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Abstract: Judicial use of cement coupled with the beneficial employment of certain so called ‘industrial waste products’
constitute the backbone of a sustainable concrete technology. The use of fly ash, ground granulated blast furnace slag
(GGBFS), rice husk ash, condensed silica fume (CSF), metakaolin and recycled concrete, bricks and other materials are
all gaining varying degrees of acceptance from engineers and the society. Careful design that considers long-term durabil-
ity coupled with the use of ‘waste’ materials other than cement and natural aggregates can further enhance the sustainabil-
ity of structures. High performance concrete (HPC) which is becoming the concrete of choice for rapidly emerging new
and strong economies, can provide the opportunity for sustainable design and material use. The inclusion of industrial by-
products in the production of high-strength-high-performance concrete is a significant contribution to sustainable industry.
As research publications abound with results showing benefits of certain materials whether from waste products or other-
wise, it is the duty of the engineer to judge whether one or all of such materials should be used. A judgment, as this, needs

to be based on the particular circumstances that dominate the building in question.
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INTRODUCTION

Sustainability is a new dominant paradigm shift in Engi-
neering and is pointing the way of the future. Among major
concerns of sustainability is the fragility of the natural envi-
ronment. Its aim in this regard is to arrest the negative im-
pact of human activity. In its general meaning, sustainability
embodies all the provisions necessary for excellent engineer-
ing solutions. Such solutions are those that contribute in a
balanced measure to profitability, long-term community
benefits and low environmental impact.

In this paper, the authors identify the issues that concern
sustainability in the concrete industry. The authors then in-
troduce and discuss the areas where the quest for sustainabil-
ity can take a substantial advantage. The authors hope that
the conclusions of this article will be heeded by those in-
volved in the building industry especially at this time of ex-
traordinary heated activity of concrete construction in the
Middle East.

DEFINITION OF SUSTAINABILITY

Rather than leave this term subject to different percep-
tions, it is preferred that a definition, broad as it may be,
should be able to limit the scope in the argument for sustain-
ability, and especially as far as building activities are con-
cerned.

*Address correspondence to this author at the School of Aerospace, Civil
and Mechanical Engineering, University of New South Wales at The Aus-
tralian Defence Force Academy, Canberra, ACT 2600, Australia; Tel: +61 2
62688329; Fax: +61 2 62688337; E-mail: 0.kayali@adfa.edu.au

1874-8368/08

Dictionaries give the meaning of sustainability as the
ability to be maintained. Dictionaries further define the term
in ecological perspective as ‘exploiting natural resources
without destroying the ecological balance of an area’.

These definitions very well describe the problem that we
are facing in the concrete industry. The questions that are
presented in this regard are:

Can the concrete industry be maintained at the same pace
that it is doing now?

Can this industry be controlled to certain defined limits
by which the ecological balances are maintained?

To discuss and then attempt to answer these questions,
we need to examine certain facts. These facts relate to the
particular concrete industry.

CEMENT PRODUCTION

It is estimated that in the year 1900, 10 Mt (10x10° ton-
nes) of cement were produced globally. This quantity is es-
timated to have produced 40 M cubic metres of concrete [1].
It is estimated that the world population in 1900 was 1.650
billion. That is 0.024 m® of concrete was the average per
person. In contrast, a 2004 estimate puts cement production
at 1.7x10° tonnes per year [2], producing 6 billion m®. That
is at the average of 1 m? per person. Cement production has
increased by 170 times. World population has increased by
3.9 times. The average cement consumption of each person
on Earth has increased from 6.25 kg per year to 268 kg per
year. The average concrete consumption per person in-
creased, by approximately 42 times. Aitcin has cited
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Scheubel and Nachtwey [3] who did a very interesting study
relating the consumption of cement to the per capita income.
They found that cement consumption peaks at 600 kg per
capita when the income is at US $10,000 to US $13,000 per
capita. Cement consumption declines for the increased in-
come after that. Since the increase in consumption is rapid
within the lower income categories, it is therefore expected
that it is the emerging economies, in other words, the devel-
oping countries, that will lead consumption figures. This, of
course is an extremely interesting phenomenon of socio-
economic dimensions, but it is beyond the scope of this pa-
per.

To date, information from the cement industry in the
UAE, one of the Middle Eastern countries, illustrates that
cement grinding capacity will surge by about 37% in 2007
and by an even higher 51% in 2008, settling at 35.4 million
tons per annum, prior to leaping a further 14% in 2009 to
record 40.5 million tons per annum[4].

The UAE currently faces a shortage of cement produc-
tion by about 5 million tonnes per year with a current pro-
duction capacity of 11 million tonnes per annum which is
estimated to have increased by 3 to 4 million tonnes per an-
num in 2007. According to a report, the estimated consump-
tion of cement in the Arabian Gulf countries is more than 40
million tonnes and would increase tremendously in the next
three years as the investment in key sectors will be around $
8 billion in the years 2006-2009 [5]. In 2005, cement con-
sumption in the UAE was 14 Mt, at the rate of 2920 kg per
capita. This is more than 10 times the average world con-
sumption [6].

The amount of CO, emission from cement industry varies
between 0.82 tonnes per tonne of cement, when the estimate
is made by those from within the industry itself [2, 7] to 1
tonne CO; per tonne of cement, when the estimate is made
by other researchers [8]. It is however certain that CO, emis-
sion that is produced from cement manufacture exceeds 0.82
tonnes per tonne of cement. There are estimates that CO,
emissions from cement manufacture alone amount to 10% of
the greenhouse gases (GHG) [9]. Much less pessimistic stud-
ies put this figure at 5% [10].

In 2002, the World Business Council for Sustainable De-
velopment, (WBCSD) recommended the reduction of CO,
emissions from cement manufacture processes by 30% by
2020 and by 60% by 2050 [11]. A study by Eco Securities
made for the United Nations Environment Programme Fi-
nance Initiative [12] placed cement industry in the high risk
category when it comes to the impact of climate change and
GHG emission policies on the industry and thus on lending
institutions. Holdren, has found that stabilizing the atmos-
pheric concentration of CO, requires reduction in CO, emis-
sion to a fraction of today’s. The moderate projection of
global CO, emission is that by the year 2100 it will reach 20
GtC (gigatons of carbon) per year [13]. Holdren postulated
that stabilizing atmospheric CO, will need to have a target of
about 7 GtC per year by the year 2100. This target and the
maintenance of a steady decline rate may eventually lead to
an ideal target of 3-4 GtC by the year 2200. That level would
only bring back the level of CO, in the atmosphere to that of
twice the level of pre-industrial concentration.
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THE SHARE OF CONCRETE PRODUCTION

According to the report of the US Department of Energy,
concrete production accounts to 12% of the CO, emissions
associated with cement and concrete industry [14]. There-
fore, one should always add such figure to the figures allo-
cated for cement production alone. The factors contributing
to this are mainly, quarrying and transportation of aggregates
and the rest of the manufacturing processes and transporta-
tion of finished product. It is of interest to note that the re-
port also shows that cement and concrete industry in the
United States operates at only 40% thermal efficiency.

From all of this, it can be concluded that:

» cement manufacture and concrete production is a
major contributor to GHG (green house gases) emis-
sions.

» the level of CO, emission as contributed by the ce-
ment industry is not sustainable.

* measures must be taken by the industry to address
this issue and drastically reduce the CO, share of
cement and concrete.

» democratic governments, under various national and
international influences are implementing policies
that will enforce reductions in GHG emissions.

e cement and concrete industry groups will have to
heavily invest in R&D in order to be able to meet
minimum targets of reductions while staying viable
as profit generating ventures.

SO, WHAT CAN BE DONE?

The finding that has been mentioned above regarding the
inefficiency of cement and concrete manufacturing is of
course of extreme importance. However, this discussion will
only be limited to other aspects in the raw materials of con-
crete and to the aspects of the finished product. These as-
pects, we believe, are what we as concrete and structural
practitioners can focus on in order to contribute towards the
aim of reducing GHG emissions. The following paragraphs
include brief identification of such aspects.

Creation of Durable Concrete

The Romans used all natural cementitious materials to
build concrete roads, concrete water aqueducts, amphithea-
tres, temples and bridges. Many of their structures are still
used till this day for very much the same purpose [15]. The
Roman Empire stretched over many climates, yet their con-
crete was durable. It withstood freezing and thawing cycles
as well as alkali-aggregate reactions. It was not high-strength
concrete, but it certainly was and still is high performance
concrete.

Building with durable concrete means not to have to re-
build again and not to need more cement. This is apart from
the savings made on repair and all the indirect sources of
CO, emission that result from employing such activities. But
may be we need to go a bit further in being inspired by the
ancient Romans. One of the reasons for their concrete lasting
such a very long time is that it did not contain steel reinforc-
ing rods. Another reason is the fact that they often used small
pre-cast elements, sometimes with crude shape and some-
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times with perfectly molded shapes and sizes. Such practice
created concrete that resisted cracking due to temperature
and humidity changes. Had they used steel bar reinforce-
ment, they would have had to increase the strength of their
concrete and thus reduce its permeability. They would have
employed large elements, and eventually would have got
similar problems to what we have today.

The Questions Here are:

Are we ready to rethink some of our practices that are be-
ing taken for granted? Can we re-invent concrete practices
such that we depend more on small, lightweight and un-
reinforced elements? The authors believe we can, provided
that people in several important and related institutions work
consciously together towards this purpose. These include the
architects, the structural engineers, the academics, the con-
tractors, the legislatives, and other relevant government bod-
ies together with certain national and international organiza-
tions.

But, even if we did not introduce such a drastic change,
we need to look at our practices whose consequences are
detrimental to durability.

Many good ready mix concrete firms suffer from the
common problem of variability of results. The first author
happened to assist researching this problem and found out a
great deal of reliance on concrete-mystery thinking. That is,
that the concrete will somehow be fine no matter what. Day
to day variation in grading, moisture content and type of
aggregate affect workability which often gets treated by an
operator’s quick decision, often increasing the water content
to the detriment of durability characteristics.

Steel reinforcement is another major area where attention
must be given. In particular, attention should be given to the
detailing. The congestion of bars and the availability of ade-
quate cover are extremely important aspects that can not be
ignored. Detailing must not be left to the site foreman to sort
out. Such a practice often leads to very little or absolutely no
cover. The result would be accelerated deterioration and of-
ten great repair cost or even demolition and rebuilding.

Using Less Cement

In 1980, Bryant Mather published an article in Concrete
International titled “Use Less Cement” [16], in which he
warned against the effects of too much cement in mass con-
crete that can cause thermal stresses. In 2000, he published
another article under the same title. In the latter, Mather
pointed out the fact that even in sections like pavements and
bridge decks, too much cement content causes increased
cracking due to shrinkage and thermal effects [17]. He fur-
ther demonstrated that if strength was not required for load
carrying capacity, then other problems of durability may be
addressed by different means suitable for the particular dura-
bility issue.

The idea that strength will cover all possible issues and
faults is a mistaken one. A student of the first author once
requested a contractor to supply him with a 32 MPa concrete
for a research that needed a large pour. When the results
came out he discovered that the concrete was a 55 MPa
grade. When the student informed the ‘reputable’ contractor
of the results, the contractor was proud of the fact that he
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usually gets much more than the target. Some contractors
find it easier and cheaper to give much higher strengths than
to be dragged into disputes later on. No wonder we have
cracks in the concrete.

Replacing a Small or Large Portion of Cement with other
Supplementary Cementitious Materials

Nowadays, there are several powdery materials that fit
into this category. To limit the scope of this paper, we will
focus on a limited number of materials that have gained a
great deal of popularity in recent years. These are: condensed
silica fume, fly ash, ground granulated blast furnace slag,
metakaolin and rice husk ash.

Without going into great details about the properties and
characteristics of these materials, we will briefly highlight
certain points regarding each.

Condensed Silica Fume

Silica fume is a byproduct of the reduction of high-purity
quartz with coal in electric furnaces in the production of sili-
con and ferrosilicon alloys. Silica fume consists of very fine
particles with a surface area in the order of 20,000 m?/kg. On
average its particles are approximately 100 times smaller
than cement particles. Its extreme fineness and high silica
content make it a highly effective pozzolanic material [18,
19].

It is true that silica fume significantly improves a number
of properties in concrete. The main reason why it does this
lies in two main facts. Firstly, its extremely fine size, and
secondly, its pozzolanic activity. As to the first fact, the very
fine size makes it possible for the particles of silica fume to
adhere to the surfaces of aggregates far easier than cement
particles. This results in filling up of the weakest part of con-
crete which is the interfacial zone. Moreover, it efficiently
reduces or eliminates bleeding. Thus, it reduces porosity,
especially around aggregates. Therefore, its use improves
durability. The pozzolanic activity adds the benefit that the
particles of silica fume react with the calcium hydroxide
product of hydration to form calcium silicate hydrates. Thus
adding to the strength of concrete especially in the zones
where the concrete is weakest at the paste/aggregate inter-
face.

Nevertheless, the use of silica fume should not exceed
10% of cement mass. Otherwise such use becomes counter-
productive. Also the quantity of silica fume, if used, should
not be less than 5% of the cement mass otherwise it becomes
an inefficient, though expensive material. Therefore, the
benefits reaped out of silica fume are in fact very much re-
lated to the presence of the aggregates. This conclusion has
been confirmed when neat paste was subjected to testing
with and without silica fume replacement [20]. If less than
5% is used, there would not be enough particles of the silica
fume to cover the aggregates. If more than 10% is used, the
pozzolanic reaction of silica fume would hinder the normal
long term Portland cement hydration development due to the
early pozzolanic reaction of silica fume that creates a barrier
between the “still not totally hydrated’ cement particles [21].

At the same time, the use of silica fume nearly always
necessitates the use of superplasticizer. This is because silica
fume causes a large demand for water due to its large surface
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area. The superplasticizer effect was found to be enhanced
by the silica fume inclusion to the extent that no additional
water is needed and therefore, the workability is maintained
at the same level of w/c ratio with and without the silica
fume [22].

Silica fume causes acceleration in the hydration process.
This may result in increasing the heat produced [23]. The
acceleration in hydration is further enhanced if there was a
combination of silica fume and GGBFS (or GGBS) [24].

It is seen from this very brief presentation of silica fume,
that its use can be enormously beneficial from the point of
view of creating a durable concrete that possesses very low
permeability. Yet, it is very important to note the limitations
whereby such use should be constrained. Otherwise this use
in itself may produce negative effects.

Fly Ash

This is a by-product of the coal fired power industry. The
classification of fly ash as being type F or C depends upon
the source of the coal. Generally type F comes from bitumi-
nous coal and contains high amount of silica. Type C fly ash
is generally derived from sub-bituminous coal and lignite.
Type C is usually rich in lime. Type F fly ash is the one that
is most commonly used in concrete and is known to possess
pozzolanic properties.

So far fly ash has been largely considered as a waste
product. However, the attitude towards fly ash has shifted
quite significantly from considering it a waste material to-
ward considering it as a valuable asset. The reasons behind
this important shift are greatly due to continuous research in
the area of using this material as a cement replacement.

It has been proven that fly ash can improve workability
and durability. Moreover, because of the improved workabil-
ity, a lower water demand results in enhancing strength
while using less cement and thus producing lower heat at
hydration. The volume of research conducted on fly ash and
its effects is enormous. It is also not free from contradictions
and controversy. Yet, the overall picture that emerges is a
positive one. Because of the increasingly positive image that
emerges from the advantages of using fly ash, we can under-
stand the push to use as much as possible of it. This trend has
produced what is now called ‘high volume fly ash replace-
ment’. There is no doubt that if we can substitute cement by
large amount of fly ash, we can achieve several environ-
mental benefits. Obviously, one benefit is getting rid of the
accumulating fly ash that can be a hazard if inhaled or if it
contaminates the water table.

Investigations into the use of high volume class F fly ash
together with low portland cement content have produced
favorable results as far as strength and durability are con-
cerned [25, 26]. Malhotra has shown that up to 60% of the
cement can be replaced by fly ash of class F or C and still
give excellent strength and durability results [27]. It has been
reported that high volume fly ash concrete showed excep-
tionally low permeability to water and chloride ions [28].
Ravina clearly illustrated that concretes with fly ash as par-
tial replacement of sand have had higher compressive
strength and modulus of elasticity than plain concretes with-
out fly ash even when the portland cement content was 15%
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less than that of the concrete that contained no fly ash. He
related the effects to the densification and microstructural
modification of the hardened cement paste [29].

These research works are no doubt correct and very well
conducted. However, we should not be tempted to choose
their results out of context. We must not forget that a great
deal of research occurs in ideal conditions of mixing, com-
paction and above all curing. This is absolutely understand-
able since we often want to scientifically study, analyse and
compare several parameters. The problem is that in practice,
things often happen quite differently. Curing is seldom done
as desired, let alone being continued beyond 7 days. Re-
search results on the effects of variation of temperature and
humidity conditions during the initial curing period abound.
They point to important differences in the behaviour of fly
ash concrete between real and lab work.

The problem associated with fly ash is mainly due to its
slow pozzolanic activity between the calcium hydroxide
produced from the hydration of portland cement and alkali
soluble silicates or “glass” content of fly ash [30]. At normal
temperatures, the pozzolanic reaction is slow and no signifi-
cant changes are observed after the initiation of hydration.
To achieve the desired concrete properties studies [31] indi-
cated prolonged moist curing to ensure adequate early
strength development. However, some researchers [32] rec-
ommend initial curing of 7-days as a condition for the con-
crete blended with supplementary cementitious materials.
While this recommendation is correct for commonly prac-
ticed concrete production including relatively low amounts
of fly ash, it is wrong to try to extrapolate such recommenda-
tion to ‘unusual’ concrete like that with high volume fly ash
content.

Results have recently been obtained from an extensive
research conducted on high volume fly ash replacement con-
crete which was cured under conditions that resemble realis-
tic circumstances in the Middle East [33]. The results point
to the necessity of paying great deal of attention to the im-
portance of prolonged curing if high volume fly ash is con-
templated. If we take only half of the fact about the good
effects of high volume fly ash replacement, we may easily
end up with concrete with high permeability and where its
steel reinforcement would corrode in a very short period. It
has been shown that chloride penetration in concrete that
contains more than 50% fly ash replacement is very signifi-
cant [33]. In places where chloride contamination is ex-
pected, we need to be very cautious. This does not mean in
any way that we should not go for high volume fly ash sub-
stitution. What we are saying is that when we do this, we
must give a special treatment to this concrete especially in
the processes of compaction and curing.

So, in relation to the topic of sustainability, we realize
that the important issues are to:

1. use as little as possible of cement.

2. use as much as possible of fly ash instead of cement
and where possible, instead of sand.

3. still be able to produce concrete that is durable for the
design life of the structure.
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In effect, these are the issues that are most crucial in the
sustainability quest of concrete production. The only way
that may realize an optimization of these issues is through
knowledge of the limitations of the material and the influ-
ences of local practices. And the only way of applying such
knowledge is through engineers on the job who have been
very well trained and have become very much aware of the
necessity of accommodating the particularities of the materi-
als and working and environmental conditions.

GGBFS

Ground Granulated Blast Furnace Slag (GGBFS or BFS)
is a by-product of the steel industry. The BFS is a latent hy-
draulic material which has chemical composition intermedi-
ate between that of pozzolanic material and Portland cement.
The BFS acts as hydraulic cement when mixed with water in
the presence of OPC. BFS is being used in the construction
of dams and massive projects because of its low heat of hy-
dration. Wet Sleddale Dam in Cumbria was constructed with
70% replacement of cement by BFS in the year 1966. After
35 years of exposure to acidic environment, the dam con-
tinues to perform extremely satisfactorily [34]. BFS was also
used in the marine project in the construction of the cause-
way linking the two nations of Saudi Arabia and Bahrain
with 72% replacement of cement by BFS and it has been
performing satisfactorily [35].

Again, studies abound when it comes to the effects of
BFS replacing cement. There is no doubt that great benefits
can be reaped as far as the quality of the concrete when BFS
is used. This is apart from the obvious benefits that result
from using less cement. And again, the importance of giving
due consideration to the particularities of the place, the struc-
ture, work force abilities and the environment can not be too
much emphasized.

Metakaolin

Metakaolin is produced by calcining kaolinite clays. This
results in highly active pozzolanic material that has been
found useful as a cement replacement and concrete property
enhancer [36]. As noted in the discussion of silica fume, fly
ash and BFS, the use of metakaolin also requires careful
consideration as to limitations of quantity and efficient utili-
sation [37].

Rice Husk Ash

Rice husk ash has been used in concrete in its capacity as
a filler and as a pozzolanic material. Its potential as a partial
replacement of cement has been examined and research
abounds pointing to advantages and limitations [38, 39].

USING NON-LIMESTONE BASED CEMENTS
Magnesia Based Cement

Quite recently, there have been attempts to produce ce-
ment based on magnesium carbonates rather than calcium
carbonates. Such a development may result in halving the
CO, emission caused by portland cement production [40]. Of
course, such move may require mining of magnesites and
adapting the existing plants to meet necessary methods to
produce the new product. Research is continuing on this and
similar alternative products.
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Replacements to Natural Aggregates

The aggregates constitute the major bulk of concrete. The
concrete industry, in general, does not show a great deal of
concern regarding the availability of aggregates. Yet, studies
in various parts of the world have started to appear and point
to the increasing scarcity of the material [41, 42]. Added to
this, much of the landscape in developed and developing
countries is being scarred as a result of quarrying for aggre-
gates. In Kuwait, natural aggregates are of excellent quality,
yet a 1984 study has warned of their eminent depletion [43].
Nevertheless, concrete structures in the Middle East that
were constructed using excellent aggregates did not escape a
rapid deterioration. It can be foreseen that when countries
like Kuwait and her neighbours, which witness today an un-
precedented phenomenon in building boom, experience
shortages in good quality aggregates, inferior material will
be used instead. When we further add to this, the rush for
completion due to various reasons, we can expect the dete-
rioration phenomenon to manifest on a very large scale. Re-
pairs and reconstruction mean further consumption of raw
materials, further consumption of cement and further emis-
sion of green house gases.

It is thus understandable that a comprehensive treatment
of the issue of concrete materials must include protection
from deterioration. This also means that the aggregates
which make up the bulk of concrete must be of good quality.

There has been quite a strong movement towards using
alternatives for natural materials, and rightly so. Recycled
crushed concrete, crushed bricks and blocks, bottom ash,
blast furnace slag, and a large range of natural and artificial
lightweight aggregates are now available. In the context of
our discussion here, such alternatives should be assessed
according to the situation at hand. Nevertheless, researchers
still need to evaluate the durability performance of each type
of aggregates so as to provide the industry with the necessary
information that helps in making decisions concerning ma-
terials use.

The New Concretes

Several new innovative concrete related products have
appeared quite recently. Some of these products are already
sustainability motivated. Some other products, though have
not been invented with sustainability as criterion, do have a
positive impact on sustainability. Also there are some prod-
ucts that were invented with the aim of producing ultra high
strength concrete. These solve many problems in construc-
tion and add a wealth to architectural possibilities. Neverthe-
less all such products need to be carefully evaluated from the
sustainability view point. In the following paragraphs, we
will try to summarise recent developments in this regard.

Reactive Powder Concrete (RPC)

Though the idea was not totally new, Richard and
Cheyrezy were able in 1995 to present a fully structured and
cohesive description of Reactive Powder Concrete as com-
pletely new breakthrough in concrete production [44]. This
concrete describes a family of ultra high strength concretes
that range in compressive strength from 170 MPa to more
than 800 MPa. The flexural strength ranges from 30 to 140
MPa. Briefly, these concretes depend upon elimination of the
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skeletal structure of concrete that comprises the large aggre-
gates and sand. Instead, they employ extra fine sand and
crushed quartz together with silica fume and superplasticizer.
This technology makes it possible for the fine constituents to
fill, as much as possible, the available space without being
bound and hindered by a skeletal structure that contains
pores which can never be filled. The making of such con-
crete may also involve application of pressure and or heat.
Furthermore, incorporation of fine steel fibres may be util-
ized to further enhance strength and ductility.

It is evident that such concrete can revolutionize the con-
crete building industry. Without trying to be exclusive, this
concrete would produce much smaller sections, eliminate
steel reinforcement, enhance durability and may end up cost-
ing less in spite of its high initial cost. Obviously, concrete
of this sort lends itself more readily to the processes of pre-
casting.

Elimination of steel bar reinforcement and utilizing pre-
casting procedures would no doubt significantly reduce dete-
rioration problems mainly due to corrosion of reinforcement
and the strict methods of production. Using thinner sections
and lighter construction, result in less cement needed, lower
dead loads, shallower foundations, larger usable spaces and
more elegant structures. Elimination of large aggregates
solves aggregate shortage problems in many locations. All
these effects are positive from the point of sustainability.

The production and use of this type of concrete in the
Middle East can definitely be a viable option. We are not
saying it should be the only option. But, we believe that the
initial high cost of producing this concrete would be com-
pensated for by having a durable construction in this fast
growing part of the world.

Geopolymers

It seems that we owe a great deal of our cement and con-
crete heritage today to ancient Romans [15] and even to ear-
lier people in Mesopotamia [45]. Not only they discovered
pozzolanic materials, but also they found the way to activate
it simply by mixing it with slaked lime [15]. Doing so, they
actually produced concrete with extraordinary excellent du-
rability. We are nowadays revisiting their work and re-
inventing it.

Geopolymers is a commonly used name for alkali-
activated cements. Simply, it has been found that the addi-
tion of alkalis like calcium hydroxide, sodium hydroxide or
potassium hydroxide to fly ash activates the material and
accelerates the pozzolanic reaction. The result is an amor-
phous aluminosilicate gel whose structure has the ability to
absorb and lock potentially deleterious ions [46] and also can
resist volume changes [47].

We here, have only very lightly touched on the subject of
geopolymers. However, in the context of this paper, it suf-
fices to say that fly ash when activated in this manner can
produce a hardened paste that possesses mechanical strength
of nearly 60 MPa. It is only sufficient to remember, that fly
ash production is around 800 Mt per year [48]. Development
of this sort has the potential of: (a) providing a large con-
sumption outlet for fly ash, (b) making concrete from less
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and less cement, and (c) producing much more durable con-
crete.

Having said so, it is not a matter of simply bringing ma-
terials and mixing them together to produce the desired re-
sults. We need to combine experimentation, chemical
knowledge, further research into crystalline formations and
developments resulting from such activation, long term re-
search into possible effects of variation in temperature and
humidity on durability, volume changes and mechanical
properties. But very importantly, engineers and researchers
need to be aware of the problems that a concrete structure is
likely to face in order that the solution offered meets the re-
quired performance.

Concrete-Polymer-Composites

Advances in polymer development and uses are im-
mense. It has been forecast that within 15 years, polymers in
construction will be the most important element in polymer
production and market [49]. This is however, a typical case
of the need for the co-operation and thorough understanding
of the situation in which such materials may be used.
Knowledge of the properties and differences between vari-
ous types is necessary before employing materials of this
sort. Promises of the marketing agencies are not enough and
can not replace scientific understanding of the properties and
their suitability for the situation at hand. A wise use of these
composites has the potential of saving substantial cost to the
industry and the nation. This is because these materials can
protect from serious deterioration and thus are invaluable in
the quest for sustainable construction industry.

OTHER DEVELOPMENTS AND MATERIALS

In the following paragraph, we will attempt to very
briefly describe some other developments that carry promise
as far as sustainability is concerned.

Self Compacting Concrete (SCC)

This is a new generation in the concrete family. The im-
portance of producing very low w/c paste with self compac-
tion property has been presented since the superplasticizers
made the pronounced impact on the concrete industry [50].
The technology has taken off more significantly in the 90°s
and is now becoming a very popular method [51]. Briefly,
the technology employs the use of fillers and potent super-
plasticizers as in the case of high performance concretes. But
in addition, it uses specifically viscosity enhancing admix-
tures and may use air entraining agents as well. The resulting
concrete is that which flows freely and needs no compaction.
It can be easily appreciated that such concrete is an excellent
solution for modern high rise buildings that need pumping
the concrete during construction. Moreover, due to the dis-
pensability of compaction, cost savings and noise elimina-
tion have resulted in substantial gains economically and en-
vironmentally. This technique has also produced uniformity
of concrete elements in addition to excellent durability. This
development therefore, is rightly considered a valuable con-
tribution to sustainable industry. It has also enhanced the
synergetic research in what has been called “smart admix-
tures” which produce the desired behaviour in the composite
material.
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New Generation of Lightweight Aggregates

Very recently manufacturing lightweight aggregates from
fly ash has gained another step forward in the development
of aggregates that possess excellent adhering properties with
the paste matrix. This aggregate, produced concrete of high
performance which exceeded that of concrete made with
granite or other natural aggregates and contains equal
amount of cement [52]. This has dispelled the previously
held belief that connects strength with high density. It can be
realized that advances in this respect are quite promising in
getting rid of fly ash accumulation while producing lighter,
stronger and more durable structures.

CONCLUSIONS

1.

Durability of concrete is one of the most important
factors, if not the most important, in the attempt to
arrive to sustainable stage in concrete construction.

Cement manufacture is a major contributor to the
green house gases. Efforts should be directed to re-
duce the need for this manufacture.

Alternative materials that may replace cement in-
clude industrial by-products like silica fume, fly ash
and blast furnace slag. All of these carry enormous
benefits to the concrete industry in general and
sustainability in particular.

Extracting natural aggregates for the concrete indus-
try can not be sustainable in the long run. Recy-
cling aggregates, crushed bricks, crushed blocks,
crushed concrete and lightweight aggregates made
from waste products are alternatives that should be
given due importance.

New polymer materials that serve to create concrete
polymer composites carry the promise to become
major building materials in the future. Such materi-
als provide solutions to durability issues especially
when used in repair and pre-cast industries. Though
may be expensive, their use may prove to be one
good solution to the issue of sustainable building.

Looking beyond the current culture in concrete
should be researched and discussed. This is now
possible with the advent of new materials that allow
very strong composites to be produced. In view of
these new developments, can the tradition of rein-
forcement be revisited?

Academics and engineers need to realize the impor-
tance of sustainability. Revision to programmes in
civil engineering should, in the opinion of these
authors, be done to include sustainability as an im-
portant part of materials study as well as design.

The developments in new materials put emphasis
on the necessity to deeply understand the functions
and limitations of any new suggested material that
is being marketed for the use in concrete. This again
highlights the need for revisiting civil engineering
courses of the structures stream in order to include
deeper study and appreciation of the chemical and
physical characteristics of materials of construction.
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