�C. Other authors (Plescia et al. 2003) used a
mechanochemical treatment to change the morphology of the asbestos fibres into a

Fig. 4.8 Microstructure of asbestos fibres before and after thermal treatment: a and a1 plain
tremolite fibres; b and b1 chrysolite fibres embedded in a cement matrix (Gualtieri and Tartaglia 2000)
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non-toxic form. For friable asbestos Takahashi et al. (2009) reported a temperature
treatment of 175�C during 24 h and the use of an NaOH (14 M) solution. Anas-
tasiadoua et al. (2010) used a solution of acetic acid, a temperature range between
300 to 700�C and a pressure between 1.75 and 5.8 MPa. Zaremba et al. (2010)
reported the detoxification of chrysotile asbestos through a low-temperature
heating and grinding treatment with temperatures ranging from 500 to 725�C
during 3h. Boccaccini et al. (2007) also used a microwave treatment to achieve the
inertization of friable asbestos, turning fibrous structures into magnesium oxide
blocks. The thermal treatment of asbestos cement wastes lead to a much lower
toxicity level (Giantomassi et al. 2010). More recently Gualtieri et al. (2011)
presented results on the reuse of calcined asbestos cement waste into brick, glass,
plastics and pigments.

4.5.3 Recycling Concrete with a ‘‘Heating
and Rubbing Method’’

The recycling of concrete structures and masonry walls is carried out through
various fragmentation operations (crushing and grinding). In order to reduce the
dimensions of the concrete pieces jaw crushers, hammer mills and other mechanical
devices are used. Although sorting operations can separate ceramic aggregates from
concrete aggregates it is not easy to separate the rock fraction from the cement
paste. Coarse aggregates with a cement paste have a higher water absorption
reducing the performance of concrete (see Sect. 5.3). Moreover, assuming that the
recycling plants will receive and process C&D wastes from numerous sources a
dispersion of the properties of the recycled aggregates will increase leading to an
increase in the dispersion of the quality of concrete. Shima et al. (2005) studied the
possibility of submitting the concrete waste to a heat treatment in order to achieve a
complete separation between the aggregates and the cement paste. They mentioned
that using a heat treatment between 300 and 500�C allows obtaining aggregates
identical to the original ones. The temperature rise causes the evaporation of the
hydration water making the cement paste rather fragile, and the use of mechanical
energy facilitates the separation between the aggregate and the binder. Mulder et al.
(2007) used a similar procedure to separate the aggregates from the binder,
however, they reported the need for a temperature near 700�C.

4.6 Conclusions

C&D wastes are a problem of increasing magnitude, however, reliable statistics
are lacking because in most countries these kinds of wastes are illegally dumped.
For instance there are no data on the recycling percentage of several European
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countries. Appropriate regulations on the recycling rates constitute a crucial step
towards a more sustainable C&D wastes management. Several regulations impose
the execution of a waste management plan, representing a crucial step towards
C&D wastes reduction. The revised waste framework directive no. 2008/98/EC
that sets the minimum recycling percentage for C&D wastes at least 70% by
weight until the year 2020 will surely increase the recycling rate in the European
area. The success of the C&D wastes recycling is also dependent on the demon-
stration of the economic advantages associated with it as happened with the
techniques that made possible the inertization of asbestos-based materials. Quite
appealing is the study of the EPA mentioning that C&D waste recycling allows the
creation of a six-fold job increase than their disposal in a landfill. The use of
selective demolition will increase the recycling rate of these wastes, and if dis-
assembly principles were used during the design phase this will favour the
selective demolition efficiency.
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Chapter 5
Binders and Concretes

5.1 General

In the construction industry, the subject of binders and concretes represent the
most substantial part of the consumption of non renewable raw materials, energy
consumption and GHGs emissions. Concrete is the most used construction
material on Earth, almost 10,000 million tons/year (Glavind 2009). The projec-
tions for the global demand of the main binder of concrete structures, Portland
cement (Fig. 5.1) show that in the next 40 years the production of concrete will
keep on rising.

Portland cement production represents 74% to 81% of the total CO2 emissions
of concrete, the aggregates represent 13% to 20%, therefore batching, transport
and placement activities have no relevant expression in terms of carbon dioxide
emissions (Flower and Sanjayan 2007). Figure 5.2 presents the flow diagram of
Portland cement production. Portland cement CO2 emissions result from the cal-
cination of limestone (CaCO3) and from combustion of the fossil fuels, including
the fuels required to generate the electricity needed by the power plant. To make
Portland cement clinker limestone is heated with a source of silica in a kiln at
temperatures well over 1,350�C according to the reaction:

3CaCO3 + SiO2 ) Ca3SiO5 + 3CO2

The production of 1 ton of Portland cement generates 0.55 tons of chemical
CO2 and requires an additional 0.39 tons of CO2 in fuel emissions for baking and
grinding, accounting for a total of 0.94 tones of CO2 (Gartner 2004).

The energy necessary for clinker production has declined gradually and sub-
stantially over the past 50 years, however, the current level of energy almost
matches the theoretical minimum that ranges from 2,000 kJ/kg to 3,000 kJ/kg of
clinker, so further reductions cannot be expected. Other authors (Damtoft et al.
2008) report that the cement industry emitted in 2000, on average, 0.87 kg of CO2

for every kg of cement produced. Josa et al. (2007) used the 1992 CML meth-
odology to assess the LCI of Portland cement produced in Holland, Switzerland,

F. P. Torgal and S. Jalali, Eco-efficient Construction and Building Materials,
DOI: 10.1007/978-0-85729-892-8_5, � Springer-Verlag London Limited 2011
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Sweden, Finland and Austria. The production of 1 kg of Portland cement can
generate a maximum of 800 g of CO2 in Type I cement. The same cement has SO2

and NOx emissions ranging from 1.1 g to 3.4 g of equivalent SO2. However, a
certain level of variability between different plants exists, Chen report almost 20%
variations for the global warming impact (Chen et al. 2010). Regarding aggregates,
their environmental impacts include non renewable raw materials consumption,
energy consumption and more important the reduction of the biodiversity on the
extraction sites. Besides, since the cost of aggregates are very dependent on the

Fig. 5.2 Process flow diagram for the cement manufacturing process (Huntzinger and Eatmon 2009)

Fig. 5.1 Global cement demand by region and country (Taylor et al. 2006)
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transport distances it means that extraction operations very often locates near
construction sites, thus multiplying the number of quarries and their biodiversity
impacts. The worldwide consumption of aggregates is about 20,000 million tons/
year and an annual growth rate of 4.7% is expected (Bleischwitz and Bahn-
Walkowiak 2007). The partial replacement of Portland cement with pozzolanic
wastes or the replacement of natural aggregates by industrial waste aggregates
could play a key role in the eco-efficiency of construction and building materials
(Meyer 2009). Due to their volume and characteristics some wastes deserve par-
ticular attention such as the ashes from the incineration of municipal solid waste
(MSWI), C&DW and mineral wastes from mines and quarries (Table 5.1).

It is true that MSWI deserves some concern regarding the immobilization of
their toxic substances and heavy metals which pose questions regarding the
effectiveness of their immobilization (Tiruta-Barna et al. 2007), but that is not the
case with C&DW and mineral wastes. C&DW represent 34% of the total wastes
generated annually in the European area (excluding MSWI), being that some
countries like Germany, Denmark and the Netherlands, have recycling rates
reaching almost 90% (EDG 2004). As for the wastes from mines and quarries, they
represent 27% of the total waste produced each year at the European level, though
it is estimated that the mineral wastes already landfilled, amount to approximately
6,000 million tons (BRGM 2001). The reuse of wastes from mines and quarries in
concrete not only reduces the consumption of natural aggregates but will also
reduce the areas occupied by this type of waste (Yellishetty et al. 2008).

5.2 Concretes with Pozzolanic By-Products

The use of pozzolanic additions in construction dates back to several thou-
sand years. Roy and Langton (1989) suggest that calcined clays mix with slaked
lime (calcium hydroxide) were the first hydraulic binders made by men. Mali-
nowsky (1991) reports about ancient constructions from 7000BC in the Galilei
area (Israel) using this type of binder. The eruption of Thera in 1500 BC, which
destroyed part of Santorini 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 artificial pozzolans (calcined
clay) were needed to produce mortars with a high performance, hence their use
was not conditioned by the availability of natural pozzolans (Hazra and Krish-
naswamy 1987). The Roman mortars used for the Hadrian’s wall in Britain were

Table 5.1 Production and
reuse of some wastes in
Europe (Titura-Barna et al.
2007)

Type of wastes Production
(Mt/ano)

Annual reuse (%)

MSWI 10.578 46
C&DW 420 0–90 (depends on

the country)
Mineral wastes 400 –
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made of crushed ceramic material mixed with lime binder (Guleç and Tulun 1997).
Crushed ceramics seem also to be preferred from early Hellenistic to early Byz-
antine times in mortars related to water-bearing constructions and to protect the
insides of walls from moisture, typically in baths, canals and aqueducts (Sbordoni-
Mora 1981; Degryse et al. 2002). Several of the monuments that survived till the
twenty-first century like the triumphal arches of the Emperors Claudius and Trajan
in Ostia or the bridges of Fabricus, Aemilius, Elius e Milvius show the durability
of lime-pozzolan based mortars (Bogue 1955; Lea 1970). Some results of mortar
samples from 7000 BC reveal a dense material having a compressive strength of
almost 30 MPa (Bentur 2002). However, the appearance of Portland cement in the
nineteenth century, having a fast setting and higher early strength was responsible
for the decline of the use of lime-pozzolan binders. Despite recent advances in kiln
design and alternative, low energy clinkers, it seems likely that the greatest carbon
savings from the industry are likely to be made by the inclusion of supplementary
cementing materials (Mehta 2001; Roskovic and Bjegovic 2005; Bargaheiser and
Nordmeyer 2008; Palmer 2010; Tyrer et al. 2010). Besides, reusing pozzolanic by-
products also avoids the use of large areas for landfill disposal which is a major
threat for biodiversity.

5.2.1 Pozzolans, Pozzolanic Reaction and Pozzolanic Activity

Several standards define pozzolans as siliceous and aluminous materials which
have very little or no cementitious characteristics but when finely divided in the
presence of water react with calcium hydroxide to form cementitious compounds
(ASTM 2007). The pozzolanic activity is a rather complex property which relies
on the amorphous state of silica and aluminum, being higher with higher amor-
phous states (Gjorv 1992). Generally speaking the aluminosilicate species of the
pozzolans will react with calcium hydroxide to form calcium-silico aluminate
phases (Papadakis et al. 1992):

• 2CaO�Al2O3.SiO2�8H2O;
• CSH;
• Calcium aluminate hydrates.

Pozzolans can be of natural origin or artificial like calcined clays or industrial
by-products (Neville 1997; Mehta 1998). Natural pozzolans came from silicon rich
magma that solidified very rapidly remaining in an amorphous state. As for arti-
ficial pozzolans, clays submitted to a calcination process below the dehydroxy-
lation temperature (Al-Rawas et al. 1998) they became structurally instable
because of the hydroxyl groups that left out due to the calcination process
(Menezes et al. 2003). The pozzolanic activity of calcined clays is very much
dependent on the loss of structural water which favours the creation of an amor-
phous structure (Ambroise et al. 1986). Some authors (Ambroise et al. 1985)
compared several clays calcined at 750�C observing that kaolinite clays were the
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most reactive, and that illite and montmorillonite have low pozzolanic activity. As
for muscovite and phlogopite, they show no pozzolanic activity. He et al. (1995a,
b, 2000) also studied the influence of thermal treatment on the pozzolanic activity
of several clays reporting different behaviors for different clays. The high poz-
zolanic activity of metakaolin is confirmed by other authors (Oliveira et al. 2005;
Barbhuiya et al. 2009). Fernandez et al. (2011) compared (kaolinite, illite and
montmorillonite) when thermally treated at 600�C and 800�C referring that kao-
linite have a high pozzolanic activity because the location of the hydroxyl groups
in the kaolinite structure favours more disorder and exposure of Al groups at the
surface of the material. For the pozzolanic industrial by-products such as fly ash or
silica fume a similar process occurs because these materials have a very high
content of silicon and aluminum (Agarwal 2006). The main factors constituting a
good pozzolanic activity also include small particle size and high specific surface
area. Since the pozzolanic reaction takes place between the surface of pozzolan
particles and the calcium hydroxide the surface characteristics will influence the
pozzolanic activity. Therefore, pozzolans with high specific surfaces are needed to
maximize the surface area that will react with the calcium hydroxide. Some
authors (Coutinho 1988) mention the need for pozzolans with a minimum Blaine
fineness of 3,000 cm2/g, although Blaine fineness values between 6,000 and
10,000 cm2/g should be used. Day and Caijun (1994) mention that increasing the
Blaine fineness from 2,500 to 5,500 cm2/g increases the pozzolanic activity mostly
at the early ages. Increasing the pozzolan fineness increases its strength activity,
however, it also increases the water requirements so that there is an optimum
particle size that maximizes the strength behaviour (Bouzoubaa et al. 1997). Some
authors (Kiattikomol et al. 2001) mentioned that the fineness of fly ash is more
important than its chemical composition when determining the strength activity.
For some clays, the thermal treatment leads to an agglomeration behaviour that
reduces the specific surface found to be the highest for montmorillonite, followed
by illite and kaolinite (Table 5.2).

Regardless of their natural or artificial origin and nature, they have been
classified as silicic, aluminic or a mixture of these two extreme chemical char-
acters, i.e., silicic–aluminic or aluminic–silicic, depending, respectively, on whe-
ther the silicic or aluminic-chemical character prevails. In addition, when

Table 5.2 Effect of
calcination on the specific
surface of kaolinite, illite and
montmorillonite (Fernandez
et al. 2011)

Clay Specific surface (m2/g)

Raw kaolinite 26.1512
Kaolinite 6008C 24.698
Kaolinite 8008C 24.1283
Raw illite 21.3277
Illite 6008C 18.4316
Illite 8008C 13.3214
Raw montmorillonite 31.0287
Montmorillonite 6008C 21.386
Montmorillonite 8008C 9.7221
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pozzolans on occasion also exhibit certain ferric characteristics, they are said to
have a silicic–ferricaluminic chemical character or any other combination of those
three characters (Rahhal and Talero 2010). According to these authors in some
cases mineral additions that exhibit pozzolanic activity with lime [47–49] fail to
do so with cement and vice versa (Mullick et al. 1986). According to ASTM
C125 pozzolans must have a (SiO2 ? Al2O3 ? Fe2O3) [ 70%. Some authors
(Al-Rawas et al. 2006) state that the pozzolanic activity increases with the increase
of the total percentage of silicon dioxide plus aluminum oxide plus iron oxide.

Fly ash (FA): Some supplementary cementitious materials, like FA (a by-
product from the coal-fired electricity production) have very slow hydration
characteristics thus providing very little contribution to the early age strength
(Mccartthy and Dhir 1999, 2004). Some authors (Roy 1987; Neville 1997) men-
tion that high calcium FA (ASTM C type) is more reactive than (ASTM F type).
FA is one the most used pozzolanic by-products and although the current
replacement levels are below 40%, some authors showed that it is feasible to use
more than 50% (Malhotra and Mehta 2005; Malhotra 2007; Van den Heede et al.
2010) as cement replacement.

Silica fume (SF): SF is a by-product from the production of the silicon metal
with high pozzolanic activity. This by-product contributes for a denser concrete
microstructure enhancing both strength and durability (Lachemi et al. 1998;
Müller 2004; Song et al. 2010). Nevertheless, in some countries it is more
expensive than Portland cement and its world production is limited to just
1 million tons (Khatib 2009).

Rice husk ash (RHA): RHA is a highly reactive pozzolan (Malhotra and Mehta
1996) obtained when rice husks are calcinated below the crystallization temper-
ature at 780�C (Yu et al. 1999). RHA-based concrete has high strength and high
durability performance (Anwar et al. 2000; Sousa Coutinho 2003; Zain et al.
2011). Since each ton of rice generates 40 kg of rice-husk ashes (Zerbino et al.
2011), this means that the annual world rice production of almost 600 million tons
can generate almost 20 million tons of RHA. Usually after calcination the ashes
are ground using a ball mill, however, Zerbino et al. (2011) mentioned that also
non ground RHA can be used to replace 15% of Portland cement with similar
mechanical and durability properties (Fig. 5.3). The use of ashes obtained from the
calcination of other vegetable species as pozzolans in concrete have already been
reported by several authors (Elinwa and Mahmood 2002; Elinwa and Ejeh 2004;
Akram et al. 2009). But since these wastes are biodegradable attention must be
directed to non organic-based pozzolans.

Sewage sludge ash (SSA): SSA is a siliceous material obtained by the calci-
nation of water treatment wastes. Its pozzolanic activity depends on the chemical
composition of the waste and on the calcination temperature (Monzo et al. 1999;
Pan et al. 2002). The production of sewage sludge from waste water treatment
plants is increasing all over the world. This kind of sludge includes the solid
material left from sewage treatment processes. Specific sludge production in
wastewater treatment varies widely from 35 g to 85 g dry solids per population
equivalent per day (Davis 1996; Foladori et al. 2010). The total production of

80 5 Binders and Concretes



sewage waste for the USA and the European Union (EU) approaches 17 Mt of dry
solids/year (7 Mt in USA ? 10 Mt in EU). Sewage sludge tends to accumulate
heavy metals present in waste water and their concentration depends on the sludge
origin (Fytili and Zabaniotou 2008).

One of the disposal solutions for this waste is through incineration, but this
leads to hazardous emissions and even if new technologies are introduced for
controlling emissions, almost 30% of sludge solids remains as ash (Malerious
2003). The incineration destroys the organic compounds, minimizes odours,
greatly reduces sludge volume and has calorific value. Thus, the percentage of
incinerated sludge is increasing all over the world (Lundin et al. 2004). The
expected growth of world population and also the increase in the volume of waste
water shows that sewage sludge ash will rise at a very fast pace in the subsequent
years.

Waste ceramics and tungsten mine wastes: Several authors already confirmed
the pozzolanic reactivity of ceramic wastes (Puertas et al. 2008; Naceri and
Hamina 2009; Lavat et al. 2009) and more recently Pacheco-Torgal and Jalali et al.
(2010) showed that concrete with 20% cement replacement by ceramic wastes,
although it has minor strength loss has increased durability performance. Ceramic
wastes can be separated into two categories in accordance with the source of raw

Fig. 5.3 Natural rice husk ashes produced in Brazil. Left open field burning and aspect of the
ashes; right storage and homogenization processes for laboratory studies (Zerbino et al. 2011)
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materials. The first is, all fired wastes generated by structural ceramic factories that
use only red pastes to manufacture their products, such as brick, blocks and roof
tiles. The second is all fired wastes produced in stoneware ceramic such as wall,
floor tiles and sanitary ware. These producers use red and white pastes, never-
theless, the usage of white paste is more frequent and much higher in volume. In
Europe, the amount of wastes in the different production stages of the ceramic
industry reaches some 3% to 7% of its global production, meaning millions of tons
of calcined clays per year that can be used for Portland cement replacement. Some
authors (Pacheco-Torgal et al. 2008a, 2009a; Choi et al. 2009) show that tungsten
mine waste is an alumino-silicate source with (SiO2 ? Al2O3 ? Fe2O3) [ 70%
with pozzolanic properties when submitted to a thermal treatment.

Recycled glass (RG): Finely ground waste glass having a particle size finer than
38 lm have pozzolanic behaviour and concrete containing ground glass exhibited
a higher strength at both the early and late ages compared to fly ash concrete (Shao
et al. 2000). Sahayan and Xu (2004) mention that fine glass powder could replace
up to 30% of Portland cement. Other authors mention that alkali-silica reaction
(ASR) and pozzolanic reactions observed for waste glass in concrete are very
similar and suggest that they are closely related and may be simply various stages
of each other (Federico and Chidiac 2009). Dyer and Dhir (2010) refer that high
sodium content of the material raises concerns about whether the release of this
element could ultimately exacerbate ASR and showed that powdered container
glass is not suitable for controlling ASR.

Fluidized bed cracking catalyst (FBCC): Catalysts are widely used in the
petrochemical industry and when the catalytic properties of this products are
degraded, the deactivated catalyst must be replaced (Zornoza et al. 2009). FBCC, a
waste from the petrochemical industry is a zeolite material containing more than
50% SiO2 and about 40% Al2O3 (Pacewska et al. 2002; Bukowska et al. 2003). It
improves concrete strength and increases its durability (Payá et al. 2009; Cas-
tellanos and Agredo 2010).

5.2.1.1 Tests for the Assessment of Pozzolanic Activity

These tests can be divided into two major groups, direct and indirect (Donatello
et al. 2010b):

The direct test methods assess the reduction in Ca(OH)2 with time as the
pozzolanic reaction proceeds. These include XRD, TGA and chemical titration.
The titrimetric methods include the Frattini test, the saturated lime test and the
Chapelle test. The indirect tests measure a physical property related to the extent
of the pozzolanic reaction. It includes the strength activity index (SAI), electrical
conductivity and conduction calorimetry. Although SAI is very time-consuming
when compared for instance with the conduction calorimetry that takes only 48 h
(Rahhal 2002), some authors (Sinthaworn and Nimityongskul 2009) believe that
this test is the most representative judgment strategy for pozzolanic activity
evaluation, because not only does it show the contribution of pozzolanic reactivity,
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but also includes the influence of packing effect in the improvement of the com-
pressive strength. Infrared spectroscopy can also be used to assess the pozzolanic
activity. The spectra are analyzed before and after treatments such as: acid–base
attack and subsequent calcination at 1,000�C, calcination at 1,000�C and treatment
with salicylic acid in a methanol medium (Luxán 1976). Wansom et al. (2010)
confirm that spectroscopy can be used to evaluate the pozzolanic activity of RHA
having a high correlation with SAI, only if the RHA have similar unburnt carbon
content.

Moropoulou et al. (2004) compared the pozzolanic reactivity by DTA/TG
analysis of two artificial pozzolans (metakaolin and ceramic powder) and a natural
pozzolan (earth of Milos). The metakaolin has a higher Ca(OH)2 consumption than
the earth of Milos or the ceramic powder (Fig. 5.4).

The former has the lowest overall Ca(OH)2 consumption although at 3 days
curing, it has a higher consumption than earth of Milos. Some authors (Das and
Yudhbir 2006) suggest the prediction of the pozzolanic activity of fly ash by
strength index using a model based on the chemical composition and the fineness
of the fly ash. The validity of the model increases with a fly ash replacement
above 20%. Other authors (Franke and Sisomphon 2004; Sisomphon and Franke
2011) state that DTA analysis is not accurate for low calcium hydroxide content
and suggest a chemical method to determine the calcium hydroxide content. Uzal
et al. (2010) suggest that the compressive strength of lime-pozzolan 2.5 cm cubic
specimens, pastes cured at 50�C is a more reliable indicator than the conventional
pozzolanic tests. Gava and Prudêncio (2007a, b) present a comparison of the
pozzolanic activity index results obtained from several test procedures prescripted
by Brazilian, American and British Standards to evaluate three types of pozzolan:
fly ash, silica fume and rice husk ash. These authors report that sometimes the
different standards generate conflicting results. Pourkhorshidi et al. (2010a, b)
mentioned that ASTM C618 SAI sometimes classifies as a high reactive pozzolan,
some additions that lead to concrete with unsatisfactory performance. These
authors mention that EN 196-5 had superior compatibility with real concrete
performance. Donatello et al. (2010a) mentioned that the strength activity index of

Fig. 5.4 Calcium hydroxide
reaction versus curing time
for metakaolin (MK2), earth
of Milos (EM3) and ceramic
powder (CP3)
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ASTM C618 and of EN 196-5 is not suitable for evaluating the pozzolanic activity
of incinerator sewage sludge ash. According to these authors since it is a low
reactive pozzolan the 28-day curing period is not sufficient for it thus suggesting
the Frattini test to evaluate its pozzolanic activity. Rahhal and Talero (2010) used
the 2-day Frattini pozzolanicity test and the conduction calorimetry referring that
the chemical composition of natural pozzolans, especially the reactive alumina
content, is responsible for the contradictory (accelerating and retarding) effects of
the rheology. Other authors (Donatello et al. 2010a) compared the 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.
These authors mention that the saturated lime test is not a reliable test because it
does not correlate with the other tests what could be explained by the different
activator to pozzolan ratio. They recommend the use of the Frattini and SAI
methods in combination with an independent determination of Ca(OH)2 content
(thermal or diffraction methods) for the assessment of the pozzolanic activity. The
electrical conductivity method is also a very fast one. It was first suggested by
Rassk and Bhaskar (1975) who measured the electrical conductivity of the amount
of silica dissolved in a solution of hydrofluoric acid (HF) in which the pozzolan
was dispersed. Luxan et al. (1989) suggested a rapid pozzolanic index given by
the variation between the initial and final electrical conductivity of a calcium
hydroxide–pozzolan suspension for a time of only 120 s. Feng et al. (2004) used
the rapid method of Luxan to assess the pozzolanic properties of rice husk ash.
These authors submitted the RHA to a hydrochloric acid pretreatment (1 N HCL)
because acid leaching of the husk helps to obtain relative pure silica with high
specific surface area. The results showed that the acid pretreatment enhanced the
sensitivity of the pozzolanic activity of the RHA. Other authors (Tashiro et al.
1994) suggest that only 72 h testing is required to assess the pozzolanic behaviour
with electrical conductivity if the lime-pastes were cured under steam at 70�C.
McCarter and Tran (1996) also mentioned that the calcium hydroxide consump-
tion after 72 h correlates with the electrical resistance of several artificial po-
zzolans. Paya et al. (2001) suggest a methodology based on the electrical
conductivity that allows the assessment of the pozzolanic activity in less than 1 h.
Although the test correlates with other standard methods it is not valid for high
calcium fly ashes. Other authors (Villar-Cocina et al. 2003; Frias et al. 2005;
Rosell-Lam et al. 2011) suggest a mathematic model based on the electrical
conductivity measurements to describe the process in a kinetic or kinetic-diffusive
regime. Dalinaidu et al. (2007) also describe a procedure to assess the pozzolanic
activity by measuring the electrical conductivity of a pozzolan-lime solution.
Other authors (Sinthaworn and Nimityongskul 2009) suggest that it is possible to
assess the pozzolanic activity by measuring the change in electrical conductivity
in a 28 h test. They studied pozzolans dispersed in an ordinary Portland cement
using a temperature of 80�C. The results of the electrical conductivity show a high
correlation with SAI.
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5.2.1.2 Influence of Pozzolans on Concrete Performance

The slow hydration characteristics of fly ash provides very little contribution to
early age strength but for higher curing periods (118 days) fly ash concrete has a
higher compressive strength than free fly ash concrete (Jiang et al. 2004). Concrete
with organic ashes also show similar early strength loss (Elinwa and Mahmood
2002; Elinwa and Ejeh 2004; Akram et al. 2009). A simple way to compensate the
early low reactivity of fly ash is by the use of a fly ash-metakaolin blend. Some
authors (Pacheco-Torgal and Jalali 2011) showed that using a 15% fly ash and
15% metakaolin mixture, it is possible to obtain a compressive strength similar to
the reference concrete. This mixture has the advantage of having a much lower
electric resistivity (Fig. 5.5) and thus a lower corrosion risk.

The corrosion risk according to CEB 192 (Table 5.3), for the control mixture is
always high. The mixtures with metakaolin perform in a similar way between the
7th and 14th curing days, meaning that the higher cement content is compensated
by the synergetic effect between fly ash and metakaolin. From 14 days onward the
mixture with 15% fly ash and 15% metakaolin shows a higher rising behaviour
than the mixture with 15% cement replacement with metakaolin.

The electric resistivity of the fly ash/metakaolin mix is associated with a low
risk corrosion after 3 weeks and seems to go to very low risk in a short period.
Since electrical resistivity is one of the main parameters controlling the initiation
and propagation of reinforcement corrosion (Ferreira and Jalali 2006; Ozkan and
Gjorv 2008), the use of fly ash/metakaolin-based concrete seems to be a very
effective option. Durability is in fact one of the key features associated with the use

0 5 10 15 20 25 30
0

20

40

60

80

100

120

140

Control C_15MK C_30FA C_15MK-15FA

Curing days 

E
le

ct
ric

 r
es

is
tiv

ity
 (

Ω
.m

)

Fig. 5.5 Electric resistivity: C_15MK (mixture with 15% cement replacement with metakaolin;
C_30F (mixture with 30% cement replacement with fly ash); C_15MK-15FA (mixture with 30%
cement replacement with 15% metakaolin and 15% fly ash)
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of pozzolans in concrete (Malhotra 1978; Ramachandran 1932; Sabir et al. 2001.
The high Portlandite consumption (Wild and Khatib 1997) reduces the matrix
solubility being responsible for its increased durability. As a result , the resistance
to acid attack increases and the corrosion risk decreases (Rodriguez-Camacho and
Uribe-Afif 2002; Hossain et al. 2009; Fajardo and Valdez 2009; Kaid et al. 2009).
The reduction of the calcium hydroxide also reduces the alkalinity helping to
prevent the beginning of the alkali–silica reaction. Last but not the least, a high
durability means less environmental impacts, for instance if we increase concrete
durability from 50 to 500 years, we would reduce the environmental impacts by a
factor of 10 (Mora 2007).

5.3 Concrete with Non Reactive Wastes

5.3.1 Construction and Demolition Wastes

Although the use of C&D wastes for the replacement of natural aggregates has
been studied for almost 50 years (Malhotra 1978) today we still see many struc-
tures made with raw aggregates. The reasons for this are the low cost of raw
aggregates, the lack of incentives, the use of low deposition costs and sometimes
even the lack of technical regulations. For instance, only in 2006 Portugal
approved a specific standard related to the production of concrete with recycled
aggregates. Besides, the use of recycled aggregates in concrete is a scientific area
with some gaps to be filled. Recycled aggregates manufactured in the laboratory
are not contaminated with other wastes as it happens with aggregates obtained
from C&Dw. Etxeberria et al. (2007) studied the performance of concrete with raw
fine aggregates and different replacement percentages of coarse recycled aggre-
gates referring that the use of a percentage of 25% is associated to a high com-
pressive strength. It is noteworthy that these authors used a type I 52,5R cement
which has a high amount of clinker and is not cost-efficient. Evangelista and Brito
(2007) suggest that the use of fine recycled aggregates must not exceed 30%,
otherwise the concrete performance could be at risk. Corinaldesi and Moriconi
(2009) showed that mixture, it is possible to use 100% recycled aggregates without
compressive strength loss as long as fly ash and silica fume are also used with a
W/C = 0.4. Berndt (2009) also studied concretes with recycled aggregates, fly ash
and blast furnace slag (W/C = 0.4) obtaining a compressive strength loss of just
2 MPa (Fig. 5.6).

Table 5.3 Corrosion risk
according to concrete
resistivity

Concrete resistivity (X m) Corrosion risk

\50 Very high
50–100 High
100–200 Low
[200 Very low
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5.3.2 Vegetable Wastes

Several authors (Coatanlem et al. 2006) used pine wastes to produce lightweight
concrete. The wood waste particles have a dimension between 5 and 10 mm and
have been previously immersed in sodium silicate. This treatment increases the
adhesion between the waste and the cement paste and also prevents attacks from
insects or fungi. Branco et al. (2006) used cork wastes to replace natural aggre-
gates observing a severe decrease in the compressive strength of concrete. A
replacement between 10% and 30% leads to a compressive strength decrease
between 27% and 53%.

5.3.3 Tyre Rubber Wastes

An estimated 1,000 million tyres reach the end of their useful lives every year
(WBCSD 2010). At present enormous quantities of tyres are already stockpiled
(whole tyre) or landfilled (shredded tyre), 3,000 millions inside EU and 1,000
millions in the USA (Oikonomou and Mavridou 2009). By the year 2030, the
number of tyres from motor vehicles is expect to reach 1,200 million representing
almost 5,000 millions tyres to be discarded on a regular basis. Tyre landfilling is
responsible for serious ecological threats. Waste tyres disposal areas contribute to
the reduction of biodiversity as they hold toxic and soluble components (Day et al.
1993). The implementation of the Lanfill Directive 1999/31/EC and the End of the

Fig. 5.6 Compressive strength of concrete with natural aggregates and small recycled aggregates
(RCS) versus time
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Life Vehicle Directive 2000/53/EC banned the landfill disposal of waste tyres
creating the driving force behind the recycling of these wastes. Yet millions of
tyres are just being buried all over the world. Tyre rubber wastes are already used
for paving purposes; however, it can only recycle a part of these wastes (Vieira
et al. 2010). In previous years several authors investigated the replacement of
natural aggregates with rubber aggregates. Rubber aggregates are obtained from
waste tyres using two different technologies: mechanical grinding at ambient
temperature or cryogenic grinding at a temperature below the glass transition
temperature (Nagdi 1993). The first method generates chipped rubber to replace
coarse aggregates. The second method usually produces crumb rubber (Eleazer
et al. 1992) to replace fine aggregates. Cairns et al. (2004) used long and angular
coarse rubber aggregates with a maximum size of 20 mm obtaining concretes with
an acceptable workability for a low rubber content. These authors reported a
reduction in the workability for a higher rubber content, being that a rubber content
of 50% led to a zero slump value. Other authors (Guneyisi et al. 2004) studied
concretes containing silica fume, crumb rubber and tyre chips reporting a decrease
in slump with increasing rubber content, being that a 50% rubber content leads to
mixtures without any workability. Although investigations show that rubber
aggregates lead to a decrease in concrete workability some authors reported no
workability loss and others even observed the opposite behaviour; this means that
workability is highly dependent on the characteristics of rubber aggregates. For the
mechanical performance, Guneyisi et al. (2004) mentioned that the strength of
concretes containing silica fume, crumb rubber and tyre chips decreases with the
rubber content. These authors suggest that it is possible to produce a 40 MPa
concrete replacing a volume of 15% of aggregates with rubber waste. Ghaly and
Cahill (2005) studied the use of different percentages of rubber in concrete (5, 10
and 15%) by volume also noticing that as the rubber content increases it leads to a
reduction in the compressive strength. Several authors mention the use of pre-
treatments of rubber waste to increase the adhesion between the cement paste and
the rubber, such as the use of a 10% NaOH saturated solution to wash the rubber
surface for 20 min (Naik and Singh 1991; Naik et al. 1995). Raghavan et al. (1998)
confirm that the immersion of rubber in an NaOH aqueous solution could improve
the adhesion leading to a high strength performance of concrete rubber compos-
ites. The NaOH removes zinc stearate from the rubber surface, an additive
responsible for the poor adhesion characteristics, enhancing the surface homoge-
neity (Segre et al. 2002). Segre and Joekes (2000) mention several pretreatments to
improve the adhesion of rubber particles such as acid etching, plasma and the use
of coupling agents. Cairns et al. (2004) suggested the use of rubber aggregates
coated with a thin layer of cement paste (Fig. 5.7).

Albano et al. (2005) studied concrete composites containing scrap rubber
previously treated with NaOH and silane in order to enhance the adhesion between
the rubber and the cement paste without noticing significant changes, when
compared to untreated rubber composites. Oiknomou et al. (2006) mentioned that
the use of solid styrene butadiene (SBR) latex enhances the adherence between the
rubber waste and the cement paste. Chou et al. (2010) suggest the pretreatment of

88 5 Binders and Concretes



crumb rubber with organic sulfur stating that it can modify the rubber surface
properties increasing the adhesion between the waste and the cement paste.
Concrete composites containing tyre rubber waste are known for their high
toughness (Li et al. 2004), having a high energy absorption capacity. Some authors
(Balaha et al. 2007) report a 63.2% increase in the damping ratio (self-capacity to
decrease the amplitude of free vibrations) for concrete containing 20% rubber
particles. Other authors (Zheng et al. 2008a, b) confirmed the high damping
potential of rubber waste concrete. They mention that concrete with ground rubber
shows a 75.3% increase in the damping ratio and a 144% increase for crushed
rubber concrete. This means that tyre waste concrete maybe especially recom-
mended for concrete structures located in areas of severe earthquake risk and also
for the production of railway sleepers. Ganjian et al. (2009) studied the durability
of concrete containing scrap-tyre wastes assessed by water absorption and water
permeability revealing that a percentage replacement of just 5% is associated with
a more permeable concrete (36% increase) but not a more porous one. The
durability of rubber waste concrete is a subject that still needs further
investigations.

5.3.4 Polyethylene Terephthalate Wastes

Polyethylene terephthalate (PET) wastes represent one of the most common
plastics in solid urban waste (Mello et al. 2009). In 2007 the world’s annual
consumption represented 250,000 million PET bottles (10 million tons of waste)
with a growth annual increase of 15%. In the US, 50,000 million bottles are
landfilled each year (Gore 2009). Since PET waste is not biodegradable it can
remain in nature for hundreds of years. The workability of PET wastes based
concrete is influenced by the fact that PET wastes were previously submitted to a
pretreatment (Choi et al. 2005; Batayneh et al. 2007). It remains to be seen
whether these pretreatments have an environmental impact that shadows the
ecological benefits of reusing PET wastes in concrete. Kim et al. (2008) mentioned
that the use of a volume of just 0.25% PET fibres can reduce the plastic shrinkage,
increasing PET fibres’ volume beyond 0.25% does very little for the shrinkage

Fig. 5.7 A 20-mm rubber aggregate particles: a plain; b coated with cement paste
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reduction. Kim et al. (2010) confirm the concrete crack control ability of PET fibre
composites. These fibres are obtained from melted PET waste to form a roll-type
sheet. Then the sheet is cut into 0.5 mm long fibres and a deforming machine is
used to change the fibre surface geometry (Fig. 5.8). They mentioned that the use
of a volume of just 0.25% PET fibres can reduce the plastic shrinkage, increasing
the PET fibre volume beyond 0.25% does very little for the shrinkage reduction.
The results confirmed that the embossed type fibre, the one that has the best
mechanical resistance, leads to the best shrinkage performance. Since investiga-
tions on concrete shrinkage performance use pretreated PET fibre, these investi-
gations should study which pretreatment has the lowest environmental impact.

Choi et al. (2005) mention that the replacement of fine aggregates with pre-
treated PET/GBFS aggregates (5–15 mm) leads to minor decreases in the com-
pressive strength. This result is related to the spherical and smooth shape of the
aggregates used in the investigation which are made of PET waste and ground
granulated blast furnace slag (GBFS). According to these authors these aggregates
are made inside a mixer with an inner temperature of 250 ± 10�C. At this tem-
perature the PET particles start to melt down and then they mix with the GBFS
particles resulting in a composite aggregate with a PET core and a GBFS surface
(Fig. 5.9).

For a 25% PET/GBFS aggregates replacement, the mixtures with a W/C =

0.45 and 3 curing days lost just 6.4% of the compressive strength. After 28 curing

Fig. 5.8 Geometry of recycled 50-mm long PET fibres: a straight type (cross section 0.5 9 1 mm);
b crimped type (cross section 0.3 9 1.2 mm); c embossed type (cross section 0.2 9 1.3 mm)
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days the compressive strength loss reaches just 9.1%. Increasing the replacement
percentage increases the compressive strength loss but not in a proportional
manner, for instance a 75% replacement in the mixtures with a W/B = 0.45 and 3
curing days lost just 16.5% of the compressive strength. This means that these
pretreated PET/GBFS aggregates perform in almost a similar way as natural
aggregates do. However, other authors (Batayneh et al. 2007) mentioned a severe
compressive strength decrease of 72% for just 20% volume replacement of
untreated PET waste. This behaviour is very different from the one reported by
previous authors which means that using untreated PET waste implies the use of a
very small volume in order to obtain an acceptable compressive strength concrete.
Marzouk et al. (2007) found that the tensile and compressive strengths of crushed
PET wastes concrete composites have a similar loss pattern. Ochi et al. (2007)
mention that the use of pretreated 30 mm long indented PET fibres can lead to a
tensile strength increase for volume replacements of up to 1.5%. Silva et al. (2005)
mention that recycled monofilament PET fibres increases the toughness indexes of
cementitious composites. Also, Hannawi et al. (2010) mention that PET and
polycarbonate waste composites have a high energy absorbing behaviour even
with a high waste content. Yet, investigations that can clarify which pretreatment
have the lowest environmental impact and maximizes the toughness characteristics
of PET waste concrete are needed. Regarding the durability characteristics of PET
fibres, is worth mention that they degrade in the alkaline environment of the
cement paste. The mechanism of PET degradation involves a depolymerization
reaction that breaks the polymer chain splitting it into two groups (the aromatical
ring and the aliphatic ester). Several other polymeric wastes have been investi-
gated about their potential to be used as aggregate replacement in cementitious
composites. Laukaitis et al. (2005) studied the development of lightweight thermo-
insulating cementitious composites containing crumbled polystyrene waste and
spherical blown polystyrene waste. Other authors (Panyakapo and Panyakapo
2008) studied concretes with ground thermosetting polymer (melamine) waste
reporting a reduction in the compressive strength with a waste content increase,
which is related to the poor adhesion between the waste plastic and the cement
paste. Yadav (2008) also confirms the strength reduction associated with concrete

Fig. 5.9 PET waste/GBFS
aggregates
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polymeric waste composites. Nevertheless, the results show that in spite of the
compressive strength reduction it is possible to produce non-loading-bearing
lightweight concrete. Studies on the durability of other polymeric wastes are
scarce but some authors (Wang et al. 1987; Houget 1992) already report that
polyester and acrylic fibres can suffer from chemical degradation when immersed
in the alkaline environment of a cement paste.

5.4 Concrete with Organic Polymers

The use of polymers in concrete goes back to 1923 when for the first time a patent
was issued for a concrete floor with natural latex, being that Portland cement was
used only as filler. It was only in 1924 that the first patent on hydraulic binders
modified with polymers (Ohama 1998) was issued. However, only in the 1950s
appeared the first uses of concrete modified with polymers, particularly in the
rehabilitation of concrete structures. At present, three kinds of polymer-based
concretes can be separated due to their different natures. One group is related to
polymer modified concrete (PMC) or polymer cement concrete (PCC) and is
composed of aggregates and a binder matrix where phases generated by the
hydration of Portland cement coexists with polymeric phases. Another group is
related to polymer impregnated concrete (PIC), in which concrete is impregnated
with a monomer of low viscosity, usually of methyl methacrylate in order to fill its
porous structure. A third group is related to polymer concrete (PC), this group is
composed of aggregates and a polymer matrix without Portland cement (Fowler
1999). For PMC, additives are added to concrete during the mixing stage, usually
in the form of a colloidal suspension of latex, powder or as water-soluble polymers
or liquids, and the literature usually refers to more uses of the polymer of styrene-
butadiene (SBR) of polyacrylic-ester (PAE), polyethylene vinyl acetate (EVA).
Figure 5.10 presents a conclusive model to explain the hydration of cement with
polymers.

Step 1: Immediately after mixing the cement and the polymer particles remain
dispersed in water;

Step 2: Some polymer particles are deposed in the surface of cement and
aggregates;

Step 3: Depending on the curing conditions polymer can coalescence into a film;
Step 4: The hydration of the cement proceeds and polymer film formation

increases.
Concrete with polymers has superior durability over ordinary Portland
cement concrete, assessed by resistance to acid attack (Monteny et al.
2001), resistance to freeze-thaw (Chmielewska 2007), resistance to dif-
fusion of chlorides (Yang et al. 2008). The explanations for this difference
in behaviour are due to, a lower porosity of the formation of a polymer
film inside the pores (Rossignolo 2005) and to a low permeability to water
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access (Neelamegan et al. 2007). Several authors (Ogawa et al. 2007;
Shirai et al. 2007) show that polymer impregnation of concrete materials
may lead to an increase in durability depending of the type of polymers
used. More recently, Pacheco-Torgal and Jalali (2009) showed that con-
crete with polymer impregnation performs better than concrete with
polymer addition not only in terms of the chemical resistance but also in
terms of cost-efficiency. Sustainable trends related to the use of organic
polymers include the development of repair materials for retrofitting of
concrete structures (Ohama 2010; Van Gemert and Knapen 2010).

5.5 Self-Sensing Concrete

Ordinary Portland cement (OPC) concrete structures deterioration is a very
common phenomenon and the number of premature cases OPC structures disin-
tegration is overwhelming. Beyond the durability problems originated by

Fig. 5.10 Hydration of cement with organic polymers according to the Beeldens–Ohama–Van
Gemert model (Van Gemert et al. 2005)
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imperfect concrete placement and curing operations, the real issue about OPC
concrete durability is related to the intrinsic properties of this material. It presents
a higher permeability that allows water and other aggressive elements to enter,
leading to carbonation and chloride ion attack resulting in corrosion problems. The
lack of regular inspections in order to assess the conservation state of OPC con-
crete structures worsens the problem and contributes to premature degradation
leading to possible OPC concrete structures failure with the inevitable loss of
human lives. Currently, the monitoring of OPC concrete structures requires the use
of extensometers bonded to its outer surface or embedded within the concrete
(Fig. 5.11).

This procedure is expensive, and in the case of embedded devices may be
responsible for property loss and induce premature concrete degradation. Sensing
is a fundamental aspect of a smart structure. A smart structure must have the
ability to sense stimuli and to be able to respond to it in an appropriate manner.
Structural composites which are themselves sensors are multifunctional materials.
Carbon fibre cement–matrix composite materials are gaining momentum due to the
reduction of carbon fiber cost and also to the sensing performance of carbon fibre
reinforced concrete-based structures. The sensing ability of carbon fibres rein-
forced concrete is due to the electric conductivity provide by the carbon fibres.
Research on fibre reinforced concrete (FRC) composites shows that these new
concretes have increased tensile and flexural strengths, lower drying shrinkage and
improved freeze–thaw durability (Park and Lee 1993; Pigeon et al. 1996a, b;
Banthia and Sheng 1996). Cement paste is electrically conductive with a DC
resistivity at 28th day curing around 5,000 X m at room temperature. The addition
of short (5 mm) carbon fibres (0.5% by weight of cement) decreases the resistivity

Fig. 5.11 Device for concrete deformation assessment
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of carbon fibre concrete to just 200 X m in the presence of silica fume which
provides fibre dispersion (Chung 2002). The resistivity of concrete reinforced with
carbon fibres is influenced by the volume and the size of carbon fibres, and also by
the saturation degree of the cement–matrix (Wen and Chung 2001; Chen et al.
2004). For carbon fibre concrete electrical resistance increases with traction stress
and decreases upon compression (piezoresistivite property). The explanation for
that behaviour is related to the fact that tension leads to micro crack opening, thus
increasing concrete resistivity. Therefore, carbon fibre concrete can act as a self-
monitoring strain sensor (Wen and Chung 2005). The applications for piezore-
sistive behaviour of carbon fibre concrete include weighing, traffic monitoring,
building facility management, building security and structural vibration control. It
also enables building facility management through the use of the occupancy of
each room to control lighting, heating, cooling and ventilation. Carbon fibre
concrete can also be used to assess its own damage enabling structural health
monitoring (Reza et al. 2003; Wen and Chung 2006). This ability can also be used
to assess damage evolution (Cao and Chung 2002), this property will enable real-
time monitoring, which is a crucial tool to avoid structure failure. Since electric
resistivity decreases with rising temperature this means that reinforced carbon fibre
concrete can act as a thermistor, thus providing information about thermal control,
structural operation control or even about hazard monitoring. Another smart
application for this new material is related to its use as a heating element thus
improving freeze–thaw durability by heating concrete and preventing freezing.
Therefore, deicing (removal of ice) and anti-icing (prevention of icing) are no
longer needed. Moreover, it can also be used in heating of building floors. Since
carbon fibre reinforced concrete can act as an electric conductor it also provides
lightning protection. Due to the wave reflection of this new material it can also be
used for electromagnetic interference (EMI) shielding, thus enabling the con-
struction of cell-phone proof buildings, a very useful property for detention
facilities and probably class rooms and conference halls. Concrete composites with
1.5% carbon fibre volume enable a shielding effect of 40 dB at 1 Ghz (Gnecco
1999). Chung (2001) showed that due to small diameter and skin effect carbon
nanofibres can be more effective than regular carbon fibres for EMI shielding. A
fundamental application of smart concrete composites relates to corrosion control
of steel reinforcing rebars using cathodic protection. This method requires the
application of an electric current that forces electrons to go towards the steel rebar,
thereby making the steel a cathode. Concrete itself has low electric conductivity
but using carbon fibre reinforced concrete facilitates cathodic protection. Concrete
with carbon fibre and silica fume reduces the driving voltage required for cathodic
protection in 28% compared to concrete without carbon fibres (Chung 2000).
Another way to address steel corrosion when using carbon fibre concrete com-
posites is by assessing the presence of chloride ions using electric resistivity and
then applying an electric current that forces the removal of chloride ions away
from steel rebars.
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5.6 Concretes Based on New Binders

5.6.1 Sulfo-Aluminate Cement

Sulfo-aluminate cements are also called belitic cements or belite sulfo-aluminate
cements (Sharp et al. 1999). These cements have been widely produced in China as
‘‘Third Cement Series’’. They contain more than 50% of belite (Ca2SiO4) while
Portland cements contains only between 15% to 30%, having instead a major
phase of alite (Ca3SiO5) between 50% to 70% (Morsli et al. 2007). Sulfo-alumi-
nate cements use lower calcination temperatures than Portland cement, around
1,200�C, and also use limestone with less carbonate content, thus representing a
10% reduction in CO2 emissions (Quillin 2001), however, recent investigations
mention a reduction of carbon dioxide emissions of up to 35% (Martín-Sedeño
et al. 2010). Being low heat cements, they have the advantage to be used in
massive applications such as large dams, however, as a drawback they have low
early strength (Cuberos et al. 2009) due to the low hydration of the belite phase.
Regarding their grindability, Winnefeld and Lothenbach (2010) state this type of
clinker is easier to grind when compared to Portland cement. Popescu et al. (2003)
describe a mixture easier to grind than Portland cement (high ferro-belite clinker)
but also mention a mixture (sulphoferroaluminate-belite clinker) with high resis-
tance to milling. According to Scrivener and Kirkpatrick (2008) other disadvan-
tages arise due to the difficulties of finding cheap alumina sources and to the fact
that the use of a high content of sulfate may lead to increased acid rain.

5.6.2 Magnesium Phosphate Cement

According to Yang and Wu (1999) the first research on commercial magnesium
phosphate was published in 1984. They are also called magnesium phosphate
ceramics and belong to the group of chemically bonded ceramics (Buj et al. 2009).
Magnesium phosphate cement paste is prepared by mixing dead-burned magnesia
powder and potassium di-hydrogen phosphate with water. Then an exothermic
reaction occurs, due to the dissolution of magnesia and phosphate ions which form
hydrates that gather around struvite (NH4MgPO46H2O) nuclei (Soudée and Péra
2000). These binders show high-early strength and low shrinkage, however, and
depending on the reactivity of the magnesia a fast setting can take place making
the mixture unsuitable for any use (Qiao et al. 2009). Qiao et al. (2010) mentioned
the setting time as well as the mechanical properties of this binder are influenced
by the magnesia/phosphate (M/P) molar ratio, thus recommending a M/P = 8.
This author states that magnesium phosphate cement mortar can be used for the
repair of Portland cement concrete structures. Magnesium phosphate cement
shows high durability (Yang et al. 2000, 2002). Other authors confirm this but
mention that the alkali resistance of the magnesium phosphate cement is poor
(Wang et al. 2011).
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5.6.3 Alkali-Activated Binders

These binders are synthesised from aluminosilicate raw materials with alkaline
solutions and are associated with lower carbon dioxide emissions than OPC.
Alkali-activated binders show high mechanical performance and also superior acid
and abrasion resistance than OPC concretes. These new binders can use 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 them an
undeniable environmental value (Van Deventer et al. 2010). The carbon dioxide
emissions of alkali-activated binders is a subject of some controversy. Joseph
Davidovits (Davidovits et al. 1990, Davidovits 1999) was the first author to
address the carbon dioxide emissions of these binders stating that they generate
just 0.184 tons of CO2 per ton of binder (Table 5.4).

Duxson et al. (2007) do not confirm these numbers, they mention that although
the CO2 emissions generated during the production of Na2O are very high, yet the
production of alkali-activated binders is associated to a level of carbon dioxide
emissions lower than the emissions generated in the production of OPC. According
to these authors the reductions can go from 50% to 100% (Fig. 5.12). The results
show how the activator weight influences the carbon dioxide emissions of the
alkali-activated binders. Lower reductions in CO2 emissions are obtained when
using raw materials that require a heat treatment such as metakaolin. The higher
reductions are obtained with fly ash. The calculation include 72 kg CO2/ton related
to the metakaolin production.

According to these authors the emission reductions should be regarded as
conservative because the Na2O is a by-product generated in the production of
chlorine, a material used by the plastic industry in the production of PVC and other
materials, hence the CO2 emissions can be partially allocated to that industry.
Duxson and Van Deventer (2009) mention an independent study made by Zeobond
Pty LtD in which a low emissions Portland cement (0.67 ton./ton.) and alkali-
activated binders were compared, reporting that the latter had 80% lower CO2

emissions. Weil et al. (2009) mentioned that the sodium hydroxide and the sodium
silicate are the responsibles for the majority of CO2 emissions in alkali-activated
binders. These authors compared OPC concrete and alkali-activated concrete with
similar durability reporting that the latter have 70% lower CO2 emissions which
confirm the aforementioned reductions.

5.6.3.1 Historical Background

The development of alkali-activated binders had a major contribution in the 1940s
with the work of Purdon (1940). The author used blast furnace slag activated with
sodium hydroxide. According to him, the process was developed in two steps.
During the first step, liberation of silica, aluminum and calcium hydroxide took
place. After that, the formation of silica and aluminum hydrates would happen as
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well as the regeneration of the alkali solution. However, it was Glukhovsky (1959)
who first investigated the binders used in ancient Roman and Egyptian construc-
tions. He concluded that they were composed of aluminosilicate calcium hydrates
similar to those of portland cement and crystalline phases of analcite, a natural
rock that would explain the durability of those binders. Based on his investigations
Glukhovsky developed a new type of binder that he named ‘‘soil–cement’’, the
word soil is used because it seemed like a ground rock and the word cement due to
its cementitious capacity. The ‘‘soil–cement’’ was obtained from ground alumi-
nosilicate mixed with rich alkali industrial wastes. A large part of the investiga-
tions about alkali-activated binders is related to the activation of blast furnace slag,
known as ‘‘Alkali-slag cement’’ or ‘‘Alkali-activated slag cement’’. Blast furnace
slag is a by-product of the iron production industry, having a high content of
calcium which is due to the use of calcium carbonate in the calcination operations.
Being a low performance cementitious material, it can achieve high compression
strength when an alkaline activator is used. Shi and Day (1995) mention that the

Fig. 5.12 CO2 emissions as
a function of the alkaline
solution and the raw material
(solid points-fly ash, open
circles-metakaolin)

Table 5.4 Emissions of CO2 during the production of 1 ton of alkali-activated binder
(Davidovits 1999)

Constituent Calcination
conditions

Ton. CO2/ton of
constituent

CO2/ton of alkali-activated
binder

SA07 8008C 0.17 0.095
Metakaolin 7508C 0.15 0.035
GBFS – – –
Potassium

silicate
1,2008C 0.30 0.034

Grinding
energy

– – 0.020

Total of emissions per ton of alkali-activated binder 0.184
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alkali-activation with Na2O.nSiO3 led to a compression strength of 160 MPa after
90 days curing at room temperature. However, Glukhovsky et al. (1980) had
already made crucial investigations about the activation of blast furnace slag: (a)
identifying the hydration products as being composed of calcium silicate hydrates
and calcium and sodium aluminosilicate hydrates, (b) noticing that clay minerals
when submitted to alkali-activation formed aluminium silicate hydrates (zeolite).
This author (1981) classified the alkaline activators into six groups, where M is an
alkali ion:

1. Alkalis, MOH
2. Weak acid salts, M2CO3, M2SO3, M3PO4, MF
3. Silicates, M2O.nSiO3

4. Aluminates, M2O.nAl2O3

5. Aluminosilicates, M2O.Al2O3�(2–6)SiO2

6. Strong acid salts, M2SO4

Investigations in the field of alkali-activation had an exponential increase after
the research results of Davidovits (1979) who developed and patented binders
obtained from the alkali-activation of metakaolin, having named it after the term
‘‘geopolymer’’ in 1978. For the chemical designation of the geopolymer Da-
vidovits suggests the name ‘‘polysialates’’, in which Sialate is an abbreviation for
aluminosilicate oxide. The sialate network is composed of tetrahedral anions
[SiO4]4- and [AlO4]5- sharing the oxygen, which needs positive ions such as
(Na+, K+, Li+, Ca++, Na+, Ba++, NH4

+, H3O+) to compensate the electric charge of
Al3+ in tetrahedral coordination (after dehydroxilation the aluminium changes
from coordination 6 (octahedral) to coordination 4 (tetrahedral). The Polysialate
has the following empiric formulae:

Mn � SiO2ð Þz� AlO2

� �
n
; w H2O

in which: n is the degree of polymerization, z is 1, 2 or 3, and M is an alkali cation,
such as potassium or sodium, generating different types of Poly(sialates)
(Fig. 5.13). According to Davidovits, geopolymers are polymers because they
transform, polymerize and harden at low temperature. But they are also geo-
polymers, because they are inorganic, hard and stable at high temperature and also
non inflammable.

5.6.3.2 Prime Materials

Types
Theoretically, any material composed of silica and aluminium can be alkali-

activated. The investigations performed so far have used the following prime
materials:

1. Kaolinitic clays (Davidovits and Sawyer 1985; Davidovits, 1989; Rahier et al.
1996; Rahier et al. 1997; Barbosa et al. 2000);
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2. Metakaolin (Davidovits 1999; Barbosa et al. 2000; Alonso and Palomo
2001a,b; Pinto 2004);

3. Fly ashes (Palomo et al. 1999a; Fernandez-Jimenez and Palomo 2005;
4. Blast furnace slag (Purdon 1940; Wang Shao-Dong and Scrivener 1995; Fer-

nandez-Jimenez et al. 1999; Adolf and Bazan 2007);
5. Mixtures of fly ashes and slag (Puertas et al. 2000; Puertas and Fernandez-

Jimenez 2003);
6. Mixtures of fly ashes and metakaolin (Swanepoel and Strydom 2002);
7. Mixture of slag and metakaolin (Cheng and Chiu 2003);
8. Mixture of slag and red mud (Zhihua et al. 2002, 2003);
9. Mixtures of fly ashes and non calcined materials like kaolin and stilbite (Xu and

Van Deventer 2002).

Xu and Van Deventer (2000) studied the alkali-activation of 16 natural alu-
mino-silicate minerals, having reported that all of them show some reactivity.
Stilbite activated with potassium hydroxide displayed the highest mechanical
strength. For Gourley 2003, the use of metakaolin has the advantage of being
white, although it needs several hours of thermal treatment lowering its economic
competitiveness.

Fernandez-Jimenez and Palomo (2003) studied the reactivity of fly ashes to be
alkali-activated, obtaining some reactivity for all of them. The most important
reactivity parameters were the reactive silica content, the amorphous phase con-
tent, the gradation and the calcium content, gradation and calcium content. These
authors claim that iron and calcium do not influence the mechanical strength
because they are not found in the main reaction products. This claim is opposite to
the results of Van Jaarsveld et al. (2003) according to whom fly ashes in the
presence of calcium lead to higher mechanical strengths. The thermal treatment of
alumino-silicate materials give rise to changes in their structure with an increase in
the amorphous phase. For that kind of structural change XRD analysis is not

Fig. 5.13 Poly(sialates)
structures (Davidovits 2005)
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appropriate, hence those changes are currently assessed by infrared emission
spectra analysis (FTIR). According to some authors (Lee and Van Deventer 2002a)
the FTIR is accurate to detect small structural changes, being the most appropriate
technique to assess structural changes of amorphous alumino-silicate materials.
Therefore, the mechanical strength of alkali-activated binders depends on the
structural conditions of the alumino-silicate materials, being that natural materials
lead to lower mechanical performance. Higher mechanical strengths are associated
with materials submitted to calcinations such as fly ashes, blast furnace slag and
metakaolin. As it happens in pozzolanic reactivity, alkali-activation reactivity
depends on the amorphous content of silica and aluminium. The reactivity is
linked to the material structure, being higher for higher amorphous contents.

5.6.3.3 Blaine Fineness

Andersson and Gram (1988) found that the mechanical strengths of alkali-acti-
vated specimens do not increase very much when Blaine fineness of blast furnace
slag increase from 5,300 to 6,700 cm2/g. Talling and Brandstetr (1989) obtained
an optimum strength for a slag Blaine fineness of 4,000 cm2/g. As for Wang et al.
(1994) the optimum Blaine fineness depends on the type of slag and varies
between 4,000 and 5,500 cm2/g. Granizo (1998) studied alkali-activated metaka-
olin claiming that Blaine fineness is the most important parameter. Other authors
(Fernandez-Jimenez et al. 1999) studied alkali-activated slag mortars obtaining
lower mechanical strength when the Blaine fineness increase from 4,500 to
9,000 cm2/g. They also conclude that among several parameters Blaine fineness
was the least relevant one. This results are opposite to the ones noticed by Brough
and Atkinson (2002). These authors studied alkali-activated slag, reporting that an
increase in the Blaine fineness from 3,320 to 5,500 cm2/g leads to an increase in
mechanical strength from 65 to 100 MPa. Other authors (Weng et al. 2005)
reported that increasing metakaolin Blaine fineness from 15,670 to 25,550 m2/g
lead to an increase in mechanical strength from 55 to 74 MPa. According to them,
this raises the available amount of aluminium to react with the alkaline activator.
Therefore, more aluminium means more [Al(OH)4]- tetrahedral groups able to
attract negatively charged groups and so increasing the reacted species amount.
Generally speaking, blast furnace slag with higher Blaine fineness means more
reactivity, but at the same time more hydration water, leading to higher porosity
and lower strength.

5.6.3.4 Alkaline Activators

The most used alkaline activators are a mixture of sodium or potassium hydroxide
(NaOH, KOH) with sodium waterglass (nSiO2Na2O) or potassium waterglass
(nSiO2K2O) (Granizo 1998; Davidovits 1999; Fernandez-Jimenez et al. 1999;
Palomo et al. 1999b; Barbosa et al. 2000; Bakharev et al. 2003; Escalante-Garcia
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et al. 2002; Swanepoel and Strydom 2002; Xu and Van Deventer 2002; Hardjito
et al. 2002b). Katz (1998) studied alkali-activated slags reporting an increase in
mechanical strength when the concentration of the activator increases. Other
authors have reported the same behaviour using alkali-activated metakaolin (Wang
et al. 2005; Pinto 2004). However, for the alkali-activation of fly ashes Palomo
et al. (1999b) reported that an activator with a 12 M concentration leads to better
results than using a 18 M concentration. Some authors used free waterglass
alkaline activators, having noticed lower mechanical performances (Palomo et al.
1999b; Pinto 2004). For Palomo et al. (1999b) the alkaline activator plays a crucial
role in the polymerization reaction, behaving more swiftly when the soluble silica
are present. This statement is also shared by Criado et al. (2005), according to
whom waterglass favours the polymerization process leading to a reaction product
with more Si and more mechanical strength. Van Jaarsveld et al. (1997), Van
Jaarsveld and Van Deventer (1999) claim that the H2O/SiO2 molar ratio is very
important in the study of alkali-activated mixtures. However,this statement is not
confirmed by others (Hardjito et al. 2002a), who claim that it does not influence
the mechanical strength. Kirschner and Harmuth (2002) studied the activation of
metakaolin with NaOH and waterglass having noticed that mechanical strength
increases when Na2O/SiO2 molar ratio decreases. Other authors (Rowles and
O’Connor 2003) also studied the alkali-activation of metakaolin, noticing that the
mechanical strength was higher for a molar ratio Si/Al/Na of 2.5:1:1.3. According
to Fernandez-Jimenez et al. (1999) the most relevant parameters that influence the
mechanical strength of alkali-activated blast furnace slag mortars are: the nature of
the alkaline activator, the concentration of the activator, the curing temperature,
and the least one was Blaine fineness. These authors also noticed that the optimum
concentration of the alkaline activator varies from 3% to 5% of Na2O of slag mass.
Using a Na2O amount above those limits, gives rise to cost inefficient mixtures
with efflorescence problems. Other authors (Bakharev et al. 1999) also claim that
the activation of blast furnace slag with a waterglass-based activator (Ms = 1.25)
leads to the highest mechanical strength. However, these authors achieved the
optimum strength using 8% of Na2O. Xu and Van Deventer (2000) confirm that
the use of waterglass increases the dissolution of the prime materials. They studied
the alkali-activation of different natural alumino-silicate minerals, having noticed
that the majority of them could not provide enough Si to start the geopolymer-
ization, thus needing additional soluble silica. Puertas et al. (2000) studied pastes
of fly ashes/slag and claim that the compressive strength is influenced by the
concentration of the sodium hydroxide. They also reported a compressive strength
increase with a slag content increase, explaining it with the higher reactivity of the
blast furnace slag. Lee and Van Deventer (2002b) reported increased dissolution
due to an excess of alkali, but it also give rise to a formation of a aluminosilicate
gel in the first curing ages leading to a mechanical strength decrease. Some authors
noticed that the waterglass/sodium hydroxide molar ratio influence the compres-
sive strength (Pinto 2004; Hardjito et al. 2002a), as the use of a molar ratio of 2.5
leads to an expressive strength increase of alkali-activated fly ash (Hardjito et al.
2002a). Krizan and Zivanovic (2002) studied the alkali-activation of blast furnace
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slag with waterglass and metasilicate noticing that the highest strength was
obtained for Ms (1.2–1.5). Other authors (Xie and Xi 2001) used fly ash-based
mixtures activated with waterglass and sodium hydroxide. They report that when
the NaOH amount increases lowering the sílica modulus (Ms = 1.64) the silicate
excess is crystallized being responsible for a higher compressive strength. Fer-
nandez-Jimenez and Palomo (2005) studied the activation of fly ash, with several
activators in which the Na2O content changed from 5% to 15%. They concluded
that the SiO2/Na2O molar ratio as well as the W/B ratio influence the mechanical
strength. They noticed that using an Na2O content of 5.5% by fly ash mass leads to
a very low pH affecting the reaction development in a negative way and also that
the Na2O content increase leads to a mechanical strength increase, as the use of
14% of Na2O by fly ash mass leads to an optimum mechanical performance.

5.6.3.5 Use of Additives

Although Davidovits investigations used alumino-silicate materials calcium free,
the fact is that Pyrament cement is composed of 80% of portland cement (allegedly
due to its low cost) and also 20% of geopolymeric materials activated by potas-
sium carbonate having citric acid as a retarder (Davidovits 1994a). Also the pat-
ented geopolymeric cements PZ-Geopoly� and Geopolycem� have 11% of CaO in
his composition (Davidovits 1994b) confirming the importance of calcium in
alkali-activated binders. Alonso and Palomo (2001a) studied alkali-activated
metakaolin/calcium hydroxide-based mixtures reporting that an increase of the
amount of metakaolin over calcium hydroxide gives rise to an increase of the
formation of alkaline alumino-silicate compounds due to the increase in alumino-
silicate species dissolved and also that temperature increase hastened the reaction,
lowering ion mobility. In another investigation the authors (Alonso and Palomo
2001b) studied the influence of the sodium hydroxide concentration on the nature
of the reaction products formed, concluding that this parameter has a crucial role
on them:

• When the alkaline activator concentration is 10 M or higher, dissolution of
Ca(OH)2 is very difficult due to the presence of hydroxides (OH-) meaning that
there will not be enough formation of CSH gel, instead sodium-based alumi-
nosilicate is formed. When that occurs it attracts OH- to its structure lowering
their amount and allowing the formation of CSH gel as a secondary reaction
product.

• When the alkaline activator concentration is lower than 5 M, the amount of
hydroxides (OH-) is very low so the dissolution of calcium hydroxide takes
place meaning that enough Ca2+ will be present to form CSH gel. Besides, low
alkaline concentration media prevents the metakaolin dissolution so that there is
not enough dissolved aluminium for the formation of alkaline alumino-silicates,
meaning that silica will be free to form CSH. Lee and Van Deventer (2002b)
studied the influence of inorganic salt in alkali-activated mixtures of fly ash and
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kaolin having reported that strength and durability are negatively affected by
chloride salts, because they formed crystals inside the structure lowering their
mechanical strength. They also found that carbonate salts are beneficial because
they diminish the amount of dissolved water preventing the hydrolytic attack.
Other authors (Yip and Van Deventer 2003) reported that calcium increases the
mechanical strength due to the formation of Ca–Al–Si amorphous structures.
They found the coexistence of geopolymeric gel and CSH (Fig. 5.14) and
suggested that the formation of those two phases would explain the durability of
ancient binders.

Escalante-Garcia et al. (2003) studied alkali-activated slag mortars with 10%
replacement with geothermal waste silica and noticed that when the activator is
made just of NaOH the replacement always gives rise to a mechanical strength
increase. However, when the activator uses waterglass the strength increase hap-
pens only before 7 days curing, after that time the replacement leads to lower
strength due to an excess of silica that leads to the formation of H2SiO3.

5.6.3.6 Constituents Mixing Order

Some authors believe that the optimum mixing order for alkali-activated binders is
the following. First , the solids are mixed, apart from that the activator is prepared
and put to rest and finally the activator is mixed with the solids (Van Jaarsveld
et al. 1998; Swanepoel and Strydom 2002; Cheng and Chiu 2003). Pinto (2004)
studied the alkali-activation of metakaolin confirming that this mixing order leads
to the best results. Cheng and Chiu (2003) reported the best mixing order as: mix
metakaolin and potassium hydroxide for 10 min, then add waterglass and slag and

Fig. 5.14 Formation of geopolimeric gel (a) and CSH gel (b) (Yip and Van Deventer 2003)
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mix for 5 min, place the mixtures in 50 9 50 9 50 mm3 molds and vibrate them
for more 5 min. Sumajow and Rangan (2006) report the mixture of solid com-
ponents for 3 min in a vertical mixer followed by the introduction of the activator
(silicate and hydroxide), and a new mixing period of 4 min (Fig. 5.15).

5.6.3.7 Curing Conditions

Different raw materials using different activators were associated with different
curing conditions. Pinto (2004) mentioned that the cure in a saturated environment
reduces the mechanical performance of alkali-activated binders and that specimens
with a mass ratio activator/metakaolin = 0.75, lost 6% of the mixing water by
evaporation and needed to be covered to prevent this. Brough and Atkinson (2002)
studied the activation of blast furnace slag with sodium silicate stating that the cure
at 80�C for 12 h allowed a strength gain from 7 to 72 MPa when compared to a
curing at 20�C. These results are very different from the ones reported by Wang
et al. (1994). These authors used mortars based on alkali-activated blast furnace
slag noticing that the temperature depends on the type of activator used. However,
the influence is irrelevant when high Blaine fineness GBFS is used or when the
activator has a high alcalinity. Kirschner and Harmuth (2002) report a maximum
strength for a cure at 75�C during 4 h. They confirm that curing alkali-activated
binders in water leads to a decrease in the mechanical performance. According to
Criado et al. (2005) the activation of fly ash for certain curing conditions leads to a
carbonation process that lowers the pH and reduces the mechanical performance.
For Bakharev (2005) the temperature is a crucial factor in the alkaline activation of
fly ash due to the activation barrier that must be overcome in order to start the
reaction process. This is confirmed by the work of Katz (1998) who observed a
dramatic increase in the mechanical performance for increasing curing tempera-
ture. The activation energy is higher for fly ashes than for GBFS hence the curing

Fig. 5.15 Mixing the
activator with the solid
components
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temperature is more important for the former. These results are confirmed by other
authors (Fernandez-Jimenez and Puertas 1997; Fernandez-Jimenez et al. 1999;
Puertas et al. 2000). Sumajow and Rangan (2006) mention a new variable known
as ‘‘resting time’’ which corresponds to the time between the placement of the
alkali-activated binder into the moulds and the time when this moulds were cured
with increase temperature.

5.6.3.8 Mechanical Strength

For the same water/binder ratio some authors reported that alkali-activated binders
present a higher mechanical strength than OPC binders. Wang (1991) reports a
case of an alkali-activated slag concrete with a 125 MPa compressive strength.
Davidovits (1994a) reports having obtained a 20 MPa compressive strength just
after 4 h increasing to 70–100 MPa after 28 days curing. Other authors (Bakharev
et al. 1999) used slag pastes activated with NaOH and waterglass (w/b = 0.5)
having reported lower but rising mechanical strength, respectively 8, 16 and 39
MPa for 1day, 7days and 28 days curing. However, when slag mortars were used
(aggregate/slag = 2) a rise in the earlier mechanical strength was noticed,
respectively 9, 21 and 26 MPa. Fernandez-Jimenez et al. (1999) studied slag
mortars (aggregate/slag = 2 and W/B = 0.51) activated with NaOH and water-
glass reporting 100 MPa for compressive strength and 11 MPa for tensile strength.
Zhihua et al. (2003) used alkali-activated slag/red mud mixtures (Ms = 1.2) also
reporting high strength performance, respectively fc1day = 20 MPa; fc28days =

56 MPa; ft1day = 3.3; ft28days = 8.4 MPa. For metakaolin-based mortars activated
with NaOH and waterglass Pinto (2004) reported for compressive strength, 53 and
60 MPa, respectively for 7 and 28 days curing. When alkali-activated metakaolin
concrete was used he reported 71 and 77 MPa for compressive strength at 7 and
28 days curing, and also 10 MPa for tensile strength. Fernandez-Jimenez and
Palomo (2005) used slag/fly ashes mixtures activated with NaOH and waterglass
(W/B = 0.35) reporting a 90 MPa compressive strength just after 20 h. Bakharev
(2005) studied fly ash pastes activated with NaOH and waterglass (W/B = 0.3)
reporting a 60 MPa compressive strength just after 2 days.

5.6.3.9 Durability

Resistance to acid attack: Several authors reported that chemical resistance is one
of the major advantages of alkali-activated binders over OPC. Davidovits et al.
(1990) reported mass losses of 6% and 7% for alkali-activated binders immersed in
5% concentration hydrochloric and sulfuric acids during 4 weeks. For the same
conditions he also reported that OPC concretes suffered mass losses between 78%
and 95% (Fig. 5.16). Allahverdi and Skvára (2001a, b, 2005, 2007) studied alkali-
activated binders based on fly ash and blast furnace slag reporting that their acid
resistance depends on the type of acid and also on the pH of the acid solution.
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The same authors observed that the solutions of nitric acid with a pH less than 2,
led to faster degradation of these binders. For acid solutions with a pH higher than
3, the corrosion mechanism is similar for the two acids. Bakharev et al. (2003)
studied OPC concretes and slag concretes activated with NaOH and waterglass,
immersed in an acetic acid solution (pH = 4) during one year. They reported a
33% strength loss for the former and 47% for OPC concretes. They claim that the
strength loss is influenced by Ca content, being that OPC concretes had a Ca
content of 64% and alkali-activated slag concretes just 39%. Besides, slag com-
pounds have lower Ca/Si molar ratio and are more stable in acid médium.

As for OPC concrete calcium compounds, they possess high Ca/Si molar ratios
and react with acetic acid forming acetic calcium compounds, which is very
soluble. Song et al. (2005) also confirm that alkali-activated fly ash concretes have
high chemical resistance, when immersed in a 10% concentration sulfuric acid
solution during 8 weeks, they showed mass and strength losses of 3% and 35%.
Gourley and Johnson (2005) mentioned that a OPC concrete with a service life of
50 years lose 25% of its mass after 80 immersions cycles in a sulfuric acid solution
(pH = 1) while an alkali-activated concrete required 1,400 immersions cycles to
lose the same mass, thus meaning a service life of 900 years.

Resistance to high temperatures: Concretes based on Portland cement show a
weak performance when subjected to a thermal phase and when the temperature
rises above 300�C, they begin to desintegrate. As for alkali-activated binders
they show a high stability when submitted to high temperatures even around
1,000�C (Pawlasova and Skavara 2007). Bortnovsky et al. (2007) studied the
alkali-activation of metakaolin and shale wastes reporting a high mechanical
performance after a thermal phase (Table 5.5).

The specimens show some slight strength loss between 600�C and 1,000�C,
however in some cases they show a strength increase at 1,200�C. Kong et al.
(2008) studied alkali-activated metakaolin binders observing that the residual
strength after a thermal phase up to 800�C is influenced by the Si/Al ratio. The
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Fig. 5.16 Resistance to acid
attack of Portland cement and
alkali-activated binders
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higher residual strength was obtained by the mixtures with a Si/Al ratio between
1.5 and 1.7.

Resistance to fire: Krivenko and Guziy (2007) found that alkali-activated
binders show a high performance in the resistance to fire (Fig. 5.17), thus sug-
gesting that this material is suitable for use in works for which the fire has serious
consequences like it happens in tunnels and tall buildings.

Perná et al. (2007) confirmed that alkali-activated binders can be used as a
120 min anti-fire material in accordance with related standards of the Czech
Republic. The anti-fire material must show a temperature lower than 120�C in the
opposite side of the fire action.

Resistance to freeze–thaw cycles: Dolezal et al. (2007) reported the loss of only
30% of the resistance in alkali-activated fly ash binders after being subjected to
150 freeze–thaw cycles. Other authors (Bortnovsky et al. 2007) studied the
resistance of alkali-activated slag-waste shales based binders reporting a high
compressive strength even after 100 freeze–thaw cycles (Table 5.6).

Abrasion resistance: Pacheco-Torgal (2007) studied alkali-activated mine
waste binders reporting a high resistance to abrasion in the Los Angeles test
machine (Fig. 5.18).

As a comparison OPC concrete specimens of two different strength classes
(C20/25 and C30/37) had a much lower performance. The higher abrasion resis-
tance was achieved in alkali-activated mine waste paste specimens. This result is

Table 5.5 Percentage of residual strength of alkali-activated binders after being submitted to
high temperatures

Mix Residual flexural strength (%) Residual compressive strength (%)

600 8C 900 8C 1,200 8C 600 8C 900 8C 1,200 8C

H160 90 90 157 81 82 110
H110 93 93 145 88 76 122
K80 – 91 155 – 76 85

Fig. 5.17 Fire resistance
testing of alkali-activated
plates
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partially related to the fact that mine waste paste had the highest compressive
strength. After 1,000 full rotations the worst alkali-activated mix (LS) had not even
a 30% loss of its mass. Hu et al. (2008) also confirm the high abrasion resistance of
alkali-activated binders.

5.6.3.10 Reuse of Mine Wastes

Pacheco-Torgal et al. (2007b) study the reuse of mine waste mud from the tugsten
mine Panasqueira as raw material in alkali-activated binders. Panasqueira is an
underground mine utilising room and pillar mining methods situated in central
Portugal on the southern edge of the Sierra da Estrela mountain range, a natural
park, near the Sierra do Açor, a protected landscape near the Zezere river.
Tungsten and tin have been mined in the Panasqueira mine since 1890. In the mid-
1980s, Panasqueira had over 1,000 employees in its underground mining and plant
operations that processed 600,000 tons of ore per annum to produce in excess of
2,000 tons of tungsten oxide (WO3) just about of 0.3% of excavated rock. During
the mining process two types of mine wastes are generated, coarse aggregates
derived from rock blastings and waste mud conveyed by pipelines into lagoons

Table 5.6 Compressive strength after freeze-thaw cycles

Mix Compressive
strength (MPa)

Compressive strength
after 50 cycles (MPa)

Compressive strength
after 100 cycles (MPa)

K80 91 82 75
H110 105 84 90
K125 88 79 89
H160 110 85 79

0

10

20

30

40

50

60

W
ei

gh
t L

os
s 

(%
)

Full Rotations

C20/25 
strength 
class

C30/37 
strength 
class
Mine 
waste LS - AG/B  
0.5 (89MPa) 

Mine waste  GR  
- AG/B 1.5
(106 MPa) 

Mine waste paste  
(112 MPa) 

100 200 300 400 500 600 700 800 900 1000

Fig. 5.18 Abrasion resistance when using the Los Angeles test machine for OPC concrete and
alkali-activated mine waste binders

5.6 Concretes Based on New Binders 109



amounting for several million tons and still generating almost 100 tons/day. Fig-
ure 5.19 shows the environmental impact of Panasqueira mine wastes.

The mineralogical composition of mine waste mud deduced from an XRD
study using a Rigaku Geigerflex diffractometer, was muscovite and quartz, which
were identified by their characteristic patterns. The chemical composition of the
mine waste mud obtained by atomic absorption using a spectrophotometer shows
that they consist essentially of silica and alumina, contaminated with arsenic and
sulfur and with a high content of iron and potassium oxide. The mine waste was
thermally treated to achieve the dehydroxylated state.The XRD patterns indicate
that the dehydroxylation did not result in the collapse of the muscovite structure.
Peak area measurements revealed that about 12% of muscovite survived calci-
nation at 950�C. Molecular changes during dehydroxylation were also examined
with infrared emission spectra (FTIR), confirming a decrease in the absorption
peaks at 3,600–3,700 (OH stretch), however the main muscovite peak did not
disappear totally indicating only a partial transformation. Compressive strength of
alkali-activated waste mortars was used to evaluate the dehydroxylation degree,
50 9 50 9 50 mm3 mortar cubes were cast to study the compressive strength and
their development with curing time. Calcination of mine waste at 950�C during
120 min considerably increases the compressive strength at 28 days curing. This is
due to the structural dehydroxylation process which leads to an amorphous product
of dehydration muscovite. This result is consistent with XRD results. Compressive
strength data related to alkali-activated mortars made with, respectively raw waste
mud and calcined waste mud showed an increase of more than 400% justifying the
thermal treatment (Pacheco-Torgal et al. 2005). The studies about the influence of
the mix design on the strength of the new binder show that the highest strength is
associated with a mixture of sodium hydroxide and sodium silicate with a mass
ratio of 1:2.5 (Pacheco-Torgal et al. 2008b). The replacement of mine waste with
10% of calcium hydroxide was found to lead to the highest compressive strengths.
Alkali-activated mine waste binders show a compressive strength higher than
30 MPa after only one day, reaching almost 70 MPa after 28 days curing and
90 MPa at 90 days curing. These binders also show a flexural strength exceeding

Fig. 5.19 Panasqueira tungsten mine wastes. Coarse aggregates and waste mud lagoon
(Pacheco-Torgal et al. 2007a)
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10 MPa (Pacheco-Torgal et al. 2008b). It was also found that the aggregate type
influences the compressive strength of the alkali-activated mine waste binders.
This behavior is rather different from Portland cement in which the compressive
strength depends crucially on the cement hydration. One suggests that strength
behaviour can only be explained by the chemically active role played by the
aggregates, which may be due to the dissolution of quartz in the presence of alkalis
enhancing the bond strength between paste and aggregates. This is confirmed by
the compressive strength of alkali-activated mine waste paste which is signifi-
cantly lower than the compressive strength of the mortars (Fig. 5.20).

Regarding water absorption by immersion (2–3%) the alkali-activated mine
waste binders have a much lower absorption than Portland cement concrete (more
than 10%). As for the static modulus of elasticity, the range values between
29 MPa and 34 GPa (Pacheco-Torgal et al. 2008b) are not much different from
those currently associated with Portland cement concretes. The new binders show
a high abrasion resistance (mass loss below 25%) while Portland cement concrete
shows severe mass loss between 40% and 60%. Mine waste binders show a high
resistance to acid attack (Fig. 5.21). The mixture with the best performance shows
an average mass loss of just 2.6% after being submitted to the attack of (sulfuric,
hydrochloric and nitric) acids for 28 days, while the mass loss for Portland cement
concretes is more than twice that value (Pacheco-Torgal et al. 2007a).
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Alkali-activated mine waste binders show an outstanding adhesion to Portland
cement concretes which is almost independent of the concrete substrate surface
treatment. As a result they can be used in retrofitting operations of concrete
structures with the advantage of being much more cost-effective than the current
pre-pack commercial mortars (Pacheco-Torgal et al. 2006; 2008c). The use of this
new binder as a building material requires the assessment of its environmental
performance. For that, leaching tests have been carried out according to DIN
38414-S4. Leaching results show that all chemical parameters are below the limits
established by the standard and can be considered as inert materials. The reuse of
mine wastes as raw materials in alkali-activated binders will reduce the environ-
mental impact of their deposition, reduce the consumption of non renewable
resources and simultaneously reduce the emissions of GHGs (Pacheco-Torgal
et al. 2009b).

5.6.3.11 Toxic Metals Immobilization

The alkali-activation of aluminosilicate materials has been used as a way to
immobilize toxic metals. Van Jaarsveld et al. (1997) used alkali-activated binders
to immobilize mine waste toxic metals reporting the following reductions in the
leaching concentration Fe(99%), Cu(99%), As(95%), they also reported less effi-
ciency immobilization for Ti(65%), Ni(40%), Zn(40%). Other authors (Van Ja-
arsveld and Van Deventer 1999) used alkali-activated fly ash/metakaolin mixtures
with minor quantities of copper and lead, reporting that the oxidation state of the
ion (by the time when leaching tests are carried out) influences the ionic radius and
thus the leaching degree. They note that the immobilization of lead (Pb) and
copper (Cu) happens not only by an encapsulation mechanism but also due to a
chemical bonding between the ion and the chemical structure of the binder. They
report that the presence of lead and copper influences the properties of the hard-
ened binder and also that higher radius ions are better immobilized. According to
Hermann et al. (1999) the use of alkali-activated binders is a good way to
immobilize a wide range of harmful constituents such as toxic metals, hydrocar-
bonates and even nuclear wastes in a final product with high durability and costing

Fig. 5.21 Cubic specimens after immersion in a solution of nitric acid during 24 h (Pacheco-
Torgal et al. 2007a)
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much less than the current vitrification process. These authors describe an
immobilization procedure using big bags containing alkali-activated binders and
that will later be placed in a waste landfill (Fig. 5.22).

Table 5.7 shows different ionic radius in different ions, thus confirming that
some ions like arsenic will have more tendency to be leached . The results of
Davidovits et al. (1990) about the immobilization of mine toxic metals in alkali-
activated mixtures, confirm the existence of a relationship between toxic metals
immobilization and ionic radius (Table 5.8).

Palomo and Palacios (2003) studied the capabilities of alkali-activated fly ash
mixtures to immobilize chromium and lead, reporting that lead immobilization is
achieved with a low reduction in the mechanical strength of the binder. Never-
theless, they were not able to immobilize chromium because that metal disturbs the
geopolymerization mechanism, due to the formation of Na2OCrO4�4H2O which is
a very soluble compound. Other authors (Qian et al. 2003) studied the immobi-
lization of mercuric ions Hg2+ in alkali-activated slag pastes. Claiming that the
immobilization depends on a mechanical encapsulation due to the low perme-
ability of these binders and also to a chemical mechanism in which Hg2+ replaces
Ca+ in the CSH structure. These authors also reported a similar beaviour in slag

Fig. 5.22 Immobilization of toxic wastes: a alkali-activated waste fresh mix; b big bags with
hardened binder; c placement of the big bags in a landfill (Hermann et al. 1999)

Table 5.7 Some ionic radius

Ion Cu2+ Fe3+ Cd2+ As5+ Pb2+ Hg2+

Raio (Å) 0.72 0.64 0.97 0.46 1.20 1.10
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pastes containing zinc ions (Qian et al. 2003a). Phair et al. (2004) used alkali-
activated fly ash binders reporting higher immobilization efficiency with lead ions
(Pb) than with copper ions (Cu), because the former gives rise to smaller com-
pounds. They also reported that Pb and Cu immobilization involves an encapsu-
lation mechanism as well as the formation of an insoluble phase with silica and
aluminium. Other authors (Bankowski et al. 2004) used metakaolin-based mix-
tures activated with NaOH and waterglass. These authors report concentration
reductions for arsenic, strontium, selenium and barium immobilization. They also
reported that the concentration of chromium, copper and molybdenum had not
changed and that nickel, vanadium and zinc had increased their concentration.
Vinsova et al. (2007) refer that alkali-activated binders show a good performance
in the immobilization of lead, cadmium and chromium, being less effective for the
immobilization of arsenic. Lancellotti et al. (2010) show that alkali-activated
metakaolin binders are able to immobilize toxic metals present in fly ash due to the
incineration of municipal solid wastes.

5.7 Conclusions

For its volume and economic importance in the construction sector, exacerbated by
future projections, or for the environmental impacts associated with it, this chapter
on binders and concrete is the longest chapter of this book. Portland cement
production represents the majority of the total CO2 emissions of concrete, hence
the use of pozzolans as cement replacement can allow major carbon dioxide
reductions and also increase the service life of concrete structures; furthermore, in
the case of waste pozzolans it also reduces the need for disposal areas. Regarding
the replacement of natural aggregates with recycled aggregates one can see that the
technical regulations are far behind the state of the art of the investigations made in
this field. Investigations on the use of C&DW for the replacement of natural
aggregates has been studied for almost 50 years and more recently even on
aggregates obtained from several kinds of wastes (wood, plastic or rubber).
However, not even the former case has become a routine situation in the con-
struction industry, which is due to the fact that natural aggregates have extremely
competitive prices and also to the low taxes used for the landfill of C&DW. As for
organic polymer-based concretes, they are associated to an increased durability but
as a downside, they are heavily dependent on the petroleum industry. This chapter
has also addressed the case of sensing concrete. Although these materials are still
under investigation,in the future they will allow to build structures with important

Table 5.8 Heavy metal efficiency for alkali-activated wastes (Davidovits et al. 1990)

Constituent Cu Cd Pb Mo Cr Zn Ni V

Efficiency (%) 98 85 60 60 50 40 15 12
Ionic radius (Å) 0.72/0.96 0.97/1.14 1.20 0.93 0.63/0.89 0.74 0.69 0.59
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functions, such as those concerning the control of their own deformation and
degradation leading to a high service life. The last part of this chapter was dedi-
cated to new binders alternative to Portland cement. Sulfo-aluminate cements use
lower calcination temperatures than Portland cement, thus generating less carbon
dioxide emissions, but since cheap sources of raw alumina are not available it
seems that this binder cannot hinder the monopoly of Portland cement. Magnesium
phosphate cement mortar could be used as a repair material for current concrete
structures, however, questions related to its exothermic reaction and its fast setting
must be addressed in future investigations Alkali-activated binders emit less car-
bon dioxide than Portland cement, have a high mechanical strength, a high
resistance to abrasion and acid attack and they can be used for the immobilization
of toxic metals. However, it is not expected that in a short term alkali-activated
concrete will replace Portland cement concrete, it is more likely that this new
binder could be used in the retrofitting of current concrete structures.
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Chapter 6
Masonry Units

6.1 General

While stone masonry walls exist since the beginning of human civilization, the
first bricks were based on dried mud and were used for the first time in 8,000 BC in
Mesopotamia, an area bordered by the rivers Tigris and Euphrates stretching from
Southeast Turkey, Northern Syria and Iraq reaching the Persian Gulf. As to the
fired-clay bricks, its use go back to 3,000 BC (Lynch 1994). The ceramic glazed
bricks of the Ishtar Gate dating from 500–600 BC show that ceramic bricks
reached a level of some sophistication. Although the Roman civilization has left
numerous constructions made of stone masonry, they also left several buildings
constructed with fired-clay bricks, as it happens in the case of the library of Celsus
in Ephesus built in 117 AC. Traditional masonry uses mainly hollow clay bricks
and concrete blocks. The environmental impacts of the latter are mostly related to
the production of Portland cement (an issue analyzed in Chap. 5) and rather lower
when compared to the environmental impacts of fired-clay brick production.
According to Reddy and Jagadish (2003) fired-clay brick masonry, has an energy
that is almost 300% higher than the energy of concrete block masonry. The
environmental impacts caused by the fired-clay brick industry, can be summarized
as follows:

• Non-renewable resources consumption
• Energy consumption
• Water consumption
• GHGs emissions
• Waste generation

The majority of the environmental impacts associated with the consumption of
nonrenewable resources are less related to the availability of clay, but rather on
the reduction of the area that should be available for biodiversity conservation
purposes. The need for high temperatures for the production of fired-clay bricks
means that this is an industry with an high energy consumption. The energy
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sources cover fuel, natural gas and propane. The use of more efficient equipment,
the use of biomass or the use of additives in the composition of the bricks acting as
calcination enhancers, contributes to reduce the consumption of fossil fuels.
The fired-clay brick industry involves the consumption of high water volumes
which, however, are considerably shorter than those required for other industries.
The pollutant emissions caused by this industry are made up of particles of sulfur
dioxide (SO2), nitrogen oxide (NOx), carbon monoxide (CO), hydrogen fluoride
(HF) and carbon dioxide (CO2). The wastes generated by this industry are com-
posed mostly of raw and fired-clay pieces. Given its characteristics, this wastes
are reused again and incorporated in the production process or may be used as
by-products for the production of concrete, as already mentioned in Chap. 5.

6.2 Fired-Clay Bricks with Industrial Wastes

The production of fired-clay bricks with the incorporation of wastes from other
industries constitutes a positive way for the ceramic industry to contribute to a
more sustainable construction. On one hand there is a reduction of the clay
extraction and on the other this avoids the landfill of wastes. Lingling et al. (2005)
studied the possibility of replacing large amounts of clay by fly ash. They show
that clay-fly ash based bricks need a calcination temperature of almost 1,050�C.
This represents between 50�C and 100�C above the traditional calcination tem-
perature. These bricks show a high compressive strength, low water absorption and
a high freeze-thaw resistance. Table 6.1 shows that increasing the fly ash/clay ratio
leads to a reduction both in compressive strength and in density, as well as an
increase in water absorption.

Those authors also mentioned that the use of high volume fly ash leads to a
reduction in the plasticity index (Fig. 6.1). Since the mixtures with a plasticity
index below six make it difficult to cast bricks by plastic extrusion these means
that mixtures with a fly ash/clay ratio above 60% are not recommended. Other
authors (Cultrone and Sebastián 2009) also studied the performance of fly ash
based bricks confirming that its inclusion helps to decrease the density of the
mixture. They reported that the use of fly ash can lead to a color change of the
bricks. This may hinder their use in certain exposed applications when the bricks
come from different manufacturers. Saboya et al. (2007) studied the replacement
of clay by marble waste mud, a by-product of the marble processing industry.
Those authors obtained bricks with a high compressive strength concluding that
the use of a replacement percentage of 15% and a calcination temperature of
850�C are the most recommendable. El-Mahllawy (2008) studied the feasibility of
using granite powder, kaolin and blast furnace slag in the manufacture of fired
bricks with high acid resistance. This author recommended the use of a mixture
with 50% kaolin, 20% granite powder and 30% blast furnace slag. Ajam et al.
(2009) studied the performance of ceramic bricks with partial replacement of clay
by phosphogypsum noticing that the addition does not reduce the plasticity of the
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mixture and that the use of substantial amounts of phosphogypsum allows
mixtures with enough mechanical strength (Fig. 6.2).

The same authors also noticed that these bricks show a water absorption
percentage below the regulatory limits (Table 6.2) and also that the use of
phosphogypsum percentages of 5% and 10% lead to a water absorption lower than
the one presented by the mixture without phosphogypsum. As to the shrinkage

Table 6.1 Properties of clay-fly ash bricks (Lingling et al. 2005)

Fly ash/clay
ratio (vol%)

Calcination
temperature (�C)

Apparent
porosity (%)

Water
absorption
(%)

Density
(kg/m3)

Compressive
strength (MPa)

50:50 1,000 35.82 22.18 1,610 50.0
1,050 30.37 17.62 1,720 98.5

60:40 1,000 39.83 26.94 1,480 25.4
1,050 36.65 23.62 1,550 39.6

70:30 1,000 40.62 28.08 1,440 21.5
1,050 39.76 27.54 1,440 27.8

80:20 1,000 42.12 31.26 1,350 14.7
1,050 39.80 27.86 1,430 25.4

Fig. 6.1 Plasticity indexes of
clay and clay-fly ash mixtures
(Lingling et al. 2005)

Fig. 6.2 Mechanical
strength versus
phosphogypsum
proportioning (Ajam et al.
2009)
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coefficient (Table 6.3) only the mixture with 40% phosphogypsum show an
inadequate behavior.

Monteiro and Vieira (2005) suggest that production of fired-clay bricks can help
to solve the problem of oil wastes, thus preventing their disposal. The oil wastes
contain water (12.7%), organic matter (33.1%) and some heavy metals. The results
show that the use of almost 30% of oil wastes did not alter the density of the fired
bricks, nor its water absorption or the linear shrinkage. As to the flexural strength it
decreases with increasing percentages of those wastes. Monteiro et al. (2007) also
study the use of oil wastes in fired bricks; however they produced the bricks in an
industrial facility while other studies were conducted in laboratory using small
specimens. These authors show that is possible to produce fired bricks containing
oil wastes as long as its percentage does not exceed 5%. They also mentioned
that the leaching tests are within the Brazilian thresholds; nevertheless the firing
process generates substantial hazardous gaseous emissions (Table 6.4).

More recently Pinheiro and Holanda (2009) confirm that the incorporation of
30% of oil wastes does not impair the physical and mechanical properties of fired-
clay bricks. They point out that several authors used different types of waste oil but
unfortunately they do not disclose any comment on gaseous emissions. Mekki
et al. (2008) studied the possibility of incorporation of olive mill waste water in the
fired brick-making process. These wastes have a high organic content and phenols
that are toxic and represent an environmental problem. The results showed that the
production of fired bricks from the mixture of clay and olive mill waste water
allows for a final product with mechanical characteristics identical to bricks
without this addition. The new bricks show a 10% increase in shrinkage and a 12%
increase in water absorption. The same authors also show that the new bricks can
be fired at 880�C instead of the traditional 920�C firing temperature which allows

Table 6.2 Water absorption coefficient of brick samples (%) (Ajam et al. 2009)

C0% C5% C15% C25% C30% C40% Regulatory limits

7.15 5.3 5.7 7.65 11.2 13.4 15

Table 6.3 Shrinkage coefficient of brick samples (%) (Ajam et al. 2009)

C0% C5% C15% C25% C30% C40% Regulatory limits

6.66 6.7 7.2 6.7 7.5 10 8

Table 6.4 Average gaseous
emissions (Monteiro et al.
2007)

Gases Oil wastes (% by weight)

0% 10%

SO2 2 ppm 58 ppm
NO – –
CO 5,650 ppm 7,120 ppm
CO2 3,750 ppm 38,000 ppm
CH4 – 500 ppm
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for a reduction in the energy consumption. Identical results were obtained by De
La Casa et al. (2009) which showed that the reuse of olive mill waste water allows
the production of fired bricks with physical and mechanical characteristics similar
to traditional fired bricks with the advantage of allowing for energy savings
between 2.4% and 7.3%. Cruz (2000) analyzed the performance of fired-clay
bricks containing waste sawdust, polystyrene and perlite, mentioning that the new
bricks have an increased thermal and acoustic performance. The technique of
reducing the density of fired-clay bricks with organic additions takes advantage on
the fact that during the firing stage the combustion of the organic matter leads to
the formation of micro-pores. This technique has been used by several authors
(Kohler 2002; Demir et al. 2005; Demir 2006; Ducman and Kopar 2007). More
recently Demir (2008) studied the feasibility of using several organic wastes
(sawdust, tobacco residues, grass) to enhance pore formation in fired-clay bricks.
The results show that pore formers are not associated with extrusion problems up
to 5% weight. A residue addition of 10% weight was found to be unsuitable
because of low plasticity and excessive drying shrinkage. Sutcu and Akkurt (2009)
used paper processing residues as pore forming agents in fired-clay bricks
obtaining new bricks with enhance thermal conductivity (W/m K), high water
absorption and adequate compressive strength (Table 6.5).

Samara et al. (2009) studied the use of river sediments in fired-clay bricks. This
sediments come from the dredging of river beds that receive effluents from highly
polluting industries (coal, iron, steel, glass, chemicals), thus having a high toxic
content (Table 6.6).

The levels N1 and N2 are set by the French regulations as toxicity thresholds.
Below level N1, the potential impact is regarded, as neutral or negligible. Between
levels N1 and N2, further investigations may prove necessary. Beyond N2 level,
additional investigations are generally necessary. Since the raw sediment exceeds
the level N2 they have been treated with the Novosol� process developed and
patented by the Solvay Company. This process encompasses two different phases.
A phosphatation phase in which raw sediments are mixed with phosphoric acid

Table 6.5 Properties of paper processing residues fired-clay bricks (Sutcu and Akkurt 2009)

Properties Percentage of paper processing residues by weight

0 10 20 30

Water absorption (%) 16.7 23.9 31.9 40.4
Compressive strength (MPa) 39.2 15.7 7.5 4.9
Thermal conductivity (W/mK) 0.83 0.59 0.48 0.42

Table 6.6 Total concentrations of heavy metals in raw river sediments in mg/kg on dry material
(Samara et al. 2009)

Element Cadmium Chromium Copper Lead Zinc

Raw sediment 12.8 413 150.7 1,373 5,032
Level N1 1.2 90 45 100 276
Level N2 2.4 180 90 200 552
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H3PO4 in the presence of calcite, leading to the formation of calcium phosphates
minerals. The second phase implies the calcination of the phosphated sediments
at C650�C. The treated sediments consisting of an odorless fine powder that
were used in fired-clay bricks. The results show that bricks with 15% wastes have
increased compressive strength (63%), lower water absorption (13%) and lower
porosity (10%). Tables 6.7 and 6.8 shows the leaching performance of the new
bricks when using respectively distilled water and acetic acid. The results are
within the legal thresholds.

Table 6.7 Results of the leaching test undertaken on brick specimens in accordance with the
French Standard AFNOR, XP X31-210 (Samara et al. 2009)

Element Sediment-
amended brick
pH 8.9

Standard
brick pH 7.6

Limit values for
waste acceptable
as inert
L/S = 10 (l/kg)

Limit values for waste
acceptable as non-hazardous
L/S = 10 (l/kg)

Cd \0.02 \0.02 0.04 1
Cu \0.03 \0.03 2 50
Zn 0.053 0.177 4 50
Ni \0.07 \0.07 0.4 10
Pb \0.2 \0.2 0.5 10

Table 6.8 Concentration of heavy metals in the leachates of samples, leached with acetic acid in
mg/kg on dry material, according to the American Standard TLCP-USEPA (Samara et al. 2009)

Element Sediment-amended brick pH 4.92 Standard brick pH 7.6 Regulated TLCP limit

Cd \0.04 \0.04 1.00
Cu 0.1 0.2 15
Zn 3.7 3.3 25.00
Ni \0.14 \0.67 –
Pb \0.4 \0.4 5

Fig. 6.3 Sintering
temperature effect on the
compressive strength (Chiang
et al. 2009)
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Chiang et al. (2009) studied the reuse of rice husk ash and water treatment
sludge to produce light bricks. The results show that the achievement of a mini-
mum regulatory 10 MPa compressive strength implies the use of a calcination
temperature of 1,100�C and the use of a rice husk ash percentage below 15%
(Fig. 6.3). Water absorption results show that increasing the percentage of rice
husk ash leads to high water absorption, which can be reduced by the use of a high
sintering temperature.

Lin (2007) studied inert wastes from thin film transistor-liquid crystal display
(TFT-LCD) optical waste glass (TVs and computers) incorporated in fired-clay
bricks. Estimates about the amount of such waste are around 25,000 m3/year of PC
and TV glass per million people in European countries (Hermans et al. 2001). This
represents almost 19 millions of m3/year. These wastes are composed mostly of
glass with some heavy metals (Table 6.9).

The environmental performance of these bricks was examined with the standard
TLCP-EPA and all the compositions including those containing 40% wastes met
the regulatory limits. The bricks show low water absorption and a high com-
pressive strength both dependent on the firing temperature. The results show that
the mixtures with 30% wastes lead to the maximum compressive strength. The
reuse of TFT-LCD wastes avoids disposal costs (40 €/ton) and also the cost of raw
clay (10 €/ton). Dondi et al. (2009) also studied the inertization of this kind of
wastes in fired-clay bricks and roof tiles suggesting the use of only 2%, because
higher percentages may be responsible for a plasticity reduction generating
extrusion problems, but also for reductions in the compressive strength. These
authors used the leaching standard DIN 38414-S4 for the assessment of the
environmental performance of the bricks containing TFT-LCD wastes, observing
that the metals concentration in the eluates is very low. Loryuenyong et al. (2009)
study the reuse of waste glass from structural glass walls in fired-clay bricks.
The use of as much as 30% weight waste glass lead to a compressive strength
increase of the bricks up to 41 MPa and a water absorption decrease as low as 3%.
The use of higher percentages of waste glass lead to a severe decrease in
compressive strength and a high water absorption.

6.3 Unfired Units

The use of unfired masonry units allows for low embodied energy units. Unfired-
clay units consist of raw clay mixed with sand, compressed and artificially air-
dried during one or two-days before being used in construction. The thermal
conductivity of unfired-clay bricks follows a linear function related to its density,
as it happens for fired-clay bricks (Oti et al. 2010). Usually these units are use to

Table 6.9 Chemical composition and heavy metals in TFT-LCD wastes (Lin 2007)

SiO2 Na2O Cu Zn Pb Cr

64% 0.3% 0.27 (mg/kg) 0.23 (mg/kg) 0.65 (mg/kg) 0.18 (mg/kg)
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built non-load-bearing walls. According to Morton (2006) the embodied energy of
an unfired-clay brick house test is about 14% of the value for fired-clay bricks and
24% for lightweight concrete blocks. Masonry blocks based on hydraulic binders
also belong to the unfired units category. Kumar (2000, 2002) mentioned the
development of (fly ash ? lime ? phosphogypsum) based blocks, obtaining a
final product with a density between 20% to 40% lower than the fired-clay bricks,
but with a compressive strength in the range of 4 to 12 MPa, enough to built
masonry walls with a high resistance to aggressive environments. The mixture
reproduces the characteristics of a hydraulic binder, the silica in the fly ash reacts
with calcium hydroxide to produce calcium silicate hydrates. As to the aluminum
in conjunction with calcium hydroxide reacts with gypsum to form calcium tris-
sulfoaluminate hydrated. Turgut and Algin (2007) studied the use of limestone
powder wastes and wood wastes (10, 20 and 30%), together with small amounts of
cement (approx. 10% by mass) in the manufacture of masonry blocks (Table 6.10).

The results show that using a percentage of 30% wood wastes, is responsible for
a high reduction of the compressive strength. Still the blocks meet minimum
regulatory requirements for materials meant to structural applications, as defined
in the BS 6073-1:1981 (Precast concrete masonry units). It is also clear that
increasing the percentage of wood wastes leads to increased water absorption and a
decrease in the density of the concrete blocks. The same authors (Algin and Turgut
2008) also studied the reuse of limestone wastes and cotton wastes in the pro-
duction of concrete blocks (W/C = 0.3) containing limestone powder and glass
wastes (10% to 30%). The results show that increasing the volume of glass wastes
means that the compressive strength rises slightly from 27.5 to 30.1 MPa. At the
same time the flexural strength increases from 4.15 to 7.76 MPa and the modulus
of elasticity increases from 12 to 19 GPa. The results also show that the water
absorption remains almost unchanged at about 12%, and that increasing the glass
wastes leads to a considerable increase in the freeze-thaw resistance (Fig. 6.4).

Chindaprasirt and Pimraksa (2008) studied the manufacture of blocks based on
lime and fly ash (10% ? 90%) using an autoclave process (130�C and 0.14 MPa)
during 4 h. The fly ash particles were previously submitted to a granulation
process that causes a substantial increase in its pozzolanic reactivity because it
contributes to an increase of the inter-particle contact. The granulation is obtained
by inducing the formation of a water film around the particules. These blocks
present a compressive strength between 47 and 62 MPa and a water absorption
between 16% and 19%. Pimraksa and Chindaprasirt (2009) used the same

Table 6.10 Physical and mechanical properties of blocks made with limestone powder wastes
and wood wastes (Turgut and Algin 2007)

Mix Compressive
strength (MPa)

Flexural
strength (MPa)

Density (g/cm3) Water
absorption (%)

Ref 24.9 3.94 1.88 12.4
Lw-10 16.6 3.75 1.70 13.9
Lw-20 11.0 3.50 1.66 15.1
Lw-30 7.2 3.08 1.51 19.2
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autoclave conditions to produce blocks made of diatomaceous earth, lime and
gypsum (80% ? 15% ? 5%) with high compressive strength (14.5 MPa) and low
density (880 kg/m3). Some blocks were made using diatomaceous earth calcined at
500�C showing an increase in the compressive strength (17.5 MPa) and a decrease
in their density (730 kg/m3).

6.4 Shape Optimization

Recent investigations have been carried in order to optimize the shape of masonry
units for enhanced thermal and acoustical performance. Dias et al. (2008) present
results about the development of highly perforated fired-clay units designated
cBloco containing wood wastes as pore formers that allow the construction of
single-leaf walls (Fig. 6.5). Table 6.11 presents some of the characteristics of the
cBloco unit.

Other authors (Del Coz Diaz et al. 2008, 2011) studied the shape optimization
of concrete masonry units in order to reduce its mass and increase its thermal

Fig. 6.4 Specimens after 50 freeze-thaw cycles testing: a mix without waste glass; b mix with
10% waste glass; c mix with 20% waste glass; d mix with 30% waste glass (Turgut 2008)

6.3 Unfired Units 139



conductivity. Sousa et al. (2011) studied the shape optimization of lightweight
concrete masonry units using a genetic algorithm. The new blocks make it possible
to built single walls with a U-value of 0.50 W/m2 K.

6.5 Conclusions

Traditional masonry units (fired-clay bricks or concrete blocks) without an
improved performance in terms of thermal and acoustical insulation are a symbol
of a low technology past very far from the demands of eco-efficient construction.
The best commercially available solutions for fired-clay bricks and lightweight
concrete blocks allow to built single masonry walls with high thermal performance
(U \ 0,6 W/m2�C). Therefore, the eco-efficient choice between these two

Fig. 6.5 cBloco 30 9 30 9 19 unit: a Rectagles; b Lozenges; c Rice grain (Dias et al. 2008)

Table 6.11 Characteristics
of the cBloco unit (Dias et al.
2008)

Characteristics Value

Dimensions (mm) 300 9 300 9 200
Compressive strengh (MPa) 13
Voids (%) 55
Mass (kg) 14
Real density (kg/m3) 1,850
Apparent density (kg/m3) 750
Thermal conductivity-k (W/mK) 0.50
U-value of the c-Bloco unit (W/m2 K) 0.60
Acoustic resistance Rw (dB) 44
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masonry units will be made in terms of its global environmental impact. However,
taking into account the low embodied energy of concrete blocks its expected that
in the future this material will gain a higher market share. An increase in the use of
unfired-clay bricks will also occur. The reuse of wastes from other industries will
increase the eco-efficiency of masonry units.
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Chapter 7
Cement Composites Reinforced
with Vegetable Fibres

7.1 General

The use of construction and building materials made from renewable resources is
generally regarded as an indispensable option so the construction industry can
become more sustainable. That premise can not however be taken in absolute
terms since not all situations involving the use of renewable resources like wood or
other plant species are exempt from any environmental impact. This is the case
of woods with high environmental impact through its transport over long distances
or those that use large amounts of fertilizers, pesticides, fungicides or involving the
destruction of ecosystems during the growth phase (Swanson and Franklin 1992;
Powers 1999; Sample 2006; Burger 2009). One of the worst examples of this kind
of ecological disaster can be found in the regions of Sumatra, Borneo, and
Malaysia, where millions of square kilometers of rainforest were destroyed for the
production of oil from palm three. This option endangered the survival of hundreds
of species which include some mammals such as elephants, tigers, rhinos, and
orangutans (UNEP 2007). Similar considerations can be made about the destruc-
tion of tropical forests to produce timber for industrial use or about the harvest of
exotic woods at a rate higher than their natural regeneration. The use of toxic
products for the protection of wood products, previously mentioned in Chap. 2, can
not be considered a very sustainable option. A part from the aforementioned cases
and as long as wood comes from certified forests (Rametsteiner and Simula 2003)
it can be said that the resurgence of this material can only be viewed with an
environmentally optimism. The use of wood species in the production of cement
composites is particularly interesting for the construction industry. Furthermore,
due to cancer health risks (Azuma et al. 2009; Kumagai and Kurumatani 2009) the
Directive 83/477/EEC and amending Directives 91/382/EEC, 98/24/EC; 2003/18/
EC and 2007/30/EC forbid the production of cementitious products based on fibre
silicates (asbestos). Mineral fibres are now being replaced by synthetic fibres like
polyvinyl alcohol (PVA) and polypropylene to produce fibre–cement products
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using the Hatscheck process. An industrial process that represents 85% of fibre–
cement composites production worldwide (Fig. 7.1).

However, production of PVA and polypropylene needs phenol compounds as
antioxidants and amines as ultraviolet stabilizers and other additives acting as
flame retardant which is not the right path to obtain more eco-efficient materials.
This represents a large opportunity in the field of vegetable fibres cement based
materials because they are as stronger as synthetic fibres, cost-effective and
above all environmentally friendly. Therefore to promote the use of cementitious
building materials reinforced with vegetable fibres could be a way to achieve a
more eco-efficient construction. Another interesting possibility related to use of
vegetable fibres encompasses the replacement of steel bars in reinforced concrete.
Concrete is known for its high compressive strength and low tensile strength. The
combined use of regular concrete and steel reinforced bars is needed to overcome
that disadvantage leading to a material with good compressive and tensile
strengths but also with a long post-crack deformation (strain softening). Unfor-
tunately reinforced concrete has a high permeability that allows water and other
aggressive elements to penetrate, leading to carbonation and chloride ion attack
resulting in corrosion problems (Glasser et al. 2008; Bentur and Mitchell 2008).
Steel rebar corrosion is in fact the main reason for infrastructure deterioration.
Gjorv (1994) mentioned a study of Norway OPC bridges indicating that 25% of
those built after 1970 presented corrosion problems. Another author (Ferreira
2009) mentioned that 40% of the 600,000 bridges in the USA were affected by
corrosion problems and estimated in 50 billion dollars the repairing operations

Fig. 7.1 Production of fibre-cement composites by the Hatschek process (Ikai et al. 2010)
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cost. Since an average of 200 kg of steel rebar is used for each cubic meter of
concrete structure it is clear that the replacement of reinforced steel rebar by
vegetable fibres is a major step to achieve a more eco-efficient construction. On the
other hand, reinforced steel is a highly expensive material, has high energy
consumption and comes from a non renewable resource, while vegetable fibres are
available almost all over the world (Brandt 2008).

7.2 Fibre Characteristics and Properties

Vegetable fibres are natural composites with a cellular structure. Different
proportions of cellulose, hemi cellulose and lignin constitute the different layers.
Cellulose is a polymer containing glucose units. Hemi cellulose is a polymer made
of various polysaccharides. As for lignin it is an amorphous and heterogeneous
mixture of aromatic polymers and phenyl propane monomers (John et al. 2005;
Filho et al. 2009). Figure 7.2 shows the microstructure and a schematic repre-
sentation of vegetable fibres. Different fibres have different compositions

Fig. 7.2 Fibre–cell microstructure: a cross-section view showing the fibre–cells, lumens and
middle lamellae, b magnification of the cross-section, and c schematic drawing showing the
different layers of an individual fibre–cell (Filho et al. 2009)
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(Table 7.1) therefore it is expected that their behavior inside a cement matrix
could differ between them.

Natural fibres have a high tensile strength and a low modulus of elasticity
(Table 7.2). Even so, their tensile performance can stand in a favorable manner
with synthetic ones. One of the disadvantages of using natural fibres is that they
have a high variation on their properties which could lead to unpredictable
concrete properties (Swamy 1990; Li et al. 2006).

Pre-treatment of natural fibres was found to increase fibre reinforced concrete
performance. Pulping is one of the fibre treatments that improve fibre adhesion to
the cement matrix and also the resistance to the alkaline attack (Savastano et al.
2001b). Pulping can be obtained by a chemical process (kraft) or a mechanical
one. Table 7.3 presents some pulping conditions for sisal and banana fibres.

Some chemical treatments lead to a higher mechanical performance than others
(Pehanich et al. 2004). The pulping process through mechanical conditions has a
lower cost (around half) when compared to the use of chemical conditions and has
no need for effluent treatments (Savastano et al. 2001a). Some authors suggest the

Table 7.1 Composition of vegetable fibres (Arsene et al. 2007)

Fibre Lignin (%) Cellulose (%) Hemicellulose (%) Extractives (%) Ash (%)

Bagasse 21.8 41.7 28.00 4.00 3.50
Banana leaf 24.84 25.65 17.04 9.84 7.02
Banana trunk 15.07 31.48 14.98 4.46 8.65
Coconut coir 46.48 21.46 12.36 8.77 1.05
Coconut tissue 29.7 31.05 19.22 1.74 8.39
Eucalyptus 25.4 41.57 32.56 8.20 0.22
Sisal 11.00 73.11 13.33 1.33 0.33

Table 7.2 Properties of natural and synthetic fibres (Arsene et al. 2007)

Properties Specific gravity
(kg/m3)

Water
absorption (%)

Tensile strength
(MPa)

Modulus of
elasticity (GPa)

Sisal 1,370 110 347–378 15.2
Coconut 1,177 93.8 95–118 2.8
Bamboo 1,158 145 73–505 10–40
Hemp 1,500 85-105 900 34
Caesar weed 1,409 182 300–500 10–40
Banana 1,031 407 384 20–51
Piassava palm 1,054 34–108 143 5.6
Date palm (Kriker

et al., 2005)
1,300–1,450 60–84 70–170 2.5–4

Polypropylene 913 – 250 2.0
PVA F45 (Passuello

et al., 2009)
1,300 – 900 23
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use of organofunctional silane coupling agents to reduce the hydrophilic behavior
of vegetable fibres (Castellano et al. 2004; Abdelmouleh et al. 2004). But recently
Joaquim et al. (2009) compared the performance of cementitious composites
reinforced by kraft pulp sisal fibres and by sisal fibres modified by the organosolv
process. They found out that the best mechanical performance was achieved by
the composites with kraft pulp fibres. Arsene et al. (2007) suggests that using a
pyrolisis process can increase the fiber strength by a factor of three.

7.3 Matrix Characteristics

Savastano et al. (2000) mentioned that acid compounds released from natural
fibres reduce the setting time of the cement matrix. Fibre sugar components, hemi
cellulose and lignin can contribute to prevent cement hydration (Bilba et al. 2003;
Stancato et al. 2005). According to Sedan et al. (2008), fibre inclusion can reduce
the delay of setting by 45 min. The explanation relies on the fact that pectin
(a fibre component) can fix calcium preventing the formation of CSH structures.
The interfacial transition zone (ITZ) between concrete and natural fibres is porous,
cracked and rich in calcium hydroxide crystals (Savastano and Agopyan 1999).
Those authors reported a 200 lm thick at 180 days. On the contrary other authors
(Savastano et al. 2005a) reported that using vacuum dewatering and high pressure
applied after molding led to a dense ITZ (Fig. 7.3a) also reporting that some fibers
were free of hydration products Fig. 7.3b).

The use of water-repellents also leads to a good bond between natural fibre and
concrete (Ghavami 1995). The mechanical treatment of the fibres also improves
the bonding between the fibre and cement (Coutts 2005). Alkaline treatment of
fibres improves their strength and also fibre-matrix adhesion (Sedan et al. 2008).
Tonoli et al. (2009) compared cement composites with vegetable fibres previously
submitted to surface modification with methacryloxypropyltri-methoxysilane
(MPTS) and aminopropyltri-ethoxysilane (APTS). The results of cement com-
posites with fibres modified by MPTS showing fibres free from cement hydration
products while APTS based fibres presented accelerated mineralization which
leads to higher embrittlement behavior of cement composites (Tonoli et al. 2009).

Table 7.3 Sisal and banana kraft pulping conditions (Savastano et al. 2003)

Parameter Sisal Banana

Active alkali (as Na2O) (%) 9 10
Sulphidity (as Na2O) (%) 25 25
Liquor/fibre ratio 5:1 7:1
Temperature (8C) 170 170
Digestion time *75-120 min

temperature cook
*85-120 min

temperature cook
Total yield (%w/w) 55.4 45.9
Screened yield (%w/w) 45.5 45.3
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7.4 Properties of Cement Composites

7.4.1 Using Small Vegetable Fibres

Some authors found out that the use of a 0.2% volume fraction of 25 mm sisal fibres
leads to free plastic shrinkage reduction. The combined use of coconut and sisal short
fibres seem to have delayed the restrained plastic shrinkage, thus controlling
shrinkage and controlling crack development at early ages (Filho et al. 2005). As for
the mechanical performance of natural fibre concrete, Al-Oraimi and Seibi (1995)
reported that using a low percentage of natural fibres improved the mechanical
properties and the impact resistance of concrete, having similar performance when
compared to synthetic fibre concrete. Other authors reported that fibre inclusion
increases impact resistance by 3 to 18 times higher than when no fibres were used
(Ramakrishna and Sundararajan 2005). The use of small volumes (0.6 to 0.8%) of
Arenga Pinata fibres show an increase in the toughness characteristics of cement-
based composites (Razak and Ferdiansyah 2005). As for Reis (2006), their studies
showed that the mechanical performance of fibre concrete depends on the type of the
fibre. He found that coconut and sugar cane bagasse fibre increases concrete fracture

Fig. 7.3 a BSE image of
sisal fibres in cement matrix
with dense ITZ, b EDS
analysis on Pinus radiata
fibre lumen (spot 1) revealed
that no mineralization due to
the presence of hydration
products was detected
(Savastano et al. 2005a)
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toughness, but banana pseudo stem fibre does not. The use of coconut fibres showed
even better flexural strength than does synthetic fibre (glass and carbon) concrete.
Silva and Rodrigues (2007) studied the addition of sisal fibres to concrete and
reported that the compressive strength was lower than concrete samples without the
fibres. The explanation for that behavior seems to be related to concrete workability.
Savastano et al. (2009) compared the mechanical performance of cement composites
reinforced with sisal, banana and eucalyptus fibres. Sisal and banana fibres with
higher lengths (1.65 mm and 1.95 mm) than eucalyptus (0.66 mm) showed a more
stable fracture behavior which confirms that fibre length influences the process by
which the load transfers from the matrix to the fibres. Silva et al. (2010) tested cement
composites reinforced by long sisal fibres placed at the full length of a steel mold in
five layers (mortar/fibres/mortar). These composites reach ultimate strengths of
12 and 25 MPa under tension and bending loads. The vegetable type also influences
the performance of fibre reinforced cement composites (Tonoli et al. 2010a), being
that eucalyptus-based ones present improved mechanical performance after 200
ageing cycles when compared to pinus based ones. The explanation relates to a better
distribution of vegetable particles in the cement matrix.

7.4.2 Using Bamboo Rebars

Khare (2005) tested several concrete beams made with stirrups and rebar bamboo
and reported that this material has the potential to be used as a substitute for steel
reinforcement (Fig. 7.4).

This author reported that the ultimate load capacity of bamboo reinforced
concrete beams was about 35% of the equivalent reinforced-steel concrete beams.
The strength reduction was due to the low adhesion between the cement matrix
and the bamboo rebars. Júnior et al. (2005) mentioned just 25% of the equivalent
reinforced-steel concrete beams ultimate load capacity. Analysis of adhesion
between cement and bamboo by pull-off tests shows that bamboo/cement have
much lower adhesion than steel rebar/cement and that adhesion results are
influence by node presence (Jung 2006).

These authors suggest that bamboo rebar should previously be submitted to a
thermal treatment to improve bond strength. According to Mesquita et al. (2006),
the bond strength of bamboo is 70% of smooth steel bond strength when a 35 MPa
concrete is used. However the bond strength of bamboo is almost 90% of smooth
steel bond strength when a 15 MPa concrete is used. These authors analyzed the
effect of using artificial pins (two of bamboo and two of steel) in bamboo splints,
noticing they led to a bond strength of bamboo higher than smooth steel. Ferreira
(2007) also studied the effect of artificial pins (Fig. 7.5) in the bond strength of
bamboo rebar using pull-out tests.

The results show that the use of just one pin is insufficient to increase bamboo
bond strength (Table 7.4). In the same work this author study several 20 MPa
concrete beams reinforced with bamboo rebar’s (2 9 1 cm2), and steel stirrups
mentioning an acceptable structural behavior.
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Fig. 7.4 Concrete beam reinforced with bamboo rebars and bamboo stirrups: a finished bamboo
reinforcement, b finished reinforcement in the form, c test set-up (Khare 2005)

Fig. 7.5 Several bamboo
rebars: The first with hole, the
second with bamboo pin and
the third with steel pin
(Ferreira 2007)
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7.5 Durability

Durability of natural fibre reinforced concrete is related to the ability to resist
both external (temperature and humidity variations, sulfate or chloride attack,
etc.) and internal damages (compatibility between fibres and cement matrix,
volumetric changes, etc.). The degradation of natural fibres immersed in
Portland cement is due to the high alkaline environment that dissolves the lignin
and hemicellulose phases, thus weakening the fibre structure (Gram 1983). Gram
was the first author to study the durability of sisal and coir fibre reinforced
concrete. The fibre degradation was evaluated by exposing them to alkaline
solutions and then measuring the variations in tensile strength. This author
reported a deleterious effect of Ca2+ elements on fibre degradation. He also
stated that fibres were able to preserve their flexibility and strength in areas with
carbonated concrete with a pH of nine or less. Filho et al. (2000) also inves-
tigated the durability of sisal and coconut fibres when immersed in alkaline
solutions. Sisal and coconut fibres conditioned in a sodium hydroxide solution
retained respectively, 72.7% and 60.9% of their initial strength after 420 days.
As for the immersion of the fibres in a calcium hydroxide solution, it was
noticed that the original strength was completely lost after 300 days. According
to those authors, the explanation for the higher attack by Ca(OH)2 can be related
to a crystallization of lime in the fibres’ pores. Ramakrishna and Sundararajan
(2005a) also reported the degradation of vegetable fibres when exposed to
alkaline media. Other authors studied date palm-reinforced concrete, reporting
low durability performance that is related to fibre degradation when immersed in
alkaline solutions (Kriker et al. 2008). Ghavami (2005) reported the case of a
15-years-old bamboo-reinforced concrete beam without any deterioration signs.
Lima et al. (2008) studied the variations of tensile strength, and Young’s
modulus of bamboo reinforced concrete exposed to wetting and drying cycles,
reporting insignificant changes, thus confirming its durability. The capacity of
vegetable fibres to absorb water is another path to decreasing the durability of
fibre reinforced concrete. Water absorption leads to volume changes that can
induce concrete cracks (Ghavami 2005; Agopyan et al. 2005). In order to
improve the durability of fibre reinforced concrete, the two following paths
could be used.

Table 7.4 Bond strength
using pull-out tests (Ferreira
2007)

Rebar type Bond strength (MPa)

Bamboo 0.81
Bamboo with epoxy resin 0.32
Bamboo with one bamboo pin 0.82
Bamboo with one steel pin 0.69
Bamboo with hole 1.10
Rough steel 6.87
Smooth steel 1.33
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7.5.1 Matrix Modification

Using low alkaline concrete and adding pozzolanic by-products such as rice husk
ash, blast furnace slag, or fly ashes to Portland cement (Gutiérrez et al. 2005;
Agopyan et al. 2005; Savastano et al. 2005a). Results show that the use of ternary
blends containing slag/metakaolin and silica fume are effective in preventing fibre
degradation (Mohr et al. 2007). But in some cases the low alkalinity is not enough
to prevent lignin from being decomposed (John et al. 2005). Other authors reported
that fast carbonation can induce lower alkalinity (Agopyan et al. 2005). These
results are confirmed by other authors that used artificial carbonation in order to
obtain CaCO3 from Ca(OH)2 leading to increased strength and reduced water
absorption (Tonoli et al. 2010b). The use of cement-based polymers can also
contribute to an increased durability (Pimentel et al. 2006). D’Almeida et al.
(2009) used blends where 50% of Portland cement was replaced by metakaolin to
produce a matrix totally free of calcium hydroxide in order to prevent migration of
calcium hydroxide to the fibre lumen, middle lamella and cell walls, thus avoiding
an embrittlement behavior.

7.5.2 Fibre Modification

Coating natural fibres to avoid water absorption and free alkalis. Use waterrepellent
agents or fibre impregnation with sodium silicate, sodium sulphite, or magnesium
sulphate. Ghavami (1995) reported that using a water-repellent in bamboo fibres
allowed only 4% water absorption. The use of organic compounds such as vege-
table oils reduced the embrittlement process, but not completely (Filho et al. 2003).
Recent findings report that silane coating of fibres is a good way to improve the
durability of vegetable fibre reinforced concrete (Bilba and Arsene 2008). Other
authors mentioned that using pulped fibres may improve the durability performance
(Savastano et al. 2001b). Some authors even reported that the fibre extraction
process can prevent durability reductions (Juárez et al. 2007). The use of com-
pression and temperature (1208C, 1608C and 2008C) leads to an increase of fibre
stiffness and a decrease on the fibre water absorption (Motta et al. 2009).

7.6 Conclusions

The replacement of asbestos and synthetic fibres by vegetable fibres in the man-
ufacture of cementitious composites could contribute to a higher eco-efficiency of
the construction industry. The same happens with the replacement of steel bars by
bamboo rebars. Further investigations about vegetable fibre reinforced concrete
are needed in order to clarify several aspects that current knowledge does not.
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The available literature data is mostly related to the mechanical behavior of
vegetable fibre reinforced concrete. For instance, only recently has the delaying
effect of vegetable fibre inclusion received the proper attention. Since the main
reason for vegetable fibre degradation relates to alkaline attack, much more
research is needed about the chemical interactions between the cement matrix and
the vegetable fibres. The right treatments to improve fibre and cement matrix
compatibility are still to be found. The same could be said about the variation on
the fibre properties, therefore control quality methods are needed in order to ensure
minimal variations on the properties of vegetable fibres. Durability related issues
also deserve more research efforts. For concrete with bamboo rebars investigations
to improve the adhesion to the cement paste are still needed.
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Chapter 8
Earth Construction

8.1 General

There is no consensus about the date when man began to use earth for construction
purposes. Minke (2006) mentioned that this may have happened over 9,000 years
ago, grounding its beliefs on the fact that earth block (adobe)-based dwellings
discovered in Turkmenistan dated from a period between 8000 and 6000 BC.
Pollock (1999) refers that the use of earth for construction dates from the period of
El-Obeid in Mesopotamia (5000–4000 BC). Berge (2009) mention that the oldest
examples of adobe blocks, which were discovered in the Tigris river basin date
back to 7,500 BC so earth construction could have been used for more than
10,000 years. It is not very relevant, whether the earth construction began more
than 9,000 or over 10,000 years ago but it is not far from the truth that the earth
construction began with early agricultural societies, a period whose current
knowledge dates from 12000 BC to 7000 BC. There are countless cases of earth
buildings built thousands of years ago that last to the twenty-first century. Even
the Great Wall of China whose construction began about 3,000 years ago has
extensive sections built on rammed earth. Evidences also show the use of earth
construction by the Phoenicians in the Mediterranean basin including Carthage in
814 BC. The Horyuji Temple in Japan has rammed earth walls built 1,300 years
ago (Jaquim 2008). This author refers to the existence of rammed earth-based
buildings in the Himalayan region built in the twelfth century. Adobe-based
building structures are common in Central America. The ruins of the city of
Chanchán in Peru are among the most ancient earth based constructions
(Alexandra 2006). The village of Taos in New Mexico is another example of
ancient earth constructions (1000–1500 AC). Another good example is the city of
Shibam in Yemen with earth buildings up to 11 floors that were built hundred
years ago (Helfritz 1937). Currently almost 50% of the world’s population lives in
earth-based dwellings (Fig. 8.1).

The majority of earth construction is located in less developed countries,
however, this kind of construction can also be found in Germany, France or even
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in the UK, a country that has an excess of 500,000 earth-based dwellings.
MacDougall (2008) used interviews and site inspections to show that straw-bale
construction and rammed-earth construction are gaining growing interest in the
UK. The same author reveals that the lack of scientific data and the lack of
experience by the mainstream construction industry in using these materials
remain barriers to be overcome. Other authors (Desborough and Samant 2009)
show that straw construction complies with building regulations and the UK
climate, being a feasible option for this country. Williams et al. (2010) also show
that thermal performance of earth block masonry meets current UK Building
Regulation requirements. Earth construction has also increased substantially in the
US, Brazil and Australia, largely due to the sustainable construction agenda, in
which earth construction assumes a key role. In France investigations on earth
construction were carried out by CRATerre, a laboratory founded in 1979 and
linked to the School of Architecture in Grenoble, which acquired an institutional
dimension in 1986 trough the recognition of the French Government. Houben et al.
(2008) mention the success of an educational project undertaken in CRATerre,
consisting of a scientific workshop with over 150 interactive experiences that in
just 4 years had been attended by 11,000 visitors. As for Germany, Schroeder et al.
(2008a) report the existence of vocational training in earth construction as well as
courses that confer the expert title in this area. Three universities offer earth
construction courses respectively, the University of Kassel, the University of
Applied Sciences in Potsdam and the University of Weimar (Bauhaus). Earth
construction is not only dependent on adequate training but also dependent on
specific regulations. Several countries already have earth-construction-related
standards. In Germany the first Earth Building Code dates back to 1944, but only
in 1951 with DIN 18951, these regulations have been put into practice. In 1998 the
German Foundation for the Environment disclosed several technical recommen-
dations know as the ‘‘Lhmbau Regeln’’ (Schroeder et al., 2008a). Over the years
they have been adopted by all the German states with the exception of Hamburg

Fig. 8.1 Areas with earth construction
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and Lower-Sáxony. A revised version of the ‘‘Lhmbau Regeln’’ was passed in 2008.
Australia was one of the first countries to have specific regulations on earth con-
struction. The Australian regulations were published in 1952 by the Commonwealth
Scientific and Industrial Research Organization (CSIRO) under the designation
of ‘‘Bulletin 5’’. This document has been revised in 1976, 1981, 1987 and 1992.
In 2002 this document has been replaced by the Australian Earth Building
Handbook (Maniatidis and Walker, 2003). In 1992 the Spanish Ministry of
Transport and Public Works published a document entitled ‘‘Bases for design and
construction with rammed earth’’ to support not only rammed earth but also adobe-
based buildings (Maniatidis and Walker, 2003). Recently Delgado and Guerrero
(2007) stated that earth construction is not yet regulated, posing several drawbacks
such as the need to contract a building insurance during a 10 year warranty period.
The United States has no specific regulations related to earth construction;
but seismic regulations must be addressed by these constructions. Since 1991 New
Mexico has a state regulation concerning rammed earth and adobe-based con-
structions (Maniatidis and Walker 2003). New Zeland has one of the most advanced
legal regulations on earth construction which is structured in three distinct parts.

NZS 4297:1998—Engineering Design and Earth Buildings—Establishes per-
formance criteria for mechanical strength, shrinkage, durability, thermal insulation
and fire resistance;

NZS 4298:1998—Materials and Workmanship for Earth Buildings—Defines
requirements for materials and workmanship;

NZS 4299:1998—Earth Buildings not Requiring Specific Design—This part is
applicable for buildings with less than 600 m2 (or 300 m2 per floor) and provides
constructive solutions for walls, foundations and lintels. In New Zealand the earth
building regulations are dependent on the building height. For heights less than 3.3
m there is no need for a specific project, although the earth walls should respect the
provisions of NZS 4298:1998. As for the buildings with a height between 3.3 and
6.5 m they shall be designed in accordance with NZS 4297:1998 (Jaquin 2008).
Since 2001 Zimbabwe adopted a regulation based on the ‘‘Code of Practice for
Rammed Earth Structures’’ (Keable 1996), which is composed by six sections: 1)
Materials, 2) Formwork, 3) Foundations, 4) Wall design according to compressive
strength, water absorption and erosion, 5) Masonry structural stability and 6)
details and finishes. Shittu (2008) mentioned the following constraints of earth
construction: lack of skilled craftsmanship; absence of earth-related courses and
most of all the fact that earth construction is associated with a low-income status.

8.2 Techniques

Earth construction encompasses several techniques, the most usual being:

• Wattle and daub;
• Rammed earth (including earth projection);
• Earth bricks (adobe) or compressed earth blocks (CEB).
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In the wattle and daub technique the earth is pressed against a woven lattice of
wooden strips (Fig. 8.2).

8.2.1 Rammed Earth

This technique means the compaction of moist earth (stabilized or not) inside
a wooden formwork. In the earth projection technique the earth is previously
stabilized and then it is projected against an inside formwork layer as happens in
shotcrete works (Fig. 8.3).

The rammed earth technique requires a low amount of water, therefore it is
suitable for regions where water is scarce. After placing the wooden formwork
(Fig. 8.4) it is filled with a 10 cm earth layer followed by a ramming phase and
then a new 10 cm layer are added and rammed. Afterwards, the wooden
formwork is removed and then placed at a higher level until the desired hall
height is reached.

Traditional compaction methods are made manually using heavy wooden
tampers (Fig. 8.5a). This process requires quick tampering in order that the
compression is performed with moist soil to obtain the desired cohesion. Modern
rammed earth uses metal formwork and pneumatic rammers (Fig. 8.5b).
Therefore, the time for compaction is shorter than in the traditional processes and
is also less tiring. Middleton (1992) suggests the use of pneumatic rammers with
circular heads and a diameter between 70 and 150 mm. The foundations of
rammed earth walls are made of stone masonry or even concrete to prevent the rise
of moisture by capillary action.

Regarding the minimum thicknesses of these walls, different authors suggest
different values. According to Schroeder et al. (2008b) the German Earth Code
mentioned a minimum of 32.5 cm for rammed earth walls.

Fig. 8.2 Wattle and daub
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8.2.2 Adobe

Adobe is a very simple earth building technique being the most ancient . The word
adobe comes from the Arab ‘‘attob’’ which means sun-dried brick (Rogers and
Smalley 1995). The production of adobe bricks consists of filling wooden molds
with moist earth which are then placed in the sun to dry. When the adobe dries
shrinkage cracks could appear in its surface, so some authors (Neumann et al.
1984, Quagliarini and Lenci 2010) suggest the use of straw or other vegetable
fibres to prevent this. However, this position is not unanimous because vegetable

Fig. 8.3 Earth projection

Fig. 8.4 Conventional
wooden formwork
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fibres could rot leading to the appearance of fungi. Adobe masonry is very simple
to build as it is conventional masonry (Fig. 8.6).

Adobe bricks are usually laid using an earth-based mortar to ensure greater
adhesion between the different materials and prevent shrinkage cracks.
Afterwards, the adobe masonry can be left plastered with an earth-based mortar or
it can be without any covering.

Fig. 8.5 Rammers for earth construction: a Manual, b Pneumatic

Fig. 8.6 Adobe wall
construction
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8.2.3 Compressed Earth Blocks

CEB represents an evolution of adobe bricks by using a specific device to
compress the earth inside a mold. The pressure can be carried out manually or
mechanically. The earth consistency is similar to that used in rammed earth
allowing for the production of earth blocks that are heavier and more resistant than
adobe bricks. The first machine used to make CEB was the CINVA-Ram created
by Raul Ramirez in the International American Housing Centre (CINVA) in 1956
(Mukerji 1986). Figure 8.7 shows how to make a CEB with the CINVA-Ram.

Several other block making machines are also used like the Astram machine,
developed in the mid 1970s at the Centre for Application of Science and Tech-
nology for Rural Areas in India, the CETA-Ram which is a modified CINVA-Ram
developed in 1976 at the Centre of Appropriate Technical Experimentation in
Guatemala (Mukerji 1986), the multi-block Brepak developed in 1980 at Building
Research Establishment at Watford, England (Webb 1983), the CTA Triple-Block
Press developed in 1982 at the Centre for Appropriate Technology in Paraguay and
many others (Mukerji 1986). CEB produced manually require more manpower and

Fig. 8.7 Execution of a CEB with the Cinva-ram: a Filling the mold, b Compression of the
earth, c Elevation of the block, d Removing the block
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are more time-consuming, however, they are cost-effective and could be made
on-site reducing transportation costs. According to Shittu (2008) the success of the
Cinva-Ram depends on the type of soil and sometimes the compression just expels
the water leading to the disintegration of the earth block. When using a hydraulic
machine (Fig. 8.8) the process is faster especially on machines that compress
several blocks at once. These blocks show a higher mechanical resistance than the
blocks made with Cinva-Ram and they also show a high resistance to water
exposure. The mobility of hydraulic machines also allows for on-site production
reducing transportation costs.

8.3 Earth Stabilization

The soil used in earth construction consists only in its mineral phase excluding the
organic phase usually present in the first layers. This phase consists of mineral
particles including clays, silts and sandy material, which are mixed together in
varying proportions. The behavior of a soil depends not only on the amount of
clay, silt and sand but also on the amount of water present in soil. This water
encompasses the free water beneath the freatic level, the capillary water which is
retained in the vicinity of the contact points of solids and finally the adsorbed
water, i.e. the water held on the surface of the particles (with less than 0.002 mm)
by electrochemical forces (Correia 1995). In order to understand the properties of
the soil one must first characterize it using specific tests. The characterization of

Fig. 8.8 Hydraulic machine for CEB production
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the mineral phase of a soil is carried out through tests that allow quantifying
different types of properties, including its dimensions, its mechanical behavior
and its deformation behavior for a certain level of humidity. These tests can be
subdivided into two major groups, expedite tests to be held on-site that have
a low level of confidence and laboratory tests made according to standard
procedures.

8.3.1 On-Site Tests

These types of tests allow some initial conclusions about the type of soil available
on-site, without the need for laboratory testing which is always expensive.
The following tests are an adaptation of the tests used by the French group
CRATerre and cited by Eusébio (2001):

a. Color observation: Soils with a high content of organic matter have a dark
color. Pale soils mean the presence of feldspar or quartz sand. Red soils may
be due to the presence of iron oxides.

b. Smell test: Soils with a high content of organic matter have a strong smell of
humus, which is enhanced by heating or moistening of the soil.

c. Touch test: When rubbing a sample of soil between the hands, one perceives
the presence of a sandy soil if it is rough. Plastic soils (when moist) indicate a
high amount of clays.

d. Brigthness test: A ball of soil slightly moist and cut by a knife, will have
opaque surface if there is a predominance of silt or will have a shiny surface
if there is a predominance of clay.

e. Adherence test: In this test a ball of soil slightly moist is penetrated by
a spatula. If the penetration is difficult and the earth sticks to the spatula, it is
a clay soil. If the spatula enters and gets out easily is a sandy soil.

f. Sedimentation test: This test is an easy way to measure the sand, silt and clay
content in a soil sample. First a bottle with 1 l of volume is filled up to � of
its capacity with soil and then it is filled with water. The bottle is shaken
and allowed to stand for an hour, the procedure is repeated twice. After this
procedure it is possible to measure the thickness of the layers of sand, silt and
clay with a ruler.

g. Expedite sieving followed by visual test: This test uses loose dry soil and two
sieves series ASTM, No. 200 (0.074 mm) and No. 10 (2 mm). The soil
sample is passed on sieve No. 200 and the retained portion is passed on sieve
No. 10. Comparing the volume of the soil that passed in each sieve it is
possible to give a rough characterization: If the volume of the soil that passes
sieve No. 200 is larger than the retained soil we are in a presence of a clayey
soil. If the inverse situation occurs the soil is sand based. When using sieve
No. 10, if the volume of the soil passed is lesser than the volume of the soil
retained, the soil is a coarser one. When the inverse occurs the soil is sandy
based.
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h. Water retention test: A sample of soil is passed trough a sieve with a mesh of
1 mm. With a little volume of water a soil ball with a size of an egg is made.
The soil ball is held in one hand and struck repeatedly with the other hand
until the water appears on its surface. In a sandy soil ball the water appears
on the surface after 5–10 strikes. A clayey soil or a silty clay requires 20–39
strikes. When there is no reaction the soil has a high clay content.

8.3.2 Laboratory Tests

Water content: In this test the mass of a sample of soil is compared before and after
being dried in an oven at 105�C.

Organic matter: In order to estimate the organic matter content in the soil it
must be heated at 400�C. Then one has to compare the mass differences before and
after heating.

Particle size analysis: The test identifies the mass percentages of sandy soil
above 0.074 mm (ASTM sieve No. 200), obtained by sieving it through a series of
standard sieves. To identify the different constituents of the soil below 0.074 mm
(silt and clay) it is necessary to use the sedimentation test. The soil is placed in a
liquid suspension to determine the settling velocity which is dependent on the
diameter of the particles through the Stokes law.

Atterberg limits: These limits allow knowing the behavior of a soil fraction
below 0.4 mm according to their water content. They include the SL, the liquid
limit (LL), the plastic limit (PL). The plasticity index (PI) is obtained by the
difference PI = LL-PL. The shrinkage limit (SL) is the water content where
further loss of moisture will not result in any more volume reduction. The LL is the
water content obtained on the Casagrande device, a metal cup with a clay sample.
In this test a groove was cut through the clay sample with a spatula, and the cup is
repeatedly dropped 10 mm onto a hard rubber base during which the groove closes
up gradually as a result of the impact. The moisture content at which it takes 25
drops of the cup to cause the groove to close over a distance of 13.5 mm (0.53 in)
is defined as the liquid limit (LL). The PL is the water content that leads an earth
cylinder with 3 mm diameter to crumble. If the cylinder crumbles with less than
3 mm it has too much water.

Proctor compactation test: The Proctor test is used to determine the water
content that leads to the maximum density. This test uses a soil sample with
less than 4.76 mm (Sieve No. 4) to which an increasing water content is added.
The soil sample is compressed into three layers with 25 blows per layer, with a
manual or mechanical device (with a mass of 2.49 kg falling by 30.5 cm). The soil
density and the water content are registered allowing the determination of the
minimum water content that leads to the maximum density. However, some
authors argue that the Proctor test has a low compaction energy leading to a higher
optimum water content than that recommended for rammed earth with a pneumatic
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tamper. Maniatidis and Walker (2003) refer to an expedite way to obtain the
optimum water content using a ‘‘drop test’’. A soil ball with a certain water content
is dropped from a height of 1.5 m. If the ball does not break, the water content is
excessive, if it breaks into several pieces then the water content is low.

Compressive strength test: This test is similar to the test used to assess the
compressive strength of concrete or bricks. An earth specimen is submitted to an
axial load until the rupture occurs.

8.3.3 Properties and Soil Classification

The CRATerre group classifies the soil according to its dry density after the
Proctor compaction test (Table 8.1).

The same authors make some recommendations concerning the Atterberg limits
of the soil used for earth construction (Table 8.2).

According to Michel (1976), the most suitable soils to be stabilised present low
PI values. Doat et al. (1979) present a classification for the PI of a soil (Table 8.3).

The activity (A) of a soil or Skempton index is the PI divided by the percentage
of clay-sized particles (lesser than 2 lm). A higher (A) means a higher defor-
mability (Table 8.4).

Table 8.5 shows the characteristics of two soils used for earth construction.
Bahar et al. (2004) recommend that the optimum water content should be

between 9.5% and 11%. According to the standard NZS 4298 the water content to
be used in rammed earth should be located between 3% below the optimum water

Table 8.1 Dry density after
the Proctor compaction test
(Doat et al. 1979)

Dry density (kg/m3) Soil classification

1,650–1,760 Mediocre
1,760–2,100 Very satisfactory
2,100–2,200 Excellent
2,200–2,400 Exceptional

Table 8.2 Atterberg limits
of the soil used for earth
construction (Doat et al.
1979)

Recommended Maximum and minimum

PI 7–18 7–29
LL 30–35 25–50
PL 12–22 10–25
SL Optimum water content 8–18

Table 8.3 Soil plasticity
classification (Doat et al.
1979)

Plasticity PI

Week 5–10
Medium 10–20
High [20
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content and 5% above (Hall and Djerbib 2004). The soils more suitable for earth
construction should have a sand content between 50% and 70%. For adobe bricks
Doat et al. (1979) recommend the following composition: sand (55% to 75%);
silt (10% to 28%); clay (15 to 18%) and less than 3% of organic matter. Delgado and
Guerrero (2007) mentioned that soils with a clay content between 10% to 20%
should be used in CEB, and 10% to 15% in rammed earth. These authors also
mentioned that independent of the technique used (rammed earth, adobe or CEB)
the soils must have a minimum of 5% clay content. Jayasinghe and Kamaladasa
(2007) mentioned high reductions in the compressive strength of lateritic soils
stabilized with cement, when the fines percentage (clay and silt) exceeds 40%.
Perera and Jayasinghe (2003) suggest that this percentage should not exceed 30%.
Burroughs (2008) analyzed 104 soil types, compacted and stabilized with lime or
cement in a total of 219 mixtures. According to this author a soil could be considered
suitable for stabilization if its compressive strength exceeds 2 MPa (Fig. 8.9).

8.3.4 Particle Size Correction

When the soil does not exhibit the more favorable characteristics for earth
construction it must be mixed with other soils in order to obtain the required
characteristics.

If the soil is too clayey and very plastic, it must be mixed with sand or with a
sandy-like soil, however, if it is very sandy it must be corrected through the
addition of fine particles. If the soil contains a high amount of coarse particles, it
must it be passed by a sieve with the proper mesh. If the soil has too many fine
particles, the solution may undergo washing, however, this operation may remove
all the fines, so it is preferable to mix it with a sandy soil.

Table 8.4 Clay activity
(Doat et al. 1979)

Clay type A = PI/(% clay \ 0.002 mm)

Low activity Ac \ 0.75
Medium activity 0.75 \ Ac \ 1.25
Active 1.25 \ Ac \ 2.0
High activity Ac [ 2.0

Table 8.5 Characteristics of
two soils used for earth
construction

Bahar (2004) Guettala
et al. (2006)

Clay and silt (%) 62 36
Sand (%) 38 64
LL (%) 39 31
PI 15 14
Optimum water content (%) 11 11.8
Dry density (kg/m3) 1,760 1,877
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8.3.5 Soil Stabilization

The soil stabilization means changing the soil characteristics in order to improve
its mechanical or physical behavior. The stabilization process aims at the reduction
of the soil plasticity, the improvement on its workability and the deflocculation
resistance and also the resistance to erosion. The methods for soil stabilizing can
be subdivided into:

• Mechanical stabilization which seeks to improve the characteristics of the soils
through a higher density.

• Chemical stabilization with lime, cement or other additions.

Anger et al. (2008) studied the cohesion mechanism of the earth. According to
these authors, water is one of the main factors responsible for earth cohesion, due
to its surface tension. As to the clay matrix it consists of lamellar microscopic
particles whose cohesion is due to the nanoscale capillary connections. The
optimum stabilization process encompasses two different stages: the first related to
the dispersion of clay induced by electrostatic repulsion that minimizes the water
content and reduces the final porosity, and the second, consisting of a binding
mechanism. These authors report the existence of various cements available in
nature, such as ‘‘silcrete’’ resulting from the dissolution and hardening of silica,
‘‘ferricrete’’ resulting from the agglomeration of sand and other aggregates through
the action of iron oxide due to the oxidation of percolating solutions containing
iron salts. The stabilization of soils for earth construction can include vegetable
fibres (Ghavami et al. 1999), artificial fibres (Binici et al. 2005) or even animal
droppings (Ngowi 1997). More recently Silva et al. (2010) studied the nests of

Fig. 8.9 Procedures for
determining soil favorability
for stabilisation (Burroughs
2008)
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andorinha-dos-beirais birds concluding that a mixture of clay and polysaccharide/
sugar is responsible for its high strength and high durability.

8.3.5.1 Stabilization with Lime

Mixing lime into a moist soil generates various chemical reactions which cause
the agglutination of the soil particles and the modification of their characteristics.
The most important reactions during the lime stabilization process are as follows:

• Ion exchange and flocculation;
• Cementing action (or pozzolanic reaction);
• Carbonation.

The ion exchange causes the Ca2+ cations to adsorb into the surface of the
particles decreasing their electronegativity and promoting flocculation. The action
of calcium ions begins immediately after the addition of lime to the soil, leaving a
loose moist mixture in a curing process (a process also named as rotting due to its
smell), a decrease in the plasticity of the soil occurs, which then becomes brittle
and easily breaks up. To achieve these benefits all that is needed is a small amount
of lime. The cementing action requires considerable time and is therefore a slow
reaction, being responsible for long-term action of lime stabilization. It is desig-
nated as pozzolanic reaction and occurs under hot weather and can be accelerated
by using suitable additives. Through the reaction between lime, silica and alu-
minum present in the clay particles promote the formation of calcium silicate
hydrates and/or calcium aluminates. The interaction between lime and clay dis-
solves the silica and aluminum particles under the high pH created by the mole-
cules of Ca(OH)2. The dissolved materials combine with calcium ions, forming
cementitious products that connect the clay particles. Finally, the carbonation
reaction is the reaction of lime with the carbon dioxide from the atmosphere.
It consists in the chemical alteration of clay minerals due to the reaction of
atmospheric carbonate ions with calcium ions to form calcium carbonate. This is
the reverse reaction that occurs in the production of lime from limestone, and
should be avoided since the formed calcium and magnesium carbonates affect the
pozzolanic reaction, preventing the required soil strength. The identification of
physical and chemical properties of lime is essential for its use in soil stabilization.
One of the main properties to consider is its particle size, since it affects various
properties of the soil–lime mixture, such as the hydration speed, the density and
also the homogeneity. The particle size of lime is conditioned by the particle size
of the limestone rock, by the calcination process, by the final product (slaked lime)
and even by possible additional mill operations. The knowledge of the lime
fineness may be useful for the evaluation of the degree of homogenization and the
reaction between lime, soil and water, because larger areas of contact give rise to
more balanced mixtures. The porous structure of the lime particles causes its outer
surface to be in contact with water. Through absorption and adsorption phenom-
ena, a part of its interior surface is also surrounded by water. The high reactivity
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shows the high speed of the lime action after being mixed with the soil and the
efficiency of its stabilizer action. This property allows to anticipate the duration of
the reactions and if they are exothermic, the increase in the temperature.
The production of soil–lime mixtures for soil stabilization needs appropriate lime
content. The optimum lime content depends on the future application of the sta-
bilized soil. These may aim at the decrease of the plasticity and workability
increase—improvements—making permanent changes that alter the strength of the
mixture—stabilization. For the composition of soil–lime mixtures the Atterberg
limits are determined, the particle size and the soil classification. Afterwards,
compaction tests and resistance and durability tests take place. In cold climates,
durability constitutes a major requirement. The content of lime to be used in soil
stabilizing, should be the in the range of 1 to 10%, however, the exact percentage
must be determined for each case. The use of higher amounts would not be
economical nor necessary, but one should never use less than 3%, because even if
in the laboratory the mixture with a lower percentage has achieved the desired
properties, one must remember that the mixing conditions on-site are somehow
different. The lime stabilization process is suitable for soils with a fine fraction
very plastic and very expansive. The material initiates the cementing process,
strengthens and becomes more granular and then it can be regarded as a material
with particles of larger size and greater friction angle. Millogo et al. (2008) studied
the effect of adding lime to clay soils for the manufacture of adobe bricks, men-
tioning that the use of a lime content of 10% maximizes the compressive strength
and minimizes the water absorption of the bricks. According to these authors, the
addition of increasing percentages of lime induces the formation of calcite and
CSH phases generated by the reaction between lime and quartz (silica) of the soil.
But when the lime percentage rises to 12% the formation of portlandite also
occurs.

8.3.5.2 Soil Stabilization with Cement

Stabilization with cement involves two different mechanisms on the cement
content that is added to the soil (Cruz and Jalali 2009). When low cement contents
are used a modification of the clay fraction of the soil takes place. This phe-
nomenon decreases its plasticity, and sometimes it can lead to an increase in the
mechanical strength, because the hydration of cement particles will contribute to
form independent nuclei. During the hydration process some calcium hydroxide
will be formed reacting with the clay particles to form CSH, however, its volume
will be a low one. The hydration of cement particles will increase with time
leading to increased soil strength. The particle size and plasticity leads to different
stabilization mechanisms (cementing action or modifying action) that depends on
the cement content being simultaneous or not. In soils with a relevant sand fraction
the cement will not be enough to fill all the empty spaces. For these soils the
cement will link the contact areas of the soil particles. Since these areas depend on
the soil particle size, maximizing the number of contact points, lowers the cement
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content required to reach a certain strength level. It is worth remembering that soil
stabilization with cement is strongly affected by the presence of organic matter in
the soil, this slows or inhibits the cementing action preventing the release of
calcium ions. As for the volume of water necessary for soil–cement mixtures it
matches the optimum water content for maximum compaction, obtained in the
Proctor test. The water needed for cement hydration is less than the amount needed
for maximum compaction, so that the water necessary for the hydration process is
ensured as long as no loss occurs during the curing period. The water content of
soil–cement mixtures, should be in the range of 0.95 to 1.10 times the water
content for maximum compaction (Pereira 1970).

8.4 Durability

What is known in terms of the durability of earth construction comes from the fact
that some of these buildings last for hundreds of years. Durability has also been
assessed by accelerated aging tests and more recently from monitoring experimental
sections of earth masonry sections built a dozen years ago. The main mechanism
responsible for the erosion of earth walls have to do with the kinetic energy of the
impact of rainfall (Heathcote 1995). This justifies the worst durability behavior of
earth walls oriented to the South, a direction usually associated with wind-based rain.
Other authors (Ogunye and Boussabaine 2002) mentioned that rain does not always
have a erosive effect on the earth walls which only happens for rain intensities above
25 mm/m. Bui et al. (2008) evaluated the performance of 104 sections of rammed
earth masonry sections with and without stabilization, which were exposed for
20 years to natural climatic conditions (Fig. 8.10).

The durability of earth buildings is also dependent on appropriate maintenance
and repairs that are compatible with the original construction (Little and Morton,

Fig. 8.10 Rammed earth masonry sections exposed during 20 years to natural climatic
conditions. a Wall made with soil stabilized with 5% lime, b Wall made with soil without
stabilization (mixed soil), c Wall made with soil without stabilization (Bui et al. 2008)
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2001). The assessment of the durability of earth constructions can be made
indirectly through the analysis of the compressive strength and permeability of
earth specimens. It can also be made using erosion tests by mechanical impact or
water falling in a drop by drop mode (Table 8.6).

Geelong test—this test was specially designed for adobe specimens (Walker
2000). The test consists to drip water at a controlled rate onto earth bricks (inclined
308) from a height of 400 mm. The test ends when the volume of dripped water
reach 100 ml, this should happen after 30 min. The degree of erosion is given by
the depth of the erosion caused by the drop of water. A depth greater than 15 mm
means that the earth bricks must be rejected.

Accelerated erosion test (SAET)—this test also uses a similar inclined 30� earth
specimen but uses a jet of water rather than individual drops used in the Geelong
test. The SAET results are obtained from the pitting depth caused by the falling
water, and the specimens with a depth of over 30 mm are considered unsuitable for
earth construction.

In the last 50 years several accelerated erosion tests based on spraying water
horizontally onto earth specimens were developed (Table 8.7).

Bulletin 5 accelerated erosion test—this test was developed in Australia in the
early 1980s and was named after the document in which it is contained. This test
consists of spraying water horizontally onto an earth specimen during 1 h or until
the water penetrates the earth specimen. The test uses a water pressure of 50 kPa
which corresponds to a velocity of 10 m/s. After 15 min the test is interrupted for
the assessment of the erosion rate. The final erosion assessment is given in mil-
limeter per minute and the maximum acceptable erosion assessment is 1 mm/min.

Table 8.6 Assessment of the
durability of earth
constructions (Heathcote
2002)

Test Types of tests

Indirect Simulation Accelerated
erosion

Compressive strength x
Superficial strength x
Permeability x
Erosion x
Drip tests x x
Spray tests x

Table 8.7 Accelerated erosion spray tests (Maniatidis and Walker 2003)

Distance (mm) Pressure
(kPa)

Nozzle Time
(min)

Israel (Cytryn, 1955) 250 vertical 50 Spray 33
Austrália-CSIRO 470 vertical 50 Spray 60
Dep. Housing Washington 175 horizontal 137 Shower 120
Norton 180 horizontal 137 Shower 120
Houben and Guillaud 200 horizontal 140 Shower 120
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According to Heathcote and Moore (2003) this test can hardly reproduce the
action of rainfall because it has a very intense effect leaving bore holes in the earth
specimens (Fig. 8.11b).

University of Technology Sydney (UTS)—the UTS spray test is a refinement of
the Bulletin 5 test, it uses a higher water pressure (70 kPa) producing an even more
erosive effect, that is less concentrated due to the use of a specific kind of nozzle
capable of producing a turbulent flow with a velocity similar to the wind velocity
(9 m/s) that occur in Sydney on rainy days (Fig. 8.12).

8.5 Eco-Efficiency Aspects

8.5.1 Economic Advantages

For less-developed countries the cost-efficiency aspect remains of paramount
importance. Zami and Lee (2010) quote several authors for whom ‘‘earth
construction is economically beneficial’’, nevertheless one cannot take this as a
guaranteed truth because the economics of earth construction depend on several
aspects such as: construction technique, labour costs, stabilization process,

Fig. 8.11 Bulletin 5 accelerated erosion test: a Spray, b Specimen after Bulletin 5 test
(Heathcote and Moore 2003)

Fig. 8.12 UTS spray test: Left spray, right erosion assessment (Heathcote and Moore 2003)
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durability and repair needs. Williams et al. (2010) mentioned that the materials
used in earth construction in UK have no significant impact in the final cost. These
authors state that the production and construction costs represent the most
important part because earth construction is labor intensive. However, this is not
the case in less-developed countries in which labor is available for a very low cost.
According to Sanya (2007) this is very important to create decentralized job
creation. In these countries the cost-efficiency is dependent on the nature and the
amount of the binder used in the stabilization process. Recent investigations (Zami
and Lee 2010) show that soil stabilization with gypsum shows to be much more
cost-effective than with Portland cement.

8.5.2 Non-Renewable Resource Consumption and Waste
Generation

The use of soil for earth construction cannot be regarded as the use of a renewable
resource; however, one must recognize that it is very different from the extraction
of raw materials needed for the construction materials used in conventional
masonry. This is because generally the soil used in earth construction is located
immediately below the organic layer of the soil. Therefore, earth extraction gen-
erally involves the removal of the top layer of the soil, an operation without high
energy needs since it can be done manually. If we assume that the building is made
with soil located in its vicinity there is no pollution associated with its transpor-
tation. This is very different from conventional masonry in which concrete blocks
and fired-clay bricks are always very distant from construction sites thus implying
high transport distances responsible for the emission of GHGs. Regarding earth
construction wastes they can simply be deposited at the site of its extraction
without any environmental hazard involved. Even when the soil is stabilized with
cement or lime, it can be reused in this type of construction, so we may consider
that earth construction hardly generates any waste. As a comparison the traditional
fired-clay brick masonry implies a relevant amount of waste because the use of
broken pieces takes place quite often in this kind of masonry. According to Morton
(2008) earth construction could reuse the 24 million tones of waste soil produced
every year in UK.

8.5.3 Energy Consumption and Carbon Dioxide Emissions

Some authors compared the carbon dioxide emissions of earth blocks and the
emissions of the construction materials used in conventional masonry, showing the
good environmental performance of the former (Fig. 8.13).

For a house with three rooms and an area of 92 m2 made with earth walls the
values in Fig. 8.13 represent a reduction of 7 tons of CO2 compared to fired clay
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brick and a reduction of 14 tons of CO2 if aerated concrete blocks were used.
Lourenço (2002) studied the embodied energy (wood, concrete, steel, fired-clay
bricks and cement) of a single floor building comprising the following variants:

• Solution 1: Building with a reinforced concrete structure, fired-clay bricks
masonry and roof slab using precast reinforced concrete beams and fired-clay
hollow elements;

• Solution 2: Building with CEB masonry with top concrete beams and wooden
roof;

• Solution 3: Building with exterior walls made on rammed earth, interior walls
made on adobe and wooden roof;

• Solution 4: Building with a reinforced concrete structure and adobe walls.

This author shows that the embodied energy of earth buildings (Solutions 2 and
3) is half the embodied energy of a conventional construction (Fig. 8.14).
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Fig. 8.13 Embodied carbon in different masonry materials (Morton et al. 2005)
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According to Morton (2008) the replacement of only 5% of concrete blocks
used in the UK masonries by earth masonry would mean a reduction in CO2

emissions of approximately 100,000 tons. Shukla et al. (2008) studied adobe-based
buildings observing an embodied energy of 4.75 GJ/m2. Nevertheless, com-
pressed-stabilized earth blocks are more eco-friendly than fired-clay and their
manufacture consumes less energy (15 times less) and pollutes less than fired-clay
bricks (8 times less) Zami and Lee (2010). Reddy and Kumar (2010) show that the
embodied energy in cement-stabilized rammed earth walls increases linearly with
the increase in cement content and is in the range of 0.4 to 0.5 GJ/m3 for a cement
content in the range of 6% to 8%. Lax (2010) assessed the LCA of rammed earth
showing that the stabilization with cement makes the embodied carbon to raise
from 26 Kg CO2 to 70 Kg CO2.

8.5.4 Indoor Air Quality

Earth construction is not associated with the adverse effects of indoor air volatile
organic compounds (VOCs) so the occupants of these buildings will have a superior
air quality (Wargocki et al. 1999). Another advantage of the indoor air quality of
earth buildings relates to its ability to control the relative humidity (Minke 2000).
Some investigations show that the earth blocks are capable of absorbing ten times
more weight moisture than fired-clay bricks (Fig. 8.15). Earthen structures act as a
relative humidity flywheel, equalizing the relative humidity of the external envi-
ronment with that of the pores within the walls (Jaquin 2008; Allison and Hall 2010).
According to Morton (2008) the hygroscopic behavior of construction materials
can be more effective in reducing the indoor air relative humidity than the use of
ventilation. This author mentioned a study conducted in Britain where it was noticed
that earth construction is capable of keeping the relative humidity of indoor air
between 40% and 60%, this range being the most suitable for human health purposes.
Recently, Allison and Hall (2010) showed that earth walls have a high potential to
stabilize the relative humidity of indoor air. High levels of humidity above 70% are
responsible for the appearance of molds which can trigger allergic reactions (Arundel
et al. 1986). Relative humidity values above 60% are associated with the presence of
mites and also asthmatic diseases (Howieson 2005).

On the other hand, a relative humidity below 40% is linked to the syndrome of
‘‘sick buildings’’ typical of very dry indoor air. This leads to a drying of the
respiratory mucosa, resulting in respiratory diseases such as tonsillitis, pharyngitis
or bronchitis. Therefore, it is easily understood that public health statistics in
recent decades show an increase of almost 50% in the occurrence of health
problems from respiratory conditions such as asthma (Heerwagen 2000). Berge
(2009) mentioned that the Hospital of Feldkirch in Austria in which a 180 m
gallery was built with long sections coated with rammed earth (in some cases up to
6 m high), with the sole aim of achieving the stabilization of the relative humidity
without using conventional mechanical devices (Fig. 8.16).
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8.6 Conclusions

Earth construction exists since the early agricultural societies, a period whose
current knowledge dates from 12000 to 7000 BC. There are countless cases of earth
constructions built thousand years ago that made it to the twenty-first century.

Fig. 8.15 Weight of
moisture absorbed by
different materials when
relative humidity increases
from 50% to 80% (Minke
2000)

Fig. 8.16 Rammed earth wall, Hospital of Feldkirch, Áustria (Berge 2009)
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Nowadays, the majority of earth construction is located in less-developed
countries. Unfortunately, the fact that earth construction is associated with
low-income status is probably one of the most important reasons explaining
why less-developed countries try to emulate the use of polluting construction
techniques based on reinforced concrete and fired-clay bricks. Earth construction
can also be found in developed countries, where a growing awareness on the
importance of this type of construction can be witness nowadays. Although this
construction technique is cost-effective its economic advantages are dependent on
the nature and the amount of the binder used in the stabilization process. Soil
stabilization with gypsum shows to be much more cost-effective than that with
Portland cement. Earth construction is associated with low-embodied energy, low
carbon dioxide emissions and very low-pollution impacts. The use of cement for
soil stabilization increases embodied energy. Therefore further studies about the
environmental performance of earth construction stabilized with non-Portland
cement binders are needed. The use of pozzolanic potential aluminosilicate wastes
could also be analyzed. Earth construction is also responsible for an indoor air
relative humidity beneficial to the human health; therefore, earth construction has
clear competitive advantages in the field of eco-efficiency over conventional
construction assuring it a promising future in the years to come.
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Chapter 9
Durability of Binder Materials

9.1 General

The importance of durability in the context of the eco-efficiency of construction
and building materials has been rightly put by Mora (2007), when he stated that
increasing the durability of concrete from 50 to 500 years would mean a reduction
of its environmental impact by a factor of 10. Materials with low durability require
frequent maintenance and conservation operations or even its integral replacement,
being associated with the consumption of raw materials and energy. It is clear
that a material with high embodied energy but with a high durability can be
environmentally preferable to a material with a lower embodied energy but with a
much lower durability. Similar considerations can be made about recyclable
construction materials, because although it is positive to reuse materials and
materials containing wastes it is also important to assess whether its low durability
does not annul its environmental advantages.

9.2 Pathology and Durability

9.2.1 Concrete

Concrete durability can be defined as the ability to resist through time to the attack
of environmental, physical and chemical aggressive conditions. A concrete
structure should then be able to maintain the expected performance during its
service life. The real issue about concrete durability is related to the intrinsic
properties of this material. It presents a higher permeability that allows water and
other aggressive elements to enter, leading to carbonation and chloride ion attack
resulting in corrosion problems. Thus concrete durability means above all mini-
mizing the possibility of aggressive elements from entering into the concrete,
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under certain environmental conditions for any of the following transport
mechanisms: permeability, diffusion or capillarity (Fig. 9.1).

Avoiding aggressive substances from entering into the concrete is a crucial
factor concerning concrete durability, it thus follows that preventing cracking
occurrence is of paramount importance to achieve a high durability. Figure 9.2
summarizes the main causes responsible for the occurrence of cracking in
concrete.

The degradation mechanisms of concrete can be physical, chemical or a
combination of both (Table 9.1).

Due to its importance the following causes that are responsible for the degra-
dation of concrete should be highlighted:

9.2.1.1 Alkali-Aggregate Reaction

The alkali-aggregate reaction (AAR) is a chemical process that occurs between the
minerals present in some aggregates, the alkali ions (Na+ and K+) and the hydroxyl
(OH)- dissolved in the concrete pore solution. The hydroxyl ions may come from
the cement, the mixing water from the aggregates and even from the pozzolanic
additions. The reactions developed between the expansive aggregates and Portland
cement can be divided into three types depending on the type of aggregates (Reis
and Silva 1997; Santos Silva 2005):

(a) Reaction of alkaline hydroxyl with magnesium carbonate of certain lime-
stones, also called alkali-carbonate reaction (ACR).

(b) Reaction between alkali and hydroxyl ions and the amorphous silica in the
aggregates, also known as alkali-silica reaction (ASR).

(c) Alkali-silicate reaction, which is identical to ASR but is much slower and
takes place not between the silica of the aggregates but among some silicates
present in feldspar, it also occurs in certain sedimentary rocks (greywacke),
metamorphic (quartzite) and igneous rocks (granites).

Fig. 9.1 Concrete durability
(Bai 2009)
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In the ACR (the first case) the alkali ions from cement will react with the
limestone causing the release of magnesium thus exposing the clay phase to water
penetration, leading to an expansion phenomenon (Wood and Johnson 1993;
Poitvin, 1999). Recently, Grattan-Bellew et al. (2010) showed that this reaction is
identical to ASR. In the second case (ASR) which is the most frequent and was
mentioned for the first time by Stanton (1940), it encompasses the attack of
the siliceous material by alkali hydroxides derived from alkali ions in cement.
The occurrence of ASR requires the simultaneous contribution of three factors: (a)
a sufficient amount of amorphous silica, (b) alkali ions, (c) water (Hobbs 1988;
Jensen 1993; Sims and Brown 1998). This reaction begins with the attack of
reactive silica aggregate by the alkalis of cement forming a gel that attracts water
by osmosis or diffusion, leading to a volume increase. Since this gel is confined by
the cement paste the internal pressure causes the cracking of concrete (Fig. 9.3).
This hypothesis was confirmed by several experiments, which showed the
occurrence of 4 MPa osmotic pressures. Such tensions are higher than the tensile
strength of concrete, so it is conceivable that the gel can be responsible for
concrete cracking.

Fig. 9.2 Causes for concrete
cracking (Bai 2009)
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Table 9.1 Causes for concrete degradation (Sarja and Vesikar 1996)

Causes Processes Degradation

Static loads Deformation Deflection, cracking and
rupture

Cyclic loads Fatigue, deformation Deflection, cracking and
rupture

Biologic
Micro-organisms Acid production Leaching
Bacteria Acid production Leaching
Pure water Leaching Concrete breakdown
Acid Leaching Concrete breakdown
Acids and acidic gases Neutralization Steel depassivation
Carbon dioxide Carbonation Steel depassivation
Chloride Ingress, destruction of

steel depassivation
Steel depassivation

Steel depassivation ? H2O ? O2 Steel corrosion Steel expansion, steel
section reduction,
loss of adhesion

Tension ? chloride Steel corrosion Prestressing
Sulphate Crystal pressure Concrete breakdown
Aggregate (sílica) ? álkali Sílica reaction Expantion, breakdown
Aggregate (carbonate) ? alkali Carbonate reaction Expantion, breakdown
Temperature change Expansion/contraction Restrained deformation
Humidity change Shrinkage and expansion Restrained deformation
Low temperature ? water Icing Concrete breakdown
Thaw salt ? frost Heat transfer Concrete scaling
Ice (sea) Abrasion Spalling, cracking
Traffic Abrasion Wear and rupture
Running water Erosion Superficial damage
Turbulent water Cavitation Cavities
Electricity Corrosion Steel section reduction,

loss of adhesion
Magnetism Corrosion Steel section reduction,

loss of adhesion

Fig. 9.3 Concrete cracking
due to ASR
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9.2.1.2 Sulphate Attack

The attack of sulphates in concrete is characterized by a chemical reaction between
the sulphate ions, as an aggressive substance, and the aluminum of the aggregates
or with the tricalcium aluminate (C3A) of the hardened cement paste in the pres-
ence of water, forming calcium sulfoaluminate hydrate also known as secondary
ettringite and gypsum (calcium sulfate). Secondary ettringite and gypsum are both
reaction products that occupied a volume superior to its components which leads to
expansion and cracking of concrete. The secondary ettringite is different from the
non-expansive form generated during the cement hydration). The sulphate attack
occurs when sulphate ions present in ground water, seawater or industrial effluents
enter into the pore system of concrete. Concretes with Type I cements are the most
vulnerable to this type of attack, on the other hand the most resistant ones are based
on pozzolanic cements, although these additions cannot guarantee that the concrete
is immune from this type of attack in all situations. All kinds of sulphates lead to
concrete degradation, the mechanism and the degree of attack depends on the type
of sulfate, being that the magnesium sulphate has a more devastating effect than the
calcium or sodium sulphates. A particular type of attack by sulphates is designated
by delayed ettringite formation-DEF also known as internal attack by sulphates.
This type of attack usually occurs in concretes cured with a heat treatment. DEF
can appear when the following conditions are met:

• Absence of external sources of sulphates;
• Heat curing;
• Presence of pores around the aggregates (Fig. 9.4).

The attack by sulphates with the formation of thaumasite is a particular case that
unlike the aforementioned two cases, involves the simultaneous formation of
gypsum and secondary ettringite. In this particular case the CSH are the ones subject
to the attack, not the calcium aluminates hydrates. The replacement of CSH with
thaumasite (a soft paste) leads to a strength loss of the concrete. This type of attack

Fig. 9.4 SEM image of an
aggregate particle typical of
an attack by DEF
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is much more severe than those involving cracking expansion because it reduces the
concrete strength in a drastic manner. This type of attack needs sulphate and
carbonate ions, CSH and water. Since limestone aggregates are a source of
carbonate ions, concretes made with limestone aggregates that are used in foun-
dations and in contact with sulphate solution are subject to a high risk of attack.

9.2.1.3 Carbonation

Concrete carbonation is a process by which atmospheric carbon dioxide reacts
with the cement hydration products to form calcium carbonate. The importance of
this phenomenon relates to the fact that it reduces the alkalinity of the concrete to a
pH of almost 8. Since the steel passivation layer (an iron oxide layer that covers
steel reinforced bars), needs a high pH between 12 and 14, the carbonation phe-
nomenon can be responsible for the steel depassivation. The main factor that
controls the carbonation process is the diffusivity of the cement paste, which in
turn is a function of the porous network, hence the W/B ratio is a key factor in
determining the carbonation depth. For instance, in concrete with a W/B = 0.6 a
carbonation depth of 15 mm can be achieved after 15 years, but if the concrete has
a lower W/B = 0.45, the same carbonation depth will take 100 years to reach
(Wiering 1984).

9.2.1.4 Chloride Penetration

The ingress of chlorides into the concrete leads to the corrosion of steel rein-
forcement and the cracking of the concrete caused by the swelling of the oxide
corrosion products. The ingress of chlorides into the concrete can occur by using
contaminated aggregates, by mixing water or by the use of admixtures containing
chlorides ions. Not all chloride ions contribute to the corrosion of the steel rein-
forcement, some react with the hydration products of the cement being locked,
only the free chloride ions can initiate the corrosion process.

9.2.1.5 Corrosion of Steel Reinforcement

The corrosion process begins when the loss of the passivation layer occurs or when
a certain critical value of chloride ions enters into the concrete. The steel corrosion
occurs due to an electrochemical action, when metals of different natures are in
electrical contact in the presence of water and oxygen. The process consists in the
anodic dissolution of iron (Fe):

Fe! F2þ þ 2e� anodeð Þ
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when the positively charged iron ions pass into the solution and the excess of
negatively charged electrons goes to steel through the cathode, where they are
absorbed by the electrolyte constituents to form hydroxyl ions (OH)-

1=2O2 þ H2Oþ 2e� ! 2 OHð Þ� cathodeð Þ

These in turn combine with the iron ions to form ferric hydroxide, which then
converts into rust:

F2þ þ 2 OHð Þ�! Fe OHð Þ2
The volume increase associated with the formation of the corrosion products

will lead to cracking and spalling of the concrete cover (Fig. 9.5).
There are basically two ways to control the durability of concrete. One is by

imposing limits to the composition in terms of the W/B ratio, minimum amount of
cement, by guaranteeing a minimum concrete cover or a minimum compressive
strength class. This is an easy approach, but a simplistic and conservative one.
Another variant is linked to the performance requirements and has the advantage
of allowing for design optimization reaching cost benefits, without sacrificing the
safety of the structure (Ferreira 2009). In this second approach, the concrete
performance is specified but not the way in which to be achieved. However, the
transition from prescriptive standards to performance standards is not easy because
it requires the development of performance tests that evaluate the materials’
performance on the site conditions. In the new regulations the concrete durability

Fig. 9.5 Spalling of a
concrete cover due to the
expansion of corrosion
products
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requirements are defined in terms of composition and property thresholds. They
may also be defined in terms of performance-based specifications.

9.2.2 Renders Used in Ancient Buildings

Throughout history renders containing different binders were used (Fig. 9.6).
Renders of buildings built before the XX century are composed mostly of air
hardening binders and/or hydraulic additions. Its execution although based on a
very skilled workforce was very time consuming, the final result was a material
with a low compressive strength and sometimes with low durability. In the twenty-
first century, the appearance of Portland cement, associated with high early
compressive strength led to a generalization of blended mortars based on aerial
lime-Portland cement and even of mortars containing Portland cement as the sole
binder. The use of conservation mortars based on Portland cement for the

Fig. 9.6 Use of binders
during history (Elsen
et al. 2010)
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rehabilitation of ancient buildings led to the development of several pathologies:
They are chemically incompatible with lime-based mortars; they are responsible
for the introduction of soluble salts; have a low permeability and a high modulus
of elasticity that is unable to accommodate for masonry deformations. The efflo-
rescences are actually one of the most serious pathologies associated with almost
all the renders of ancient buildings. The solution to this problem can hardly pass by
the use of the so-called ‘‘miracle’’ products commercially available (Lubelli et al.
2006a, b). Gonçalves and Rodrigues (2010) also reported that the degradation by
crystallization of soluble salts is a major mechanism of the degradation of mortars
in ancient buildings. These authors present a scheme of this pathology (Fig. 9.7).
The crystallization of soluble salts may occur on the render surface (efflorescence)
or on the interface render/masonry (sub efflorescence). The latter case is more
serious because it leads to a faster render deterioration (Groot et al. 2009).

Very often the degradation of renders by crystallization of soluble salts gets
worse after a rehabilitation operation. The explanation is related to the use of
renders with low water vapour permeability (Gonçalves 2007; Gonçalves et al.
2008) as it happens in Fig. 9.8 which presents the case of a wall loaded with
sodium chloride salts from a flood that was rehabilitated with a new render.

The durability of the renders of ancient buildings is dependent on the reha-
bilitation operations that are able to identify the original renders and their com-
positions, to ensure an adequate rehabilitation. This subject will be addressed in
Sect. 9.5. The worst pathologies associated with gypsum plasters include moisture
or water leaks, which result either from water pipe ruptures or damaged roofs
(Fig. 9.9).

Fig. 9.7 Render degradation
by crystallization of soluble
salts (Gonçalves and
Rodrigues 2010)
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This behavior is worsened by the fact that gypsum plaster gets softer and
dissolves when exposed to water. The use of waterproof paint also contributes to
the appearance of stains and ultimately to the disintegration of gypsum plaster,
because they prevent the water vapour permeability of these walls leading to the
appearance of subfflorescences. Although less frequent, the use of mortars based
on Portland cement for the rehabilitation of gypsum plasters could result in loss of
adhesion due to the formation of thaumasite (Corinaldesi et al. 2003). Less serious
but not less often appear the pathologies associated with the cracking of gypsum
that are caused by structural problems of the building, including pavement
deformations that affect the behavior of the walls. Another common pathology in
gypsum plasters, has to do with the fall of sections of decorative pieces. This
occurrence is caused by the loss of adhesion between the decorative piece and the

Fig. 9.8 Deterioration of a new render between 1991 and 1995 in an ancient building in The
Netherlands

Fig. 9.9 Pathology of
gypsum plaster due to the
degradation of the building
roof (Pacheco-Torgal and
Jalali 2009b)
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gypsum plaster. The reason lies in the movements of contraction and expansion of
the wood lath and also to the presence of moisture that reduces the mechanical
strength of the plaster materials (Fig. 9.10).

9.3 Concrete Conservation and Retrofitting

9.3.1 Measures to Minimize the Occurrence of ASR
in Concrete

Given the key role of water to initiate ASR, the use of concrete waterproof
coatings in order to prevent its access into the concrete, could minimize the
occurrence of ASR. Santos Silva (2005) mentioned that the use of pozzolans in
concrete is the most effective way to substantially reduce ASR in concrete con-
taining reactive aggregates. Since they consume nearly all the calcium hydroxide
generated during the hydration of cement there will not be enough calcium
hydroxide to initiate the harmful reaction. The same author also mentioned that
metakaolin is more effective than fly ash in the inhibition of ASR, because it is a
more reactive pozzolan, consuming more calcium hydroxide. He reported the need
for replacing 20% of cement with fly ash to prevent ASR, and just 15% of me-
takaolin to achieve the same effect. Moisson (2005) suggested the use of crushed
reactive aggregates as additives to reduce the occurrence of ASR in the concrete.
Other authors (Charles-Gibergues et al. 2008) also confirm that ASR phenomenon
could be prevented by using ground reactive aggregates in the concrete mix. This
additive shows pozzolanic behaviour, but its activity depends on its fineness and
on the petrographic characteristics of the reactive aggregates. Ichikawa (2009)
mentioned that the efficacy of pozzolans in the suppression of ASR is dependent
on its calcium content. The use of rich calcium fly ash can worsen this problem.
Sousa et al. (2010) reported that replacing 30% of Portland cement with tungsten
mine waste provides an effective solution to mitigate ASR.

Fig. 9.10 Falling parts in
decorative gypsum plaster
piece (Pacheco-Torgal and
Jalali 2009b)
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9.3.2 Concrete Surface Treatments

The use of concrete surface treatments with waterproofing materials to prevent
the access of aggressive substances, is a way of contributing to the increase of
concrete durability. The most common surface treatments use polymeric resins
based on epoxy, silicone (siloxane), acrylics, polyurethanes or polymethacry-
lates. Bijen (2000) mentioned that epoxy resins have low resistance to ultra-
violet radiation and polyurethanes are sensitive to high alkalinity environments.
On the other hand although some waterproof materials are effective for a
particular transport mechanism (diffusion, capillarity, permeability) they aren’t
for another. Moreira (2006) compared the waterproofing capacity of concrete
with three polymeric resins (epoxy, silicone, acrylic) and mentioned that the
silicone based is more effective (99.2%) in reducing water absorption by
capillarity than the epoxy resin (93.6%), but in terms of chloride diffusion the
epoxy resin is 100% effective, while the silicone varnish does not go beyond
67.5%. Medeiros and Helene (2008) used a water repellent material based on
silane-siloxane noting that although it is effective to reduce the water absorp-
tion by capillarity of concrete (reduced from 2 to 7 times), it only managed to
achieve a reduction of the chloride diffusion from 11% to 17% and also failed
to prevent the access of water by permeability. Pacheco-Torgal and Jalali
(2009a) confirm that the surface treatment of concrete with a water repellent
material is effective, but above all more cost-effective when compared with the
alternative of using a polymer additive in the composition of concrete. More
recently, Zhang et al. (2010) mentioned that the use of geopolymers for sealing
the concrete surface can be a more effective technique than the organic poly-
mers used so far. A new technique for waterproofing of the concrete surface
uses bacteria, which is responsible for the production of calcium carbonate
crystals, reducing the porosity and the permeability of concrete. In terms of
sustainability, this new technique is more advantageous than the current use of
polymers (organic or inorganic). De Muynck et al. (2008b) mentioned that the
use of the bacteria Bacillus sphaericus led to a reduction from 65% to 90% of
water absorption by immersion and a reduction from 10 to 40% in the diffusion
of chlorides. The investigations of De Muynck et al. (2008a) show that in terms
of water absorption by capillarity and water permeability the performance of
bacteria treatments is identical to waterproof materials based on organic
polymers. Jonkers et al. (2010) studied the incorporation of bacterias inside the
concrete during the mixture phase to assess the possibility that these might help
to fill the cracks. The results although promising show that they only stay
active at early ages and that as the cement hydration proceeds they disappear.
Tittelboom et al. (2010) also obtained promising results in terms of sealing
concrete cracks with the help of bacteria, however, they mentioned that this is
possible only for cracks up to 10 mm in depth and that it is necessary to
protect the bacteria with silica gel from the high alkalinity of the concrete.
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9.3.3 Electrochemical Techniques to Prevent or Reduce Steel
Corrosion

The use of electrochemical techniques to prevent or even to reduce the cor-
rosion of steel reinforcement in concrete structures, use an electric current
between the steel rebars and an external element (anode). This makes the steel
rebars to act as a cathode (electronegative charge), thus forcing the chloride
ions negatively charged away from the rebars. Apart from the removal of
chloride ions it may happen that hydroxide ions will also form, leading to the
restoration of the passivation layer of the steel rebars. According to the Federal
Highway Administration-FHWA the cathodic protection is the only technique
to prevent corrosion on bridges (submitted to an almost constant salt exposition
to prevent ice formation), irrespective of the chloride content in concrete (Bijen
2000). Other authors mentioned some side effects associated with cathodic
protection such as: the use of high electric current can reduce the adhesion
between the steel rebars and the concrete; hydrogen embrittlement of high
strength steels and the increasing of the alkalinity level can be responsible for
the occurrence of ASR if the concrete contains reactive aggregates (Pedeferri
1996). Da Silva (2007) describes three techniques for electrochemical protec-
tion and repair, which differ in the intensity of the electric current and the
polarization time (Table 9.2).

Betolini et al. (2008) analyzed the effects related to the use of cathodic pro-
tection in reinforced slabs for five years mentioning that the use of a current
density above 1.7 mA/m2 prevented steel corrosion. Da Silva (2007) studied the
economics of repairing an on-shore concrete structure with cathodic protection
versus the alternative of using stainless steel reinforcement, concluding that
although the latter have a higher cost (5 to 7 times higher than ordinary steel) it is
the best cost effective option. It is worth mentioning that this study only examined
replacement rates of ordinary steel with stainless steel below 50%; the use of
higher replacement rates increases the economic competitiveness of cathodic
protection. Lambert (2009) studied the economics of cathodic protection men-
tioning that it can cost less than 5% compared to the option of full replacement of
the entire concrete structure.

Table 9.2 Electrochemical protection and repair techniques (Da Silva 2007)

Cathodic protection Desalinization Increase of pH

Purpose Steel rebar
polarization

Chloride removal
repassivation

Increase of pH/
repassivation

Polarization time Permanent 6–10 weeks 1–2 weeks
Current density

(m2 of concrete)
3 a 20 A/m2 0.8 a 2 A/m2 0.8 a 2 A/m2
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9.3.4 Mortars for Concrete Structure Repairs

The retrofitting of a given concrete structure using repair mortars requires that the
compliance with requirements for structural stability has been previously
addressed. This means that this operation is done in structures without rebar’s
section loss, hence there is no need for specific strengthening operations. Nor does
it have problems related to ASR that cannot be solved using repair mortars. The
application of the repair mortar is preceded by cleaning operations of the concrete
surface to remove pieces of degraded concrete. Moreover, as the roughness of the
concrete substrate affects the performance of most repair mortars, it becomes
necessary to artificially increase its roughness, regardless of the cleaning opera-
tion. Generally, this operation is carried out using mechanical devices such as:

• Brushing with wire brush;
• Poking with jackhammer;
• Scraping with pneumatic tool;
• Smoothing with multiple disks;
• Projection of grit;
• Sandblasting;
• Water jet.

In order to ensure structural compatibility with the concrete substrate, repair
mortars must meet the requirements defined in Table 9.3.

Figure 9.11 shows the disadvantages related to the use of materials with dif-
ferent modulus of elasticity.

The repair mortars must also comply with the requirements defined in
Fig. 9.12

Another fundamental property of repair mortars is a rapid adhesion to the
concrete substrate, allowing that the structure is back into service as soon as pos-
sible. Several tests like the ‘‘pull-off’’ and the ‘‘slant shear’’ have been used to

Table 9.3 Structural compatibility (Morgan 1996)

Properties Relation between the repair mortar
(Rp) and the concrete substrate (Cs)

Strength in compression, tension and flexure Rp C Cs
Modulus in compression, tension and flexure Rp * Cs
Poisson’s ratio Dependent on modulus and type of repair
Coefficient of thermal expansion Rp * Cs
Adhesion in tension and in shear Rp C Cs
Curing and long term shrinkage Rp C Cs
Strain capacity Rp C Cs
Creep Dependent on whether creep causes

desirable or undesirable effects
Fatigue performance Rp C Cs

General requisites for repair mortars
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quantify the adhesion strength (Austin et al. 1999; Momayez et al. 2005). Currently,
most repair mortars fall into two categories, mortars based on organic binders
(epoxy resin or polyester) or those based on inorganic binders like Portland cement.
The latter are more cost effective and less toxic, being available as a commercially
pre-pack mixture of Portland cement, aggregates, silica fume, fibers and other
additives. More recently investigations about geopolymers reveal a third category
of mortars with high potential to be used in the field of concrete structures retro-
fitting (Pacheco-Torgal et al. 2008). Since the adhesion to the concrete substrate is a
crucial property of repair mortars, some results related to the comparison between
geopolymer mortars and commercial products for the repair of concrete structures
are presented below. The adhesion strength was evaluated using the slant shear test.
The slant shear test uses square prisms made of two halves, one of concrete sub-
strate and another one of repair material, tested under axial compression. The
adopted geometry for the slant shear specimens was a 50 9 50 9 125 mm3 prism
with an interface line at 30� to the vertical. Bond strength was calculated by
dividing the maximum load at failure by the bond area and was obtained from an
average of four specimens determined at the ages of 1, 3, 7 and 28 days of curing. In
order to increase the specific surface of the concrete substrate, an etching procedure
was carried out. The concrete surface was immersed in a 5% hydrochloric acid
(HCl) solution for 5 min and then carefully washed to ensure the removal of CaCl2
which results from the reaction between HCl and Ca(OH)2. The specimens were

Fig. 9.11 Mechanical
behavior of materials with
different modulus of
elasticity. a Load
perpendicular to the interface,
b Load parallel to the
interface

Fig. 9.12 Factors that
influence the durability of
repair mortars (Morgan 1996)
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named after the repair materials and concrete substrate surface treatments. Speci-
mens using concrete substrate repaired with commercial product R1 with and with
no surface treatment were named respectively, R1-ES (etched surface) and R1-NTS
(no treatment surface). Similarly, when the geopolymer-based binder was used to
bond the two halves they were named GP–ES and GP–NTS, respectively. Slant
specimens with substrate surface treatment as cast against metallic formwork, and
as cast against wood formwork were also used repaired with geopolymeric binder
and were named, GP-MF and GP-WF, respectively. The results of the effect of the
several repair solutions on the average adhesion strength are shown in Fig. 9.13. It
can be seen that the specimens repaired with the geopolymeric mortar present the
high adhesion strength0s even at early ages. Specimens repaired with geopolymeric
mortar with 1 day of curing have higher bond strength than specimens repaired with
current commercial products after 28 days curing. Specimens repaired with the
geopolymeric mortar appear not to be influenced by the chemical treatment in sawn
concrete surface substrates, but by the use of concrete surfaces as cast against
formwork. Those kinds of surfaces are rich in calcium hydroxide but lack exposed
coarse aggregates which could contribute toward improving the bond strength due
to silica dissolution from the aggregate surface. The strength performance of
commercial repair products is very dependent on the curing time and this consti-
tutes a serious setback when early bond strength is required. The results show that
bond strength using repair product R2 is clearly influenced by the surface treatment.
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Fig. 9.13 Adhesion strength using the ‘‘slant-shear’’ test (Torgal 2007)
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In order to evaluate the economic profitability of the different repair solutions,
comparisons between the costs of materials were made. In Table 9.4, the cost of
the raw materials used to prepare the repair mortars and also the cost of the repair
mortars are reported.

Even if the current commercial repair materials had the same mechanical
performance as that of geopolymeric mortars, the cost of the cheapest one (R1) is
still 6.9 times higher than the geopolymeric mortar. When comparing the cost to
the adhesion strength ratio the differences are even higher, with the cost of the
cheapest solution with current commercial repair products (R1-ES) being 13.8
times higher than the solution with the geopolymeric mortar (Fig. 9.14).

9.4 Render Rehabilitation

9.4.1 Materials Characterization and Design
of Repair Mortars

The rehabilitation of renders in ancient buildings should be preceded by an
analysis of the depth of degradation and the historical or artistic value of the
building. In case of buildings with historical relevance the first option should be to
preserve the original renders through maintenance operations, if that is not pos-
sible then a rehabilitation operation should be carried out. If the level of degra-
dation is very high a partial render replacement must be enforced. The total
replacement must always be the last operation to consider. Any work must be
preceded by an inspection of the walls to be rehabilitated, because since the walls
of ancient buildings are rather irregular they will need a high render thickness,
which constitutes an important technical subject to deal with. Beyond the historical
value implicit in the use of original materials and techniques the compatibility
between the rehabilitation mortars and the materials to be rehabilitated represents a
crucial aspect to be met. Materials with different permeabilities, different modulus
of elasticity, different adhesion strength, different absorption of water or even with
or without vegetable or animal fibres, can hardly constitute good solutions for
rehabilitation purposes, because sooner or later they will be associated with the
appearance of pathologies. The simple fact of changing the particle size of a
mortar is enough to alter its performance (Genestar and Pons 2003), because
coarser aggregates lead to higher mechanical strength, lower porosity and lower
capillary absorption. This simple fact allows us to understand the high number of
variables that may contribute to the poor performance of a rehabilitation solutions.
The first step related to the rehabilitation of renders in ancient buildings is to find
out the composition of the original renders. The identification of the aggregates is
simple (Fig. 9.15).

In order to to separate the silica aggregates from the binder, the lime mortars are
usually dissolved in chloric acid (1:3). The insoluble residue is then weighed and
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passed through a set of sieves to determine the particle size of the sand (Adriano
et al. 2007). Regarding the characterization of the binders (gypsun, lime and
Portland cement), the methodology is more complex (Fig. 9.16) and given the
numerous chemical reactions that can take place, the results are not always
absolute. The methodology is relative because other authors were able to distin-
guish gypsum and anhydrite compounds using FTIR tests (Carbo et al. 1996).

The gypsum binders can be identified by TGA because they present a small
peak in the range 120�C to 200�C which corresponds to the absorbed water or even
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Fig. 9.14 Cost to adhesion strength ratio after 28 days curing according to repair solution

Fig. 9.15 Characterization
of the aggregates present in
original mortars (Marques
2005)

9.4 Render Rehabilitation 201



by XRD in order to confirm the presence of calcium sulfate peaks. The hydrau-
licity of a mortar can be obtained using TGA to assess the loss of structural water
between 200�C and 600�C and the loss of carbon dioxide between 200 and 600�C.
The hydraulicity ratio (Hr) can be defined as the quotient between weight loss
attributed to CO2 and to water decomposition (Ugurlu and Boke 2008). Aerial
limes have a CO2/H2Ost ratio higher than 10. Lime-pozzolan binders have a ratio
below 10. Marques et al. (2006) mentioned that a CO2/H2Ost ratio lower than 3
corresponds to a strong hydraulic character (natural pozzolans or Portland cement),
whereas binders with a ratio between 3 and 6 have a medium hydraulic character
(lime and artificial pozzolans like crushed bricks). This classification is not valid
when limestone aggregates are used because they increase the CO2 emissions. The
characterization of the physical and mechanical properties of the renders of ancient
buildings involves not only laboratory tests but also on-site tests. These tests can
be subdivided according to their degree of intrusion:

• Non destructive tests: low permeability using Carsten tubes (Fig. 9.17c),
dynamic modulus of elasticity;

• Semi-destructive and destructive tests: assessment of the deformation resistance
using the ball impact test (Fig. 9.17a), the controlled penetration test
(Fig. 9.17b) and the pull-off test to assess the adhesion strength (Fig. 9.17d).

Fig. 9.16 Characterization
of the binders present in
original mortars (Marques
2005)
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Ball impact test—this test uses a 50 mm diameter sphere to make an impact in
the render. The crash strength is assessed from the dent diameter caused by the ball
shock.

Controlled penetration test— it involves the penetration of a steel nail with
several shots, after each shot the penetration is measured.

Carsten tube— it uses a set of tubes filled with water which are attached to the
wall, after a certain time the amount of water absorbed by the wall is measured.

Pull-off test—this test evaluates the force required to pullout a render specimen.
After the analysis of the composition of the original renders as well as their

physical and mechanical properties, it is necessary to design the characteristics of
the rehabilitation mortars and to assess the compatibility between the two mortars.
An experimental methodology for that purpose is presented in Fig. 9.18.

Fig. 9.17 On-site tests to assess the performance of mortars: a ball impact test, b controlled
penetration test, c Carsten tube (Veiga 2003), d pull-off test (Flores-Colen et al. 2007)
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9.4.2 Rehabilitation of Gypsum Plasters

This kind of work requires in most cases the structural rehabilitation of the
building elements (walls and ceilings), whose malfunction led to the pathology of
the gypsum plasters. The recovery of the structural integrity of the wooden ceilings
is in most cases a necessary step in these works, whether using fibre reinforced
polymers-FRP applied to its back or as a reinforcement of the wood beams,
followed by the reapplication of the wood lath. In the walls and ceilings where a
redo of the wood structure was required, after placing the lath, comes the appli-
cation of the gypsum plaster tightened by hand in a direction perpendicular to the
lath. In some cases where the ingress of moisture favored the development of algae
and mosses, it is first necessary to carry out its removal (Cotrim et al. 2008). Some
authors suggest that the use of a methylene chloride solvent-based stripper causes
the expansion of the ink allowing for its mechanical removal. The existence of
previous rehabilitation mortars containing Portland cement must also be removed.
The same should be done to the paintings that have been implemented without the
respect for compatibility and permeability with the gypsum plasters. The paint
removal must be done by scraping with brushes to avoid damaging the gypsum

Fig. 9.18 Experimental
method used in the process of
designing repair mortars
(Arioglu and Acun 2006)
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plaster, but if the mechanical operation is not enough then a chemical stripper can
be used. The traditional strippers used for cleaning paint are completely inadvis-
able because they introduce harmful salts and leave the plaster surface with bites.
Regarding the degraded gypsum decorative elements their rehabilitation is
dependent on their types. While the frames are run on the ceiling, using a suitable
profile made from the profile of the original frames, the center ceiling medallions
and other decorative elements are previously executed off-site and only then
placed on the ceiling with an adhesive plaster. The execution of decorative gypsum
plaster pieces is a work that requires specialized labor because it is a very detailed
job that tries to fully reproduce not only the original forms but sometimes also the
original pigmentation.

9.4.3 Air Lime Mortars with Vegetable Fat

Historically speaking, the use of air lime mortars with the addition of vegetable fat
goes back to Vitruvius of the Roman Empire (Bailey 1932; Albert 1995).
In Portugal, the architect Quirino da Fonseca published in the early 1990s a little
book (Sá 2002, 2005), where he mentioned the addition of small amounts of
vegetable oil during the lime slaking process. He also mentioned that these
materials were used by Portuguese masons to built ancient fortresses, including
‘‘Nossa Senhora da Conceição’’, a fortress located in Gerum island, Ormuz, in the
Persian Gulf. The construction of that fortress took place in 1507, being consti-
tuted by eight outer towers and a central one (Fig. 9.19). In 1873, more than three
hundred years after the construction of ‘‘Nossa Senhora da Conceição’’ fortress,
A. W. Stiffe a LouTenent of the British navy visited the interior of the fortress
having made a description of the conservation status for the Geographical
Magazine. He states that ‘‘The mortar used was excellent, and much more durable
than the stones’’ (Rowland 2006). This allows us to have a good impression about
the durability of those mortars, mainly as most of them were placed near harsh sea

Fig. 9.19 Portuguese
fortress of ‘‘Nossa Senhora da
Conceição’’ in the Persian
Gulf
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conditions. In 1570, the Venetian architect Palladio, mentioned the use of linseed
and nut oil to obtain water proof lime-pozzolan mortars (Palladio 1570). Also,
Manuel Azevedo Fortes in his book, ‘‘The Portuguese Engineer’’ published in
1729, mentioned the use of olive oil in the air lime slaking process, being that the
olive oil should be added to the lime while it is in a boiling state (Sá 2005).

Since the middle of the 1990s, a Portuguese manufacturer has been selling an air
lime named ‘‘D. Fradique’’, which is produced with the addition of olive oil waste.
The production of this air lime started after the Portuguese architect Quirino da
Fonseca was chosen to be in charge of the conservation works of the walls of the
Castle S. Jorge in Lisbon. At that time he tried to reproduce the characteristics of
ancient lime mortars with the addition of vegetable fat. The firm responsible for the
production of ‘‘D. Fradique’’ air lime used a quasi-industrial process. After the
calcination of the limestone rocks they are ground in a jaw mill. The air lime slaking
process is handmade and at the same time the olive oil wastes are added. Quirino
da Fonseca recommends the following proportions to the manufacturer of
‘‘D. Fradique’’ air lime: 25 kg of lime; 1.5 kg of olive oil wastes; 10 l of water.
Of course the manufacturer uses other proportions that are under commercial secrecy
(Sá 2005). The hardening of the ‘‘D. Fradique’’ air lime occurs by a carbonation
mechanism as it happens with other air limes. The mortars made with ‘‘D. Fradique’’
air lime have several advantages over the current air lime-based mortars:

• Higher workability;
• Higher water vapour permeability;
• Lower capillary water absorption;
• higher water proofing behavior;
• Higher resistance to fungal development.

Sá (2005) studied the behavior of several mortars used as renders for stone
based masonry, saying that although ‘‘D. Fradique’’ air lime mortars possess high
water proof cabability than other mortars, at the same time they have low impact
resistance and low adhesion resistance (Table 9.5).

The fact that this lime presents a less porous structure, associated with the
vegetable oil fat presence contributes to delay the carbonation process, thus also
delaying the mechanical resistance development. Veiga (2003) mentioned that the
use of renders based on this particular type of lime may lead to some failures that
can be explained by the carbonation delaying effect mentioned above. Vegetable
oils are constituted by glycerides (esters of glycerol and fatty acids). The glyceride
is not chemically stable in highly alkaline environments like cement mortar. When
that happens, the carboxyl group of the fatty acid anion will coordinate stringly
with calcium oxide (Justnes et al. 2004). Other authors (Vikan and Justnes 2006)
studied the waterproofness performance of hydraulic binders mixed with vegetable
oil fat. They mentioned that using just 0.5% of vegetable oil by cement weight
allows good mortar performances and also that rapeseed oil is one of the most
effective oils for that purpose, even more than olive oil, and it is cheaper. The
majority of additives used to enhance water proofing of concrete and mortars
(resins and polymers) came from the oil industry. Therefore, the eco-efficiency
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context implies that new environmental friendly additives must be investigated. It
is not without irony that the past can teach us something in this area. Stolz (2007)
mentioned that one of the disadvantages of using mortar renders based on vege-
table oils relates to the fact that since UV lights can oxidize the fatty acids, this
leads to a reduction, with time, of the water proofing ability near the surface.
Cechova et al. (2008) studied mortars with 1% of linseed oil addition. These
authors state that oil addition increases the flexural and compressive strength of
hydraulic mortars, but for air lime mortars an inverse behavior was observed. Both
mortars show a decrease in water absorption but this effect is higher for air lime
mortars showing a water absorption 10 times lower. More recent investigations
(Chechova et al. 2010) confirm that oil addition delays the hardening process. Also
mortar performance is dependent on the oil amount. The use of 1% of linseed oil
improves mortar strength but when 3% is used, air lime mortars show a strength
reduction. The results also show that oil addition improves the resistance to salt
and freeze–thaw cycles for both percentages.

9.4.4 Renders for Salt Laden Masonry Substrates

If for any reason the soluble salts could not be removed the designer must decide
the most appropriate render, among five types defined under the European
investigation project COMPASS (Groot et al. 2009):

1. Renders for salt transport (slow);
2. Renders for salt transport (fast);
3. Salt accumulation renders;
4. Moisture sealing renders;
5. Renders for salt blocking.

Gonçalves and Rodrigues (2010) present different types of renders for salt laden
masonry substrates (Fig. 9.20).

Table 9.5 Comparison of the mortar properties (Sá 2005)

Test Mortars according to the binder used

D. Fradique air
lime (1:3)

Air
lime

Hidraulic
lime (1:3)

Air lime and
cement (0.5:0.5:3)

Flexural resistance-Rt (MPa) 0.22 0.21 0.20 0.47
Compression resistance-Rc (MPa) 0.65 0.44 1.56 2.67
Rt/Rc 0.34 0.48 0.13 0.17
Impact resistance with a sphere Ø

impact (mm)
18.6 20.7 12.6 11.8

Adhesion resistance (MPa) 0.048 0.056 0.057 0.129
Water absorption by Carsten tubes-

10 min (cm3)
0.1 36.1 2.1 3.1

Capillary water absorption
(water mass after 5 min) (g)

2.22 23.92 9.66 8.57
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The mixture and application of the renders is as important as choosing the right
materials for the rehabilitation works (Teutonico et al. 1994). Therefore, an
appropriate rehabilitation requires the use of suitable materials and also good
masons.

9.5 Conclusions

The use of more durable materials means buildings with a longer service life and
thus a lower resources consumption. Reinforced concrete is a paramount structural
material but prone to frequent early deterioration phenomena, like steel rebar
corrosion and alkali-silica reaction. It is therefore essential to understand which
specific measures must be taken at the design stage to obtain concrete structures
with improved durability. On the other hand it is also important to understand how
one can rehabilitate the existing concrete structures to extend their service life.
Regarding the waterproofing of concrete with epoxy resins, it is important to
remember the considerations made in Chap. 2 about the toxicity of these materials.
The incorporation of wastes in concrete, addressed in Chap. 5 raises some doubts
related to their durability and with regard to concretes containing C&DW aggre-
gate contaminated by ASR, these doubts are more than justified. The renders and
plasters in ancient buildings face serious problems regarding their rehabilitation,
especially when it comes to substrates containing high amounts of soluble salts. In
many cases some rehabilitation solutions can even worsen the problem. This
chapter presented a series of procedures to identify the constituents of such renders
in ancient buildings, as well as the requirements for their rehabilitation.
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Chapter 10
Nanotechnology Achievements

10.1 General

The speech of the physicist Richard P. Feynmam, entitled ‘‘There’s plenty of room
at the bottom’’ (Feynman 1960), that took place in a meeting of the American
Physical Society in 1959 at CalTech is considered to be the beginning of the
nanotechnology era. This last term was nonetheless presented in 1974 by Professor
Norio Taguchi, meaning the processing of materials, atom-by-atom or molecule-
by-molecule (Taniguchi 1974). A more accurate definition of nanotechnology was
presented in 1981 by Drexler (1981), such as the production with dimensions and
precision between 0.1 and 100 nm. In medium terms nanotechnology involves the
study at microcospic scale (1 nm = 1 9 10-9 m). As a comparison, one must
realize that a human hair has 80,000 nm thickness and that the DNA double helix
has 2 nm diameter. Between 1997 and 2003 the investment in nanotechnology
increased at 40% reaching 35000 million euro (Andersen and Molin 2007). Some
estimates predict that products and services related to nanotechnology could reach
1,000.000 million euro/year beyond 2015 (NSF 2001). The report RILEM TC
197-NCM, ‘‘Nanotechnology in construction materials’’ (Zhu et al. 2004), is the
first document that synthesis in a clear manner the potential of nanotechnology in
terms of the development of construction and building materials, namely:

• The use of nanoparticles, carbon nanotubes and nanofibres to increase the
strength and durability of cimentitious composites as well as for pollution
reduction;

• Production of cheap corrosion-free steel;
• Production of thermal insulation materials with a performance 10 times higher

than commercial current options;
• Production of coats and thin films with self-cleansing ability and self-color

change to minimize energy consumption;
• Production of nanosensores and materiais with sensing ability and self-repairing

ability.

F. P. Torgal and S. Jalali, Eco-efficient Construction and Building Materials,
DOI: 10.1007/978-0-85729-892-8_10, � Springer-Verlag London Limited 2011
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One of the most promising areas in the field of nanotechnology and also mentioned
in the RILEM TC 197-NCM report relates to the replication of natural systems. The
continuous improvement of these systems carried out over millions of years led to the
development of materials and ‘‘technologies’’ with exceptional performance and fully
bio-degradable. For instance, the abalone shells are made with 0.2 mm thickness
layers, and each one is made by a ‘‘mortar’’ 0.5 lm thickness of calcium carbonate
crystals bound altogether with a protein. The final result is a composite material with a
toughness that is 3000 times the toughness of the calcium carbonate crystals (Li et al.
2004; Meyers et al. 2009). Mussels and barnacles, can produce a natural glue as good
as synthetic adhesives that allows them to maintain a high adhesion to submerged
rocks (Hedlund et al. 2004; Khandeparker and Chandrashekhar 2007; Kamino 2010).
The great advantage relates to the fact that synthetic adhesives are based on epoxy,
melamine-urea-formaldehyde, phenol or organic solvents. These compounds are
toxic and responsible for eczema and dermatitis, and even cancer. Another example of
the high performance of natural systems comes from the spider silk which possesses a
strength/mass ratio that exceeds the steel ratio (Porter and Vollrath 2007; Lee et al.
2009; Harrington et al. 2010). Even comparing the performance of carbon nanotubes,
a high-technology product with spider silk, one realizes how natural systems are well-
optimized. First discovered in Russia in 1952, carbon nanotubes were some years later
re-discovered in Japan. These materials have a tensile strength 100 times over steel but
as a downside side they are extremely costly (20 to 1000 euros/g) (Man 2006).
Another biomimicry-related finding relates to the coral reef formation. Those natural
systems use sea water to produce calcium, magnesium and carbonate to generate a
carbonate crystal (aragonite). The coral reef formation is a very complex process,
dependent on several factors, the main being photosynthesis (Barnes 1970; Holcomb
2010). Recently the enterprise Calera has announced the possibility of producing
calcium carbonate using sea water and CO2 (Mitchell 2009; Geyer et al. 2009).
Unfortunately the scientific information available so far is insufficient to take that for
granted. However, the information concerning the technological process were not
disclosed, only that the process is already being used in an experimental facility near the
Moss Landing power plant (California), using carbon dioxide generated by the power
plant to produce‘‘cement’’. One high-impact application of nanotechnology in the field
of energy consumption relates to the development of nanomaterials with very high-
insulation performance, such as aerogel (Fig. 10.1) previously mentioned in Chap. 3.

10.2 Cementitious Composites with Enhanced Strength
and Durability

10.2.1 Investigation of Portland Cement Hydration Products

Concrete is the most used construction material on Planet Earth and presents a
higher permeability that allows water and other aggressive elements to enter,
leading to carbonation and chloride ion attack, resulting in steel corrosion
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problems. Therefore, the nanoscale study of the hydration products (C–S–H,
calcium hydroxide, ettringite, monosulfate, unhydrated particles and air voids),
as a form to overcome durability issues, is a crucial step in the concrete eco-
efficiency. Investigations in this field have already been carried out in recent years
(Porro and Dolado 2005; Balaguru and Chong 2006). Mojumdar and Raki (2006)
have already analyzed calcium silicate nanophase composites which will allow the
future development of anti-corrosion and fire-retardant coatings. Until very
recently electronic microscopy has allowed the understanding of the morphology,
as well as the composition of hydration products. However, the use of nanotech-
nology currently allows the possibility of the knowledge of the elastic modulus by
nanoindentation techniques (AFM). In nanoindentation a material with known
characteristics is used to make a mark in another material with unknown properties
and through the specific nature of this mark it is possible to infer the properties of
the marked material. Recently Mondal (2008) used nanoindentation in cementi-
tious phases and obtained the following elastic modulus: 35 MPa for the Ca(OH)2

phase; 26 and 16 MPa for high- and low-stiffness C–S–H and 10 MPa for the
porous phase. Other authors (Constantinides et al. 2003; Dejong and Ulm 2007;
Constantinides and Ulm 2007) have already confirmed the existence of different
types of CSH, low density, high density and ultra-high density. More recently
some authors (Pellenq et al. 2009) from MIT have used nanotechnology to develop
a molecular model for the hydration products of Portland cement. These authors
confirm that the molecular model is in excellent agreement with experimental
values obtained by nanoindentation techniques.

Fig. 10.1 Aerogel
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10.2.2 Composites with Nanoparticles

Nanoparticles have a high-surface area to volume ratio providing high-chemical
reactivity. They act as nucleation centers, contributing to the development of the
hydration of Portland cement. Most investigations use nanosilica while some
already used nano-Fe2O3. The production of nanoparticles can be obtained either
through a high-milling energy (Sobolev and Ferrada-Gutierrez 2005) or by
chemical synthesis (Lee and Kriven 2005). Porro et al. (2005) mentioned that the
use of nanosilica particles increases the compression strength of cement pastes.
The same authors state that the phenomenon is not due to the pozzolanic reaction,
because calcium hydroxide consumption was very low but, instead, due to the
increase use of silica compounds that contributes to a denser microstructure.
According to Lin et al. (2008), the use of nanosilica on sludge/fly ash mortars,
compensates the negative effects associated to the sludge incorporation in terms of
setting time and initial strength. Sobolev et al. (2008) reported that nanosilica
addition led to an increase of strength by 15% to 20%. Other authors (Gaitero
2008; Gaitero et al. 2009) believe that nanosilica leads to an increase of C–S–H
chain dimension and also to an increase of C–S–H stiffness. Chen and Lin (2009)
used nanosilica particles to improve the performance of sludge/clay mixtures for
tile production. The results show that nanoparticles improved the reduction of
water absorption and led to an increase of abrasion and impact strength. Others
(Vera-Agullo et al. 2009) also confirm that the use of nanoparticles (nanotubes,
nanofibers, nanosilica or nanoclay) is responsible for a higher hydration degree of
cementitious compounds, as long as a higher nanoparticle dispersion can be
achieved. Nasibulin et al. (2009) reported an increase in strength by 2 to 40 times
for electric conductivity, which means a high potential for sensing ability. Several
authors confirm the suitability of mortars with Fe2O3 nanoparticles to act as
sensing materials (Li et al. 2004; Qing et al. 2008; Lin et al. 2008). Chaipanich
et al. (2010) mentioned that 1% of carbon nanofibres (by binder mass) can com-
pensate the strength reduction associated with the replacement of 20% fly ash.
Gdoutos–Konsta et al. (2010) also studied the effect of carbon nanofibres on cement
pastes (0.08% by binder mass) observing an increase in the mechanical strength.
Those authors used ultra-sounds to achieve a high-nanofibre dispersion stating that
this is a crucial step in order to obtain a high performance of nanotubes in the
cement matrixes. Nevertheless, the fact that carbon nanotubes are not cost-efficient
prevents the increase of its use in commercial applications in a near future.

10.3 Photocatalytic Applications

The most known application of nanomaterials in the construction industry relates
to the photocatalytic capacity of semiconductor materials. Several semiconductors
materials, such as TiO2, ZnO, Fe2O3, WO3 and CdSe, possess photocatalytic
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capacity (Makowski and Wardas 2001). However, TiO2 is the most used of all
because of its low toxicity and stability (Djebbar and Sehili, 1998). Titanium
dioxide can crystallize as rutile, anatase and brookite, being the first form the most
stable (thermodynamically speaking), it is also the most available form (it is the
9th most abundant element in the Earth crust), being currently used as additive in
the painting industry.

The anatase and brookite forms are meta-stable and can be transformed into
rutile by thermal treatment. Being a semiconductor with photocatalytic capacity,
when TiO2 is submitted to UV rays (320–400 nm), in the presence of water
molecules (Husken et al. 2009), it leads to the formation of hydroxyl radicals (OH)
and superoxide ions (O2

-). Those highly-oxidative compounds react with dirt and
inorganic substances promoting their disintegration. The photocatalysis of TiO2 is
also responsible for the reduction of the contact angle between water droplets and
a given surface, leading to super-hydrofobic or super-hydrophilic surfaces
increasing their self-cleansing capacity. Water repellent surfaces are one of the
features of natural systems as it happens in the leaves of the lotus plant, whose
microstruture allows self-cleansing ability (Fig. 10.2). According to Fujishima
et al. (2008), the potential of photocatalysis can be perceived by the high number
of citations (almost 3700) of a related paper published on Nature in 1972, as well
as by the number of papers concerning photocatalysis investigations that increased
in an exponential pattern between 1997 and 2007. Another form to evaluate the
potential of this technology is by knowing that the Japanese Corporation TOTO
Ltd has already issued 1200 international patent requests in this field. So far 500
have been approved. The applications related to photacatalysis cover five different
groups (Fig. 10.3).

Considering the cost to clean graffiti paintings (in Los Angeles city this could
amount to 100 million euro/year (Castano and Rodriguez 2003) )one can realize
the huge potential of the photocatalytic capacity of nanomaterials.

Fig. 10.2 Lotus effect
(Benedix et al. 2000)

10.3 Photocatalytic Applications 217



10.3.1 Self-Cleaning Ability

Although self-cleaning properties of photocatalysts materials are known since the
60s (Fujishima and Honda 1972), only recently they start to be used in a wide-
scale (Fujishima et al. 1999). Cassar and Pepe (1997) patented a concrete block
with self-clening ability (Table 10.1).

The first application of self-cleaning concrete took place in the church ‘‘Dives
in Misericordia’’ in Rome (Fig. 10.4). This building was designed by the Arq8
Richard Meyer and officially opened in 2003. It is composed of 346 pre-stressed
concrete blocks made with white cement and TiO2 (binder 380 kg/m3 and W/
B = 0.38) (Cassar et al. 2003).

Visual observations carried out six years after its construction revealed only
slight differences between the white color of the outside concrete surfaces and the
inside block surfaces (Chen and Poon 2009b). Diamanti et al. (2008) studied
mortars containing TiO2 having noticing reductions in the contact angle between
water and solid surface of almost 80%. Ruot et al. (2009) mentioned that the
photocatalytic activity is dependent on the matrix properties. Increasing the TiO2

content in cement pastes above 1% leads to a proportional increase in the pho-
tocatalytic activity, as for mortars a TiO2 content increase just lead to a very small
increase in the photocatalytic activity (Fig. 10.5). Those authors suggest that most
TiO2 particles in mortars are not reached by UV radiation.

The use of TiO2 thin films on tiles or glasses has significant potential in terms of
self-cleaning ability. According to Fujishima et al. (2008) Japan buildings must be
cleaned at least every five years to maintain a good appearance, while that covered
with self-cleaning tiles should remain clean over a span of 20 years without any
maintenance.

10.3.2 Air Pollution Reduction

The subject of air pollutants such as VOCs released from building materials have
already been addressed in . Chap. 2. In the last years several investigations have
been carried out in order to use photocatalysis to reduce air pollution. The reaction

Fig. 10.3 Major areas of
activity in titanium dioxide
photocatalysis (Benedix et al.
2000)
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Table 10.1 Patent for paving tile comprising an hydraulic binder and photocatalyst particles
(Cassar and Pepe 1997)

Field of the invention Hydraulic binder, dry premix, cement composition having
improved property to maintain the brilliance and color quantity
and to prevent aesthetic degradation

Working principle/
product requirements

Use of photocatalyst particles able to oxidize air and
environmental pollutants;

Use of a photocatalyst which is able to oxidize in the presence of
light air and environmental polluting substances for the
preparation of an hydraulic binder for manufacturing paving
tiles that maintain after installation for a longer time brilliance
and color quantity;

Use of a dry premix containing a hydraulic binder and a
photocatalyst that is able to oxidize in the presence of light air
and environmental polluting substances for manufacturing
paving tiles that maintain after installation for a longer time
brilliance and color quantity

Binder Hydraulic binder
Cement (white, gray or pigmented)
Cement used for debris dams
Hydraulic lime

Photocatalyst TiO2 without further requirements-TiO2 or a precursor thereof,
mainly in the form of anatase

TiO2 with anatase structure for at least 25, 50 and 70%
Blend of anatase and rutile TiO2 having a ratio 70:30
TiO2 doped with one or more atoms different from Ti
TiO2 doped with one or more atoms selected from Fe(III), Mo(V),

Ru(III)
Os(III), Re(V), V(V), Rh(III)
Photocatalyst selected from the group consisting of tungstic oxide

(WO3), strontium titanate (SrTiO3) and calcium titanate
(CaTiO3)

Amount of photocatalyst 0.01–10% by weight
0.1% by weight with respect to the binder
0.5% by weight with respect to the binder

Fig. 10.4 Church ‘‘Dives in
Misericordia’’, Rome
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of photocatalytic oxidation of pollutants, generates water and carbon dioxide as
by-products. Murata et al. (1997) patented a paving block for the reduction of air
pollution (Table 10.2):

Zhao and Yang (2003) mentioned a high-photocatalytic capacity for indoor air
pollution reduction when using P25 TiO2 (70% anatase ? 30% rutile) with
300 nm diameter and a specific surface of 50 m2/g. Yu (2003) studied cementi-
tious paving blocks for NOx reduction, noticing that the photocatalytic capacity is
reduced by the presence of dust, grease or plastic gum, thus suggesting that these
blocks should not be placed in pedestrian areas. Maier et al. (2005) reported a fast
pollution reduction in indoor air by the use of gypsum plasters containing 10%
TiO2 (Fig. 10.6). Those authors mentioned that although air pollution reduction is
dependent on the UV intensity, nevertheless, visible light still allows acceptable
degradation rates. Those plasters were used to cover some bedrooms in Sweden,
being responsible for a reduction on VOC of about 1/3 (to 26 lg/m3).

Strini et al. (2005) mentioned that TiO2 thin films have a photocatalytic
capacity which is 3 to 10 times higher than for TiO2 based cementitious com-
posites. In 2006 the results of the PICADA (2006) project ‘‘Photo-catalytic
innovative coverings applications for de-pollution assessment’’ aiming to the
development of TiO2-based coatings for self-cleaning and air pollution reduction
coatings were disclosed. This consortium gathered 8 partners (Italcementi,
Millenium Chemicals, AUT, NCSRD, CNR ITC, CSTB, Dansk Beton Teknik and
GMT) and was financed in 2.3 million euro by the EU (Gurol, 2006). Aside from
the study of small specimens in laboratory the PICADA project also covered pilot
tests at macro-scale (1:5) in order to reply the effect of a street by using
(18 9 5.18 m2) ‘‘walls’’ and an artificial NOx pollution source (Fig. 10.7). The
results showed a reduction in the NOx emissions between 40% to 80%. However,
results published in a scientific journal mentioned NOx reductions between 36.7%

Fig. 10.5 Photocatalytic
activity of cement-based
materials versus the TiO2

content, within the first 7 h
of illumination (Ruot et al.
2009)
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Table 10.2 Patent for paving block capable of reducing NOx (Murata et al. 1997)

Name of the patent NOx-cleaning paving block

Field of the invention NOx-cleaning paving block with enhanced NOx-cleaning capability
due to an increased efficiency of fixing NOx from the air and
increased pluvial NOx-cleaning efficiency and is provided with
a non-slip property, wear resistance and decorative property

Working principle/product
requirements

NOx-cleaning paving block comprising a surface layer which
contains TiO2 and a concrete made base layer

NOx-cleaning paving block with or without adsorbing material in
the surface layer

Replacement of the sand used by 10–50% of glass grains or silica
sand having a particle size of 1–6 mm

Surface layer having a void fraction of 10–40% and water
permeability of 0.01 cm/s

NOx-cleaning paving block roughened with a surface roughening
tool

Binder Cement
Photocatalyst TiO2 without further requirements
Amount of photocatalyst 0.6–20% by weight

5–50% by weight with respect to the binder
Adsorbing materials Zeolite, magadiite, petalite and clay
Thickness of the surface

layer
2–15 mm

Fig. 10.6 Degradation of formaldehyde in plasters containing TiO2 (Maier et al. 2005)
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to 42% (Maggos et al. 2008). The use of a three-dimensional numerical model
(MIMO) based on the data generated in the pilot test allowed the insertion of win
velocity and temperature in order to predict the reductions in air pollution by the
photocatalytic activity of the facade coatings containing TiO2.

In another macro-scale test carried out in the PICADA project, the ceiling of an
underground car park (322 m2) was painted with TiO2-based paint. Then the park
was sealed and polluted by the exhaust gas from a single car. The results showed a
20% reduction on NOx emissions, due to the photocatalytic capacity of the paint in
the ceiling. Wang et al. (2007) confirmed that in the last few years a lot of
investigations has been made about the reduction of indoor air pollution when
using UV radiation but very few have analyzed the possibility of using photo-
catalysts active under visible light. Poon and Cheung (2007) mentioned that TiO2

cementitious composites with increased porosity show a high NOx emissions
reduction. Those authors compared the performance of several TiO2 forms, con-
cluding that although P25 is much more reactive it does not have a very high
performance/cost ratio. Guerrini and Peccati (2007) mentioned a case of a street in
Bergamo, Italy, paved with blocks (12,000 m2) of photocatalytic properties where
high reductions of NOx emissions (45%) have been reported. In Antwerp a park
with 10,000 m2 of semiconductors paving blocks also showed a reduction in NOx

emissions (Beeldens 2007). In Tokyo cement mixtures containing TiO2 colloidal
solutions were used to coated several road areas (Fig. 10.8). The results obtained
in an area of 300 m2 show a 50 mg to 60 mg/day NO emissions degradation
(Fujishima et al. 2008).

Auvinen and Wirtanen (2008) studied the reduction of VOCs in indoor air when
using paints with TiO2 applied in several substrates (glass, gypsum and polymer)
noticing that the substrate does not influences the photocatalytic reaction. Those
authors mentioned that organic additives must not be used for this paints because
they will be damaged by the radical hydroxyls. Also that the photocatalytic
reactions generates not only water and CO2 but also other pollutants that are
harmful for human health. Other authors (Demeestere et al. 2008) confirm the
reductions of NOx emissions between 23% and 63% when using TiO2-based tiles.
They also reported that the accumulation of reaction products generated in the
oxidation process reduces the photocatalytic activity. For the production of TiO2-
based cementitious composites some authors (Husken et al. 2009) recommend the
use of TiO2 as a solution with the mixing water because it allows for a better

Fig. 10.7 The canyon street
pilot site (PICADA 2006)
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dispersion than if it is mixed with the cement. Also that a semiconductor with a
high-specific surface gives better results than the use of a superior volume of
low-specific surface semiconductor. These authors used a specific surface TiO2

(between 0.7 m2/g to 1.5 m2/g) which is much lower than the P25 form. Chen and
Poon (2009b) found out that when using grounded glass for partial sand
replacement the photocatalytic capacity, increases as much as 3 times for lighter
glass (Fig. 10.9). Those authors suggest that glass particles can allow light to enter
more deeply in the mortar leading to a higher oxidation rate.

Kolarik et al. (2010) confirmed that the photocatalytic reaction is a good way to
reduce VOCs in indoor air. Ramirez et al. (2010) mentioned that the substrate
porosity influences the photocatalytic reaction when TiO2 thin films are being used
and that a high-porosity surface leads to a high photocatalytic reaction. Ballari
et al. (2010) presented a model that can predict NOx emissions reduction using
concrete with TiO2 particles. Hassan et al. (2010) used 41 MPa concrete blocks
covered with 1 cm TiO2-based mortar layer in order to evaluate nanoparticles
removal by abrasion tests and thus reducing the photocatalytic capacity in NOx

emissions reduction. Those authors mentioned that even after 20,000 abrasion
cycles the NOx emissions degradation and reduction remained stable.

Fig. 10.8 Using TiO2

photocatalytic material on
roadway for pollution
reduction (Fujishima et al.
2008)

Fig. 10.9 Comparison of
NO removal by samples of
different glass colors based
on 7-day curing age testing.
(Chen and Poon 2009a)
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10.3.3 Bactericidal Capacity

One of the most important applications of materials with photocatalytical prop-
erties concerns the destruction of fungi and bacteria. Indoor fungi and bacteria
proliferation are one of the main causes responsible for construction materials
degradation and also for health problems (Zyska 2001; Santucci et al. 2007;
Wiszniewska et al. 2009; Bolashikov and Melikov 2009) because fungi are
responsible for mycotoxins growth (Reboux et al. 2010). Saito et al. (1992) studied
the addition of TiO2 powder with an average size of 21 nm (30% rutile and 70%
anatase) to a bacterial colony. The results showed that 60 to 120 min were suffi-
cient to destroy all the bacteria. Those authors state that using bigger TiO2 par-
ticles reduces the bactericidal capacity and that the best results are obtained for a
TiO2 concentration between 0.01 to 10 mg/ml. Huang et al. (2000) also confirmed
that using lower dimension TiO2 particles leads to a faster bacterial destruction.
Those authors noticed that bacterial destruction begins after 20 min of UV radi-
ation exposition, being that after 60 min all the bacteria have been destroyed. They
also reported that after the destruction has been initiated the fact that UV radiation
is stopped does not reduce the bactericidal effect (Fig. 10.10).

Some authors (Kuhn et al. 2003) believe that the bactericidal capacity associ-
ated with TiO2 photocatalysis is dependent on the use of UV-A radiation with a
wavelength between 320 and 400 nm, being that UV-C type is only effective if the
light is applied in a direct manner, thus preventing the treatment of less illuminated
areas. Seven et al. (2004) found that zinc-based photocatalysis is as bactericidal as
effective as TiO2. Cho et al. (2004) confirmed that hydroxyl radicals are mainly
responsible for the bactericidal capacity of semiconductors photocatalysts. Those
authors mentioned that hydroxyl radicals have a destruction capacity of E.coli
bacteria which is 1000 to 10000 times more effective than the chemical disin-
fection products. Vohra et al. (2006) used silver-doped TiO2 noticing a 100%
bacteria destruction just after 2 min, this compares in a most favorable manner
with current TiO2 which took 2 h to achieve the same destruction level. The
bactericidal capacity is reduced over time because of the accumulation of dead
bacteria and viruses (Bolashikov and Melikov 2009). Other authors (Chen et al.
2009) used wood specimens coated with a TiO2 thin film (1.5 mg/cm2) noticing
that the photocatalytic reaction prevented fungi growth. Calabria et al. (2010)
analyzed the application of TiO2 thin films (20 to 50 nm thickness) by the sol–gel
process in adobe blocks as a way to increase their water absorption and the
bactericidal capacity. Those authors mentioned that TiO2 thin films could be more
cost-effective than current commercial paints. One of the main disadvantages of
the bactericidal effect associated with photocatalysis relates to the need of UV
radiation with a wavelength between 200 to 400 nm, however, recent findings
show some possibilities in the development of composite materials with photo-
catalytic properties even when exposed to visible light (Dunnill et al. 2009; Chen
et al. 2010). The use of titanium and trioxide tungsten-based films showed high-
photocatalytic capacity under visible light above 400 nm (Song et al. 2006;

224 10 Nanotechnology Achievements



Saepurahman and Chong 2010). Herrmann et al. (2007) mentioned several ques-
tions that should be addressed in a near future:

• Use of semiconductors which are not TiO2 based;
• Photocatalysis activation using visible light;
• Development of semiconductors with improved bactericidal capacity.

10.4 Conclusions

Nanotechnology has the potential to be the key to a brand new world in the field of
construction and building materials. Although the replication of natural systems is
one of the most promising areas of this technology, scientists are still trying to
grasp their astonishing complexities. Recent years showed an intensive use of the
potential of some photocatalytic nanomaterials, by the development of products
with self-cleaning ability, products capable of reducing air pollution and with
bactericidal capacity. The results of these investigations show that the titanium
dioxide is the most widely used semiconductor in the photocatalytic reaction due
to its low toxicity and stability. They also show that the efficiency of the photo-
catalytic reaction is dependent on the type of TiO2, being that a mixture of rutile
(30%) and anatase (70%) seems to be the most reactive. The use of TiO2 with a
high-specific surface area also shows a higher reactivity. As to the use of TiO2

dispersed in cement matrix it is less effective than as thin films.
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Chapter 11
Selection Process

11.1 General

As already stated in Chap. 1, eco-efficient construction and building materials
present less environmental impact than common materials. However, it is difficult
to say if for instance concrete is more environmentally friendly than steel. Because
it is truth that the former is responsible for some CO2 emissions (0.8 tonnes
emitted per tonne produced), on the other hand it uses local raw materials, and may
even allow the incorporation of several industrial wastes. The second has the
advantage of being recycled indefinitely, but its production involves a higher
energy consumption and higher CO2 emissions (3 tonnes emitted per tonne pro-
duced) and is prone to degradation by corrosion. It is then necessary to assess all
the environmental impacts of a given material from cradle to grave. This meth-
odology known as ‘‘Life Cycle Assesment’’ (LCA) was used for the first time in
the US in 1990. One of the first studies using LCA assess the the resource
requirements, emissions and waste caused by different packages of drinks and was
conducted by the Midwest Research Institute for the Coca-Cola Company in 1969
(Hunt and Franklin 1996).

11.2 LCA of Construction and Building Materials

The LCA ‘‘includes the complete life cycle of the product, process or activity,
i.e., the extraction and processing of raw materials, manufacturing, transportation
and distribution, use, maintenance, recycling, reuse and final disposal’’ (Setac
1993). The application of LCA has been regulated internationally since 1996 under
ISO14040, ISO14041, ISO14042 and ISO14043. Some of the biggest drawbacks
of the LCA, rely on the fact of being very time consuming, implying vast amounts
of data on the environmental impacts of materials for all the phases of the life
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cycle. The categories of environmental impacts commonly used in the LCA, may
include the following:

• Consumption of non-renewable resources
• Water consumption
• Global warming potential
• Potential reduction of the ozone layer
• Eutrophication potential
• Acidification potential
• Smog formation potential
• Human toxicity
• Ecological toxicity
• Waste production
• Land use
• Air pollution
• Alteration of habitats.

However, it is understandable that the importance of each category is not
the same for each country, being dependent on its environmental specifics.
For example a product that consumes a large amount of water, poses a high
environmental impact in a very arid country, but that’s not the case if the product
is produced in a country located in Northern Europe, so it makes perfect sense that
the category of environmental impact on drinking water, has a different weight
depending on the country where a product or material is produced.

Lippiatt (2002) refers to the case of assigning different categories of environ-
mental impacts by different institutions (Table 11.1).

There are several tools that use LCA and to make an evaluation of the envi-
ronmental impacts of construction materials such as: BEES (US); BRE. Envest
(UK); ATHENA (CANADA); ECOQUANTUM and Simapro (The Netherlands).
The software Building for Environmental and Economic Sustainability (BEES), is
produced by the US Environmental Protection Agency and is available free of
charge to any potential user. BEES has the following impact categories:

• Global warming potential
• Acidification potential

Table 11.1 Different
weightings for categories of
environmental impacts
(Lippiatt 2002)

Category Univ. Harvard EPA

Global warming 6 24
Acidification 22 8
Eutrofication 11 8
Fossil fuel consumption 11 8
Indoor air quality 11 16
Alteration of habitats 6 24
Water consumption 11 4
Air pollutants 228 8
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• Eutrophication potential
• Fossil fuel consumption
• Indoor air quality
• Alteration of habitats
• Water consumption
• Air pollutants
• Public health
• Smog formation potential
• Potential reduction of the ozone layer
• Eco-toxicity.

The material performance assessment is made by carbon dioxide units and its
contribution for global warming. BEES has a limitation arising from the databases
related to US processes, so this tool is recommended only for experimental and
educational purposes. The BRE, Envest tool (Anderson and Shiers 2002) uses
a notation based on eco-points normalized to the environmental impacts caused by
a citizen in the UK during 1 year (100 eco-points). One must bear in mind that the
methodologies related to LCA suffer from some uncertainties. In fact it is not
possible to tell whether the emission of 1 ton of sulfur dioxide is more polluting
than the emission of 3 tons of carbon dioxide or if water pollution is more serious
than air pollution, or even if it is possible to know which is the most polluting, the
electricity produced by a power plant or by a nuclear power plant. Ekvall et al.
(2007) present a more detailed analysis of the LCA limitations. The widespread
application of LCA to construction and building materials needs previous surveys
on the environmental impacts of these materials throughout their life cycle,
something that cannot be extrapolated from studies conducted in other countries
due to the different technological and economic contexts.

11.3 Eco-Labels and Environmental Product
Declarations

Eco-labels were created to favor the choice of products with enhanced environ-
mental performance and provide a guarantee for a certain environmental perfor-
mance certified by an independent entity. Since they are quite simple and their
meaning is unambiguous these labels have obvious advantages when compared to
LCA. Although the advantages of eco-labels are clear, it is important to understand
the specifics of the environmental performance in which they are based. Some
authors warn that the validity of eco-labels could be in jeopardy if their envi-
ronmental requirements could be influenced by producer lobbies (West 1995; Ball
2002). On the other hand since the environmental performance of a product or
material must include their transportation impacts, there is no way the eco-label
can include this impact. So using a particular construction or building material
with an eco-label, produced thousands of miles away from the location site, could
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be less preferable than the use of local materials, even without that eco-label.
Most eco-labels are based on an assessment of the environmental impacts
throughout the lifecycle of the product or material in the version ‘‘cradle to grave’’.
Germany was the first country to establish in 1978 a labeling system based on
environmental criteria with the designation of ‘‘Blue Angel’’ (Fig. 11.1).

Currently, the eco-label ‘‘Blue Angel’’ is applied on 11,500 products covering
90 different categories. This classification means the efficient use of fossil
fuels, the reduction of GHG emissions and the reduction of the consumption of
non-renewable raw materials, being reviewed every 3 years. The contruction and
building materials that already received this label are the following:

• Bituminous coatings
• Bituminous adhesives
• Materials based on glass wastes
• Materials based on paper wastes
• Plywood panels
• External thermal insulation composite systems—ETIC’s
• Thermal and acoustic insulation materials
• Wood panels with low VOC emissions
• In 1988 Canada established the label EcoLogoTM (Fig. 11.2), and currently

almost 7,000 products are certified by it, including the following construction
and building materials:

• Adhesives
• Paints

Fig. 11.1 Symbol of the
German eco-label ‘‘Blue
Angel’’

Fig. 11.2 Symbol of the
Canadian ‘‘EcoLogo’’
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• Varnishes
• Corrosion inhibitors
• Floor coverings
• Gypsum plaster boards
• Recycled plastic plumbing
• Thermal insulation materials
• Steel for construction.

The use of the EcoLogo implies the respect for a set of environmental proce-
dures dependent on each product. For instance, gypsum boards certified with this
label must contain a certain percentage of synthetic gypsum and 100% of recycled
paper. In the case of construction steel with the EcoLogo it must contain 50%
recycled materials, less than 0.025% of heavy metals and has even to meet a series
of environmental requirements during the extraction and production phases.
In 1989 the countries of Northern Europe (Finland, Iceland, Norway and
Sweden, Denmark only in 1998), created the eco-label ‘‘The Swan’’ (Fig. 11.3).
‘‘The Swan’’ covers 5,000 products of 50 different areas, as below with regard to
the construction and building materials area:

• Wood
• Wood panels
• Filling materials
• Materials for floor covering
• Paints and varnishes
• Adhesives
• Windows and doors.

The European ‘‘Eco-Label’’ was created in 1992 (Fig. 11.4), is a system for a
voluntary environmental classification for products with low environmental impact
throughout its life cycle. The Eco-label applies to a large variety of products with
the exception of food, pharmaceutical, medical and hazardous products and
like ‘‘Blue Angel’’, involves a periodic review after 3 years. Concerning the
construction and building materials, only paints, varnishes and hard floor covering

Fig. 11.3 Symbol of the
Nordic eco-label ‘‘The
Swan’’
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materials (tiles, natural stones, concrete, ceramic and clay) are already covered
under this label:

• Interior paints and varnishes (2009/544/EC)
• Exterior paints and varnishes (2009/543/EC)
• Hard floor coverings (2002/272/EC; Baldo et al. 2002).

The documents related to the certification of paints and varnishes (Ecobilan
1993) show that its LCA, assessed the following environmental impacts:

• Global warming potential (COeq)
• Potential for atmospheric acidification (increase acidic substances in the lower

layers of the atmosphere)
• Eutrophication potential (excess of nutrients from agricultural fertilization)
• Non-renewable resource depletion.

Regarding the hard floor coverings the European Eco-label means that:

• The environmental impacts during the extraction of raw materials were
minimized

• During the production phase there is a reduction in overall pollution
• Possible recycled materials were used
• The ceramic tiles are burned with a reduction in the firing temperature.

Eco-labels are advantageous to the final consumer (Kirchoff 2000), however its
effectiveness is dependent on the knowledge that consumers may have about their
existence and some surveys made in the European Union, indicate that the European
eco-label is not well known. In addition to eco-labeling there is another form of
environmental certification for construction and building materials known as
environmental product declarations (EPDs). They are prepared in accordance with
ISO14025 and contain the results of LCA (performed according to ISO14040), of
the material or product for the following indicators (Braune et al. 2007):

• Consumption of non-renewable energy
• Consumption of renewable energy
• Global warming potential
• Potential degradation of the ozone layer
• Acidification potential
• Eutrophication potential.

Fig. 11.4 European
Eco-label
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Some authors present information for the development of EPDs for concrete
(Askham 2006) and for aluminum (Leroy and Gilmont 2006). An evident disad-
vantage of EPDs relates to the fact that they do not guarantee a certain level of
environmental performance, instead they provide a set of information about it, which
only an expert in the field can assess (Manzini et al. 2006; Lim and Park 2009).

11.4 Some Pratical Cases

Several European associations of the concrete industry (BIBM, ERMCO, UEPG,
EUROFER, and CEMBUREAU EFCA), in collaboration with the Dutch envi-
ronmental consultant INTRON BV studied the possibility of minimizing the
environmental impacts of concrete elements. One of the objectives of this study,
was to develop the tool EcoConcrete, in order to evaluate the environmental
impact associated with a particular element of reinforced concrete (Schwartz-
entruber 2005). Some authors (Gerrilla et al. 2007) compared the performance of
houses built with wooden and concrete structures, reporting that the latter had an
overall environmental impact only 21% higher than the former. Xing et al. (2008)
compared the performance of two office buildings with different structures
(reinforced concrete and steel) and found that the steel structure consumes 75%
energy compared to the concrete structure and is responsible for half of the
emissions GHGs, however, in operational terms the concrete structure exhibits a
much lower energy consumption having an overall favorable environmental per-
formance. Marinkovic et al. (2010) studied concretes with and without recycled
aggregates and found that their environmental performance is dependent on the
transportation distance, regardless of whether they are recycled or not.

Under the project Beddington Zero (Fossil) Energy Development (BedZED),
82 households and 3,000 m2 of commercial or live/work space with low envi-
ronmental impact were built in South London. The choice for the construction
and building materials in the BEDZED project was made using the BRE. Envest
eco-points system (Figs. 11.5, 11.6).

Desarnaulds et al. (2005) also used the BRE. Envest eco-points system to
compare different sound insulation materials mentioning that the best environ-
mental performance is associated with recycled paper, followed by rock wool and
finally by polystyrene. Nicoletti et al. (2002) showed that ceramic tiles have an
environmental impact throughout its life cycle that is over 200% higher than the
environmental impact of marble tiles. These results are confirmed by more recent
investigations (Traverso et al. 2010). Jonsson (2000) assessed the environmental
performance of three floor covering materials using six different approaches:

• An LCA
• An Eco-label (The Swan)
• Two eco-guides (EPM and the Folksam Guide)
• An EPD
• An environmental concept (Natural Step).
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The results showed that while the LCA considers all environmental impacts in a
similar way, some forms of sustainability assessment allow prioritizing certain
impacts, either during production the phase or during the application of the
material in the building. The results also show that only the LCA and the eco-
guides allow the development of product rankings. Regarding the aggregation of
the results, the eco-label has the best performance and the EPD gets the worst,
making it difficult to understand the performance of a particular product.

Fig. 11.5 Example of environmental profiling for structural steel (BEDZED2002)

Fig. 11.6 Comparison of the environmental profile of different framed windows
(BEDZED2002)
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11.5 Conclusions

Although LCA is the most appropriate way to scientifically evaluate the envi-
ronmental performance of a given material, it is very time consuming and has
some uncertainties. Besides the success of LCA is dependent on the existence
(in each country) of lists on the environmental impacts associated with the man-
ufacture of different materials and of the different construction processes. Another
drawback of LCA is the fact that it does not take into account possible and future
environmental disasters associated with the extraction of raw materials. This
means that for instance the LCA of the aluminum produced by the Magyar
Aluminum factory, the one responsible in October 2010 for the sludge flood in the
town of Kolontar in Hungary, should account for this environmental disaster.
Similar considerations can be made about the construction materials that were
processed or transported using oil extracted from the Deepwater Horizon well in
the Gulf of Mexico. Or even about the materials that were processed using the
electricity generated in the Fukushima nuclear power plant. Only then construction
and building materials will be associated with their true environmental impact.
As for eco-labels they allow a more expedient information for a particular envi-
ronmental performance, although its value is dependent on the entity and the
assumptions that were on the basis of its allocation. Although eco-labels exist for
almost 30 years, its use is still neglected by the construction materials market.
In fact only a tiny fraction of the current commercial construction materials
already have eco-labels. The emphasis in the respect for environmental values will
lead to an increase in the number of material producers using eco-labels as a means
of differentiation. As regards EPDs they have disadvantages similar to LCA, so it
is not expected that in the coming years there may be an accelerated growth of
products with EPDs.
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