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GREEN CONCRETE AND MORTAR MADE WITH RECYCLED
AGGREGATE - A STEP TOWARDS SUSTAINABILITY IN
CIVIL ENGINEERING

Aleksandar Savicé?7; Gordana Broceta 28; Tvana Jelic??; Marina Askrabic 30
Abstract

The testing of physical and mechanical properties has always been the starting point
for production of adequate cement composites, such as concrete and mortar. The need
to preserve the environment by recycling materials, among other means, has found its
recognition in production of mortars and concretes made with recycled aggregate. The
paper deals with the specific aspects regarding the use of aggregate based on the
recycled rubber, recycled brick and recycled concrete in mortar and concrete mixtures,
with respect to the advantages and disadvantages of these aggregates. Properties such
as density and consistency of fresh mixtures, as well as hardened state density, and
hardened state compressive, flexural and bond strength will be used to quantify and
assess the effect of the recycled materials on cement properties, in order to provide
their practical use. The testing was conducted on the composites with local materials
and in local laboratory conditions. A special part relates to the use of these materials
in Self-Compacting Concrete mixtures, where the extreme attention to the component
testing, mix proportioning, and production technology has to be paid.

Key words: Recycled aggregates, physical and mechanical properties, concrete, mortar.

Introduction

In chorus with the uprise of the civilization, the awareness of our identity, the world
around us, the general laws of existence and events, and therefore the awareness of
the interaction of us and nature, in the broadest sense, developed. The current
universal awareness through the platform of sustainable development should enable
the survival of our species and our culture, as we know it [1].
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Construction, as an economic branch with a significant impact on the environment, is
changing, among other things, in accordance with the trends that guide the
sustainable development. In this sense, all aspects of construction (planning,
designing, implementation, functioning, duration, i.e. structure lifespan, etc.) are
critically looked at, re-examined and, in case it is possible and expedient, modernized
by implementing the philosophy of sustainable development. Sustainable use of
resources, energy efficiency and durability of civil engineering structures (with
reference to the possibility of material recycling and minimization of waste material
and impact on the environment), represent the basic aspects of the evident
determination for sustainable development in construction today [2]. Based on the
estimations, the size of the construction market ranged between values 6.4 trillion and
over 12.6 trillion dollars in 2020. In 2030, it is projected to be more than twice as big as
it was in 2020 [3, 4].

On the basis of statistical research, industry is accounted for 33-35% energy
consumption [5] (where transportation, residential and commercials sectors
complement this amount), but based on different type of research, the buildings and
construction sector alone can be held responsible for approximately 36% of final
energy use [6]. With broader picture in mind, up to 39% of energy and process-related
carbon dioxide (CO2) emissions also take place in the buildings and construction
sector, 11% of which results from manufacturing building materials and products
such as steel, cement and glass [6]. Nevertheless, there is also a lower bound
estimation of 24% greenhouse gas emissions by the industry sector, calculated for the
year of 2020 [7].

Therefore, it occurs to be quite realistic to estimate that the most prominent themes
that would aid circular economy, improve the building industry sector and enable
better effect on the environment are the following: switching to renewable energy
sources and energy efficient approaches, improving building design, use of nature-
based and traditional solutions, and improvement in materials in terms of their
environmental impact. The use of recyclable and recycled materials is a very
important segment in this approach. Following the Sofia Declaration [8] on the Green
Agenda for Western Balkan 2021 —2030 that endorses the EU’s Green Deal strategy
and the New Circular Economy, the legislation is being taken from EU on waste
management (National Assembly of the Republic of Serbia 2018) and landfill disposal
(Government of the Republic of Serbia 2010), waste categories, (Government of the
Republic of Serbia Ministry of Environmental Protection 2021) and waste statistics.
Sustainable development of construction industry has become a growing concern. It
is estimated that the worldwide annual production of concrete, as the most prominent
construction material, is approximately 20 billion tones [9]. On a global scale, the
estimated annual consumption of natural resources surpassed 40% of raw stone,
gravel and sand, 25% of virgin wood, 16% of water, and 40% of total energy [10].
Furthermore, total world production of cement hit 4.1 billion tones in 2019 [11], and it
was estimated that it will exceed 6 billion tones till 2025 [12]. Given that production of
cement itself yields approximately 7% of the total CO2 emission worldwide, it is
recognized as one of the major environmental concerns [12]. On the other hand,
significant increase in construction and demolition waste discarded in landfills is
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recorded, leading to other environmental hazards. In the EU alone, 850 million tonnes
of construction and demolition waste are generated, accounting for around 30% of
total waste [13]. One of the ways of solving this problem can be sought in the
application of recycled aggregates, as well as partial replacement of cement with waste
or supplementary cementitious materials, such as fly ash.

Based on the insight in the composition of concrete, the production of 1 m3 of this
building materials means consumption of almost 1 m3 of aggregate [14], and many
researchers agree that a reduction in natural aggregate utilisation can only be
sustainably achieved through the C&D (construction and demolition) waste, in a role
of a recycled aggregate.

The aim of this paper is to show and address the properties of different kinds of
recycled aggregates: recycled rubber aggregate, recycled brick aggregate and recycled
concrete aggregate that have been studied for decades in the Laboratory for materials
of the University of Belgrade Faculty of Civil Engineering on mortar (aggregate grains
up to 4 mm - fine aggregate) and concrete (aggregate grains including fine and
aggregate regarded as coarse - size from 4 mm up to 32 mm). Also, based on the
results and findings of these studies, and described production techniques, the
concrete technology practitioners can learn to produce such "green" concretes that
incorporate sustainability component.

The use of aggregate based on recycled rubber

The problem of the used and worn tires is persistent for decades. The rise in the
number of vehicles, together with the arrangement of legal regulations regarding the
worn tires resulted in high quantities of such material discarded of on legal and illegal
landfills. Followed by the problem of the environment pollution, there is a present
threat of pests who got used to such places as habitats. Although there are no precise
data, it is estimated that in Serbia about 28,000 tons of waste tires are “generated”
annually, of which 7000 tons are used by cement factories as fuel. Although there is a
non-negligeable effect of using such waste rubber materials for combustion processes
in cement kilns, a number of studies were done in the area of using them in asphalt
and cement composites. For instance, recycled rubber can be used in asphalt
composites in two ways: as a modifier of bituminous binder, and as aggregate. Also,
significant quantities of rubber are made and used as polymer bound composites for
sports facilities, children playgrounds, for other paving applications etc.

A mass of recycled rubber granules represents 55-65% of the tire weight. Secondary
product of tire fragmentation process is steel wire (25-30% of the mass), and a tertiary
product are textile fibers, which make up about 10% of the tire weight. All of these
components can be successfully recycled, after the process of their separation. In the
case of the rubber component, it is cut, shredded, ground and sieved in different size
classes i.e. fractions. The size of the fractions is given in the Table 1, as an illustration
of the possibilities, but not as a limitation. For mortar the fine fraction I (0/4) is used
most often, and for concrete, beside this fraction a fraction II (4/8), III (8/16) and IV
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(16/31.5) are most often used. Naturally, depending of the specific application, some
subfractions can be made, as well as different convenient size limits can be applied.

Table 1: Sizes and application of the rubber granulates
Name and production

Size Application
method pp
Whole tires can be . . .
Whole or .. building stocks, artificial reefs, sound barriers,
. recycled by cutting in
cut tires temporary roads etc.
halves, quarters, etc.
Shred " made from light fillings for road bases, embankments,
mechanically cut . . S
50-300 . . drainages, thermal insulation in roads and
pneumatics, which can 1 .
mm buildings, sound ramps, construction of

be split in different

. landfill fences
sizes

light fills for general construction, drainage,
construction pavements, construction and
maintenance of landfills, bridge pillars and
agricultural elements

Granulate, as a result cattle mats, floor tiles, roofing materials, sports
1-10 mm | of further processing field coverings, rubber asphalt, roadside

in fine particles guardrails, speed reduction bumpers

Dust and powder can | soles for shoes, sports equipment, insulating
be result of processing | materials for covering cables, automotive

of rubber under 1 mm | parts, pigments, inks, porous bituminous

in size binders, protective layers, sealing compounds

Pieces that have been
10-50 mm | mechanically cut, split
in smaller parts

0-0.5 mm

The properties of the fractions are usually inherited from the rubber tire, and provide
a base for explanation regarding the properties of the cement composites they are
incorporated. Orientation values of the physical and mechanical properties of rubber
aggregate important for this application are given in Table 2.

Table 2. Relevant physical and mechanical properties of
recycled rubber aggregate

Property Value

Specific gravity 0.9-1.1
Granulate density 300-600 kg /m3
Water absorption ~0%
Compressive strength 10-30 MPa
Tensile strength 2.3-5.6 MPa

The results of mortar and concrete studies shown here are based on the own studies
performed in the Laboratory for materials. Although there were certain concerns
regarding the adhesion (or bond) between rubber aggregate and cement matrix, the
studies show that this should not be considered a problem. Also, production or mixing
technology of the concrete and mortar can be similar to that of conventional concrete.
Some studies incorporated mixing process where aggregate was poured in the already
mixed paste of cement and water, in order to provide better adhesion, but most of the
studies were conducted in an usual manner, meaning that aggregate (a mix of natural
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and recycled rubber aggregate) was first mixed with cement in a dry mix, and then
water and other optional fluids were introduced.

Most studies were made with moderate replacement percentages of natural aggregate
with recycled rubber (up to 30%), but also with the replacement percentages of up to
60%. Having in mind the fact that recycled rubber aggregate has a lower density than
the natural river or crushed aggregate, volume percentage replacement of natural
aggregate by rubber should be given advance in favour of mass percentages. The most
replaced fraction of aggregate in these studies was fraction 0/2 mm. The change in
most of the physical and mechanical properties with the rise in rubber content is
substantial, due to the substantial differences between natural aggregate and recycled
rubber properties.

When fresh properties of mortar with rubber aggregate are concerned, density is
influenced the least, decreasing up to approximately 10% with the incorporation of
rubber aggregate up to 30% by volume. Slump and air content slightly increased, with
no visible trend with the rubber content. A certain increase in superplasticizer needed
in order to achieve a certain consistency was also recorded with the increase in rubber
content [15].

Studies conducted on hardened mortar series showed decrease in mechanical
properties, such as compressive, flexural and pull off strength. The reduction in
compressive strength at the age of 28 days reached 37% with incorporation of 30% vol
replacement of sand with recycled rubber aggregate, and even 75% for 60%
incorporation, and the flexural strength was reduced to up to 16%. The pull-off or
bond strength reduced 22% with incorporation of 30% vol replacement of sand with
recycled rubber aggregate, and it achieved 28.4% decrease for the series with 60%
rubber.

It is important to stress out that for the mortars the ratio between flexural and
compressive strength increases from 0.15 to 0.20 providing the more favourable
internal stresses, so in the light of energy efficiency and sustainability, more robust
structures made of rubberized concrete have better internal stresses arrangement,
higher durability, and overall better impact on the environment (Figure 1). Freeze
thaw effect is lower than that of the superplasticizer.

026 y=0.0021x +0.1086
R?=0.917 ® No freezing, no

superplasticizer
®_0.0019x+0.1019

022 - R*=0.8962 @  After freezign, no
superplasticizer

020 = & =0.0005x+0.1612 ) )

R?=0.5515 No freezing, with

superplasticizer
y = 0.0005x+0.1486

R2=0.719 @  After freezing, with

Flexural/comporessive strength ratio

[ DT L4 superplasticizer
0.14 ®
FUE e Linear (No freezing,
012 g R no superplasticizer)
0.10
0 10 20 30 40 50 60 70

Replacement percentage (%)
Figure 1. Trends of ratio flexural/compressive strength with
respect to rubber content, superplasticizer and freeze thaw effect
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Modulus of elasticity for rubberized mortars reduced 16% for the incorporation of up
to 30% of mortar, and up to 25% for the 60% (by volume) replacement. In the case of
ultrasonic pulse velocity, it declined with the presence of rubber aggregate. This
property showed a decrease from the reference mortar in the amount of 11.7- 20.6%.
The freeze-thaw resistance test showed increased resistance of rubberized mortar. The
increment varied with the percentage of used rubber aggregate, amounting to 3.4-
17.0% in comparison to the reference mortar [16]. The appearance of the samples after
the flexural testing is shown in Figure 2 (little black areas are rubber granulate).

Figure 2. Appearance of the mortar samples after the flexural testing

In the case of conventional concrete mixtures, the usual amounts of component
materials were used (quantity of cement 350 kg/m3, the water/cement ratio was
constant and it amounted to 0.50, with addition of 0.5% superplasticizer in the form
of modified polycarboxilate related to the mass of cement to achieve the projected
consistency of all mixtures in the laboratory studies. These testing results indicate that
the density of fresh concrete decreases 27% with the increment of rubber content up
to 20% mass replacement of aggregate with recycled rubber - almost with linear rate.
When it comes to entrained air content, the results show significant increase of almost
100%. Nevertheless, this is the effect of the aperture, which is designed with the
premise of incompressible aggregate and water. The 28 days compressive strength
decrease is 84% with 20% mass replacement of aggregate with recycled rubber. The
decrease of tensile and splitting tensile strength was as close as 78%, which is also a
noticeable effect [17].

The testing of simultaneous action of frost and de-icing salts consisted of cyclic
frost/thaw periods (25 cycles), using three concrete specimens per each mixture, with
upper surface subjected to the NaCl water solution - according to the Serbian standard
SRPS U.M1.055:1984. After the prescribed treatment, the visual evaluation of concrete
surface degradation was performed. This procedure showed that there were no visible
traces of degradation on any of the concrete specimens [18].

In the case of Self-Compacting Concrete (SCC - a special type of concrete that can be
placed without vibration equipment, flowing through the dense reinforcement and
filling the formwork only by its own weight) with the addition of rubber aggregate,
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performed laboratory tests showed that fresh mixes had similar consistency and
workability as reference concrete (made without rubber granulate). Due to the fact
that the rubber replacement took place only for sand and only in the amount of 30%,
the effect was not so high decrease of density of 6%.

For the hardened properties, there was a decrease in 28 days compressive strength of
32.5% (from 40.8 MPa for reference concrete, to 27.8 MPa for series with 30%
replacement of sand with rubber aggregate) [19].

"Drop weight" dynamic toughness test was conducted on RSCC series, with the aim
of estimating the impact energy absorption of rubberized series. The results showed
that the energy consumed by the specimen before fracture of the specimen doubled
for series with 30% replacement of sand with rubber aggregate [20].

The use of aggregate based on recycled brick

The use of the ceramic materials has been present in building industry for ages. It
enabled the development of building brick, block and roof tile industry, which also
resulted in precise qualification and standardization of such material. Although the
current production technologies minimize waste and even enable a high rate of
recycling of such material, there is still a vast majority of brick and block made
structures, dating from different ages, even centuries. In Serbia, about 80% of
buildings are completely or partially brick, so this material has a future in the field of
recycling. According to the available data regarding construction materials, bricks
have the highest percentage of recycling (35%), followed by concrete (20%) and wood
(12%), etc.

With the assumption that the present ceramic material can be successfully separated
from the other present materials, ceramic waste materials offer solid opportunities in
the sphere of sustainable construction. Similar to rubber aggregate, brick can be easily
crushed and ground and separated into fraction for the use in mortar and concrete as
aggregate. Fines also have pozzolanic effect. Basic physical and mechanical properties
of brick aggregate are given in the Table 3. Due to the nature of the material, the
recycled brick grains obtained by crushing are often flat or needle-shaped, Therefore
the shape coefficient of crushed brick aggregate is often very low, which is a limiting
factor for its application. Compressive strength of brick is 5-10 times higher than the
tensile strength. This is a property of brittle materials, and this brittleness is visible
also in the fracture of the cement composites made with recycled brick aggregate
(Figure 3).

Table 3. Basic physical and mechanical properties of the brick aggregate [21, 22]

Water . s Compressive Tensile
. Density | Specific
Shape coeff. absorption (ke/m?) avit strength strength
(%) 5 sravity (MPa) (MPa)
Fraction I not applicable 12.3 1081 2.4 7.5-30.0 1.5-2.5
Fraction II 0.23 16.1 816 24 7.5-30.0 1.5-2.5
Fraction III 0.11 16.3 811 24 7.5-30.0 1.5-2.5
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Lime based mortars made with crushed brick aggregate (0/5 mm in size) were made
in order to study the physical and mechanical properties in hardened state [21]. As
expected, given the higher porosity of crushed brick aggregates compared to
aggregates of river origin, with an increase in the percentage of aggregate
replacement, the final absorption values for all three types of mixtures also increase
from 11% to 23% (for the mortar with 75% of crushed brick aggregate by volume
replacement of river sand). Although most mortars with added crushed brick
aggregates achieved a lower compressive strength value compared to the
corresponding reference mix, all results at 56 days of age met the minimum
requirements for plastering mortars. On the other hand, adhesion was in most cases
higher with mortars with crushed bricks compared to the reference mixtures. This
way the point of view that the connection between mortar and brick depends
primarily on the quality of the contact zone, and less on the mechanical characteristics
of the mortar itself, was confirmed.

-
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Figure 3. The appearance of the fracture surface of the concrete with different
content of recycled brick aggregate

Research done on Self-Compacting Mortars (SCM), suitable for some levelling or even
repair applications in structures showed that the incorporation of crushed brick
powder (finer than 0.125 mm) and crushed brick aggregate (0.09/2 mm) didn’t affect
much the consistency of mortars (measured by slump flow) with deviations of +30%
from the reference mixture made with limestone filler and river aggregate [23]. These
deviations were not only the effect of crushed brick powder and crushed brick
aggregate presence, but the combined effect of these materials with fly ash and
recycled concrete aggregate. Crushed brick powder presence in the amount of 50% of
total filler mass even reduced the value of slump flow diameter of SCM.

As for the hardened SCM, measured density was reduced approximately 1% due to
replacement of limestone powder filler with crushed brick powder, while the
replacement of river aggregate with crushed brick aggregate resulted in decrease of
15% in mortar density. Compressive strength at the age of 28 days of SCM was
adversely affected by the presence of crushed brick powder (decrease of 6%) and
crushed brick aggregate (further decrease of 17%). Flexural strength of SCM at the age
of 28 days of SCM showed decrease of 4% for crushed brick powder use, and further
decrease of 27% for crushed brick aggregate. A note has to be made here that after 90
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days these changes were closer to the reference mixture (but didn’t reach it), based on
the pozzolanic effect of the crushed brick powder. Pull off was also studied, with high
decrease of 26 % for crushed brick powder use, and further decrease of 50% for crushed
brick aggregate. In these formulations, final value of pull off strength for the series
with recycled brick aggregate was 1.2 MPa, which is even lower than the lowest value
requirement of 1.5 MPa.

Along with the density decrease due to use of lighter components, and proving the
correlation with strength, values of ultrasonic pulse velocity were 12% lower for
crushed brick powder use, and further 34% for crushed brick aggregate use, at the age
of 28 days.

Durability of SCM’s was evaluated through the freeze and thaw test, where the series
with crushed brick powder showed 35% better performance in comparison to the
reference series, and the series with crushed brick aggregate showed substantially
worse behaviour, even failing to withstand the whole procedure of 25 freeze and thaw
cycles.

Strong correlation between dynamic modulus of elasticity and compressive strength
was established for all of the series. It was confirmed that coefficient in these
correlations depended mostly on the overall mortar composition (through bulk
densities of the series) [24].

The SCC mixtures with moderate amount of 360 kg/m3 of cement, 160 kg/m3 of filler
(fly ash in three and ground recycled brick in the fourth mixture) as well as partial
replacement of 75% and 25% of river coarse aggregate with crushed brick aggregate,
with 233-370 kg/m3 of water (depending on the absorption of aggregate) and
superplasticizer (4-6 kg/m3) were made in order to assess the effects of brick
aggregate in SCC. Fresh concrete densities ranged from 2096 to 2252 kg/m3, and
slump flow values ranged between 590 mm and 660 mm. Slump flow time increased
with the increase of recycled brick aggregate share. Due to different water absorption
mechanism, bleeding was noticed for the mixtures with recycled brick, but the
workability decreased rapidly for the mixtures with recycled brick aggregate. The
mixture with the highest content of recycled brick aggregate had the lowest, and the
mixture with natural river aggregate and brick as a filler had the highest value of
hardened density. Compressive strength of the mixtures made with fly ash as a filler
all reached similar values of compressive strength of approximately 44 MPa, while the
mixture made with river aggregate and ground brick as a filler showed 53 MPa, at the
age of 90 days [22].

The use of aggregate based on recycled concrete

Depending on the considered region or country, the structure of construction waste
also varies, but research shows that a significant part is concrete waste (Japan 42%,
Europe 50% [25]), which is disposed of in planned or ad-hoc landfills. The main
reasons for the limited use of recycled aggregate obtained by crushing old concrete
(recycled concrete aggregate - RCA) are related to the quality of recycled aggregate
(water absorption, density, impurities), the technology of producing concrete with
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recycled aggregate and certain properties of concrete made with it (rheology,
durability) [26,27].

Regarding physical and mechanical properties of RCA, tests have shown that recycled
aggregate, compared to natural aggregate, has 2-5 times higher water absorption, 5-
15% lower density, 5-10% higher content of fines, in certain cases 1-2% higher content
of organic and possibly other harmful substances, 5-15% higher crushability, 10-30%
lower resistance to wear and frost [26]. Comparative laboratory testing organic matter
in fine recycled and fine river aggregate with 3% NaOH showed substantially better
quality of recycled aggregate obtained by crushing laboratory cubes (Figure 4).

Figure 4. Organic content testing of fine aggregates - transparent
solution for recycled (left) and colored for river (right) aggregate

The presence of old cement mortar in the grain of the recycled aggregate (Figure 5) is
a factor that adversely affects most of the stated physical and mechanical properties
of RCA, together with the crack formations induced by production i.e., by crushing
concrete. The possible improvement of RCA quality is always based on the procedures
for partial or complete removal of cement mortar from aggregate grains (either
completely mechanical removal of cement mortar or mechanical removal after pre-
treated aggregate by heating, wetting or chemical agents). It should be emphasized
that all procedures for removing cement mortar from recycled aggregate are very
expensive (high consumption of electricity, chemicals, etc.). One of the implications of
these aggregate properties is the very limited use of the fine fraction of RCA (due to
high content of the attached cement paste) in recycled aggregate concrete (RAC)
production (fraction 0/4 mm). Therefore, the choice of fractions used and their ratio
represent a very important aspect when designing a concrete mix.
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Figure 5. The characteristic appearance of the
recycled concrete grain

One of the methods for improvement of recycled concrete aggregate is suggested to
be carbonation (naturally or artificially made reaction of the atmospheric CO2 with
the Ca(OH)2 present in cement paste of the recycled aggregate, with CaCO3 as a
product). Regarding that, in the laboratory, the absorption measuring method was
studied both on NA and RCA (with and without carbonation) using a hydrostatic
weighing technique enabling continuous measurement, where different drying
temperatures were analysed. The studies have shown that the carbonation
modification of RCA can significantly change water absorption values, ranging from
33.9% decrease in the case of fraction III (8/16 mm) dried at 110°C, to an increase of
1.2% in the case of fraction II (4/8 mm) dried at 45°C [28].

On the other hand, the possible improvement of its’ properties is sought in the
production method, or the technology of RAC. First of all, most researchers agree that
the water needed for mixing process should be increased by the absorption values of
RCA. Second, pre-soaking of aggregate, sometimes aided by sodium silicate solution
and silica fume or fly ash was considered a method for improvement of the aggregate
and the RAC consequently. Also, the so called "Two-Stage Mixing Approach (TSMA)"
was suggested (Figure 6), where half of the water is being introduced to the mixture
in the first phase, after the dry mixing of aggregate, filling the pores and cracks and
improving transition zones around the recycled aggregate (ITZ), and after that the rest
of the water and cement are mixed [29].

All of the researchers notice that the workability of such concretes have to be
periodically checked, and because of this most researchers suggest slump test to be
performed 30 minutes after the concrete was mixed.

With the aim of improving the quality of recycled aggregate concrete and expanding
its application, Tam et al. first proposed the mentioned method for concrete with
recycled aggregate - "Two-Stage Mixing Approach (TSMA)". Experimental research
in their work, based on SEM microscopy and mechanical tests, has shown
improvements in the strength of concrete made this way. The effect is explained by
the fact that, due to the high porosity of the recycled aggregate grains, the "pre-
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mixing" process of the first stage helps filling pores and cracks, leading to concrete
with higher bulk density, improved interfacial transition zone around the recycled
aggregate (ITZ), and thus greater strength compared to the traditional mixing
approach [30]. Lee (2012) investigated the ITZ and the influence of the mixing method,
reaching the conclusion that a two-phase approach gives a denser and more
homogeneous microstructure, and thus better mechanical properties of concrete with
recycled aggregate [31]. Brand (2015) examined the impact of a two-phase mixing
approach on high-quality recycled aggregate at different degrees of water saturation
(completely dry, partially saturated, fully saturated) and the results showed that the
two-phase approach contributed to the workability of the concrete mix and that lead
to an improvement in the strength of concrete, when using a partially saturated
recycled aggregate [32].

Natural river aggregate and w Dry mixing

recycled concrete aggregate - 50% water
+ J 1 min

Limestone powder

cement

50% water

| superplastisizer }.—.. s

mixing 3,5 min

Fresh
concrete
mix

Figure 6. Two stage mixing approach used for the
SCC RCA production [33, 34]

The most of the studies in the Belgrade laboratory were focused on the investigation
of fresh and hardened concrete with coarse RCA, but some of them investigated also
the use of fine RCA, production technology, properties of mortars with RCA, and
structural properties of reinforced concrete elements - such as beams (flexural
strength, creep and durability).

The use of fine fraction (size of grains under 4 mm) of recycled concrete aggregate in
mortars, although rare as previously explained, was studied on cement-based
mixtures with the similar compressive strengths of 30-33 MPa at the age of 2 days,
which governed their composition (Table 4) [35]. Namely, in the case of recycled
aggregate use, both cement and water content had to be increased (4% and 32%
respectively by mass) to achieve the same target compressive strength, but in the case
of silica fume use (approximately 10% by mass of cement) and water solution of
sodium silicate, a reduction in cement content of 3.5% by mass was done. Also, for the
same target compressive strength at 2 days, increase of 31% by mass of water was
approximately similar (in comparison to the reference mixture) for all three mortar
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mixtures: (i) with recycled aggregate, (ii) with recycled aggregate and silica fume, and
(iii) with recycled aggregate, sodium silicate and silica fume.

Table 4. Mortar mixtures with fine river and recycled aggregate

Aggregate [g] Cement Silica Water SO.IUtiOH Water
fume (SF) of sodium
River (RI) | Recycled (RE) [g] [g] silicate (SS) [ml] [ml]
RI-REF 1300 / 433 / / 216.7
RE / 1300 452 / / 2855
RI-SF 1300 / 433 43 / 2311
RE-SF / 1300 438 43 / 282.8
RE-SF-SS / 1300 418 43 245 46.1
RE-SS / 1300 437 / 295 /

Density of fresh mortars made with recycled concrete aggregate was 3-4% lower than
the reference (made with river aggregate). The use of silica fume and sodium silicate
(because sodium silicate penetrates the aggregate structure, promotes self-healing and
reacts with calcium hydroxide) resulted with higher fresh mortar density of the series
with recycled concrete aggregate, which was less than 1% lower in comparison to the
reference. Adversely, all of the mortar mixtures had very stiff consistency, with values
of flow on the flow table between 102 mm and 126 mm, the values for mixtures with
recycled concrete aggregate being on lower end.

Density of the hardened mortar mixtures was again higher for the mixtures made with
river aggregate (approximately 2200-2300 kg/m3), and lower for the mixtures with
recycled concrete aggregate (2150-2250 kg/m3), with silica fume and sodium silicate
improving the compactness.

wl o ~]
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Figure 7: Development of compressive strength in
time for mortars

Although the values of compressive strength at the age of 2 days were similar, there
was a development of these values over time, up to the age of 28 days (Figure 7). The
most moderate development of mortar mixtures was recorded for the series without
improvement in the form of sodium silicate and silica fume, achieving 50 MPa at the
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age of 28 days. The fastest development of compressive strength was recorded for the
mixture RE-SS with recycled aggregate and sodium silicate (65 MPa at the age of 28
days) and for the mixture RE-SF with recycled aggregate and silica fume (59 MPa at
the age of 28 days). Last two trends justify the use of sodium silicate and silica fume
for improving the properties of mortars with recycled concrete aggregate.

Flexural strength of the series at the age of 28 days ranged from 7.1 MPa up to 9.6 MPa,
being the lowest for the RI-SF mixture, and highest for the RE-SS (with recycled
aggregate and sodium silicate solution). Bond strength for all the mixtures ranged
between 1.71 MPa (with recycled aggregate and sodium silicate solution) and 2.34
MPa (for the reference mixture, made with river aggregate).

Ultrasonic pulse velocity was similar for the mixtures, ranging between 3900 m/s for
mixture with recycled aggregate, silica fume and sodium silicate solution and 4100
m/s for the reference mixture. Therefore, the finding was that treatment with sodium
silicate and silica fume had certain improving effect on compactness of mortars.
There was an extensive study of the recycled aggregate concrete (RAC) with RCA in
the Laboratory for materials, University of Belgrade Faculty of Civil engineering and
over several decades, with the use of RCA (obtained by laboratory crusher) mostly
from destroyed concrete test cubes as previously stated, but also from the concrete
originated from structures, and some general findings have been made. First, density
values of recycled concrete aggregate are 5-10% lower than the same values for natural
aggregate, water absorption is around 4% (which is 4 times higher than that of natural
aggregate), and crush test values are lower than 30%. The water absorption, and the
development of that process in the case of the recycled aggregate is one of the main
obstacles for the use of this aggregate more often. Namely, like in the case of the
recycled brick aggregate, the needed high quantities of water and the absorption of
recycled aggregate make it very hard for the water to cement factor to be held lower,
for the consistency to be optimal, and also to be retained for a longer period of time.
Therefore, the decrease in density is up to 4% in comparison to the concrete made with
natural aggregate [27]. The concrete mixtures made with crushed aggregate showed
significantly higher slump and flow, i.e. more fluid consistencies, than the target. The
higher consistency of the fresh concrete mixtures made with natural crushed
aggregate did not have a negative effect on the compressive strength of the hardened
concrete. Small differences of the slump, flow and even density of concrete mixtures
produced by normal and TSMA approaches can be attributed to the reproducibility of
the tests. Based on the obtained results, concrete preparation technology does not have
a major impact on the consistency of fresh concrete [29].

The compressive strength values of the RAC were 6% lower, in the case of complete
substitution of coarse natural aggregate with recycled concrete aggregate. Although
(as reported by other researchers) the shape of the recycled concrete aggregate
(irregular, husky, and crackly) should aid the tensile strength, the results of splitting
tensile tests of the concrete with recycled aggregate were in the range of +7.5% of the
values recorded for natural river aggregate [27].

In the case of concrete made with three types of aggregate - natural (river and
crushed) and recycled concrete aggregate of up to 8 mm, there was no significant
increase in compressive strength for the mixtures with river and crushed aggregate,

75



IRASA International Scientific Conference
SCIENCE, EDUCATION, TECHNOLOGY AND INNOVATION

SETI IV 2022

Book of Proceedings

induced by two-stage mixing approach [29]. The improvement of compressive
strength of the mixture by the two-stage mixing approach was 13.7% (when compared
to the mixture with recycled concrete aggregate mixed by the usual approach).
Concrete preparation technology had different effects on flexural strength depending
of the aggregate used. Although there was no positive effect on flexural strength of
concrete mixtures made with river aggregate, an increase in flexural strength of 4.5%
in concrete with crushed, and 9.2% in concrete with recycled aggregate was recorded.
As for the splitting tensile strength, the same conclusion can be drawn, with stronger
effects: an increase in splitting tensile strength of 7.3% in concrete with crushed, and
14.3% in concrete with recycled aggregate was recorded.

Investigations on Self-Compacting Concrete made with recycled concrete aggregate
were mainly focused on obtaining the needed fresh properties, so that the concrete
can be characterised as SCC. Therefore, although carefully recorded and discussed, in
most of the studies the properties in the hardened state stayed in the background.
Although all of the mixtures were characterized as SCC with a slump-flow diameter
of more than 650 mm, the introduction of recycled concrete aggregate induced
challenges regarding the consistency, as expected. The consistency of the series with
the recycled coarse aggregate was both more fluid and more rapidly thickening, in
comparison to the series with river aggregate [33,34]. Suggestion was made for all the
mixtures to be composed for the upper bond of slump flow values for SCC, reaching
approximately 850 mm (lowest bond value being 550 mm) [33,34]. Having in mind
that, in two-hour time slump flow value of this kind of concrete can drop fast from
this upper to the lower bond, the study showed SCC mixtures with RCA to be
adequate. All the other tests, done on fresh SCC mixtures (t500, tv, L-box), showed
acceptable results. Bulk density of the fresh SCC mixtures displayed the expected
trend of decrease of up to 5%, with the increase in recycled concrete aggregate content
[34].

The early compressive strengths of the SCC mixtures with recycled concrete aggregate
were found to be lower than reference, but after 28 days compressive strength was
very similar for all the mixtures, with decrease of 3.9% when recycled coarse concrete
was used for 50% mass replacement of the aggregate from 4 up to 16 mm [34, 36].
The SCC mixtures made with recycled aggregate and cured in ambient conditions
(temperatures lower than 10°C) were monitored in terms of physical and mechanical
properties, after fresh concrete tests (regarding fluidity, workability, passing ability
and segregation resistance of all mixtures were in line with the requirements for SCC.
The results showed that concrete mixtures made with recycled aggregate had lower
values of compressive strength at 1 day than the reference, but the differences in the
compressive strengths decreased with the age [37].

Based on the studies, all tensile strengths achieved the values usual for conventional
concretes, and similar values were obtained for all SCC mixtures. On the other hand,
bond strength (determined by pull-off method) was highest for the mixture where
river aggregate fraction II (4/8 mm) was replaced with recycled concrete aggregate,
while the lowest bond strength (10% lower than the reference) was recorded for the
mixture with 100% coarse recycled concrete aggregate [34].
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The obtained values of static and dynamic moduli fall in quite narrow range. The
decrease in static and dynamic moduli were up to 5%.

Concretes with recycled aggregate displayed the lowest test results of ultrasonic pulse
velocity, in the range of 2-3% lower than for the concrete with natural aggregate. All
concretes generally displayed high water absorption, but the production technology
alteration induced no measurable effect on this property of concrete [29].

Studies on the SCC mixtures with recycled concrete aggregate of up to 32 mm and fly
ash were performed in order to promote use of fly ash and coarse recycled aggregate
in SCC (although due to the application of SCC - narrow reinforcement distances in
the elements - usual size of the aggregate is limited to 16 mm). These studies showed
that the differences in compressive strengths of the SCC series made with and without
the recycled coarse aggregate were almost neglectable (2.6%) [38].

Studies have been conducted on SCC mixtures with both fine and coarse recycled
concrete aggregate, with increase in the water based on the absorption, using TSMA
and, as the dominant concept - particle packing density method. After experimentally
obtaining ratios of fine and coarse aggregates on the basis of packing requirements
and applying sufficient amount of proper paste component, it was shown that the
optimal compositions of Self-Compacting Concrete could be provided with higher-
than-average mechanical properties. Nevertheless, the use of recycled concrete
aggregate and fly ash embodies challenges such as higher amount of needed water,

fast decrease in workability, and decrease in mechanical properties in hardened state
[39].

Conclusion

The conclusions will highlight the most important findings regarding: recycled rubber
aggregate, recycled brick aggregate and recycled concrete aggregate, for the use in
cement composites (mortar and concrete) in the same order as given in the paper.
Having in mind all the above-mentioned tests and the obtained results, although there
is a sharp decrease in the important properties of rubberized cementitious composites
with increase in rubber content, a general conclusion can be made that these
composites can be successfully applied in many fields of engineering practice, due to
their favourable properties such as: sustainability, toughness, elasticity and durability.
The best results were obtained in the area of freeze-thaw resistance and impact
properties. Reduction in density provides an option to achieve lightweight concrete
and mortar.

In the case when recycled (crushed) brick was used for lime-based mortars, all results
at 56 days of age met the minimum requirements for plastering mortars. Although the
negative property of bleeding was noticed for the mixtures with recycled brick and
the workability decreased rapidly for the mixtures with recycled brick aggregate,
compressive strength of the mixture made with river aggregate and ground brick as a
filler reached relatively high compressive strength of 53 MPa, at the age of 90 days.
When the properties of recycled concrete aggregate are addressed, and having in mind
the fact that water to cement ratio is a very delicate aspect that governs the levels of
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compressive strength and other properties, it is necessary to develop new standards
for RCA water absorption tests that will take into account its specificities, paving a
way to more accurate proportioning of RAC.

The strong suggestion of the sustainability improvement of Self-Compacting Concrete
with recycled concrete aggregate was based on the use of RCA and fly ash, with
respect to the reduction in cement and natural aggregate for concrete, also practicing
the TSMA as a production technique, and higher water contents (due to the higher
absorption of the RCA in comparison to the natural aggregate).

Regarding the compressive strength of SCC with RCA, it was shown that the values
of 28d compressive strength can correspond to the higher than typical strength class
C40/50, according to the SRPS EN 206, for all SCC mixtures, and that there was little
negative effect on the mechanical properties due to the presence of additional water
for absorption in the SCC. Similar properties of all mixtures were achieved for both
coarse aggregate fractions replacement, showing no significant differences when
aggregate size is taken as a parameter, and this can be explained by the fact that this
study was conducted with recycled aggregate of good properties and in laboratory
conditions. Having in mind the fact that in most of the studies the values of
compressive strength of concrete mixtures with recycled aggregate were in line with
the values for mixture with natural aggregate, industrial use of recycled aggregate in
SCC in ambient conditions is expected.

Nevertheless, higher amount of water, fast decrease in workability, and decrease in
mechanical properties in hardened state are expected properties of such concretes.
These issues have to be regarded as main obstacles for wider application of
compositions similar to the ones from this study, so the practical application always
has to include the concrete technology techniques described in this paper.
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