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a b s t r a c t

The concrete industry is known to leave an enormous environmental footprint on Planet Earth. First,
there are the sheer volumes of material needed to produce the billions of tons of concrete worldwide each
year. Then there are the CO2 emissions caused during the production of Portland cement. Together with
the energy requirements, water consumption and generation of construction and demolition waste, these
factors contribute to the general appearance that concrete is not particularly environmentally friendly or
compatible with the demands of sustainable development.

This paper summarizes recent developments to improve the situation. Foremost is the increasing use of
cementitious materials that can serve as partial substitutes for Portland cement, in particular those mate-
rials that are by-products of industrial processes, such as fly ash and ground granulated blast furnace slag.
But also the substitution of various recycled materials for aggregate has made significant progress world-
wide, thereby reducing the need to quarry virgin aggregates. The most important ones among these are
recycled concrete aggregate, post-consumer glass, scrap tires, plastics, and by-products of the paper and
other industries.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction tion of solid waste in developed countries, and concrete constitutes
Concrete is by far the most important building material. World-
wide, more than 10 billion tons are produced each year. The rea-
sons for this popularity are well known. If properly designed and
produced, concrete has excellent mechanical and durability prop-
erties. It is mouldable, adaptable, relatively fire resistant, generally
available, and affordable. Maybe its most intriguing characteristic
is the fact that it is an engineered material, which means it can
be engineered to satisfy almost any reasonable set of performance
specifications, more so than any other material currently available.

But this popularity comes with a significant price, which is all
too often overlooked: alone for the sheer volumes produced each
year, concrete has an enormous impact on the environment. First,
there are the vast amounts of natural resources needed to produce
those billions of tons of concrete each year. Then, it is known that
the production of each ton of Portland cement releases almost one
ton of carbon dioxide into the atmosphere. Worldwide, the cement
industry alone is estimated to be responsible for about 7% of all CO2

generated [23]. The production of Portland cement is also very en-
ergy intensive. Third, the production of concrete requires large
amounts of water, which is particularly burdensome in those re-
gions of the earth that are not blessed with an abundance of fresh
water. Finally, the demolition and need of disposal of concrete
structures, pavements, etc., creates another environmental burden.
Construction and demolition debris contribute a considerable frac-
ll rights reserved.
its largest single component.
The items listed above seem to indicate that the concrete

industry has become a victim of its own success and therefore is
now faced with tremendous challenges. But the situation is not
as bad as it appears, because concrete is inherently an environ-
mentally friendly material. The challenges listed above are more
a result of the fact that Portland cement is not particularly envi-
ronmentally friendly. One could therefore reduce these challenges
to the following simple formula: use as much concrete, but with
as little Portland cement as possible, this means to replace
as much Portland cement as possible by supplementary cementi-
tious materials, especially those that are by-products of indus-
trial processes, and to use recycled materials in place of natural
resources.

This paper summarizes how the use of recycled materials can
achieve those objectives listed above. More comprehensive surveys
can be found in [27,35].

2. Fly ash

The cementitious properties of fly ash have been known for
some time [30]. However, its use became more widespread after
large amounts of the material had become available, that is after
clean air regulations forced power plants to install scrubbers and
electrostatic precipitators to trap the fine particles, which earlier
went up the smokestacks and into the environment. The utilization
rates of fly ash vary greatly from country to country, from as low as
3.5% for India to as high as 93.7% for Hong Kong [23].
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Fly ash is an important pozzolan, which has a number of advan-
tages compared with regular Portland cement. First, the heat of
hydration is lower, which makes fly ash a popular cement substi-
tute for mass structures. The development of high volume fly ash
concrete mix designs is typically attributed to Malhotra [22],
who developed mixes with 60% and more of the Portland cement
replaced by fly ash.

Possibly the most important advantage of fly ash is the fact that
it is a byproduct of coal combustion, which otherwise would be a
waste product to be disposed of at great cost. Moreover, concrete
produced with fly ash can have better strength and durability
properties than concrete produced without it. It is widely available,
namely wherever coal is being burned. Finally, as a bonus in addi-
tion to all of the other advantages it offers, fly ash is generally less
expensive than Portland cement.

The relatively slow rate of strength development of fly ash con-
crete is a disadvantage in applications where high early strength is
required. But in many situations, especially those involving mass
concrete structures such as dams and heavy foundations, which
are not loaded to their design values until months if not years after
their placement, it is quite common to specify 90-day strengths in-
stead of the conventional 28-day strengths. If normal strength
development is critical, accelerators are available to speed up the
hydration rates of fly ash concrete mixes. A more serious problem
is posed by the need for quality control. The physical and chemical
properties of fly ash can vary considerably from power plant to
power plant, primarily because of the differences in the sources
of coal. In particular, high loss of ignition, the result of incomplete
combustion processes, can lead to unacceptable levels of carbon
content. The wide variety of chemical composition and quality
poses challenges. But the fly ash industry has improved the quality
control in recent years and developed technologies to effectively
separate unburned residues.
3. Ground granulated blast furnace slag (GGBFS)

As the name implies, GGBFS is a by-product of the steel indus-
try. It is the glassy granular material formed when molten blast-
furnace slag is rapidly chilled, as by immersion in water [1]. Its
cementitious properties have been known for some time. Since
the 1950s, use of GGBFS as a separate cementitious material has
become widespread in many different countries. Because of its
generally beneficial properties, such slag is not only used as partial
Portland cement replacement, but also as aggregate.

The optimum cement replacement level is often quoted to be
about 50% and sometimes as high as 70% and 80%. Like fly ash,
GGBFS also improves many mechanical and durability properties
of concrete and generates less heat of hydration. For example, re-
cently the nine foot thick foundation slab for a water treatment
plant in New York City was constructed using 70% slag and 30%
Portland cement. One of the major design objectives was to mini-
mize temperature differentials due to heat of hydration without
the installation of a potentially costly internal cooling system
and thereby satisfy the rather stringent specifications regarding
the elimination of cracks. In many situations so-called ternary sys-
tems, that is, blends of ordinary Portland cement, fly ash, and
GGBFS, have become popular. In Europe the practice of pre-blend-
ing cements and various pozzolans is widespread. The cost of slag
is generally of the same order as that of Portland cement. Primarily
because of its known beneficial properties, customers are willing to
pay as much for the slag as for the cement it replaces.

Although the steel industry probably generates the largest
amount of slag, several other metallurgical slags are produced to-
day that are still being mostly stockpiled, landfilled, or ‘‘downcy-
cled” into low-value applications such as road base. Such disposal
methods carry their environmental costs, especially since these
materials often contain toxic metals that may leach out and con-
taminate the ground water. Recent studies have shown that such
slag can be used beneficially in concrete applications [5]. Mehta
[25] suggests that the concrete industry offers ideal conditions for
the beneficial use of such slags and ashes because the harmful met-
als can be immobilized and safely incorporated into the hydration
products of cement.
4. Silica fume

Another success story in beneficiating an industrial by-product
is that of condensed silica fume, a by-product of the semiconductor
industry. This siliceous material improves both strength and dura-
bility of concrete to such an extent that modern high-performance
concrete mix designs as a rule call for the addition of silica fume. A
considerable body of literature is available, which documents the
benefits of silica fume both as a pozzolan and a filler material
[8,2]. Even though the material is difficult to handle because of
its extreme fineness, its benefits are so obvious that its cost ex-
ceeds that of cement considerably. In fact, it is now available not
only as an industrial by-product, but also produced specifically
for the concrete industry.
5. Recycled concrete

Construction and demolition waste (C&D waste) constitutes a
major portion of all generated solid waste, with 200–300 million
tons generated annually in the United States alone. The traditional
disposal of these large amounts of waste in landfills is no longer an
acceptable option, especially in countries like Japan, where the
remaining landfill capacity has been estimated to last for only a
few more years [19]. Coupled with the increasing scarcity of suit-
able aggregate, the pressure is particularly severe on the Japanese
construction industry to find ways of substituting recycled con-
crete aggregate (RCA) for natural aggregate. In Europe, where the
shortage of suitable aggregate is not as acute, most of the recycled
C&D debris is used for road base or sub-base material [16]. Since
such material is generally less expensive or ‘‘valuable” than high-
quality concrete aggregate, such uses constitute a form of
downcycling.

The technical problems of incorporating RCA into new concrete
mixes are well known and have been addressed through research
[3,15]. Most of these can be attributed to the large amount of fines
found in recycled concrete. A recent study [33] suggests that also
this problem is solvable. Recycled aggregates have generally lower
densities than the original material used, because of the cement
mortar that remains attached to the aggregate particles [10]. This
is also the main reason for the larger water absorption of RCA com-
pared with that of virgin aggregate. Another source of concern is
the variety of contaminants that can be found in recycled concrete
as a result of demolition of existing structures, such as plaster, soil,
wood, gypsum, asphalt, and rubber. Since even small amounts of
such contaminants can severely degrade the strength or durability
of the concrete made with them, upper limits for allowable volume
percentages have been established.

Most reductions in strength found for concrete made with recy-
cled coarse aggregate were in the range from 5% to 24%, compared
with concrete made with virgin aggregate. When both coarse and
fine aggregate were obtained from recycled concrete, the strength
reductions ranged from 15% to 40%, compared with concrete made
with only naturally occurring materials. Thus, most of the strength
loss is thought to be due to the portion of the RCA that is smaller
than 2 mm [15]. RCA also causes a reduction in elastic modulus,
an increase in creep and shrinkage deformations, as well as higher
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permeability of concrete, which decreases its durability. In sum-
mary, concrete produced with RCA is generally of lower quality.
Also of concern is the large variability in quality of RCA obtained
from different sources, which can result in considerable variations
in strength of concrete with RCA obtained from different sources,
even if it was produced with otherwise identical mix proportions.
Fathifazl et al. [14] has proposed an interesting ‘‘Equivalent Mortar
Volume” method to proportion concrete with RCA, which yields
recycled aggregate concrete with consistent and predictable prop-
erties that are comparable to those obtained for similar mixes
made with virgin aggregate.

The use of RCA is largely a matter of economics, with a number
of factors playing a role. Probably the foremost among these is the
cost of transportation of both the C&D debris from the demolition
site to the nearest suitable landfill and of the virgin aggregate from
its source to the construction site. Since transportation constitutes
a major cost item for bulk materials like aggregate, the transporta-
tion costs can easily tip the balance, such that manufactured RCA
becomes more economical than virgin aggregate. Another factor
is the cost of land-filling C&D debris, which has a tendency of
increasing faster than the rate of inflation, especially in areas of
increasingly scarce suitable landfills. Finally, there is the potential
intervention of governmental authority. In Europe and Japan, gov-
ernments do not shy away from such intervention, often in a hea-
vy-handed way, by either demanding directly the use of RCA or
indirectly by increasing tipping fees. In the United States, govern-
mental authorities used to tend more towards letting free market
forces prevail. However, the situation is changing. Prodded by a
public more and more attuned to the demands of sustainable
development, local, state, and Federal agencies are increasingly
promoting, if not demanding the use of recycled materials (for
example, within the context of Green Buildings), especially for pro-
jects that are supported partially or fully with public funds. It
should also be noted that not all applications require high-perfor-
mance concrete. Although RCA is often considered with suspicion,
it may be quite acceptable for many applications, and if higher per-
formance specifications are to be met, a blend of virgin and recy-
cled aggregate may make economic and technical sense.

One major success story in the United States is the recycling of
Denver’s former Stapleton International Airport [39]. Instead of
hauling the 6.5 million tons of concrete and hardscape (enough
aggregate to build the Hoover Dam) to landfills, the Recycled Mate-
rials Company, Inc., was able to recycle or reuse all of this material.
The company claims this project to be the world’s largest recycle
project, and it completed it at no cost to the City of Denver within
six years.
6. Post-consumer glass

Post-consumer glass is another example of a suitable aggregate
for concrete, as research at Columbia University has shown [18]. It
costs taxpayers in New York City more than 60 million dollars each
year to dispose of its waste glass. Still, it is a widely held but erro-
neous belief that throwing away old bottles is cheaper than recy-
cling them. After it has been demonstrated that concrete
production as a viable secondary market for post-consumer glass
is economically feasible, this perception should change. The open
issues are not of a technical nature. The only technical problem,
namely the alkali–silica reaction (or ASR) and other potential prob-
lems can be solved [17]. By exploiting the zero water absorption of
glass, its high hardness and good abrasion resistance, its excellent
durability and chemical resistance, and in particular the aesthetic
potential of colored glass, true value is added to the glass. The con-
sequences on the market price are already apparent, because a new
secondary market was created for the glass.
Making commodity products such as paving stones economi-
cally viable is a difficult proposition, because in this case, profit
margins are low and the primary objective is to use as much glass
as possible. For example, one paving stone manufacturer in New
Jersey could single-handedly use all 200,000 tons of glass that
the City of New York may collect each year. But manufacturers can-
not afford to pay more for the glass than they are currently paying
for the sand and stone, because the customer is not likely to pay
more for the product.

Value-added products do not pose such problems. On the con-
trary, they are already being produced commercially, even though
manufacturers are paying hundreds of dollars per ton for the glass,
while many municipalities are paying recyclers handsomely to
take it away [21,38]. That means the recyclers are paid at both
ends, whereas the costs of collecting, color-sorting, washing, crush-
ing, and grading the glass are relatively small. But the producers of
value-added products such as terrazzo tiles, wall panels, table top
counters, etc., can afford to pay high premiums for the glass be-
cause customers are willing to pay more for products that may
compete with natural stone like marble and granite, so that profit
margins are still acceptably high.
7. Recycled tires

The hundreds of millions of scrap tires generated each year in
developed countries pose a serious environmental problem. Tire
dumps are unsightly and pose significant health hazards as breed-
ing grounds for mosquitoes as well as fire hazards. Some tire fires
have been reported to burn for months and even years [36,11].
Therefore the disposal of tires in regular landfills is often prohib-
ited. One unfortunate consequence is an increase in illegal dump-
ing of scrap tires, with their accompanying environmental
problems.

Probably the most meaningful method of recycling used tires is
to reuse them after retreading. The barriers to such reuse due to
public perception are well known, but the latest research and
industry efforts promise an increase in such reuse [7,6]. Yet, the
most common disposal method of old tires seems to be to burn
them for the production of steam and electricity or heat. The use
of tires as alternative fuel in cement kilns is widespread through-
out the United States and Europe [9]. Their value as fuel is consid-
erably less than that of the original material, so that such a use
constitutes another example of downcycling. A different use of
scrap tires is in hot mix asphalt or as crumb rubber for modifying
binders in asphalt pavements [32].

Although some of these and other applications have been more
or less successful, they either result in too much loss in value, or
they do not generate enough volume to make a noticeable dent
in the existing stockpiles of scrap tires. This leaves use of tire rub-
ber as an ingredient in concrete production as a major viable alter-
native. From a strictly economic viewpoint, a simple replacement
of fine or coarse aggregate still implies a certain degree of downcy-
cling, unless specific properties of the rubber can be exploited that
natural sand and gravel or crushed stone do not have.

The most common ways of recycling rubber in cement compos-
ites and concrete is to use it as shredded, chipped, ground, or
crumb rubber, with sizes ranging from shredded pieces as large
as 450 mm to powder particles as small as 75 lm. Because of the
large differences between Young’s moduli of rubber and cement
matrix, major differences in the mechanical properties are to be ex-
pected between concrete with conventional natural aggregate and
rubber containing concrete. Most significant is the loss in compres-
sive and tensile strength as well as stiffness with increasing rubber
content. The strength loss, which can be as high as 80% [12,13], is
to be expected, since the rubber particles not only constitute weak
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inclusions, they also are responsible for significant tensile stresses
in the cement matrix, which lead to earlier cracking and failure. On
the other hand, the rubber particles have a restraining effect on
crack propagation, which leads to a significant increase in strain
capacity, ductility, and energy absorption capacity [36,12].

Other potential advantages of the rubber derive from its sound
absorption capacity as well as its thermal properties. However, the
value added by the use of rubber particles is usually insufficient to
offset the loss in value as a tire. It has also been proposed to exploit
the energy absorption potential of rubber with the production of
shock absorbing elements. However, due to the incompatible
Young’s moduli of rubber and concrete matrix, for such composites
to dissipate large amounts of energy, they have to undergo large
deformations, in which case actual impact loads are likely to inflict
damage to the concrete matrix with resulting progressive deterio-
ration of its mechanical properties, especially under repeated load
application.
8. Recycled plastics

Of the millions of tons of plastic discarded each year, only a rel-
atively small percentage is being recycled. Plastics come in many
different forms and chemical formulations. This complicates the
recycling process as well as their use in concrete production. Be-
cause the different types of plastics are typically commingled, it
is barely economical to separate them in volume. De-polymeriza-
tion or chemically breaking plastics down to their virgin compo-
nents is not possible with currently available technologies. Many
plastics can be recycled back into blank feedstock to be used as in-
put for thermosetting or plastic manufacturing. However, the qual-
ity is lower and less uniform than that of virgin material, therefore
manufacturers generally prefer to downcycle post-consumer plas-
tics into alternative uses such as plastic lumber.

A major obstacle for the use of recycled plastic in concrete is the
poor bond between the plastic particles and the cement matrix,
which can reduce the strength and other mechanical properties
considerably, depending on the percentage of aggregate replaced
by shredded plastic. Some techniques have been proposed to sub-
ject the plastic particles to thermal processes or otherwise to im-
prove the bond properties [34,4]. More research is required
before recycled plastic can be used on a large scale in concrete
production.
9. Other recycled materials

Numerous other materials have been proposed as substitutes
for conventional ingredients of concrete. Here the focus is on those
materials that are by-products and more commonly referred to as
waste materials. Most important among these are ashes of many
different kinds. In addition to fly ash and GGBFS, referred to al-
ready, there are other ashes with more or less pronounced pozzo-
lanic properties that lend themselves to partial replacement of
Portland cement. For example, there is rice husk ash (RHA), the res-
idue from burning rice husk and an agricultural by-product of the
production of rice, of which millions of tons are produced world-
wide each year. The RHA has been shown to have valuable cemen-
titious properties and therefore has been proposed as a
supplementary cementitious material [24,40]. Also the use of agri-
cultural wastes has been considered, e.g., the use of spent mush-
room substrate as a partial substitute for fine aggregate in
concrete [20].

Most large metropolitan areas, especially New York City, are
facing major solid waste disposal problems. One solution is to
burn the solid waste in so-called waste-to-energy facilities. How-
ever, the disposal of the ash even in conventional landfills is prob-
lematic because the fly ash in particular is typically considered a
hazardous material as it may contain unacceptable levels of toxic
elements. A preferable use would be the exploitation of the fly
ash’s cementitious properties, by encapsulating the toxic compo-
nents in such a way that they cannot leach out. However, before
such technologies can be applied in actual practice, additional re-
search is needed. In particular, the question of public acceptance
needs to be addressed.

There are materials other than ashes that have been shown to
be suitable ingredients for concrete production. For example, in
the United States, 100 million tons of sand are used in foundries
for the production of steel and other metals. Most of such foundry
sands are discarded and available to be recycled. Naik et al. [31]
have shown that such foundry sands are suitable for the produc-
tion of concrete.

Another potential source for concrete production is dredged
material. The Port Authority of New York and New Jersey needs
to dredge about three million cubic meter of sediment each year
to keep shipping lanes open and also to deepen them to accommo-
date the larger new vessels. Since dumping in the open ocean is no
longer an option, the material has to be deposited in engineered
landfills at great cost, because much of it is highly contaminated
with heavy metals, dioxins, PCBs, oils, etc. Similar problems are
faced by many other world ports. Treatment methods are already
available, which render the material suitable for concrete produc-
tion, because the heavy metals can be encapsulated chemically
such that they cannot leach out [28,29]. Further research is needed
before this technology can be applied in real practice.

Recycled carpet fibers have also been proposed to replace virgin
fibers in fiber-reinforced concrete. Millions of tons of old carpets
need to be disposed of each year, constituting another sizeable
fraction of solid waste. Since carpet fibers are typically made of ny-
lon, recycled fibers have been shown to improve some mechanical
properties of concrete [26].
10. Conclusion

The principles of Sustainable Development and Green Buildings
have penetrated the construction industry at an accelerating rate
in recent years. The concrete industry in particular, because of its
enormous environmental footprint, has a long way to go to shed
its negative image. But as the preceding pages have shown, signif-
icant progress has been made in this regard. Whereas the idea of
using recycled materials in concrete production was widely un-
known only a few years ago, concrete producers now know that
they need to change. The potential tools and strategies to meet
the environmental challenges can be summarized as follows: (1)
to replace as much Portland cement as possible by supplementary
cementitious materials, especially those that are by-products of
industrial processes, such as fly ash, ground granulated blast fur-
nace slag, and silica fume; (2) to use recycled materials in place
of natural resources; (3) to improve durability and service life of
structures, thereby reducing the amount of materials needed for
their replacement; (4) to improve concrete’s mechanical and other
properties, which can also reduce the amount of materials needed;
(5) to reuse wash water.

What started as a demand by a few environmentalists has now
been adopted by the public at large and by governments on local,
state, and national levels. Even owners and developers have dis-
covered that ‘‘going green” is not only accepted now as politically
correct or as a source of intangible benefits and good publicity, but
it also is a way for them to improve their bottom line. In New York
City, for example, the developers of green residential buildings
were able to obtain tax write-offs in addition to collecting higher
rents, because tenants were willing to pay a premium for the var-
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ious benefits associated with a Green Building. These benefits are
in addition to the greatly reduced life-cycle costs for green build-
ings compared to traditional buildings. Moreover, the perception
is gaining momentum that a building that is not ‘‘green” is of lower
quality than one that is. It is to be expected that rating systems
such as the LEED (Leadership in Energy and Environmental Design)
system of the United States Green Building Council [37] will be-
come the norm in the very near future, and material suppliers such
as concrete producers will be pressed to compete on the basis of
environmentally friendly principles, that is, reduced energy con-
sumption, reduced life-cycle costs, and the use of recycled materi-
als. There is reason to believe that the concrete industry is well
positioned for success, given the tools outlined herein.
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