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Global material resources are quickly being drained by the demands of global economic development.
Simultaneously, the environmental impacts of the massive amounts of waste generated globally every
year are also growing exponentially. As such, the implementation of waste recycling through its utiliza-
tion as a component of a construction material, particularly one with a global demand as high as concrete,
is a strategy which acts in both planes: material efficiency and waste generation. This paper details the
results of a systematic review performed on the scientific literature that concerns the possibility of incor-
porating recycled wastes as aggregates in structural ordinary Portland cement concretes. The available
literature suggests that a reduced number of wastes of recycled origin may, albeit in low quantities, be
used in structural OPC concretes. Furthermore, the presence of substances such as glass wastes or
alkali-rich cement fragments in recycled aggregates elevates the potential for expansions originated by
the occurrence, in these concretes, of the well known phenomenon known as alkali-silica reaction.
Moreover, the variety, quantity and the limits to the utilization of these wastes as aggregates in structural
concretes all suggest that a massification of the utilization of recycled aggregates in OPC concretes will
not take place. The investigation also found that, in light of the evidence showing that the performance
of alkali-activated binder concretes is less impacted by the shortcomings of recycled aggregates, recycled
wastes may be better suited for reutilization as aggregates in these concrete compositions.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction dynamics computer model to simulate the interactions between
population, food production, industrial production, pollution, and
consumption of non-renewable natural resources already pre-

dicted this outcome for the 21st century [2]. Furthermore, an

There has likely never been a time in human history when the
demand for material resources was so elevated. In fact, as men-

tioned in [1], the global demand for engineering materials had, in
a fifty-year window and up to the year 2006, already quadrupled.
The impending exhaustion of Earth’s resources is not a new pro-
spect as, almost 50 years ago, a group of scientists, using a system
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update to this study performed more than thirty years after the ini-
tial document [3], concluded that the original research effort had
been nothing more than a waste of time and that Humanity had
done very little to avoid the collapse of the Planet’s environment.

One of the human activities currently straining the supply of
natural resources is the construction industry. As such, it is imper-
ative that, in order to keep growing, this sector implements the
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reduction of the environmental impacts associated with its activi-
ties. The urgency of these measures was already stated in the Euro-
pean Comission’s communication from 2011 [4] in which, as [5]
observed, several milestones regarding the recycling policies of
member-states are set for the year 2030, namely, “recycling 65%
of municipal waste, 75% of packaging waste, and reduce landfill
to a maximum of 10% of municipal waste”. In the mentioned EU
initiative it is also stated that, the move towards a circular econ-
omy, in which systems reuse and recycle resources while also con-
serving energy, instead of the utilization of open productive
systems, where resources are extracted, used to make products
and become waste after the product is consumed [6] is inevitable.
Therefore, as stated in [7], the adoption of circular patterns in all
stages of the construction sector life-cycle, namely trough the con-
sideration of environmental and socioeconomic impacts related to
these activities will be necessary. These authors also highlight that
the cultural, economical and legislative barriers currently facing
the mass utilization of recycled aggregates and that the considera-
tion of a wider analytical framework to this issue must be
implemented.

In response to remark 3. of Reviewer n°3: In the present docu-
ment, our target for the recycling of the waste, independently of its
source, is its potential for use as replacement of natural aggregates
in the construction sector, more specifically, in structural con-
cretes. The utilization of natural aggregates in concrete mixtures
is one of the most important examples of the depletion of natural
resources promoted by the construction sector, as such, this activ-
ity naturally becomes a primordial medium for the re-utilization of
wastes. The topic of replacing natural aggregates for recycled
wastes has attracted substantial scientific research interest in
recent years and, as this work demonstrates, considerable progress
has been achieved regarding the knowledge of the behavior of
these materials.

What follows is the detailed review of the existing literature
concerning recycled wastes with potential to replace natural
aggregates in concrete compositions for structural applications
(Fig. 1). Besides reviewing the available alternatives, this document
highlights the limitations of the practical application of these
wastes as aggregates in OPC concretes and suggests alternatives
recycling pathways for these materials. The materials reviewed
were grouped in seven major groups. The first section explores
the wastes generated by the mining and quarrying industry, the
second details the by-products of energy generation, the third,
fourth and fifth concern the wastes involved in the production of
basic materials, the seventh is related to domestic and municipal
waste, and the last verses the wastes generated by the construction
and demolition activities.

2. Mining and quarrying industry wastes

The mining and quarrying sector generates large amounts of
mineral waste every year. In the European Union alone, and
according to Eurostat, mining and quarrying waste represented a
27.6% share of the total waste generated in the 27 countries of
the Union [8]. This industry, is therefore, a prime target for waste
recycling as a form of aggregates in concrete as long as the environ-
mental, mechanical and durability performance of the concretes
containing these aggregates is adequate. The section focusing on
mineral wastes generated by the mining and quarrying sector is
divided into two major groups, one dedicated to the by-products
of the extraction of a valuable material from an ore, and another
which concerns the wastes originated by the processing of the
extracted material into the final commercial product.
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2.1. Extractive procedures

A large share of the mining mineral waste is generated by
metallic ore deposits, phosphate ores, coal seams, oil shales and
mineral sands. As it happens, the extracted minerals may be rich
in sulfides, which, when exposed to the atmosphere or oxygenated
ground water, oxidate and produce acid water heavy metals and
metalloids. As a consequence, special care needs to be taken when
deciding the addition of these wastes to concrete compositions.

2.1.1. Gold mining waste

One of the mining wastes that is starting to attract research
efforts for potential use as natural aggregate substitution is gold
mining waste rock (GR). Although the statistics for the yearly
worldwide generation of this wastes are not available,[9], citing a
2001 publication from the South African Department of Water
Affairs and Forestry [10], mentions that the amount of gold mining
waste generated in the respective country was of 221 million tons
(or 47% of the country’s total mineral waste). As this waste is
sourced from a rock, in a similar fashion to natural crushed aggre-
gates, its physical properties tend to resemble those of the said nat-
ural aggregates. However, while [11,12] found this to be true for
the physical and geometrical properties of the coarse fraction (ex-
cept for abrasion resistance, which is lower for GR), the same can-
not be stated when addressing the finer fraction of the aggregates.

In fact, when compared to natural aggregates these wastes were
found to possess up to ten fold higher fines content (<80 pm) and
double the water absorption and abrasion values. When it comes
to the chemical composition of GR, the may contain the undesir-
able presence of pyrite, pyrrhotite and chalcopyrite, as well as a
residual amount of several metals and metalloids (making this
waste unfit for residential structures concretes). Also, when these
materials are present in concrete compositions, the aforemen-
tioned physical properties impact the workability of the samples.
Microscopy analysis performed by the aforementioned authors
shows that pyrite grains with a size under 100 pm are significantly
more likely to be present in the liberated form (and consequently
produce acidity by oxidation) than larger particles. Nevertheless,
a large percentage of pyrite grains, as can be seen in Fig. 2, were
found to be coated by a Fe oxide rim and therefore, not liberated.
The same study found that a total sulfur content of 0.471% in
weight, with its presence mainly located at the 0 um to 5 um
range. However, the authors found that the neutralizing presence
of calcite and dolomite was also observed and the waste was able
to be classified, according to the local (Quebec) legislation, as non-
acid generating. Furthermore, TCLP tests showed the non-
leachable and non-hazardous nature of GR and one year compres-
sive strength testing revealed that the waste addition leads to a
slight strength reduction for coarser fraction replacement, which
may be worsened by the addition of the finer fractions of the gold.

2.1.2. Kaolin mining waste

Kaolin tailing sand (KTS) is a material that originates from kao-
lin clays exploration and its recycling potential as aggregate shares
many similarities with gold mining waste. Furthermore, in 2012, it
was estimated kaolin tailings originating from the production of
porcelain raw materials, in China amounted to 2.1x10™ t [13].
[14] studied concrete and mortar mixtures in which the fine aggre-
gates were either partially or completely replaced by KTS (obtained
through sieving the quartz sand particles from the kaolin clay frac-
tion of the waste). Moreover, either class F fly ash or ground gran-
ulated blast furnace slag were used as mineral admixtures and a
polycarboxylate SP was added during the mixing operations. The
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Fig. 1. Summary of wastes with potential for use in structural concretes.

authors found that, compared to natural river sand, KTS possesses
higher apparent and bulk density, crushing index (lower hardness)
and water absorption, and also, lower sulfate, clay and clay lump
content. Microscopy observation also detected higher flat to elon-
gated particle ratio, higher angularity, lower roundness and higher
surface roughness. Additionally, mineralogical analysis showed the
presence of potassium calcium sulfate and chemical tests revealed
the presence of heavy metals (at a rate situated below the maxi-
mum established by Chinese regulations). As a consequence of
the described aggregate properties, concrete mixtures containing
KTS displayed lower workability. Furthermore, accelerated mortar
bar expansion tests demonstrated that a 20% sand replacement
rate does not originate meaningful expansions and the waste

may therefore be regarded as non-reactive (which my be an impor-
tant indicator of the low alkali-silica reactivity originated by KTS
presence). Moreover, the study shows that, at a 60% fine aggregate
substitution rate, compressive and splitting tensile strength is (at
least) not impacted by the addition of the KTS. Finally, rapid chlo-
ride ion penetration tests yielded levels of chloride permeability
identical to the low permeability reference concretes. In short,
although KTS demonstrates low potential as fine aggregate mate-
rial, as the existing research, which is still scarce, does not support
the idea of a meaningful aggregate substitution rate, mainly due to
the physical properties of the aggregates.

It is, however, important to highlight that there is a scarcity of
relevant studies on the matter of mining wastes potentially pos-
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Fig. 2. SEM image of a concrete sample showing a Pyrite grain completely enclosed
in Goethite particles [11].

sessing high sulfides content. One such example is the replacement
of natural aggregates for iron ore tailings (IOT) in concrete mix-
tures. In their studies, [15] focused on the geotechnical properties
of abandoned Moroccan IOT and found that the most relevant chal-
lenge of these materials is the inherent variability of their proper-
ties. Nevertheless, the authors found that the waste possessed
similar grain size distribution to that of natural aggregates. Fur-
thermore, 10T samples also demonstrated low sulfide content
and sulfate release. The results from the acid-generating potential
of the wastes was, nevertheless, found to be variable according to
the origin of the waste, as IOT from one of the waste sites could be
classified as non-acid generating, while material obtained from the
other source could only be defined as uncertain as to its acid gen-
erating potential. Moreover, the study also found that the tailings
may produce high concentrations of lead leachates, although it is
stated that the leachates’ pH remained near neutral during the
weathering cell tests duration, and that the production of solidified
materials could, according to the TCLP tests performed to render
mortars in a previous study [16], guarantee the immobilization
of the harmful elements (although several properties of these com-
positions, such as increased porosity, lower CSH and portlandite
content are worse than when solely using natural aggregates).
Meanwhile, [17] studied the potential for the use of IOT in ultra
high performance concrete and found that a 40% replacement of
sand for 10T, together with a 2-day steaming curing period and
the use a polycarboxylate-based superplasticiser, resulted in con-
crete with identical mechanical properties to the reference con-
crete. Moreover, while the ITZ analysis of the revealed a dense
microstructure of these compositions, the authors stress that the
presence of oriented crystalline calcium hydroxide around tailing
particles may lead to further cracking under loading.

Finally, it is important to mention a recent study [18] concern-
ing the full replacement of coarse natural aggregates for flint from
phosphate mine waste rocks in concrete compositions. In terms of
the presence of contaminants, flint from phosphate waste rocks
does not present the same environmental threat as the mining
wastes discussed above and may constitute a viable alternative
for concrete aggregates (although the deposits of raw tailings
may contain the presence of heavy metals). Moreover, the mix-
tures were designed in order to attempt to attain the same strength
and workability class. For this purpose, and due to higher water
absorption of the waste aggregates, the water and superplasticizer
content of the mixtures were adjusted accordingly. Nevertheless,
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the achieved workability of the waste concrete was observed to
be significantly inferior to the one displayed by the reference con-
crete (which can, in turn, influence the analysis of the concrete’s
strength results). As to the remaining physical and mechanical
properties of the waste, no significant difference to the natural
counterparts were found. Furthermore, the 28-day compressive
strength results of the waste concrete yielded a 16% reduction in
strength when compared to the reference sample(to 29 MPa), a
9% increase (to 4.9 MPa) in flexural strength (which the authors
attribute to the superior interlocking between the waste particles
and the cement paste, and a 3% increase (to 2.6 MPa) in splitting
tensile strength, both for the same curing age. In short, despite
the extreme scarcity of available research on the topic, the waste
shows adequate potential for natural aggregate replacement in
structural concrete.

2.1.3. Oil extraction wastes

Another example of a waste produced by the mining sector is
oil-based drilling cuttings pyrolysis residues (ODPR). These cut-
tings are generated as a by-product of shale gas exploration and
are composed of drilled rocks and sand mixed with the oil-based
drilling fluid. For the safe disposal of this waste, which [19] argues
can amount to 250 m> per drilled well it is usually necessary to
subject it to physical separation processes and, finally, a pyrolysis
of the residue, thus creating the material termed ODPR [19]. ODPR
as partial replacement of fine aggregates and cement in ordinary
Portland cement (OPC) concretes containing a pozzolanic addition
(fly-ash) and a water reducing agent. According to the same
authors, ODPR is mainly composed of alumina, silica and calcium
oxide, and possesses a relatively low heavy metals (Hg, As, Ba
and Zn) content. Also, the waste was found to be non-
inflammable, non-reactive and non-corrosive and, as to leaching
toxicity and also the presence of toxic substances, the authors
found that the ODPR performance can be placed within the limits
established by Chinese regulations. Moreover, regarding biotoxic-
ity hazards, the waste was categorized as non-toxic. Furthermore,
the activity index tests performed to ODPR compositions suggest
that this material has a moderate pozzolanic nature, and thus,
may be eligible for classification as mineral admixture. As such,
the authors decided to include a simultaneous cement substitution
in the design of the mixtures (which, in our view, may skew the
results and cloud the workability and compressive strength analy-
sis of the concretes). Nevertheless, the results show that compres-
sive strength is severely impacted by ODPR and, although some
environmental performance results are encouraging, nearly every-
thing is still left to investigate as to the use of ODPR as aggregate in
concrete.

2.2. Processing activities

In mining operations, after extracting raw material from the
earth, and in order to turn it into a commercial product, it is then
necessary to process the material. These operations often include
waste-generating activities such as cutting the rock into the
desired shape, such is the case of the waste produced by the cut-
ting of marble blocks. The waste material resulting from these
operations is heterogeneous in size and its commercial applica-
tions, especially for the coarser fraction of the waste, are limited.
One possible solution to this issue is to promote the utilization of
the dust deposited in the sedimentation tanks as concrete aggre-
gate, or alternatively, to reduce the coarser fraction of the waste
to grain and use it to the same effect.

2.2.1. Marble wastes
Amid the studies focusing on the influence of partially replacing
natural sand for waste marble powder in concrete compositions,



Sérgio Miraldo, Sérgio Lopes, F. Pacheco-Torgal et al.

[20-23] state that marble dust tends to maintain many of the prop-
erties of the original raw material and thus generally possesses
adequate physical and chemical properties for use as concrete
aggregate. Nevertheless, the fines content was found to be higher
[20] and the particle shape to be more angular and elongated than
in natural sands [22]. Both mentioned factors are known to nega-
tively influence workability in cementitious compositions and, if
mitigating measures are not adopted, this property tends to
decrease with the addition of this waste. Furthermore, the studies
also show that the effect of a low fine aggregate for marble wastes
replacement level, coupled with the simultaneous introduction of a
superplasticizer, leads to a concrete with the same compressive
and splitting tensile strength and workability of the original con-
crete. Moreover, [23] report that the abrasion resistance is slightly
affected by the aggregate replacement while the elastic modulus of
the concretes is only affected when the substitution of basalt or
granite sand is implemented (and is otherwise unaltered when
marble waste replaces river sand). Furthermore, [20,22] studied
the impact of fine marble waste addition to the water absorption
(by immersion and capillarity) of concretes. These authors agree
that the addition of marble wastes at an optimized rate leads to
an upgrade in both properties, thus indicating that an improve-
ment in the pore matrix structure has taken place. Also, the con-
crete’s resistance to chloride ion penetration may show signs of
improvement when the waste replaces basalt and granite sand.
In relation to the carbonation resistance, [22] did not find a clear
relation between the growth in marble wastes content and the
concrete’s resistance. At the same time, due to what the authors
argue is an effect of the raised compactness and improved pore’s
structure, drying shrinkage was improved by the marble waste
addition.

Another possible methodology is to utilize the coarse particles
of marble wastes to replace the same fraction of natural aggregates
in concrete. The properties of coarse marble aggregates are very
similar to those of other natural coarse aggregates and, although
the crushing process can also influence the final shape of the par-
ticles, the qualities of this waste are highly reflective of those of the
original rock. Nevertheless, [24-26] demonstrate that coarse waste
marble aggregates possess a lower resistance to abrasion than
basalt, granite or limestone aggregates. This fragility can lead to
the lower durability of concretes possessing these wastes. Regard-
ing the workability of the concretes, the literature suggests that
this property is not negatively influenced by the coarse aggregate
replacement and may even be improved by this practice [24,25].
The research, however, is not unanimous in relation to the effects
of the aggregate replacement in compressive and splitting tensile
strength and definite conclusions cannot be drawn. Additionally,
[25] also observed that the elasticity modulus is slightly impacted
(more on limestone and basalt and less in granite concretes) by the
marble waste addition. As to durability concerns, [24] states that,
despite the fact that water absorption by immersion does not
appear to display significant changes with the rise in marble con-
tent, absorption by capillarity decreased. The authors justify this
behavior as being a consequence of the marble aggregates worse
adhesion and the resulting increase in the interface zone pores.
The mentioned investigation also focused on the carbonation resis-
tance of the concretes and, for all concretes and curing ages, signif-
icant changes introduced by the marble wastes were not observed.
Finally, the low alumina content of the marble waste and the con-
sequential lack of tricalcium aluminate formation is the reason
attributed by the same study to the considerable increase in chlo-
ride penetration originated by the marble wastes incorporation.

2.2.2. Granite wastes
Similarly to fine marble wastes, fine granite cuttings can also be
used as aggregates in concrete. [27,28] observed that this highly
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fine waste possesses slightly lower specific gravity and higher
water absorption than those of natural aggregates. Both studies
also agree that, despite the use of superplasticizers, workability
is negatively influenced by the addition of the waste. Furthermore,
the same authors found that, for low fine aggregate replacement
rates (up to 30% in weight), compressive and flexural strength
slightly increase. Also, [27] reports that the concrete’s resistance
to abrasion and to water flow is upgraded by the incorporation
of granite wastes content, while [28] states that a 20% granite
replacement leads to an improved performance in the concrete’s
permeable voids content, water absorption by capillarity and ultra-
sonic pulse velocity (Table 1). Lastly, [27] performed SEM and XRD
analysis to the concrete compositions in which they concluded that
a 30% replacement level provides an optimized density for the
cement-aggregate matrix and a peak at C-S-H gel formation. Nev-
ertheless, it is important to underline that although low rates of
aggregate substitution seem to lead to improvements in the
mechanical and durability properties of concrete, it would be
important to understand the implications of designing concretes
containing the waste but which are of the same workability class.
These findings are in line with the conclusions previously reached
by [29], which studied the replacement of fine natural aggregates
for granite waste powder in concrete compositions (in which no
use of a water reducing agent was performed) and also found that
fine granite waste has a high specific area and rough and angular
texture, and consequently, negatively contributes to the workabil-
ity performance of the concretes. Furthermore, the study had also
found that low (up to 15% in mass) aggregate replacement rates
also lead to the improvement in compressive strength of the con-
crete, although splitting tensile and flexural strength yielded equal
to lower results when comparing to reference concretes. Moreover,
UPV, chloride penetration and carbon penetration depth values for
the same compositions (containing up to 15% replacement of
aggregates) were also unaffected by the presence of the waste,
while chloride penetration rate and water permeability were, con-
trary to the findings contained in the more recent studies men-
tioned, negatively impacted by the presence of granite powder.
Finally, the authors also suggest that applying a chemical bleaching
(or oil separation) stage to the granite powder may be important
for the removal of any oil traces left from the processing stages
in which the waste was generated.

3. Energy generation by-products

The use of coal-fired power stations is still, despite of the devel-
opments in alternative energy technologies, a major process for the
generation of electricity worldwide. In fact, according to a 2014
investigation [30] coal fired power stations still burned about
407 million tons of coal for the generation of power, thus produc-
ing about 130x10° t of coal ash annually. Furthermore, the carbon
dioxide emissions inherent to the chemical reaction of burning coal
to generate heat, the process also gives rise to a considerable
amount of by-products originated by the coal combustion which,
in turn, may be utilized in concrete mixtures, as they are mainly
composed of silica and alumina and can display pozzolanic
behavior.

3.1. Coal fired power plants

3.1.1. Fly ash

One of the wastes produced by the combustion of coal is fly-ash
(CFA). This material is obtained through electrostatic precipitation
of the burned fuel particles that are driven out of coal-fired boilers
together with the flue gases and may present a viable alternative
to, at least, partially replace a material as expensive and highly
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Table 1
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Summary of results from tests performed on concretes containing fine granite wastes as aggregates, most importantly, of the concrete with 20% aggregate replacement. Adapted

from [28].

Concrete property

Fine aggregate replacement rate (Wt.)

0% 20% 60% 100%
Compressive strength, 28 days [MPa] 52.0 55.0 475 31.5
Flexural strength, 28 days [MPa] 5.84 6.17 5.68 491
UPV [m/s] 52729 53704 5008.4 4064.7
Water absorption [%] 4.00 3.81 415 4,77
Percentage of permeable voids [%] 9.85 9.68 10.15 10.97
Water penetration depth [mm)] 33.0 29.6 40.3 53.0
Tso0 time [s] 3.97 3.15 5.19 8.01

energy intensive as is cement in concrete mixtures (which may
justify the lack of existing research focusing on the replacement
of fine aggregate for CFA in concretes).

Coal ash is an aluminosilicate material which, when used in
concrete, should contain minimum amounts unburned carbon
and sulfates. Also, the ash must comply with [31] as the iron or
pyrite content may lead to undesirable concrete leaching. [32,33]
studied the mechanical strength and abrasion resistance of con-
cretes in which a partial substitution of fine aggregates for CFA
(class F) was performed. The 28-day compressive strength results
show that the substitution is beneficial to the concrete. In fact,
for a 1 year curing age, the maximum replacement ratio used
(40%) yielded a near 100% gain in compressive strength in relation
to the control concrete. In a similar fashion, the values obtained for
the resistance to wear by abrasion suggest a reduction trend in
depth of wear as the aggregates were increasingly replaced by
CFA. In fact, at 365 days curing age, the 40% aggregate substitution
rate lead to a 42% reduction in depth of wear. Additionally, splitting
tensile and flexural strength and modulus of elasticity results show
that the concretes with a 50% fine aggregate substitution rate dis-
play a considerable improvement in all properties at one year cur-
ing age (26% increase for splitting tensile and flexural strength and
18% for the elastic modulus). This behavior can be explained by the
pozzolanic quality of CFA, which causes the improvement of the
cement-aggregate matrix. Despite the mentioned existing litera-
ture on the subject, there are still areas not covered by the
research, namely the durability performance of the fly ash con-
cretes. Nevertheless, this is understandable due to the many valu-
able potential applications for fly ash in cementitious materials.

3.1.2. Bottom ash

Similarly to CFA, coal bottom ash (CBA) is generated during the
calcination of coal and is the result of the accumulation, in the fur-
nace, of the non-combustible materials contained in coal. CBA par-
ticles are coarser and heavier than fly ash grains and possess a size
distribution similar to that of river sand. Furthermore, this waste is,
chemically, mainly comprised of alumina (in a higher concentra-
tion than in CFA), silica and (to a lower extent) iron oxide, with
lower quantities of calcium, potassium and magnesium sulfate
and trace percentages of sulfur compounds, P,0s, TiO, and others
[34]. On the other hand, [30,35,36] showed that CBA possesses
lower specific gravity and much higher water absorption than nat-
ural sand. Nevertheless, [37] state that, in order for CBA to display
pozzolanic behavior, the chemical properties of the ash must fol-
low the requirements contained in ASTMC618 for fly ash of the C
or F class. Moreover, the same authors argue, the waste must be
ground until the particles retained on a n°325 sieve represent at
least 25% of the total weight.

As to the performance of concrete containing CBA aggregates,
[30,35,36] found that the replacement of fine aggregates for CBA
promoted a decrease in the workability of these compositions. In
fact, [36], which utilized the coarse fraction of CBA, together with
mineral admixtures (blast furnace slag and silica fume) and a poly-

carboxylic SP, observed that an even lower concrete workability
was achieved, while also reporting that the cement matrix of the
concrete samples present a significant void content (Fig. 3).

Furthermore, [30] showed that the replacement of fine aggre-
gate for CBA leads to a decrease inbleeding and in the loose bulk
density of concrete compositions. Simultaneously, the concrete’s
long term (180 days) permeable pore space and water absorption
by capillarity were both negatively affected by the CBA incorpora-
tion. In relation to compressive strength,[30,35,36] found that
replacing the fine aggregates for CBA does not lead to a reduction
in this property. Additionally, [30,35] report an improvement in
splitting tensile strength (which may be due to the fact that CBA
improves the structure of the paste and that this parameter is more
susceptible to quality of the cement-aggregate matrix). Moreover,
[30,36] further found that the fine aggregate replacement resulted
in a reduction in the concrete’s elasticity modulus.

3.1.3. Boiler slag

Another by-product of energy generation produced in coal-fired
power plants is coal boiler slag (CBS). This waste is a coarse, dark,
hard, angular, smooth and glassy material, usually found at the
bottom of slag-tap and cyclone furnaces and is the result of water
quenching the molten bottom ash that accumulates in this fur-
naces. [38] used coal boiler slag as a partial replacement for coarse
aggregates in concrete samples containing microsilica and a poly-
carboxylic ether superplasticizer. According to EDS scans, the used
CBS was composed of 51% SiO- (in the form of crystallized quartz),
23.7% Al,05 and 4.9% Fe,0s. Further mineralogical analysis (XRD)
revealed the overwhelming presence of two mullite phases (74% -
Al;05.,S10, and 24% ,Al,05.,Si0,) and a much lower (4%) presence
of ilmenite (FeTiOs).
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Fig. 3. Image of a 240 um by 180 pum section of the surface of a concrete containing
CBA in which large air bubbles are clearly visible [36].
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The tests performed by the same authors in concrete samples
containing CBS aggregates showed that the addition of slag implies
an increase in open porosity and water absorption, and also, a
small reduction (up to 8%) in the bulk density of the concrete. In
relation to compressive strength, growing amounts of slag content
caused proportional upgrades in strength (for a maximum of 23%
increase at 28 days and a 19% rise at 56 days for the sample with
the highest slag content). Moreover, although the concretes
demonstrated a splitting tensile and flexural tensile strength
increase, the optimal slag content was found to be 10% (which
caused a 9% and 18% increase in splitting tensile and flexural
strength, respectively). The authors justify this behavior by the fact
that, for this replacement rate, the available cement causes the
upgrade of the pore structure, as it completely fills the large-
sized slag pores. The study also observed that the cracks caused
by the mechanical actions to the concrete samples, propagated
both via the rough boiler sand particles, as well as the smooth
gravel aggregate. In relation to the modulus of elasticity property,
all the samples containing slag revealed a negative correlation
between the amount of slag and this modulus. More specifically,
the 56 days elasticity modulus of the sample containing the max-
imum slag content suffered the maximum registered reduction in
the elasticity modulus (33%) relative to the control sample, which
the investigation attributes to the elevated internal porosity of the
slag.

4. Metallurgy industry wastes

The global metallurgy industry is a major source for industrial
waste and the integration of a large number of wastes generated
from producing and processing ferrous and non-ferrous metallur-
gic products in the composition of construction products has
recently been the focus of intense research efforts. Of these, this
investigation highlights the studies on the application of iron and
steel-making slags, spent foundry slag, granulated steel and copper
and imperial smelting furnace slag as aggregate in concrete. As to
the availability of the more prominent ferrous slags, [39], citing
data sourced from EUROSLAG (which is, however, more than ten
years old) highlighted the fact that in the EU, roughly 48 million
tonnes of these wastes are generated annually. According to the
same dataset, ground granulated blast furnace slag accounted for
the biggest share of waste generation (about 43%), followed by
basic oxygen furnace slag (around 23% of the total)

4.1. Iron production

Slags that originate from the production of pig iron in blast fur-
naces can be either water or air cooled. The first method produces
ground granulated blast furnace slag (GGBFS), which cools rapidly
and is vitreous in nature. The air cooling, however, creates a rock-
like slag, with low cementing qualities, which is termed air cooled
blast furnace slag (ACBFS). In a similar fashion, when cupola fur-
naces are used to produce cast iron (secondary process), the gener-
ated slag is very similar to blast furnace slag and can also be air or
water-cooled, thus forming two different types of slag: air cooled
or granulated cupola furnace slag (CFS). Nevertheless, despite their
similarity to furnace slags, cupola slags have been found ,as further
detailed in this section, to possess less appealing properties for
potential use as aggregates in concrete.

4.1.1. Ground granulated blast furnace slag

Due to is highly pozzolanic nature, GGBFS is already thoroughly
used in concretes, either as a replacement, or as a supplement to
cement. [40,41] studied the influence of the partial substitution
of fine aggregates for GGBFS on the properties of concretes having
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found that, when compared to natural aggregate, GGFS possesses
lower specific gravity and higher water absorption. As to its resis-
tance to wear, [41] found that it is three times higher than the one
displayed by natural sand, while [40] observed the rough surface,
angular shape and the glassy nature of the GGBFS particles (which
the authors state are mainly composed of rankinite and dicalcium
silicate). Moreover,[42] also observed, through EDX analysis, the
rough surface of GGBFS particles, adding that this same surface is
of a glassy nature.

Furthermore, tests to concretes containing these wastes as
aggregates showed that the workability of the mixtures was
greatly decreased by the GGBFS addition [40]. This phenomenon,
however, was not observed by [41], although the authors formu-
lated compositions in which, as the GGBFS content was increased,
a decreasing amount of limestone filler was added to the mixture,
which (in our view) skews the workability results. Moreover,
[40,41] agree, that up to a 60% fine aggregate for GGBFS replace-
ment, compressive strength steadily increases (in tandem with
the waste addition), which is attributed to the pozzolanic behavior
of the slag as it reacts with calcium hydroxide and forms a sec-
ondary calcium silicate gel. The same exact positive trend was also
observed by [40] when studying the influence of the slag in the
splitting tensile strength of the concretes. Also, this investigation
also focused on the soundness of concrete quality (rebound ham-
mer test) and the results show a significant improvement in this
property, which is attributed to the reduction in the voids of con-
crete produced with GGBFS. Meanwhile, [41] performed mercury
intrusion porosimetry analysis (MIP) and found that, when the slag
content of the samples is increased and the volume of the cement
paste is maintained, although the pores’ diameter decreases, the
pore volume actually increases. Furthermore, the investigation also
found that the autogenous shrinkage of the concretes containing
slag increases proportionately (with a 60% slag incorporation lead-
ing to a 33% higher autogenous shrinkage). Also, slag addition was
also reported to lead to higher drying shrinkage, causing a total
shrinkage increase of 10% for a 60% aggregate replacement. This
result is attributed to the higher porosity and fines content of the
slag.

4.1.2. Air cooled blast furnace slag

As to ACBFS, [43] observed that the narrowness of the particle
size distribution of the slag and that the irregularities and cavities
of the coarse particles’ surface can potentially affect the compacta-
tion of concretes. This observation is also confirmed by a previ-
ously mentioned study [42]. Moreover, ACBFS was also found to
possess lower density and higher water absorption,while leading
to a reduction in workability of concrete mixes , even when a poly-
carboxylic ether superplasticizer is used. Furthermore, density,
compressive and splitting tensile strength of concrete mixes were
also highly negatively affected by the slag additions (Table 2).
Moreover, the study states that the presence of heavy metals (Se,
Ba, Cr, Cu) in concrete leaching does not fulfill the limits estab-
lished in all the available legislation consulted, therefore limiting
the potential use of ACBFS in concrete.

Table 2
Results of the tests performed on ACBFS concrete, where the deleterious influence of
the fine aggregate replacement can be observed. Adapted from [43].

Concrete property Fine aggregate replacement

rate (Wt)

0% 50%
Density [kg/m?] 2.28 2.21
Compressive strength [[MPa] 41.2 26.5
Tensile strength [MPa] 33 2.9
Young’s modulus [GPa] 29.2 25.7
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Meanwhile, [44] also found that the replacement of coarse nat-
ural for ACBFS aggregates induces the reduction of workability,
density, mechanical strength (compressive and splitting tensile)
and elastic modulus in concrete compositions being that the reduc-
tion is amplified when smaller sized aggregates (10 mm).

4.1.3. Cupola furnace slag

Cupola furnace slag (CFS), even when very finely ground, pos-
sesses much lower pozzolanic reactivity than fly ash, or even, blast
furnace slag [45]. Furthermore, [42] also found that these slags
possess higher acidity, lower pozzolanicity and a highly crystalline
structure.

Nevertheless, [46] studied the potential application of CFS as
partial fine aggregate substitution in concretes. The investigation
found that a cupola slag substitution of 25.5% in weight originated
a marginally lower workability while not altering the volume den-
sity and air content of fresh concrete mixtures. Additionally, for all
curing ages, the compressive strength reduction observed in the
slag concrete, when compared to standard mixes was found to
be slight to negligible. Similarly, the dynamic and Young’s modulus
of elasticity, water absorption by capillarity and resistance to water
flow penetration properties of the slag concretes are stated to be
similar to the reference mixes. Nevertheless, the resistance of the
CFS concretes to freeze/thaw cycles, measured through the analy-
sis of flexural strength under these cycles, did not meet the local
(Slovenia) regulatory standards. This phenomenon was attributed
by the authors to the low entrapped air of the mixtures. Finally,
the microstructure analysis (XRD) of the reference and CFS con-
cretes revealed minimal differences between the concretes as they
both were characterized by large total pore volumes, relatively
high pore-specific surface area and large amounts of total porosi-
ties. This observation leads the authors to conclude that the addi-
tion of CFS in concrete leads to a refinement of the pore structure.

4.2. Steel-making

4.2.1. Basic oxygen, electric arc, and ladle metallurgy slags

The two types of furnaces nowadays used in the production of
steel from metal scraps generate, in turn, two slag varieties: basic
oxygen furnace (BOF) and electric arc furnace (EAF) slag. These
steel industry by-products are non-metallic ceramic materials pro-
duced from a reaction between a purifying flux (calcium oxide,
dolomite or limestone, among others) and the non-metallic com-
ponents of the steel scrap. The chemical composition of these
wastes is primarily CaO, FeO and, in lower percentages, SiO,. Addi-
tionally, according to [47], the main mineral phases of steel slags
are dicalcium silicate (,Cao-SiO,), dicalcium ferrite (,CaO-Fe,053)
and wiistite (FeO). Moreover, special attention needs to be paid
to the MgO and free lime content of the slags, as these elements
can lead to volumetric variations in concretes. Also, the same
authors also found that steel slags possess high bulk density,
impact and crushing strength, polished stone value and binder
adhesion. Furthermore, these slags tare shown to possess much
finer fractions than their dolomite equivalents, and also, to have
a water absorption similar to the one possessed by natural aggre-
gates. Also, due to the high iron content, these wastes, also when
compared to their natural equivalents, were found to display
higher specific gravity and unit weight.

As to the substitution of fine aggregates for BOF in concretes,
[48] utilized this waste (while also using nano-silica) to produce
cement concretes and reported that, despite the use of a polycar-
boxylic superplasticizer, the mixtures’ workability decreased for
higher contents of BOF. Also, the results show an increase in the
fresh, dry and saturated surface dry density of the concretes which,
the authors argue, is caused by the higher density of BOF, in rela-
tion to natural sand. Furthermore, the authors observed a slight
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upgrade in the concrete’s compressive, splitting tensile and flexu-
ral strength, and also, modulus of elasticity and ultrasonic pulse
velocity. Additionally, in what the authors suggest is a conse-
quence of the pore refinement of the concrete matrix (in turn
caused by the slag’s finer nature), the increase in the rate of sand
substitution led to the reduction in water absorption. Moreover,
the addition of nano-silica proved to induce the reduction of the
width of cracks in concrete samples while the gradual substitution
of fine aggregates for BOF did exactly the opposite. In reality, it pro-
moted the development of increasingly larger cracks, as the total
substitution of fine aggregates yielded a 160% increase in the width
of cracks which, the study states, may be due to the increased
shrinkage observed in samples containing BOF. Meanwhile,
another study [49] also showed that, despite also using a carboxy-
late superplasticizer, high rates of replacement of fine aggregates
for fine BOF and EAF drastically decreased workability. Neverthe-
less, up to the maximum established limit of slag content (25%),
the gradual increase in slag correlated positively with the rise in
the 28-day compressive, flexural and splitting tensile strength,
density and Young modulus. However it is also shown that the dry-
ing shrinkage of the concretes is considerably worsened by the
presence of EAF as a 25% substitution rate leads to a 30% shrinkage
increase.

As regards to the coarse fraction of the BOF and EAF slags, [50]
focused on the important expansion issues that may arise in con-
cretes containing these wastes as aggregate. In fact, the shrinkage
phenomenon that can be observed in concretes containing these
slags may be linked to the impurity removal process used in the
steel-making process. More specifically, the addition of free cal-
cium oxide and/or free magnesium oxide in the manufacture of
steel introduces elements that expand when hydrated and can
have detrimental effects in the quality of the concrete. In the men-
tioned investigation, autoclave expansion tests performed on the
slags showed that BOF slag (which contained the highest estimated
free CaO content) experienced the highest expansions, while EAF
expansions were observed to be close to negligible and natural
aggregate underwent no expansions (Table 3). On the other hand,
EAF slag aggregates displayed a rougher surface and a more angu-
lar shape than BOF slag particles, while both slags also demon-
strated, when comparing to natural aggregates, higher specific
gravity and unit weight.

In relation to the tests performed on concretes containing these
slags as aggregates, BOF concrete, with a 28-day compressive
strength 10% lower than the one displayed by the reference sample
was the worst performing concrete. EAF replacement, in turn, did
not lead to reductions in compressive strength. Splitting tensile
strength test results indicate, however, that the presence of both
steel slags induces considerable losses in strength (although less
exacerbated in the case of EAF). The different behavior observed
in the strength development of the waste concretes can be due,
as the authors argue, to the better mechanical interlock between
the cement paste and the aggregates for the case of EAF concrete
(whose particles possess a rougher surface and a more angular
shape). Moreover, the measured free drying shrinkage of these
concretes was higher than the reference concrete, thus proving
the detrimental effects of the presence of CaO and MgO in the slag

Table 3
Results from autoclave expansion tests performed to particles of steel-making slags
and dolomite versus their estimated free CaO content. Adapted from [50].

Slag Estimated free CaO [%] Expansion rate [%]
BOF 34 8.8
EAF 0.1 0.1
EAF/LMF 0.4 0.8
Dolomite - 0.0
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composition. In fact, [51] argue that, when hydrated to the hydrox-
ide form, these elements cause topochemical reactions and stress
concentrations, which may lead to micro-cracking in confined or
bound applications in concrete. Furthermore, steel slag additions
upgraded the fracture properties of the concretes and led to a
slightly lower freeze/thaw resistance (although the authors regard
this resistance as still being situated within acceptable values). In
turn, [52] studied compositions with full replacement of coarse
aggregates for EAF slag and obtained slightly different results. In
fact, contrary to the previously mentioned study (in which the
aggregates were used in saturated surface dry condition), the
researchers mixed the aggregates in the dry state while adding a
superplasticizer to the composition (therefore altering significantly
the binding properties of the mixtures). More specifically, the
workability of the mixtures was greatly reduced and unit weight
increased. Moreover, compressive (short and long term), splitting
tensile and flexural strength all improved. Also, depth of wear
and porosity properties all increased for EAF concrete while the
resistance to water flow and to freeze-thaw de-icing salts were
not impacted.

Meanwhile, a recent study on the topic of concrete containing
both fine and coarse BOF aggregates [53]. In this study, the authors
made use of a polycarboxylate superplasticizer and thus was able
to assure proper workability in the vast majority of the composi-
tions studied. Moreover, the study found that a simultaneous
50% fine and 30% coarse natural aggregate replacement (in weight)
leads to a concrete with a 19% 90-day compressive strength
improvement. Additionally, it was acessed, through MIP testing,
that the pore volume and diameter were significantly reduced,
while the bulk density and was increased, when compared to the
reference concretes. Finally, the SEM analysis performed also
revealed an ITZ upgrade.

Ladle metallurgy furnace slag (EAF/LMF) is generated when
electric arc furnaces (and secondary industrial processes are imple-
mented) are used for producing steel. This by-product is similar to
standard EAF although, as additional alloying fluxing agents are
used in production process, the slag may possess a different chem-
ical composition. In relation to the previously mentioned autoclave
expansions testing, [50] studied coarse ladle slag and reported that
its performance is better than the one displayed by BOF and some-
what worse than EAF’s. In turn, [54] addressed the partial substitu-
tion of fine aggregates for ground EAF/LMF in self-compacting
concretes (SCC) containing a set retarding agent and a polycar-
boxylate ether superplasticizer. The authors reported that the
workability of the slag concretes was substantially inferior to the
reference samples. Furthermore, compressive strength, water
absorption by capillary action and carbonation, chloride and
freeze/thaw resistance were all upgraded by the presence of EAF/
LMF. It is to be noted that, once more, the workability differences
observed skew the analysis of the influence of the slag in concrete
compositions.

In a more recent investigation concerning the same research
topic [55], and although the focus was limited to the use of high sil-
ica EAF/LMF as replacement of aggregates in self-compacting
structural mortars, the authors found that carefully designed com-
positions also containing a plasticizer, EAF slag and fly ash (in a
total of 60% substitution, in volume, of natural materials for slags)
yielded self compacting mortars possessing satisfactory character-
istics. In fact, the workability, long term compressive strength,
porosimetry and microstructure of the mixtures was similar to
the reference mortars. Nevertheless, detrimental effects of the
wastes can be felt in the short term compressive strength results
of the compositions. Also, a slight to negligible drying shrinkage
and expansions increase was detected in mortars containing the
slags, although the authors state that the magnitude of this
increase was situated within the limits set in local regulations.
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Finally, the researchers recommend an LMF/EAF content in a pro-
portion of 20% of the total binder amount

4.3. Molding and casting

4.3.1. Spent foundry slag

It is standard practice, in the steel industry, to use high quality
silica sand in the casting process. This material is then re-used sev-
eral times until it no longer displays the same performance, by
which time the sand becomes waste. This residue is a clay bonded
sand termed spent foundry sand (SFS) and is usually mainly com-
posed of silica (with small percentages of bentonite clay, carbona-
ceous additives and water). When compared to natural sand, SFS
typically possesses similar specific gravity and water absorption,
and also, higher fines content [56,57]. Additionally, [56] observed
that the SFS used on the investigation (of the fraction < 2 pm) pos-
sessed a 5% active clay content. The same authors studied the
replacement of sand (and cement) for SFS in concretes, in which
water reducing agents were not used, and limited the fraction of
SFS passing the N°200 sieve, as ASTMC33 stipulates, to a 4% of
the total mass of sand. The study found that the inclusion of SFS,
as is corroborated by [57], caused a reduction in workability. Fur-
thermore, SFS substitution leads to a compressive and splitting
tensile decrease [57,56], while the elasticity modulus is also
impacted [56]. On the other hand, the same investigation states
that the water absorption and voids content were improved by
the presence of SFS in a rate of at least 5% of the fine aggregates’
weight, which the authors argue is the result of the void-padding
effect of the clay-type materials present in the foundry sand.
Meanwhile, [57] also confirms the matrix improvements when
using up to a 30% SFS replacement and to a 365 days curing age
(Fig. 4). Nevertheless, it is also reported that the resistance to
freeze-thaw cycles is lowered by the addition of SFS.

4.3.2. Recycled granulated steel

Meanwhile, [58] confirms that, even when polycarboxylate
ether superplasticizers are use, the workability of concretes con-
taining SFS as fine aggregate decreases. Furthermore, compressive
strength, dynamic elastic modulus, surface sorptivity and water
permeability were all impacted by the waste addition.

Recycled granulated steel (RGS) is a by-product of the manufac-
ture of reinforcement bars in steel rolling mills. This waste is usu-
ally remolded in a steel plant, and thus, already possesses
commercial value. Nevertheless, the re-molding process implies

Fig. 4. SEM micrograph of a SFS concrete containing a 30% aggregate replacement
at 365 day curing age in which the location of voids, and CSH gel is indicated [57].
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the generation of carbon emissions and the potential use of this
product in concrete production could, in theory, present a more
sustainable recycling path for this material. [59] studied the impli-
cations of the utilization of RGS as partial substitution of fine
aggregates in concrete compositions and found that RGS, when
compared to natural aggregate, possesses higher specific gravity
and lower water absorption. Also, contrary to the majority of recy-
cled aggregates, the addition of RGS was reported to increase the
workability of mixtures. Furthermore, the compressive and split-
ting tensile strength test results show that, up to a 50% fine aggre-
gate replacement, these strengths gradually increase, at which
point an inversion of the trend can be observed, and the compres-
sive strength for a 60% is lower than the reference concrete’s
strength. The researchers state that this behavior is due to the
rough texture of RGS particles, which causes a stronger bond
between the binder and the aggregate while also generating
greater volume of voids and weaker bonding for higher waste addi-
tions. In relation to flexural strength, all the waste-containing con-
cretes returned improved values of strength, being that the
mixture that maximized this property was the sample containing
30% fine aggregate replacement (different than the optimal 50%
substitution for compressive strength). Still according to this study,
the strength increase is related to the microfiber-like reinforce-
ment behavior of RGS. Furthermore, the study of geometrical vari-
ations originated by the exposure to a sulphate-rich environment
did not yield a clear pattern of results as to what the RGS addition
concerns. Moreover, after the said sulphates’ exposure, only the
control concrete increased its residual compressive strength, while
the 10% RGS composition compressive strength was unaltered, and
the others saw a mild to moderate reduction in strength due to the
same attack. Lastly, the SEM imaging analysis proves that, although
the RGS’s higher specific gravity favors the creation of a denser
matrix, the production of gypsum and ettringitte caused by the
reaction of sulphate ions with the cement, and also the lack of
available matrix pores, leads to expansions and cracking.

4.4. Non-ferrous metallurgy

4.4.1. Copper slag

Copper slag (CS) is an industrial by-product of the copper pro-
duction process. According to [60] (which cites data from a 2015
study by the International Copper Study Group), the global gener-
ation of CS by the copper industry was, at the time of the study, of
around 68 million tonnes (being that China producers accounted
for roughly one-third of the total).This waste is mainly constituted
of iron and silicon oxides, and can exhibit pozzolanic behavior. It
also typically possesses a Fe,03+Si0,+Al,03 content of over 70%
[60,61] which, according to ASTMC618, is the minimum required
by for a class F fly ash classification. The mentioned studies also
agree that CS possesses high specific gravity and low water absorp-
tion, when compared to the fine natural sand used in the respective
studies. Furthermore, [60,61] found that the use of CS as substitute
for fine aggregates leads to an increase in the workability of the
mixtures. As to compressive strength, again, the investigations
agree that a 20% addition of slag maximizes the increase in
strength relative to the reference sample. Additionally, [61] argues
that the strength increase observed for lower aggregate substitu-
tions is attributed to the physical qualities of copper slag, as this
material has a better compressibility than sand and can partially
relieve stress concentrations. Also, the study states that the angu-
lar, sharp edges of copper slag, may improve the cohesion of the
concrete matrix and enhance the abrasion properties of the con-
crete. Moreover, splitting tensile strength is also shown to benefit
from the addition of CS, while the opposite phenomenon occurs in
terms of flexural strength, as it induced a detrimental effect to the
results of this property for every sample. Nevertheless, for both
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strengths, the best performing composition was the one containing
50% fine aggregate replacement. As to durability-related proper-
ties, [61] state that a 40% CS fine aggregate replacement rate leads
to improvements in the initial surface absorption, which the
authors attribute to the elevated free water content of the mixture
containing the highest proportion of CS (which leads to additional
voids in the paste). Moreover, the volume of permeable voids dis-
played a reduction (relative to the control composition) in samples
with up to a 50% slag content. Meanwhile, [60] confirms the
improvements in the initial surface absorption property, although
the optimal substitution rate is stated to be lower (20% of fine
aggregate). Finally, the mentioned investigation also tested water
absorption by capillarity, sulfate and carbonation resistance, elec-
trical resistivity and ultrasonic pulse velocity, having also observed
that a 20% CS replacement improves the results of the concretes in
these properties (despite the slight weight gain of these mixtures
when subject to sulfate exposure).

More recently, [62] confirm the improvement (as long as super-
plasticizers are used) in the fresh properties of self compacting
concretes containing fine CS relative to compositions only contain-
ing aggregates of natural origin. Furthermore, the investigation
also reports the increase in compressive and splitting strength
for mixtures containing up to 30% and 60% CS, respectively. More-
over, SEM analysis also confirmed that microstructure of the con-
cretes containing was also denser than the ones displayed by
reference concretes.

4.4.2. Imperial furnace slag

Imperial smelting furnace slag (IFS) is a black, granular and (lar-
gely) amorphous material generated as a by-product of zinc refin-
ing and can potentially be used for replacing natural aggregates in
concrete formulations. In the Rajasthan state of India alone, coun-
try which, according to [63] is the world’s seventh largest zinc pro-

ducer, 80x10°> t of IFS were, at the time of the mentioned

investigation, annually produced (with 650x10° t of slag already
stockpiled). As stated in [63-65], the slag is mainly constituted
by iron oxide, silica, calcium oxide, alumina, zinc and lower
amounts of a wide variety of other chemical elements. Moreover,
[63] reports that fine IFS waste possesses higher specific gravity
and lower water absorption than natural aggregates. The same
investigation also detected, through SEM microscopy, that the
waste particles are rough and irregular, again when compared to
natural sand. As expected, replacing natural aggregate for fine IFS
lead to lower workability in concrete mixtures. Also, the authors
argue, as zinc and lead ions leaching tend to induce a retardation
of concrete setting, pastes containing IFS aggregates may be
affected by this phenomenon. Meanwhile, [64] studied the leach-
ing potential of concrete containing IFS as fine aggregate substitu-
tion and found that, although these specimens displayed
acceptable lead cadmium and zinc leaching, the setting of concrete
will be delayed by the inclusion of this waste. Moreover, the
authors also state that the addition of pulverized fly ash or GGBFS
is beneficial for the control of leaching in concretes containing IFS.
In another investigation, [65] studied the impacts of IFS addition in
the retardation of concrete setting, namely through the analysis of
the mineralogical phases and heat variations during the cement
hydration in concrete compositions. The authors confirm that IFS
delays cement setting, which is likely caused by the formation of
calcium hydroxyl-zincate or plumbate (instead of originating in a
gelatinous surface layer). In fact, this reaction (the authors con-
clude) consumes calcium and hydroxide ions from the solution
and delays the supersaturation and precipitation of calcium
hydroxide and the development of CSH gel. The researchers also
found that group II cations additions were the most successful in
mitigating setting retardation. It is further important to note that,
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according to the investigation, calcium hydroxide precipitation, in
concrete containing IFS, did not occur. Meanwhile, [63] also states
that the compressive, flexural and pull-off strength, abrasion resis-
tance, sorptivity and resistance to chloride-ion diffusion, and
shrinkage of concretes containing IFS fine aggregates were compa-
rable to the ones displayed by the control specimens. The men-
tioned research also states that the behavior of the slag concretes
may be negatively influenced by the slag’s lack of fines (when com-
pared to natural sand). Furthermore, accelerated carbonation test
results revealed an upgrade in performance for contents of up to
50% of aggregate replacement. As the authors note, because car-
bonation is the result of the chemical reaction between carbon
dioxide and cement hydrates, there should not be any change in
behavior for IFS concretes, however, the irregular shape of the slag
can lead to decreased porosity and to the diffusion of CO,. More-
over the reinforced concrete’s corrosion susceptibility was
assessed through monitoring the macro and half-cell potential evo-
lution under wetting/drying cycles. The results indicate that a 0.4
w/c ratio and a 10% sand replacement rate, the corrosion resistance
is clearly superior to the one of the corresponding control concrete.
The authors also revealed that, after performing the cell monitor-
ing tests, the concrete was broken and chemically cleaned and
the anodic bars were then analyzed for the presence of brown rust,
which was indeed detected. Also, in a few, sparse, locations a black
corrosion product was observed (which can be originated by the
lack of oxygen).

5. Thermoplastics

Wastes originating from thermoplastic materials are abundant
and present a serious environmental hazard. According to [66],
the annual generation of plastic wastes, only in Western Europe,

was, at the time of the study, of 23x10° t. This synthetic material
is thoroughly used in a great number of human activities and, after
being used, a safe deposition method is difficult to find, which
causes serious environmental consequences, most notably, to mar-
ine ecosystems. Consequently, worldwide adoption of the re-
utilization of thermoplastics in the construction industry would
constitute a major environmental breakthrough and, as such, con-
siderable research has been performed to integrate these wastes in
concrete production.

5.1. Plastic wastes from various sources

5.1.1. Polyolefins

Polyolfins are a secondary raw material that can be obtained by
the plasticization and densification (by extrusion) of the polymeric
fraction of industrial wastes. The material obtained through this
process is in turn, composed of polyethylene, polypropylene and
polyethylene terephtalate, all of which are widely used in the plas-
tics industry. [66,67] studied OPC concretes and mortars in which
the natural aggregates were partially replaced by polyolefin waste.
[67] observed a linear decreasing trend in the apparent density of
concretes as the waste content increased. Furthermore, these den-
sity results were all inferior to 2000 kg/m>® and, following the
guidelines of the European standard [68], all the concretes pro-
duced may be classified as lightweight. This phenomenon, the
authors argue, is the result of the plastic’s lower specific weight.
Simultaneously, the research observed that the waste addition
caused an increase in the open porosity and water absorption of
concrete samples. Moreover, SEM microscopy analysis (Fig. 5)
and mercury intrusion porosimetry evaluation also demonstrated
that polyolefin concrete possesses a matrix with higher hetero-
geneity and larger pores (> 1um) when compared to a standard
concrete which, the researchers justify, is the result of increased
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Fig. 5. SEM image of a concrete containing 30% replacement of aggregates for
polyolefins. The image shows the weak concrete matrix of the sample [67].

entrapped air present in the mixtures containing plastic waste.
As to the workability of the samples, the addition of waste, despite
the use of an acrylic superplasticizer, negatively influenced this
property. Furthermore, compressive strength tests showed it was
also impacted by the addition of plastic, while a strong correlation
(R* = 0.97) was observed between the waste addition and the
strength reduction. The authors justify this occurrence with the
lower strength of the waste, when compared to that of natural
aggregates, with the weak plastic-cement bond and, lastly, with
the hydrophobic nature of plastic (thus slowing down or prevent-
ing the hydration of the cement powder). Nevertheless, splitting
tensile strength results indicated an optimal aggregate replace-
ment rate of 10% in volume. The authors argue that this result is
a consequence of the fiber-like behavior of the plastic particles,
which, up to the mentioned rate, is more beneficial than the detri-
mental effect of the waste’s addition on the strength. Moreover,
ultrasonic pulse velocity tests also revealed a very strong correla-
tion between the waste content increase and the downgrade in
the performance of the concrete (R*> = 0.99). As to the thermal sta-
bility of concrete samples, the study shows that a temperature of
600°C causes a deterioration in the apparent densities, dynamic
elasticity modulus and strength that is proportional to the waste
content of the samples (while the compressive strength of the ref-
erence OPC concrete, at the same temperature, is not impacted).
The researchers conclude stating that, while this waste material
adds environmental value to the mixtures, it can only be consid-
ered for non-structural lightweight concrete applications. On the
other hand, mortar tests conducted by [66] in which the replace-
ment of the fine natural aggregates for polyolefin wastes demon-
strated that this material leads to lower thermal conductivity
and water vapor resistance, which indicates that these wastes
can be utilized when mortars with thermal insulation and dehu-
midifying properties are required.

5.1.2. Polyethylene terephtalate

One of the components of polyolefins is a material used for the
production of most plastic containers is polyethylene terephtalate
(PET). This waste is responsible for major worldwide environmen-
tal impacts and most notably, to marine ecosystems. [69] used
crushed PET bottles as partial substitution of coarse and fine aggre-
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gates in OPC concrete compositions using three types of wastes:
fine (PF) and coarse (PC) shredded and sieved PET, and lastly, fine
heat treated spherical/cylindrical pellet-shaped PET (PP). As to the
physical properties of the waste, the data revealed that, when com-
pared to natural aggregate, it possesses lower density and water
absorption.

As to the fresh properties of the concrete containing PET aggre-
gates, the visual analysis of the mixtures suggests that, for PP
waste, and due to the spherical shape and smooth surface of its
grains, higher additions of this material lead to a slightly increased
workability. In opposition, PF and PC additions cause a reduction in
workability, which is attributed to the sharper, more angular and
non uniform shapes of PET aggregates. Furthermore, the authors
also observed that concrete containing 15% PF (and several of the
PC compositions) displayed sample segregation which, they argue,
may be caused by the higher W/C ratio. Also, due to the PET aggre-
gate’s lower density, all the samples containing recycled aggre-
gates suffered a decrease in density, relative to the control
specimens, which was proportional to the amount of recycled
aggregates added. Compressive strength results, both at 7 and
28 days, confirm the reduction in compressive strength as PET con-
tent is increased, especially for the case of PC aggregates. Mean-
while, although PP concrete performs better in compressive
strength tests (which can be attributed to the lower w/c ratio of
these compositions), when comparing to other PET aggregates, it
still underperforms natural aggregate, in what seems to be a con-
sequence of the grain’s smoothness (decreasing the binding
between the aggregate and the cement paste). Additionally, unlike
PC and PF, the particle size distribution is artificially uniform and
downgrades effectiveness of the grading curve. The same trend
can be observed to the results of the concretes in a property which
is largely dependent of the ITZ characteristics: splitting tensile
strength. According to these tests, PP continues to be the best per-
forming addition, followed by PF and ending with PC. Nevertheless,
the authors remark that, after failure, the PP grains debonded from
the matrix, which further hints at a weak bonding between PP and
the cement paste. In relation to the modulus of elasticity, the
investigation found that the deleterious effect of the PET aggre-
gates could be observed for all types of additions used, which is
attributed to the lower elastic deformation of the PET aggregate,
and also, to its higher porosity. Furthermore, PP also performed
better than PF and PC (in this order) in flexural strength tests (with
the added curiosity that the shape of PF and PC grains caused the
test specimens not to split in two after the failure occurred). In
reality, the authors argue, PET particles bridged the crack and pre-
vented brittle failure (contrary to PP and natural aggregates). Also,
abrasion test results show that this property may benefit from the
inclusion of PET aggregate. In fact, while PP additions lead to the
improvement the abrasion results (depth of wear), PC and PF addi-
tions, however, also originated the upgrade of the specimens, but
only up to a 10% aggregate substitution. Additionally, PF aggregates
performed worse than PC additions in weight loss due to abrasion
which, it is stated, is the result of the particles easily departing
from the cement matrix.

In a related study, [70] studied the durability behavior of con-
cretes in which fine or coarse natural aggregate was replaced by
shredded PET waste bottles. The authors observed that the worka-
bility decreased for the addition of either coarse or fine plastic
aggregates. The waste additions also lead to lower density and
higher water absorption by immersion and capillarity, carbonation
depths and chloride migration coefficients. However, lower drying
shrinkage values (relative to the reference concrete) were also
observed. The study concludes stating that the addition of finer,
smoother and more regularly shaped plastic particles (as in the
case of plastic pellets), favors the durability performance of the
PET concretes. In a more recent investigation, [71] also utilized
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used shredded PET bottles for the substitution aggregates in con-
crete compositions, only this time, the authors only focused on
the partial replacement of the fine fraction of the aggregates (PF).
As to the results of the study, the researchers confirm that, despite
the use of a superplasticizer, the workability is impacted by the
introduction of PF. Moreover, the water absorption rate of the con-
cretes containing only a 20% PF aggregate content increased by
55.4%, when compared to the reference sample. Nevertheless, a
12.5% aggregate replacement rate led to considerable improve-
ments in compressive, splitting tensile and flexural strength (by
43, 27 and 30% respectively). Furthermore, density, pulse velocity
and elastic modulus are also negatively impacted by the aggregate
replacement, although an aggregate replacement rate of only 12.5%
induces an improvement of 108% in energy absorption and, as
expected, the observation of the concrete samples’ failure mode
indicate that the gradual increase in the addition of PF leads to a
corresponding upgrade in the concretes’ ductility

5.1.3. Polyvinyl chloride

Another thermoplastic waste that has attracted significant
research attention for potential use as aggregate replacement in
concrete compositions is Polyvinyl chloride (PVC), a material
which can be found in a wide array of construction applications.
[72] investigated concrete compositions containing a partial
replacement (5% to 85% in volume) of natural aggregates for mate-
rial of the 0-10 mm fraction, obtained from a two stage crushing of
PVC sheets. PVC particles were found to be finer than gravel and
coarser than river sand. Furthermore, the authors observed that
they possess high surface area, are flaky and heterogeneous in
shape. Moreover, when compared to natural aggregates, the PVC
waste displays significantly lower specific gravity and bulk density.
Consequently, PVC concretes, especially for replacement rates of
over 30% of fine and 45% of coarse aggregates, and even though
the fine natural aggregates were used in a saturated surface dried
state, demonstrated lower workability, which the authors attribute
to the shape and size distribution of the PVC grains. Also, as the
PVC content of the concretes is increased (particularly in the case
of coarse aggregate substitution) density decreases accordingly.
As to water absorption results, the tests show that this property,
particularly for coarse aggregate replacements of over 30%, is
affected by the PVC addition. Plus, this trend can be observed for
both the replacement of coarse and fine aggregates and is visible
in initial and final absorption values. This result is attributed to
the flakiness of the PVC particles, which induce the formation of
a pore transition zone and increase macro cracks in the concrete.
In relation to mechanical strength, the study shows that a fine or
coarse substitution of up to 15% does not lead to meaningful
changes in compressive and splitting tensile strength. Also, flexural
strength results show that the same replacement rate may even be
beneficial to the concrete. Meanwhile, the study also shows that all
these properties can be highly impacted by the introduction of
even higher PVC contents. Nevertheless, the analysis of the modu-
lus of elasticity tests indicates that the PVC incorporation is partic-
ularly deleterious to the performance of the concretes. In fact, an
85% replacement of fine and coarse aggregate returns a reduction
in the modulus of 73% and 85%, respectively. Moreover, stress—
strain relationships for the compositions indicate that the addition
of PVC aggregate leads the a more ductile response than when only
natural aggregates are used, which the authors justify is due to the
elongation displayed by the plastic particles prior to failing. Also,
especially in the case of coarse aggregate substitution, as the PVC
aggregate content grows, the ultimate fracture strain increases
(while the lateral strain, in peak compressive strain, decreases).
Additionally, the observation of the concrete’s modes of failure
indicates that, for the compressive test, the control concretes dis-
played a typical shear failure. However, when the PVC aggregates
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were added, the number and spacing of cracks was severely
decreased (which the authors attribute to the ductile behavior of
the PVC). The same exact behavior was observed in the case of
the splitting tensile failure, which indicates that the PVC addition
affects the mechanical performance both under tension and com-
pression. Finally, weight loss through abrasion tests revealed that
both the fine and coarse fraction substitution lead to improve-
ments in the resistance to abrasion. Furthermore, the coarse aggre-
gate substitution leads to higher gains in abrasion resistance (53%
versus a 9% decrease for the fine replacement). The study justify
this fact as being a consequence of the higher energy absorption
of the PVC aggregate (thus leading to an increase in plasticity
and crack control). Meanwhile, a previous study on the substitu-
tion of fine aggregates for scraped PVC pipes in concretes, [73] also
detected, despite the use of a naphtalene formaldehyde SP, a work-
ability and density loss, following the PVC addition. Also, compres-
sive and tensile strength were impacted by the aggregate
replacement. Furthermore, the modulus of elasticity decreased
and the Poisson’s ratio improved, thus revealing an increase in duc-
tility of the concretes. The aggregate substitution also caused an
upgrade in drying shrinkage and the resistance to chloride ion pen-
etration. The study concludes recommending that the replacement
of aggregate for scraped PVC pipes not be performed in structural
concretes and that it should only be used to a maximum fine aggre-
gate replacement rate of 15%.

More recently, [74] covered the use of PVC waste (and also
high-density polyethylene and polypropylene waste) as fine and
coarse aggregates in concrete compositions. The authors made
use of a polymer-based superplasticizer optimized according to
the plastic content of each sample (as they anticipated the waste
addition would induce a loss in workability) and reported a
decrease in density of fresh and hardened concrete proportional
to the amount of waste aggregate utilized (up to 75% plastic aggre-
gate in volume). Furthermore, the natural aggregate replacement
led to a considerable compressive strength, dynamic modulus of
elasticity and ultrasonic pulse velocity loss, and also, an increase
in the concretes’ ductility. Nevertheless, the investigation also
recorded considerable improvements in thermal insulation, in fact,
for the concrete containing 75% PVC waste, a 67% reduction in ther-
mal conductivity was achieved (the lowest tested value).

6. Glass wastes
6.1. ASR reaction

Glass waste, which is in its majority constituted by silica, and
due mainly to its abundance, is a prime target for re-utilization
within concrete compositions. In fact, according to the EUROSTAT
online database in waste generation [75], in 2018, the amount of
glass wastes generated by the 27 members that now compose EU

was of 16.37x10° t. Nevertheless, the shape of crushed glass and
its diverse chemical constitution does not permit, at least for
now, the generalized utilization of this waste as aggregate by the
construction industry. Furthermore, one of the most important
properties that can hinder the utilization of glass wastes as aggre-
gate is this waste’s potential for originating alkali-silica reactions
(ASR) in concretes. [76] investigated the reactive potential of this
material by studying the expansions observed in mortars possess-
ing crushed glass wastes (from different industrial sources) sub-
jected to a 1 N NaOH solution, coupled with an accelerated 80 °C
curing. The investigation used soda-lime glass wastes (SL), uncol-
ored (BS-U) and amber (BS-A) boro-silicate glass, and finally,
lead-silicate glass (CR), all of the 0.075-2.00 mm fraction. In this
work, the authors observed that SL mortars showed the lowest
expansions, followed by the BS-based compositions and ending
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with the CR mortar samples. The NaOH and saturated lime water
solubility tests performed demonstrated that the CR wastes
induced the highest solubility, versus the lowest solubility of the
SL glass. Consequently, a direct correlation between the glass solu-
bility and mortar expansions was found. While analyzing the
chemical properties of the ASR gel, the researchers found that
small differences in the chemical composition of the waste can
lead to distinct ASR gel compositions. In particular, the dissolution
of CR (which is governed by a mechanism of dissolution of the
homogenous network) is very different to the dissolution through
layer detachment observed in all other wastes and can help to
explain the worse behavior observed in CR mortars. Furthermore,
it can be concluded that the SL and BS wastes’ Ca3 ions content
can create a buffer effect and prevent the dissolution of the glass.

Meanwhile, [77] studied the role of the glass wastes’ poz-
zolanicity in mitigating ASR phenomena in waste glass mortars
For this purpose, the authors performed several tests to mortars
containing coarse and fine glass wastes, namely, accelerated
expansions, isothermal calorimetry, evaluation of XRD patterns,
and also, analysis of the pore solution composition. According to
these researchers, the pozzolanic reaction of soda-lime glass con-
sumes portlandite to form C-S-H and, at the same time, contributes
to a decrease in monosulfate. Also, the results show that the
increase in alkali concentration of the pore solution caused by
the glass wastes addition, the increase in Al concentration leads
to a reduction in the dissolution of reactive silica, and conse-
quently, minimizes ASR reaction. A more recent study, [78], pro-
moted the pre-treatment of glass soda-lime glass wastes with
combinations of calcium and sodium hydroxide, cured for 1, 4
and 7 days at 80°C (for the acceleration of the reactions) and was
able to mitigate ASR expansions in concretes containing fine glass
aggregates. In fact, concretes containing glass wastes and treated
with a blend of calcium and sodium hydroxide yielded a 50%
reduction in expansions relative to the reference samples. Further-
more, the study also argues that the pre-treatment of the fine
wastes is able to totally reverse the negative effects of a 20% aggre-
gate replacement in compressive strength.

6.2. Glass wastes from various sources

6.2.1. Wastes from diverse industrial sources

As to the application of recycled glass wastes as aggregate in
concrete [79] studied coarse and fine glass aggregates sourced
from building and automobile windows and found that the density,
water absorption and abrasion resistance of the wastes were all
lower than those of natural aggregates. Furthermore, the high
shape index possessed by the waste suggests that, although this
property is highly dependent of the original shape of the glass,
these particles are of an elongated nature. The investigation further
states that, while for concrete containing the fine aggregates sub-
stitution, the workability of the concretes decreases, while the
opposite happens when the coarse fraction of the aggregates is
replaced. Furthermore, a strong downgrade in the concrete’s den-
sity and a moderate loss in 28-day compressive strength was also
found while small substitution rates (up to 10%) of either fine or
coarse (or both) aggregates led to a decrease in water absorption
by capillarity. As to water absorption by immersion, the aggregate
replacement was not found to promote an increase in this prop-
erty. Moreover, the 56-day carbonation resistance was also
improved (contrary to the results observed for short-term curing
periods) and the resistance to chloride penetration decreased. In
relation to shrinkage, this concrete displayed a similar behavior
to the one demonstrated by the reference concrete being that the
simultaneous addition of coarse and fine glass waste led to a better
performance.
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Further information regarding the replacement of natural
aggregates for glass wastes sourced from the construction industry
can be found in the section dedicated to construction and demoli-
tion waste Meanwhile,[80] studied the use of coarse aggregates
sourced from industrial car windshield glass wastes in self-
compacting concrete compositions. The researchers also made
use of a superplasticizer, marble wastes (as filler material), and
also, experimented with different combinations of fine and coarse
recycled aggregates from construction and demolition waste. The
results showed that the workability of the concretes is impacted
by the glass aggregates. Nevertheless, the authors found that the
yield stress and plastic viscosity of the concretes are within the
range normally displayed by self-compacting concretes (although
segregation ratios of these compositions indicate increased viscos-
ity, and therefore, of blockage risk). The study also shows that the
compressive strength of concretes containing full replacement of
coarse natural aggregates for glass wastes is considerably
decreased, when compared to reference samples.

6.2.2. Soda-lime bottles wastes

Soda-lime bottles are a major contributor to the worldwide
municipal solid wastes generation. While there are, nowadays,
adequate recycling processes implemented for most SL glass
wastes, these can generally not be enforced when the waste is
not conveniently sorted. More specifically, if wastes from bottles
of different colors (and therefore different chemical compositions)
are mixed, the recycling of the glass into a commercially viable
glass product is, for the large majority of applications, virtually
impossible. Furthermore, the morphology of crushed SL glass
waste particles (Fig. 6) is considerably distinct to that of natural
aggregates. [81] studied the replacement of natural aggregates
for recycled SL wastes in concretes (containing fly ash as an ASR
mitigation measure) having found that the workability of the mix-
tures was not meaningfully impacted by the addition of the waste.
Moreover, density, compressive and splitting tensile strength, and
also, the elasticity modulus were all found to be negatively corre-
lated with the rate of aggregate substitution (although a 45%
aggregate substitution rate yielded a decrease of less than 15% in
all the mentioned properties). With respect to the resistance to
chloride ion penetration and drying shrinkage, the results showed
that the addition of glass wastes was slightly beneficial to the con-
cretes. Finally, the study of ASR expansions in mortars showed
that, although the sample containing 45% recycled aggregate dis-
played serious expansions and cracks at 28 days curing, the inclu-

Fig. 6. Optical microscope image, at 10x magnification, of crushed soda-lime
bottles glass with a maximum particle size of 500 pm.
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sion of fly ash in the compositions substantially mitigated the
magnitude of this occurrence to levels bellow 0.1% (at the same
curing age).

More recently, [82] investigated the partial replacement, in con-
crete compositions, of natural coarse sand for glass wastes, of the
same fraction, sourced from mixed colored crushed soda-lime bot-
tle wastes. The authors found that the use of a superplasticer did
not prevent a significant deterioration in workability displayed
by the samples containing glass wastes. Furthermore, the research-
ers argue that the mechanical (compressive, splitting tensile and
flexural) strength was not significantly impacted by up to a 60%
replacement of coarse sand, and also, that ASR-related expansions
were improved by the same content of glass wastes. These results
are in contradiction to the majority of the research available in the
field of the utilization of glass wastes in concrete compositions and
are seriously by the disparity in workability values observed in the
reference sample (90 mm slump) in comparison to the mixtures
containing glass wastes (from 40 to 60 mm slump).

In a different study [83] promoted the replacement of coarse
aggregates for soda-lime glass wastes in concrete compositions
and focused on the effects of the replacement on the hydrody-
namic abrasion resistance of concretes, a property especially rele-
vant for hydraulic structures applications. For this purpose, the
authors included silica fumes, polypropylene microfibers and a
water reducer to the traditional concrete elements. The inclusion
of glass wastes in the concrete was found to negatively influence
compressive and splitting tensile strength, which the authors
argue is due to the flaky nature of the glass particles. Alternatively,
the elastic modulus was not meaningfully affected by the glass
inclusion. As to the hydrodynamic abrasion resistance of the con-
cretes, the study found that a coarse aggregate replacement rate
of up to 25% did not significantly reduce its resistance. Also, it
was found that the abrasion resistance of a concrete containing
coarse limestone aggregates possesses a comparable abrasion
resistance to the one displayed by the mentioned 25% glass wastes
concrete.

6.2.3. Cathode ray tubes wastes

Electronic waste is becoming an increasingly important prob-
lem in modern societies. According a recent EUROSTAT estimate
[84], the total e-waste collected in the EU-27 in 2018 was of

around 4x10° t. Among these wastes, and contrary to the glass
wastes already discussed, waste cathode ray tube (CRT) glass con-
tains leachable substances and is classified as an hazardous solid
waste. Among the chemical constituents of the waste, the one that
poses the highest threat is lead oxide, as CRT glass wastes usually
contain 20-25% of this element by weight. Also, and in opposition
to the previously mentioned glass wastes, CRT glass has higher
specific gravity than natural aggregates. As to water absorption,
and similarly to other glass wastes, [85,86]. observed that CRT
wastes results are lower than the ones presented by their natural
equivalents. Additionally, both studies also found that concrete
mixtures suffer a workability loss when CRT glass replaces natural
aggregates which, it is argued, may be connected to the angular
shape of glass particles (thus creating higher resistance to flow).
Furthermore, due to the higher density of CRT glass, it is also
reported that the waste addition originates an increase in concrete
density and [85] adds that the density increase is higher when
replacing coarser fractions of aggregates, according to these
researchers, is the result of the improved particle packing origi-
nated by these glass particle sizes. As to mechanical perfor-
mance,[85] report a slight decrease in compressive and splitting
tensile strength cause by the CRT addition. The investigation
argues that the smooth nature of the glass surface and the lead lea-
chates originated in CRT particles contribute to the weakening of
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the aggregate-binder bond and delay the hydration of cement. On
the other hand, [86], using only low substitution rates of finer frac-
tions of CRT waste, observed a slight compressive strength upgrade
relative to the control composition. In relation to water absorption
by immersion, [85] states that the CRT aggregate’s lower water
absorption leads to reductions of up to 25% for the concrete con-
taining full replacement of aggregates for CRT. Additionally, the
same study also assessed the elasticity modulus of the concretes
reporting that the CRT aggregate addition has a deleterious effect
on this property. Moreover, [86] reports that an aggregate replace-
ment rate superior to 10% leads to deleterious expansions in con-
crete (ASR reaction) and it is stated that the CRT aggregates used
in the study (which possessed an higher than usual concentration
of embedded lead) caused a lead leaching which was superior to
the statutory limits. Furthermore, the leaching was found to be
dependent of the composition’s pH and displayed a decrease over
time. Finally, the use of a biopolymer solution for leaching encap-
sulation in a concrete with a CRT aggregate substitution rate of up
to 20% was shown to originate a decrease in the concrete’s lead
leaching to below drinking water limits.

Meanwhile, [87] studied the utilization of coarse CRT glass
wastes as aggregates in concrete. Moreover, the researchers uti-
lized two methods for obtaining aggregates from CRT waste: the
more traditional crushing technique (GC); melting and annealing
the waste to produce spherical aggregates (GS). The results of the
physical and mechanical tests performed to the glass wastes show
that the latter technique leads to lighter, rounder aggregates, with
lower water absorption ratio and crushing value. As to the worka-
bility of the concretes, the authors found that using both wastes as
coarse aggregate, coupled with the utilization of a superplasticizer,
improves the workability of the compositions. Moreover, the vol-
ume of voids, specially in the case of GS, is increased by the addi-
tion of glass wastes. Also, compressive, splitting tensile and
flexural strength are considerably negatively affected by the
replacement of natural aggregates while water absorption and dry-
ing shrinkage are improved by the inclusion of glass wastes. Fur-
thermore, the study showed that the utilization of CRT glass
wastes originated increased ASR expansions, when compared to
control mixtures. Finally, TCLP tests showed only minimal lead
leaching in concrete samples containing GC and GS.

7. Domestic and municipal
7.1. Rubber waste

7.1.1. Tires

Nowadays, a significant share of used rubber tires is either recy-
cled, re-used or employed as fuel in the energy sector, neverthe-
less, as further detailed, this waste has potential to be utilized as
a substitute for natural aggregate in concrete compositions. The
most recent data concerning total rubber waste generation in the

EU-27[75] indicates, that in 2018, roughly 4x10° t of these wastes
had been produced. The shape of tire aggregate (TA) that is
obtained after the shredding process has taken place is, usually,
similar to the one displayed by natural aggregates, although for
the 7-9 mm fraction, according to [88], this material is signifi-
cantly rounder than its natural equivalents. Additionally, [88,89]
state that, when compared to natural aggregate, shredded tyre
waste possesses lower density and higher water absorption. Fur-
thermore, the same authors also detected a workability decrease,
originated by the addition of the rubber aggregate, while both
agree that rubber aggregates are also the cause for the reduction
in the density of concretes. As to mechanical properties, [89] states
that the compressive and splitting tensile strengths and the elastic-
ity modulus of the TA concrete decrease proportionally to the con-

15

Construction and Building Materials 298 (2021) 123729

tent of TA aggregates in the compositions, which is amplified by
the replacement of the finer fractions of natural aggregates for
TA. In opposition, the study states that the abrasion resistance of
the samples improved as a result of the rubber addition (Table 4).
Moreover, [88] observed that TA concrete tends to possess higher
shrinkage than reference concretes, which is attributed to the
higher w/c ratios of these specimens and to the TA’s lower capacity
to restrict shrinkage (being that finer waste fractions were
detected to be more deleterious to the concrete than the coarser
particles). Additionally, when compared to the control composi-
tion, it was observed that TA concrete experiences greater autoge-
nous shrinkage (from the initial cement hydration appearance
onwards). Meanwhile, it is also stated that the concrete’s water
absorption by immersion is also increased by the presence of TA

and a moderately strong correlation (R*> = 0.86) between the TA
aggregate content (up to a 15% replacement rate) and water
absorption by immersion could be observed. This behavior, the
study states, can be due to the higher water content and the void
volume of the composition. Also, after having observed (during
the concrete’s production stage) that longer vibration periods led
to concrete segregation, the authors opted to perform short vibra-
tion periods to the mixes, which may have lead to less compaction,
and thus, higher water absorption. Furthermore, in contrast to
their behavior in other parameters, coarser TA fractions originated
higher water absorption by immersion, and also, water absorption
by capillarity tests were found to be inconclusive as to the influ-
ence of the aggregate replacement to this property. As to carbona-
tion depth, the results increased linearly with the TA content

(R? ~ 0.90) which, as the factors influencing this property are the
same as the ones determining water absorption by immersion,
was an expectable outcome. In fact, the 28 days carbonation depth
increased 56% when 15% of the coarse aggregate was replaced.
Also, both investigations (developed in parallel) assessed the influ-
ence of two grounding techniques in the production the aggre-
gates. In the first process, the aggregate was produced by
cryogenically cooling rubber particles using liquid nitrogen fol-
lowed by a hammer crusher. In the second alternative, the tires
were simply mechanically grounded to produce smaller sized par-
ticles. The results obtained do not support a positive influence in
introducing cryogenically cooled rubber particles in the shredding
process of TA for the production of concrete.

In a study focused on concrete durability, [90] found that a
replacement of up yo 7.5% fine aggregates for shredded tire rubber
wastes of the same fraction in concrete compositions does not
impact chloride ion penetration. As to water absorption of acid
attacked concrete specimens, the researchers observed that the
increase in rubber wastes content was correlated to the increase
in water uptake while the contrary effect was detected (upgrade
in concrete quality correlated with increase in rubber aggregates
content) when measuring weight compressive strength loss result-
ing from the same acid attack. These results suggest, although
more research is needed focusing on the durability properties of
these concretes, that the addition of small percentages of tire rub-
ber aggregates may be a suitable practice for designing concrete
which will be subjected to aggressive environments.

7.2. Food waste

7.2.1. Mollusk shells

Among the varied food wastes produced by humans, there are
those which, due to their inherent material constitution, can pre-
sent potential for use as construction material. Such is the case
of some types of shells of marine organisms usually found in mol-
lusk shells (MS). These structures, composed of mineralized biolog-
ical tissue, are the basic material of a type of sedimentary rock
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Table 4
Summary of important TA concrete properties. Adapted from [89].
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Property Aggregate replacement rate (Vol.)

0% 5% coarse 5% coarse and fine 5% fine
Compressive strength, 56 days [MPa] 57.6 50.5 48.7 45.9
Elasticity modulus, 28 days [GPa] 40.6 339 34 34.2
Abrasion wear depth, 91 days [mm] 2.6 1.7 1.7 2.0

(coquina), thus demonstrating their potential for use as aggregate
in concrete. Once again the data available concerning to the global
generation of “Animal and mixed food waste” (group which
includes mollusk shell wastes) in the EU-27 countries during
2018 [75] indicates that around 22.5x10° t of these wastes were
generated. Moreover, [91] cites data suggesting that over

15x10° t of scallop fishing was performed in 2013 in the North-
West region of France.

As stated in [92,91], MS are overwhelmingly composed of cal-
cite/aragonite, with trace amounts of soluble and insoluble organic
matrices. Additionally, when crushed, and especially for particles
of dimensions inferior to 1 mm, they assume a flat and needle
shaped form, with a high flakiness index and an undesirable parti-
cle size distribution. Therefore, special care must be taken when
using this material as aggregate in concrete mixtures and ideally,
the utilization of the finer grains of the crushed waste must be
avoided (as these will originate the need for higher contents of bin-
der). Also, the shells must be subjected to a simple water cleaning
process, mainly to remove adhered dirt, organic matter and part of
the sea salt content (Table 5). Although addressing different types
of seashells (Peruvian scallop valve versus queen scallop shells),
both investigations reported that the crushed MS present a slightly
different density than natural aggregates and higher water absorp-
tion. Moreover, [92] states that the chloride ion and sulfate content
were both situated within regulatory limits for aggregates in OPC
concretes [93], however, it was also observed that the total content
of salts exceeded the same limits. As to the properties of the fresh
and hardened paste, [91] reports that, as the shell content is
increased, the particle packing density and entrapped air rise. Also,
[92] confirms the increased air content and adds that the unit
weight of concrete samples, especially for higher w/c ratios, is sim-
ilarly affected by the aggregate replacement. In addition, both
authors agree that the workability of the mixtures was moderately
reduced by the waste addition. Moreover, when investigating the
mechanical properties of the hardened concrete, the mentioned
studies found that the sand replacement originates a compressive
strength decrease, however, the magnitude of the strength
decrease observed by the investigations is considerably distinct
as [92] describes a 28-day compressive strength reduction of less
than 10% for a 60% aggregate replacement, while [91] observed a
20% decrease for the same replacement rate. In contrast, the
researchers agree that splitting tensile strength is only slightly

Table 5
Properties of fine natural aggregates and crushed mollusk shells. Adapted from [92].

Property River sand Crushed seashell
Maximum particle size [mm)] 4.76 4,76
Fineness modulus 2.22 4.57
Loose unit weight [g/cm3] 1.410 1.015
Rodded unit weight [g/cm3] 1.584 1.224
Specific gravity 2.53 2.57
Absorption [%] 1.01 1.88
Water content [%] 0.57 0.30
Organic matter content [%] - 1.03
Chloride ion content [%] 0.0039 0.0139
Sulfate content [%] 0.0073 0.0146
Total salts content [%] 0.0206 0.0656
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affected by the aggregate replacement which, it is argued, is a proof
that the adherence of the waste particles to the cement paste is
similar to that of the natural aggregates. In relation to durability
properties, which were addressed in [91], the natural aggregate
replacement originated the increase in the chloride diffusion coef-
ficient and the water accessible pores. This result is taken, by the
authors, to be a sign of the non-uniform compactation of the con-
crete mixtures. Therefore, the investigation recommends the intro-
duction of needle vibration and the application of an extended
period of vacuum curing (in order to increase the effectiveness of
the specimens’ water saturation). Finally, it is reported that, likely
as aresult of the increase in the w/c ratio, as the shells content was
risen, the depth of the water penetration in concrete also
increased.

In a recent study, [94], studied concretes in which the fine frac-
tion of the aggregates was partially replaced by crushed Scallop
seashells and cement was also substituted, in part, by rice husk
ash (RHA). Since no water reducing agents were used, a workability
degradation caused by the waste aggregates’ addition was to be
expected, and thus, the results show that the increase in waste
aggregates implied a corresponding loss to the concrete’s worka-
bility. Furthermore, compressive, splitting tensile, and flexural
strength were all also negatively impacted by the addition of sea-
shells. Nevertheless, a combined fine aggregate and cement
replacement (of up to 20% content each) by the seashells and
ash, respectively, resulted in an improvement of the same mechan-
ical strength properties.

8. Wastes originated by the construction industry

Construction and demolition waste recycling is one of the most
promising sources of material with potential to, at least partially,
replace natural aggregates in concrete mixes. One of the most
important reasons for this fact is the availability of this material.
In fact, according to the already mentioned EUROSTAT dataset con-
cerning the total waste generation of EU-27 countries in 2018 [75],
mineral waste from CDW production for the same year and region

was of almost 300x10° t (or approximately 13% of total waste pro-
duced). The end quality of the recycled waste is, nevertheless, lar-
gely dependent on the properties of the original materials, their
state of decay and the removal/demolition approach selected to
recycle them. Also, the use of these aggregates, regardless of the
potential environmental benefits that this practice may originate,
is always associated with some type of compromise in other prop-
erties of the concrete.

8.1. Construction and demolition waste

8.1.1. Recycled concrete aggregates

One of the most thoroughly researched materials for use as a
substitute to natural aggregates in concrete is crushed structural
OPC concrete. Usually, the final version of the processed waste is
obtained by removing the reinforced steel from the old concrete,
and afterwards, crushing the remaining material to a granular frac-
tion. This material, generally referred to as recycled concrete
aggregate (RCA), has been extensively studied in scientific research
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for natural aggregate substitution and is currently considered, by
numerous national regulations and standards of practice (and
within strict limits) already considered to be a viable concrete
material. The current European regulation on the matter is [31],
whereas the composition of the concretes is tested according to
EN 933-11. According to this last document, to be considered
RCA, the final processed waste must be composed of at least 90%,
in weight, of Portland cement-based fragments and natural
aggregates.

Although the constitution of the waste is of great importance,
the manner in which it was obtained is not, in any way, less rele-
vant. In fact, [95] used two distinct processing cycles to the same
old concrete and observed that properties like shape, water
absorption or saturated surface dry density yielded different
results for each of the aggregates. More specifically, the first recy-
cling process produced fine and coarse aggregates while the second
approach only returned fine aggregates (by repeatedly crushing
the coarser waste). The results show that the additional crushing
of the coarse aggregates provided for a smoother and rounder fine
aggregate, with lower water absorption and greater saturated sur-
face dry density than when crushing and screening the coarser
fraction to obtain comparable fine aggregates. Furthermore, the
existing literature is clear in attributing lower performance to
the concrete containing fine RCA, when comparing to the coarser
fraction. In fact, as stated in [96], higher cement content, increased
porosity, water absorption and sulfur compounds all contribute to
the downgrade in quality of the fine RCA concretes. Nevertheless,
when compared to natural aggregates, all types of RCA typically
display worse performance in physical and morphological
attributes.

As to the qualities of the concrete compositions that include this
waste, it is first important to address the impacts of the addition of
recycled RCA to the characteristics of the concrete’s region situated
between the aggregates and the cement paste (known as interfa-
cial transitional zone, or ITZ) as it is critical for the development
of high performance concrete [97]. The utilization of aggregates
containing cementitious materials bound to the old aggregate
leads to the creation of multiple ITZ’s within the microstructure
of the new concrete. Therefore, it is only natural that the multipli-
cation of ITZ layers in concrete containing these aggregates causes,
as detailed below, the degradation of the properties of the respec-
tive compositions (Fig. 7).

Fig. 7. Laser scanning microscope (LSM) detail of the creation of a second ITZ layer
in concrete containing RCA [98].
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In fact, as expected from the previously mentioned RCA proper-
ties (especially the rough and angular nature of these aggregates),
workability results are typically lower than when only natural
aggregates are used and in case appropriate measures are not
taken to overcome this situation, the concretes usually possess
lower strength and durability when compared to their equivalents
produced with natural aggregates. In fact, the higher hydration
needs of these concretes lead to increased w/c ratios, and conse-
quently, the quality of the concretes will be lower.

To tackle these issues, superplasticizers or mineral admixtures
have proven to be effective in lowering the hydration needs of
these mixtures and therefore mitigate the negative effects of RCA
additions. As an example, while these concretes have been shown
to possess lower densities, as stated in [95], other authors managed
to minimize the density reduction introduced by the presence of
fine and coarse RCA by adding either lignosulfate or polycarboxylic
superplasticizers to the mixtures [99,100]. Meanwhile the same
authors also reveal that, especially when using a polycarboxylic
SP, and even for a full aggregate replacement, the compressive
strength of the concretes is not meaningfully downgraded by the
fine RCA and is not impacted whatsoever by the coarse aggregate
replacement (Table 6). However, when SP’s are not used, as is the
case in [95], the results tend to show a reduction in compressive
strength. Additionally, and although these wastes contain far less
amounts of contaminants (such as wood, asphalt, glass and plastic,
among others) than other recycled aggregates also reviewed in this
section, even a low presence (of less than 1%) of aluminium, which
is an element that can frequently be found in these wastes (as it is
extremely difficult to screen), is deleterious to the concrete perfor-
mance as it leads to a significant loss in the concrete’s compressive
strength (Fig. 8).

Another possible mitigation measure is the introduction of min-
eral admixtures to the concrete mix. [102] added fly ash to the
mixtures and reported that the full replacement of the coarse
aggregates and the simultaneous replacement of up to 35% of
cement for fly ash caused a slight upgrade in the long term
(10 year) compressive strength. Moreover,[100] states that the
use of SP’s does not totally mitigate the splitting tensile strength
loss from the coarse recycled aggregate’s addition. In reality, the
authors suggest that the mortar content of the aggregates is one
of the main factors influencing this outcome, as it decreases the
density and, therefore, the splitting tensile strength of the con-
crete. Nevertheless, the polycarboxylate SP, once again, performed
better than the lignosulfate SP. Meanwhile, [102] state that,
although for shorter curing periods RCA seems to be detrimental
to splitting tensile strength, for a 10 year curing period and even
if no mineral admixtures are introduced, the full coarse aggregate
replacement is slightly beneficial. As to the elasticity modulus, the
authors found that the aggregate replacement induces a reduction
to this property. Furthermore, regarding the durability properties
of RCA concretes, [99,95] agree that water absorption by capillarity
is higher than in standard concrete, which was an expected result,
as this type of water absorption is mainly determined by the poros-
ity of concrete. Additionally, the studies state that, although poly-
carboxylate SP is the most effective in reducing the water

Table 6
Selection of RCA concrete properties. Adapted from[100].

Property Coarse aggregate
replacement rate (Wt.
0% 100%
Workability [mm] 85 78
Compressive strength, 28 days [MPa] 49 49
Abrasion wear depth [mm)] 0.29 0.21
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Fig. 8. Residual compressive strength ratio of concrete samples according to their
impurity content [101].

absorption increase of the samples, it is also the more susceptible
to the micro structural changes introduced by the aggregate. More-
over, while studying water absorption by immersion in RCA con-
cretes containing SP’s, [99] state that this property increased
linearly with the growth in RCA content (which possesses higher
porosity). Also, the polycarboxylates SP was more effective in
reducing water intake, as it achieved a mean water absorption by
immersion reduction of roughly 40% (versus about 25% of the other
SP). On the other hand, carbonation resistance and chloride pene-
tration testing demonstrated that this property is impacted by the
RCA addition. Nevertheless, the utilization of SP’s, especially in the
case of the polycarboxylate version, can mitigate the effects of the
aggregate replacement. Simultaneously, [102] also agrees that the
carbonation resistance decreases with the addition of RCA. In
respect to the abrasion resistance of the concretes containing
coarse RCA addressed in [100], the results show that the higher
absorption capacity and roughness of the coarse recycled aggre-
gates lead to the observed higher resistance values, suggesting that
SP’s have no influence on this property. Finally, [95] also shows
that the RCA concrete’s ultrasonic pulse velocity and electrical
resistivity both decrease and the initial surface absorption is
higher. In conclusion, there are, presently, several practical exam-
ples of RCA utilization in structural concrete [103]. As far as is
known, these concretes are totally able to fulfill the mechanical
strength requirements of structural concrete. Furthermore, and
although these constructions are all relatively recent, significant
durability issues have not been detected thus far.

8.1.2. Recycled masonry aggregate

Another major family of materials thoroughly used in construc-
tion, particularly in the residential sector, is masonry. As a conse-
quence, high amounts of waste are involved in the utilization,
production and disposal of this material. If correct recycling proce-
dures are implemented, considerable amounts of uncontaminated
masonry can be obtained from CDW. This waste is designated as
Recycled Masonry Aggregate (RMA) in [31] and is defined as being
composed (in at least 90% by mass) of masonry unit and non-
floating concrete wastes. As to the properties of the processed
material [104], which used crushed red bricks aggregates in con-
crete compositions, state that the finer fraction possesses lower
density when compared to fine natural aggregates, while the
inverse situation is true for the coarser fraction. Meanwhile,
[105], which limited the coarser fraction of red brick waste to
12% of the aggregates’ weight, reports that the RMA used in the
investigation had a lower density than the one displayed by natu-
ral aggregate. All the mentioned authors agree that, compared to
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natural aggregates, RMA possesses higher water absorption values.
As to the morphology of the waste, [106] shows that the grains
contain pores of irregular and heterogeneous sizes (Fig. 9). In rela-
tion to the properties of the fresh paste, [105] assessed the
occluded air of the RMA concretes and concluded that this property
increased in tandem with the rise in RMA content. Furthermore,
and citing Spanish regulations, the authors observed that, up to a
70% waste substitution (in aggregate volume), the concrete speci-
mens possess an occluded air content in the range of 4.5% to 6%,
and thus, perform within the limits established by the said legisla-
tion. Additionally, as loss in workability is to be expected in con-
cretes containing RMA, [105,104] chose to optimize the design of
the concretes in order to yield roughly the same slump results
without the need for superplasticizer additions. The density tests
performed revealed that the waste addition induces a reduction
in this property. In fact, according to the relevant European stan-
dard [68], the concrete containing a total natural aggregate
replacement does fall under the category “lightweight concrete”.
Additionally, [104] reported observing concrete segregation in
the compositions’ production stage, and thus, implemented the
de-moulding of the samples only after a 56 h curing period.
Regarding the influence of the RMA addition to the mechanical
attributes of the compositions, the mentioned authors agree that
the elasticity modulus, and also the compressive, flexural and split-
ting tensile strengths are all negatively affected by the natural
aggregate replacement. Nevertheless, [105] found that the compo-
sitions with 100% RMA, which displayed an average compressive
strength of nearly 44 MPa, would still be able to fit the C30/37 cat-
egory. Moreover, the assessment, by both investigations, of the
durability properties of the RMA concretes revealed that water
absorption of these specimens is higher than in normal concretes.
Also, [104] states that permeability and shrinkage are increased by
the addition of RMA. Finally, [105] also tested the ultrasonic pulse
velocity (UPV) of the concretes, a property which is useful for
assessing the elastic properties of the aggregates (and thus, the
quality of this material) and the results show that the addition of
the waste is detrimental to the concrete quality. More specifically,
for a total replacement of natural aggregates, the reduction of the
concrete’s UPV values reached a total of 24%, which, together with
the previous conclusions of both investigations is sufficient to

Fig. 9. SEM image, at x10000 magnification, of a ceramic sanitary waste particle
where the irregularity of its pore structure can be observed [106].
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determine that this concrete would not be suitable for structural
applications.

8.1.3. Mixed recycled aggregates

In a large number of practical situations, depending on the recy-
cling procedure employed, the available CDW will consist of a mix-
ture of both RCA and RMA. The existing literature usually
designates this waste as mixed recycled aggregates (MRA) and
what follows is the review of three investigations concerning con-
crete possessing fine, coarse and fine plus coarse MRA. In the first
study, [107] investigated the addition of MRA (sourced from a
demolished masonry structure) as partial to full fine aggregate
substitution in concrete compositions. The study found that, when
compared to fine natural aggregates, MRA presented lower density
and increased porosity, crush index, saturated surface dry absorp-
tion and sulfates content. In relation to the concrete compositions,
and in order to achieve a constant workability value, the authors
used polycarboxylate superplasticizer, and also, the water content
was calibrated to accommodate the differences in water absorp-
tion of each aggregate mixture. Additionally, the recycled aggre-
gates were either used in partial or fully saturated surface dried
condition. As to the results obtained, the density tests performed
to the concrete samples revealed that this property is slightly
affected by the MRA addition and a linear decreasing trend can
be observed when plotting the replacement ratio versus both,
oven-dry or saturated density with the authors attributing this
outcome to the increased porosity, lower density and higher water
content of these compositions. As to the mechanical properties of
the concretes, the aggregate replacement did not (meaningfully)
impact compressive strength, while for splitting tensile strength
a clear pattern for the response of the concrete to a growing
MRA incorporation did not emerge. Modulus of elasticity tests,
on the other hand, show that this property is susceptible to the
aggregate replacement. In particular, the full replacement of fine
aggregates and saturated aggregates caused a modulus of elasticity
loss of 20% at 90 days curing age. Moreover, the analysis of the pore
structure performed through mercury intrusion apparatus (MIP)
tests confirms the significant increase in pores possessing a diam-
eter superior to 100nm, which, according to the authors, play a
predominant role in the reduction of the elastic modulus of con-
crete. Nevertheless, the replacement of natural aggregates for up
to 50% in MRA dry aggregates resulted in no variation in the elastic
modulus, thus suggesting that the improvements in the aggregate-
binder matrix were sufficient to balance the higher porous nature
of the MRA.

In relation to the replacement of the coarse fraction of the
aggregates by RMA, [108], using mixed aggregates sourced from
a recycling plant and composed mainly of material from [31] Ra
and Rc categories (Fig. 10), and while maintaining a constant effec-
tive w/c ration and using a polycarboxylate superplasticizer found
that this aggregate, when compared to equivalent natural aggre-
gate, displays a lower saturated surface dried density and flakiness
index, and higher sulfate (and acid-soluble sulfate) content, water
absorption and Los Angeles coefficient. Also, when performing the
concrete mixes, and as the MRA content increased, the authors
observed that the workability and air content of the paste
increased and the density decreased. In fact, for a total aggregate
replacement, the air content increased by 37% and the density dis-
played a 7% reduction in relation to the control concrete. Further-
more, compressive strength results revealed a negligible reduction
in compositions containing up to 50% MRA and a slight decrease
(7%) for the full natural aggregate replacement. Additionally,
despite the fact that the full aggregate replacement resulted in
the maximum splitting tensile strength loss (4%) in relation to
the control concrete, strength values did not follow a specific trend
in relation to the waste content addition. However, flexural
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Fig. 10. Image of the cross section of a cylindrical coarse MRA concrete sample in
which the several fractions of the waste are indicated as: Rn - natural aggregate, Ru
- unbound aggregate, Rba - sanitary ware waste, Rbb - crushed brick, Rbc -
crushed roof tile, and Rc - concrete aggregate [108].

strength values also showed a decreasing trend when the MRA
content was increased. Nevertheless, only replacement rates supe-
rior to 50% led to significant losses (with a maximum of 19% loss
corresponding to a 100% substitution). Furthermore, the investiga-
tion performed a morphological analysis to the specimens report-
ing that the materials were uniformly distributed across the
samples, hence indicating no segregation had taken place. The
authors also state that the good performance achieved was the
consequence of a tight bond existing between the masonry, con-
crete and unbound aggregate. One final mention is necessary
regarding the statistical analysis performed in the study. In fact,
the results suggest that all the concrete’s properties can be fitted
in a normal distribution. Additionally, Shapiro-Wilk p-values also
indicate that, except for splitting tensile strength, the evolution
of all other properties may be explained by the factor “aggregate
replacement ratio”.

In another study focusing on the topic of MRA, [109] investi-
gated the performance of concrete containing fine and coarse
MRA sourced from a recycling plant having noticed that, regardless
of the introduction of superplasticizers, the concrete’s workability
was negatively impacted by the aggregate replacement. Further-
more, compressive, flexural and flexural strengths all displayed a
reduction as the MRA content increased. Additionally, the authors
state that the results of the Los Angeles abrasion resistance,
absorption index, total sulphate and acid-soluble sulphates tests
performed on the aggregates, show that this waste does not meet
the Spanish limits established for concrete aggregates. The study
also found that using commercial cements containing SCM’s can
mitigate the negative effects of the utilization of the aggregates
in the production of low strength concretes.

Meanwhile, another group of researchers [110] studied con-
cretes based on a binder containing a sulfate resistant blast furnace
slag (CEM III/A), plus a blend of Portland cement and clay brick
powder. Furthermore, coarse MRA was also added as partial natu-
ral aggregates substitution. Also, water additions were calculated
considering the effects of real and effective W/C ratios and no
water reducing agents were utilized. The resulting mixes results
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suggest that a satisfactory concrete workability can be achieved
(although this can still be improved through the use of superplas-
ticizers). Moreover, slight density reductions can be observed in
the MRA concretes, which may be mainly due to the ceramic frac-
tion of the wastes, while 28-day compressive strength values were
not affected by the presence of the waste. Moreover, for pore sizes
lower than 10 pum, the pore structure was refined and porosity
results were not impacted by the ceramic content of the concretes.
Finally, the observation of the ITZ revealed that, similarly to what
can be observed in standard OPC concretes, strong and continuous
bonds were present between the cement paste and the recycled
aggregates.

In another investigation, [111], the authors assessed the poros-
ity of the ITZ’s of a concrete containing MRA. In this research, the
porosity of the ITZ was measured through SEM image analysis
and the chemical elements were mapped through a SEM-EDS
detector and the MIP technique was for contrast. The results show
that the MRA addition leads to a 190% increase in the porosity of
the ITZ, in relation to the reference concrete, being that the inclu-
sion of silica fumes considerably mitigates this phenomenon (32%
decrease when compared with the concrete with MRA) as this
material acts as filler material within the ITZ pores.

Nevertheless, when the processed waste still contains deleteri-
ous adhered materials, one possible solution is to remove these
substances through a stage of mechanical crushing. This is often
the case when assessing the potential utilization of Recycled con-
crete aggregates (RCA). Regardless of the high potential for utiliza-
tion as concrete aggregate that this material displays (especially
for coarser fractions), the natural coarse aggregates present in
the waste are often encapsulated (at least partially) by a layer of
old OPC mortar. As already discussed, this last material is more
porous than natural aggregates and originates a reduction in the
aggregate’s quality. Furthermore, the bond between the old mortar
and the natural aggregate, in the area designated Interfacial Tran-
sitional Zone (ITZ), is also weak, and is often the reason for the fail-
ure of concrete specimens containing RCA. The main methods
present in the literature for the removal of old mortar in RCA
and which can provide high quality aggregates are the simple
crushing and ball milling the waste, which may previously have
been heated, thus facilitating the removal of the mortar. Alterna-
tively, the adhered mortar can be removed by the implementation
of a soaking treatment, either in water or acid, to RCA. The research
states that water exposure may only contribute to the removal of
looser mortar. In relation to the acid treatment, the use of
hydrochloric, sulfuric and phosphoric acid for 24 h can contribute
to the dissolution of the cement hydration products. Nevertheless,
this procedure increases the cost of the concrete production, its
chloride and sulfates content and has the potential to substantially
decrease the pH of the mixture. Other currently available enhance-
ment strategies for concrete containing recycled aggregates
include [112] the use of water reducing agents, the addition of
nano-silica or pozzolanic materials (fly ash, steel slags, amongst
others), soaking the aggregate in a sodium silicate solution and
the instigation of calcium carbonate reaction products through
bacterial biodeposition and carbon hydroxide exposure
(carbonation).

In relation to both: concretes containing MRA, and also, strate-
gies for the enhancement of the properties of recycled aggregates,
[113] implemented the surface treatment of MRA sourced from a
CDW plant with a polymer solution (emulsified acrylic resin),
and then, studied the impact of the full replacement of coarse nat-
ural aggregates by the treated (and the untreated) aggregates in
concrete compositions. While studying the physical properties of
the treated aggregates, the authors found that soaking the MRA
in a 20% solution for 60 min yielded the best results and led to a
25% decline in water absorption and 31% decrease in the Los Ange-
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les coefficient (the upgrade in the properties was also confirmed by
a two-way statistical analysis). Furthermore, either treated or
untreated, MRA presence did not impact compressive strength,
and slightly improved splitting tensile strength. Also, results from
electric resistivity, UPV and water penetration tests all indicate
that the concretes containing the enhanced aggregates may be
suitable even for the most aggressive environmental exposure
classes. Finally, the researchers also argue that the utilization of
untreated MRA in concrete compositions enables a 6% reduction
in mix manufacture, while the treatment of the aggregates leads
to an estimated 17% rise in the same costs. Nevertheless, it is also
highlighted the environmental and durability benefits provided by
the enhancement of MRA.

8.1.4. Construction and demolition recycled aggregates

The study of the behavior of recycled aggregates possessing a
higher degree of material variability is of extreme importance to
the practical utilization of these wastes in concrete production.
Often, the recycled aggregates production processes waste that is
constituted, not only of masonry or cementitious products, but also
materials like wood, plastic or asphalt, among others. Although an
official designation for these recycled aggregates does not exist, in
this review, and similarly to other existing literature on this sub-
ject, this waste will be designated as construction and demolition
recycled aggregates (CDRA). This group of wastes encompasses a
wide range of aggregates, and its common thread is, as previously
mentioned, the presence of non-standard recycled aggregates
materials, such as glass or wood. Current regulation is still very
restrictive in what concerns the use of CDRA in structural con-
cretes. In Portugal, for example, there is legislation (E 471-2009
[114]) provided by the National Laboratory for Civil Engineering
(LNEC) which prohibits the use of fine CDRA and seriously restricts,
using the classification for the classes of recycled aggregates pre-
sent in the European standard for construction aggregates [31],
the utilization of the coarse fraction of the waste (to a maximum
of 20-25% of total aggregate). The recycling processes and waste
origin of the recycling facilities can generate aggregates displaying
heterogenous compositions. In fact, [115] studied the utilization of
aggregates sourced from an Italian recycling plant, which were
composed of old concrete (70% in weight), bricks (27%) and wastes
of miscellaneous nature (3%). In turn, a group of Portuguese
researchers published a set of studies [116-118] in which they also
focused on the utilization of aggregate sourced from several recy-
cling plants in concrete and the analysis of the waste’s composition
revealed that 68.8-85.6% of the weight comprises concrete, mortar
and sand, followed by a 0.9-28.6% content of clay materials, 0.2-
15.4% of glass, 0.0-10.5% of bituminous materials and 0.0-2.0% of
other constituents. As to the physical properties of the aggregates,
the researchers agree that, when comparing to their natural coun-
terpart, the density is lower and the water absorption is higher in
both fine and coarse CDRA. Additionally, [117] also found that, for
coarse CDRA, the shape index and the LA wear coefficient are both
higher than the ones observed in natural aggregates. The same
investigation also performed a set of tests to the waste with the
purpose of assessing important chemical properties of the materi-
als. The results of the tests show that the aggregates tend to pos-
sess a substantial content in light contaminants (which can reach
almost 2% of the total weight), and also, the chlorides and sulfates
contents can be superior to the maximum permitted by the regu-
lations. Regarding the properties of the fresh paste, the available
literature, while making use of optimized w/c ratios and superplas-
ticizer dosages, agrees that the workability is reduced by the intro-
duction of CDRA. Moreover, [117] observed that the growth in
waste additions caused a linear decrease in concrete density. The
same investigation, while testing the mechanical properties of
the concretes, found that compressive and splitting tensile
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strength and the elasticity modulus were all impacted, to a varying
extent, by the addition of CDRA. In fact, as an example, the com-
pressive strength evolution of the concretes ranged from a 5.2%
decrease for a coarse aggregate sourced from one of the recycling
plants to a 44.6% reduction originated by the replacement of fine
aggregates originating from another CDW plant, which is revealing
of the variability in the properties of CDRA that can be observed in
practical situations due to the different recycling processes and
diverse compositions of the original materials. Additionally, one
of the conclusions that the authors draw from the results is that
the higher presence of clay in the fine fraction of the waste origi-
nated lower concrete performance. Nevertheless, [115] states that,
while the compressive tensile and bond strength is impacted by
the waste addition, the incorporation of fly-ash mitigated the dele-
terious effect of the recycled aggregate addition. Additionally, the
same authors found that all waste-containing samples presented
a dynamic elasticity modulus inferior to that of the control con-
crete and that pull-out strength is not meaningfully influenced
by the aggregate replacement. Furthermore, [117] observed that
the abrasion resistance of the concretes containing coarse CDRA
slightly improved. As to the durability performance of the con-
cretes, the addition of recycled aggregates (particularly those with
high clay content) led to a moderate to substantial increase in
water absorption (by capillarity and immersion), carbonation
depth and of the chloride diffusion coefficient (Table 7). Further-
more, in the 2018 study by the same authors [118], it is stated that
the addition of a superplasticizer improves these concretes’ prop-
erties, especially in relation to carbonation depth and when using
low aggregate replacement ratios. Nevertheless, the researchers
advise against using CDRA possessing high clay contents and in
aggressive chloride environments. These results are not confirmed
by [115], in fact, after a one year of air exposure, the compositions
containing CDRA, when compared to the control concretes, dis-
played a considerably higher carbonation and chloride resistance.
Finally, both investigations also addressed the shrinkage of CDRA
concretes. Once more, the researchers state that the shrinkage of
the concretes is negatively influenced by the addition of these
aggregates. Nevertheless, [115] state that in situations where
shrinkage is restrained and creep effects are not considered, the
elastic tensile strength will be similar to that of the reference con-
cretes. This means, according to the authors, that the drying
shrinkage parameter may not be of critical importance to the per-
formance of concrete belonging to the same strength class.

In another study making use of aggregates directly sourced
from CDW recycling facilities (in this case, three distinct Greek
CDW plants), [119] also found that the replacement of natural
for coarse CDRA aggregates in concrete compositions leads to a
low to moderate decrease in compressive strength although the
authors attribute this behavior more to the presence of clay miner-
als than to the higher water absorption displayed by the CDRA as
mixtures containing higher percentages of the said clay minerals
yielded lower compressive strengths. Furthermore, durability was

Table 7
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also found to be impacted by the CDRA presence as carbonation
depths and sorptivity of CDRA concrete also increased. Further-
more, after the 14th freezing and thawing cycle, the value of the
dynamic modulus of elasticity was reduced in 80 to 85%, when
compared to the reference sample, in what the researchers suggest
is a sign of higher internal damage experienced by CDRA concrete.

Having already discussed the properties of concretes containing
CDRA, and as these aggregates may be composed of a wide array of
undesirable materials, it is now important to address the properties
of these concrete’s ITZ’s. In their investigation, [120] used nanoin-
dentation tests to determine the elastic modulus and the thickness
of the ITZ in CDRA concretes. For determining the elastic modulus in
the ITZ, paste and aggregate, the authors defined several nanoin-
dentation regions, organized according to the type of waste present
in the sample, namely, recycled concrete, wood, plastic, glass,
asphalt and clay-based wastes. The results for the elastic modulus
in the ITZ and in the paste can be observed in Fig. 11.

Also, from the analysis of the results of the tests performed to
determine the thickness of the ITZ for each waste type, shown in
Fig. 12, it becomes clear that the thickness of the ITZ in con-
cretes containing asphalt (65 pm), wood (60 pm) and recycled
concrete(55 pm) is higher than in natural aggregate concretes
(which is usually inferior to 50 wm). Moreover, the value of
the average elasticity modulus of the ITZ is always inferior to
the one found in the paste, being that this reduction is especially
significant when plastic (29%), wood (27%) and glass (24%)
aggregates were utilized.

9. The alternative approach: alkali-activated binder concretes

The global adoption of the utilization of recycled wastes as
aggregates in OPC concretes for structural applications requires
the availability of massive amounts of waste (with physical prop-
erties which possess a low degree of variability), the adoption of
universal standardized recycling procedures and the implementa-
tion of frequent extensive laboratory testing to the properties of
the wastes and the respective concretes. On the other hand, the
existing (and future) strict statutory limits to the utilization of
these wastes also imply further obstacles to the massification of
this practice. The drawbacks of the utilization of recycled wastes
in structural OPC concrete are mostly related to the strengths
and weaknesses of these binders. More specifically, one of the main
limitations of OPC concretes is the fact that the compressive
strength is strongly dependent of the packing of the aggregates
[121]. As such, a higher heterogeneity of the particles’ morphology
(which is frequent in recycled wastes) negatively impacts the com-
pressive strength results of the concretes. Furthermore, and
depending on the type of recycled waste utilized, the addition of
contaminants (material often present in construction and demoli-
tion waste) was shown to negatively influence the quality of the
concrete’s ITZ.

Mean values of several properties of CDRA concrete produced with aggregate obtained from four Portuguese waste recycling plants. Adapted from [116-118].

Property Aggregate replacement rate (Vol.

0% 10% 25% 100%
Compressive strength, 28 days [MPa] 754 723 63.7 48.9
Water absorption by immersion [%] 104 9.6 10.7 15.3
72-h water absorption by capillarity [g/mm?] 1.34 x1073 1.27 x1073 1.40x1073 2.02 x1073
91 day carbonation [mm] 3.6 4.9 7.1 11.5
Rapid chloride migration [m?/s] 10.1x107"2 13.0 x10712 13.7x10712 17.5 x10712
91 day shrinkage [m/m] ~2.60 x107* —2.60 x107* —3.45 x107* ~2.60 x107*
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Fig. 12. Thickness of the ITZ for each type of waste [120].

On the other hand, there is another class of binders which offers
additional recycling options to a wider variety of wastes: akali-
activated binders. By the nature of their constitution, which is
based in a reaction of activation between a material rich in silica
and alumina and an alkaline solution, these materials offer the
added possibly of the utilization of a binder which is mainly com-
posed of alumina and silica-rich materials. Furthermore, in relation
to compressive strength, as compressive strength relies, in AAB-
based concretes, mainly on the characteristics of the matrix, these
compositions are not as impacted by the presence of impurities as
OPC concretes are [121], and also, demonstrate the ability to merge
new and old ITZ’s into a new, albeit still poorly understood, phase
[98] (further avoiding the multiplication of these problematic
regions). Moreover, these concretes tend to possess higher
mechanical strength (for the same water/binder ratio), superior
resistance to acid attack and lower susceptibility to ASR, and
finally, demonstrate a better capacity for immobilizing hazardous
materials [121]. Additionally, there is nowadays ample research
concerning the successful adoption of alkali activated binders in
concrete, deigned for structural use and containing a wide variety
of wastes such as (among many others) lead smelter slag [122],
rubber tires [123], or coarse recycled aggregates [124].
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Minimum and mean elastic modulus in the ITZ and in the paste [120].

10. Conclusions

The present document provides a detailed review of the current
knowledge on the field of the utilization of wastes as aggregates in
OPC for structural concrete. It presents an in-depth review of the
strengths and weaknesses, according to the available literature,
of the utilization of a wide range of wastes as aggregates for struc-
tural concretes. Bellow are the main conclusions of the research
work performed:

o The utilization of low amounts of marble and granite wastes as
aggregates in structural OPC concretes, especially when coupled
with the use of proper water reducing agents. As to other min-
ing and quarrying wastes, and especially for the case of materi-
als originating from the extractive industry, their physical and
geometric properties, as well as their high sulfides and heavy
metal content, are particularly problematic and there is not
yet sufficient scientific evidence to support the utilization of
these wastes in OPC compositions.

e Due to their intrinsic pozzolanic nature and geometrical proper-
ties, by-products of coal-fired powerplants are prime candidates
to be utilized as partial substitution of aggregates in concrete.
Of these, fly ash is the material which possesses the best qual-
ities for fine aggregate replacement. Nevertheless, it is a valu-
able by-product which may be more efficiently used as
cement replacement. To a lesser extent, and for much lower
replacement rates, bottom ash also demonstrates acceptable
behavior as natural fine and coarse aggregate substitute. Finally,
the limited use of boiler slag as coarse aggregate in concrete
may be performed, if (once again) low replacement rates are
utilized, and careful use of superplasticizers is implemented.

Some metallurgy wastes tend to possess physical properties

which are similar to those of natural aggregates and display

pozzolanic behavior (especially evident in the case of blast fur-
nace slags). Nevertheless, common issues originated by the use
of these materials are heavy metal leaching (in the case of

ACBES or IFS), delayed setting (IFS), higher shrinkage, high

active clay content (SFS), lower workability (except in the case

of RGS and CS) and increased susceptibility to sulfates attack

(most notoriously RGS) and lower freeze-thaw resistance



Sérgio Miraldo, Sérgio Lopes, F. Pacheco-Torgal et al.

(CFS). Notwithstanding, the replacement of natural aggregates
for certain metallurgy wastes may benefit mechanical strength
(RGS) and improve the microstructure of the concrete matrix
(SFS).

The reviewed literature does not support the use of thermoplas-
tic waste as aggregate in concrete for structural applications as
it tends to originate a higher level of open porosity, water
absorption, increased entrapped air and lower workability.
Additionally, the setting of concrete is also impacted by the
hydrophobic nature of the plastics. Furthermore, the mechani-
cal strength and durability properties of these wastes tend to
deteriorate as plastic wastes are added and the compositions
are apparently specially vulnerable to temperatures higher than
600°C. On the other hand, finer PET and PVC particles may lead
to the prevention of the occurrence of brittle failures and
increase the abrasion resistance of concretes.

As to glass wastes, the geometry of the grains substantially dif-
fers from that of natural aggregates, which may lead to a
decrease in workability. Furthermore, while water absorption
is generally upgraded by the addition of glass wastes, the
mechanical strength, abrasion resistance, and elasticity modu-
lus are usually slightly impacted by this practice. Moreover,
concretes containing glass wastes are likely to experience
higher ASR, although the presence of mineral admixtures such
as fly ash can be effective in reducing this phenomenon. Finally,
due to the lead leaching potential, specific measures have to be
implemented when utilizing CRT wastes as aggregates in con-
crete (such as the use of a biopolymer solution for leaching
encapsulation).

Rubber wastes tend to possess lower density and higher water
absorption than natural aggregates. Also, their shape can be sig-
nificantly rounder in relation to the one displayed by aggregates
of natural origin. As a consequence, when used as aggregates,
these wastes tend to originate a density, water absorption and
workability downgrade and an abrasion resistance upgrade in
concrete compositions. Also, more significantly when finer frac-
tions are used, the mechanical strength, elasticity modulus and
shrinkage are also negatively affected by the presence of the
referred waste.

Low amounts of crushed mollusk shells may be used to replace
fine natural aggregates, although only in non-structural con-
cretes. Particle sizes inferior to 1 mm are to be avoided as the
grains assume a highly flaky (needle) shape and the particle size
distribution of this fraction is inappropriate. Also, the shells
need a thorough water washing stage, mostly, to remove
adhered sea salts. Furthermore, when compared to natural
aggregates, the literature shows that the density of this waste
is slightly lower and water absorption is higher. Additionally,
the total salts content of the shells are likely to exceed the
statutory limits for concrete aggregates. The partial substitution
of natural aggregates for crushed seashells induces a general
downgrade of the physical mechanical and durability properties
of the concretes.

Aggregates sourced from CDW may, according to the quality of
the source material, be an adequate material for partially
replacing natural aggregates in concrete compositions. From
the four groups of wastes reviewed, the most promising mate-
rial for use as aggregate in structural concrete is the one result-
ing from processing old structural concrete into a coarse
granular material (RCA). The use of this waste, in low replace-
ment rates, combined with measures to mitigate its disadvan-
tages (namely the utilization of superplasticizers and mineral
admixtures) has been proven to be effective in achieving a con-
crete suitable for the production of structural elements. As to
the fine fraction of RCA, an also other CDW, these have been
shown to downgrade the most important properties of con-
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cretes (most importantly strength and durability) and current
knowledge does not support their use as an effective replace-
ment for natural concretes in structural concretes.

o Alkali-activated concretes may constitute a superior alternative
for the utilization of recycled wastes as concrete aggregates as
they tend to possess higher mechanical strength (for the same
water/binder ratio), also, the compressive strength of these
materials is not so dependent on the optimization of the pack-
ing of the aggregates but rather on the characteristics of the
binder-aggregates matrix, furthermore, AAB concretes tend to
display superior resistance to acid attack and lower susceptibil-
ity to ASR, and finally, demonstrate a better capacity for immo-
bilizing hazardous materials.

The second part of this work, currently in preparation, concerns
the subject of recycled aggregates utilization in alkali activated
binder-based structural concretes.
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