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Abstract: The use of concrete in civil infrastructure is highly demanded in structural and nonstruc-
tural elements. However, the high production of concrete could lead to severe pollution in the
world. This pollution can be decreased using sustainable materials mixed with cement to obtain
sustainable concrete. These sustainable materials include reinforcing fibers (e.g., steel, polypropylene,
carbon fibers), recycled materials (e.g., tire rubber, crushed glass, plastic, industrial waste) as well as
organic and inorganic elements as concrete aggregates and reinforcement elements. The sustainable
construction materials can reduce the amount constitutive elements of concrete required for civil
constructions. In addition, some sustainable materials added to cement could improve some proper-
ties of the concrete, like the compressive and flexural strength of concrete structural elements. Thus,
the maintenance requirements or early replacement of these structural elements could be decreased.
This review presents recent investigations about the performance of different sustainable concrete
types. In addition, we include the effects on the mechanical properties of the concrete caused by the
incorporation of several sustainable materials. In addition, recommendations for the use and testing
of sustainable concrete are reported. These materials have potential applications in the sustainable
concrete infrastructure in future smart cities.

Keywords: recycled concrete; sustainable concrete; organic fibers; inorganic fibers; industrial waste;
smart cities; steel fibers

1. Introduction

Concrete is the material most used in the construction industry and its mechanical
strength depends on the quality and properties of the aggregates, the water-cement ratio
and the uniformity of the mixture [1,2]. This material is an essential component in the
modern infrastructure due to its high structural resistance and durability. Concrete is
widely employed in the construction of bridges, dams, tunnels and numerous physical
infrastructures [3,4]. It is a key material in the recent and future infrastructure with
estimation of yearly consumption of 25 billion tons [5].

The high production of cement generates environmental contamination through
carbon dioxide (CO;) emissions. For this, the use of new sustainable materials in the
construction sector can contribute to decreasing the CO, emissions and costs as well as the
reuse waste materials [6]. In order to reduce greenhouse gases emissions, it is necessary to
recycle waste materials and conserve the natural resources. The increment in the use of
recycled materials with aggregates and cement-based materials can improve the concrete
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compatibility with the environment [7,8]. The partial substitution of cement for other
sustainable materials may increase the durability of the concrete, reducing the maintenance
of structural components [9].

The population growth and urban development demand a great amount of natural
resources in the construction industry [10]. This industry has increased the cement produc-
tion due the increment in the concrete consumption [11,12]. This high cement fabrication
can cause close 7% of the global CO, emissions [13]. The consumption of industrial prod-
ucts cause waste that may be harmful for the environment. However, several of these
waste materials could be mixed with cement to obtain sustainable concrete and improve its
mechanical strength and durability [14]. Thus, the sustainable concrete can be an important
alternative to reuse some waste materials and reduce the problem of waste disposal [15,16].
Figure 1 depicts different recycled materials, organic aggregates and synthetic fibers used
in sustainable concrete. The recycled materials include rubber, plastic, glass and industrial
waste. The organic aggregates consider the bamboo, coconut fiber and nanocellulose. On
the other hand, the synthetic and mineral fibers use steel, glass, carbon and textile fiber
and epoxy resins.
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Figure 1. Diagram of different material types used in sustainable concrete.

The mechanical strength, durability and workability of concrete can be enhanced
by replacing the cement or aggregates with recycled materials [17]. The incorporation of
waste materials in the concrete production may contribute to the conservation of natural
resources [18]. For instance, polymers added to cement may enhance the concrete strength
and durability [19,20]. These polymers are used as matrix materials, modifiers and con-
crete adhesives. Bulut and Sahin [19] used polyester resin as binder in polymer concrete
production [19]. This polyester resin has the following characteristics: a concentration of
60% of unsaturated polyester resin and 40% of styrene; a physical state of liquid; flash point
of 34 °C; ignition point (solvent) of 490 °C; specific weight of 1.13; viscosity of 475 & 75 cp;
gelling time (25 °C) of 4 £ 1 min; bending strength of 100 MPa and tensile strength of
55 MPa [19].

In this review, we present recent investigations about different recycled materials,
organic aggregates and synthetic and mineral fibers used in the concrete industry. The
effects of these materials on the mechanical (compressive, tensile and flexural strength)
and physical (porosity, density and water absorption) properties of concrete samples
are discussed. Numerous researchers have reported methodologies for the use of these
materials in sustainable concrete. Optimal dosages of these materials can enhance the
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compressive, tensile and flexural strength of the concrete. In addition, we report some
suggestions for the incorporation of these materials into cement.

2. Recycled Materials
2.1. Recycled Building Materials

In recent years, a large number of buildings around the world have been demolished.
It has generated close to 400 million tons of debris per year such as concrete, stone and brick,
which are known as recycled aggregates [21]. The use of these recycled materials helps to
reduce energy consumption and conserve natural resources. Generally, the construction
sector uses aggregates obtained from the demolition of mountains that causes a high
consumption of natural resources. Therefore, recycled materials represent an important
alternative source in the construction industry to reduce the consumption of natural
resources [22].

Richardson et al. [22] tested the freeze/thaw durability of recycled aggregate concrete
and compared it with respect to concrete fabricated using virgin aggregates. Figure 2
shows a schematic view of the manufacture process for both concrete types. They reported
that recycled aggregate concrete has equal durability with that of concrete with virgin
aggregates. Seps et al. [23] developed tests about the freeze-and-thaw resistance and
resistance to chlorides of fiber reinforced concrete, which was made from recycled concrete
aggregate. They registered the lost mass and resistance after 50 freeze-thaw cycles of
recycled concrete aggregate and their results indicated that recycled concrete aggregate
has low resistance to freeze and thaw cycling. Gao et al. [24] investigated the compressive
behavior of fiber reinforced polymer (FRP) tube confined recycled aggregate concrete (RAC).
They used recycled clay brick aggregates (RCBA) that were obtained from demolished
brick masonry elements. Four RAC samples were employed considering different RCBA
replacement ratio of 0%, 50%, 70% and 100% at 28 days of curing. The increment in
the replacement ratio of RCBA generates a low reduction in the compressive strength
of the RCA samples. For ranges of replacement ratio from 0% to 50% and from 0% to
70%, the compressive strength of the RCA specimens only decreased 11.8% and 12.4%,
respectively. Yang et al. [25] reported physical and mechanical properties of recycled
concrete using high incorporation percentage of RCA and crushed clay bricks (CCB). Baena
et al. [26] evaluated the effect of the incorporation of recycled coarse aggregates on the
properties of hardened concrete and bond performance between concrete and FRP tubes.
They employed RCA at replacement rates of 0%, 20%, 50% and 100% and reported the
effect of the rebar surface configuration on the bond behavior between FRP tubes and
RCA. Seara-Paz et al. [27] studied the shrinkage and creep behavior of recycled concrete
using water to cement ratios of 0.50 and 0.65 and different replacement ratio of recycled
aggregates (0%, 20%, 50% and 100%). The shrinkage and creep strains increased with
higher replacement ratio. Guo et al. [28] presented a study to enhance the rubber concrete
behavior using two surface treatment methods (NaOH and silane coupling agent) and three
coating methods. The NaOH-solution treatment improves the rubber concrete strength
with respect to normal rubber concrete coating methods. In addition, the rubber concrete
registered lower permeability and better durability. This rubber concrete could increase
building energy efficiency and decrease noise due to its low thermal conductivity and
sound transmission attenuation.

Every day, several concrete structures reach the end of their service life. Examples of
these are highways and buildings among others. Thus, the process to obtain the recycled
aggregates could be relatively easy. If the concrete is not recycled and it ends up in landfills,
then can increase the consumption of natural resources. Therefore, recycled concrete is
an important option to conserve the environmental recourses and reduce the costs in the
construction industry.
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Figure 2. Schematic view of the fabrication process used in the recycled aggregate concrete and the
concrete with virgin aggregates. Reprinted with permission from [22]. Copyright© 2011, Elsevier B.V.

2.2. Recycled Tire Rubber

A tire is a composite of complex elastomer formulations, reinforced with plies of fibers
and steel fiber [29]. The number of tires being discarded is an environmental problem
in all the world. Every year nearly 1 billion tons of waste tires are discarded and only a
small amount is recycled [30]. Recycled tires have been extensively studied since the end of
previous century to use in asphalt pavement, waterproofing systems, membrane coating,
among others [31].

Although rubber has excellent properties (e.g., high strength, great elasticity and
durability), it may affect several properties of concrete. For instance, cement mixed with
coarse or fine aggregate of waste tire rubber may generate concrete with lower specific
density and lower compressive and tensile strength as well as higher toughness and
ductility and more efficient sound insulation [32]. The variations of the physical and
mechanical properties of this concrete type may depend on replacement ratio and the
size of the tire particles added to concrete. Asutkar et al. [32] measured several physical
and mechanical properties of rubber concrete using different percentage of replacement
of rubber aggregates. The aggregates were obtained by shredding the vehicles scrap tire
rubber, achieving a size range between 10 and 20 mm. They determined that the optimum
percentage of replacement of rubber aggregates can be up to 15%. Even in these conditions
rubber waste decreases the concrete compressive strength. Therefore, they recommend the
use of rubber waste aggregates in concrete for construction components such as partition
walls, road barriers, pavements, sidewalks and some other secondary elements that do
not require high compressive strength of concrete. Tables 1-3 depict the mix proportion,
physical properties of materials and results of the compressive strength and density of
rubber concrete [32].

The feasibility of using crumb rubber tire in high strength concrete was studied by
Thomas and Gupta [33]. They investigated that compressive, flexural tensile and pull-off
strength of high strength concrete have a low decrease when the replacement percentage of
crumb rubber is less than 10%. A compressive strength close to 60 MPa was measured for
this concrete mixed with 0% to 12.5% crumb rubber. Other mechanical properties such as
water absorption, depth of abrasion and depth of water penetration showed good results
for mixes with up to 12.5% crumb rubber. For these reasons, these authors recommended
using high strength concrete with crumb rubber aggregates for hydraulic structures like
tunnels and dam spillways. Therefore, it is very important to limit the content of aggregates
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of waste rubber tire in concrete to avoid a high reduction of its mechanical properties such
as the compressive and tensile strength. Other mechanical properties such as durability,
abrasion and water absorption may be improved when the percentage of rubber tire waste
increases. Thus, recycled tire rubber may be used for normal and high strength concrete
mainly in secondary construction elements.

Table 1. Mix proportion (kg/m?) of the rubber concrete [32]. Copyright© 2017, Elsevier B.V.

o Water in Liters Fine Aggregates Coarse Rubber
Replacement % Cement (kg) (W/c = 0.50) (i;(z) ® Aggregates (kg) Aggregates (kg)
0% 364.81 225.17 610.43 1239.64 -
5% 437.77 224.2 590.03 1177.65 23.30
10% 437.77 2242 590.03 1115.67 46.73
15% 437.77 224.2 590.03 1053.69 70.101
20% 437.77 224.2 590.03 991.71 93.46

Table 2. Physical properties of materials used as aggregates in the concrete [32]. Copyright© 2017,

Elsevier B.V.
Material Specific Gravity Bulk Density (kg/m3)
Rubber aggregates 1.10 650
Fine aggregates 2.6 1650
Coarse aggregates 2.8 1720

Table 3. Compressive strength and density of concrete [32]. Copyright© 2017, Elsevier B.V.

Compressive Strength Weight of Cubes

% of Replacement Ultimate Load (kN) (MPa) (ke) Density (kg/m?3)
0% 713.25 31.7 8.15 24,141.81
5% 657.67 29.23 7.56 2240.702
10% 576.22 25.61 7.23 2143.14
15% 480.05 21.34 6.51 1928.88
20% 373.72 16.61 6.34 1879.933

The steel fibers from waste tires can be mixed with tire rubber to be used as aggregates
of concrete combined with steel fibers from waste tires. Flores-Medina et al. [34] presented
experimental results of thermal and mechanical properties of sustainable concrete. This
concrete incorporated aggregates based on crumb rubber (CR) and steel fibers coated with
rubber (FCR). The rubberized concrete with FCR had better bending and compressive
strengths in comparison to concrete with crumb rubber. Furthermore, the concrete with
FCR registered higher both energy of fracture and toughness than the concrete with
crumb rubber. In addition, thermal conductivity showed the same decrement with waste
rubber as aggregate with and without steel fibers. For these reasons, Flores-Medina
et al. [34] proposed using fibers coated with crumb rubber for precast flat-roofs. Table 4
shows weight analysis of the main components of the two types of recycled rubber used
in [34]. In addition, Table 5 indicates the mix proportions of the different concrete mixtures
considered in [34]. Finally, Table 6 depicts the bulk density, bulk porosity, compressive
strength, Young’s modulus, bending strength, toughness and toughness index (TI) of
concrete specimens with CR an FCR. Deviation factor (%) is indicated between brackets.
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Table 4. Weight analysis of the main components of the two types of recycled rubber [34]. Copy-

right© 2017, Elsevier B.V.

Composition by Weight FCR (% Weight) CR (% Weight)
Rubber 50.35 96.90
Textile fiber 2.07 0.01
Steel fiber 5.04 0.00
Rubber linked to steel fiber 9.43 1.67
Rubber + textile fiber + steel fiber 5.81 0.01
Rubber linked to textile fiber 27.00 1.41
Powder 0.30 0.00

Table 5. Mix proportions of the different concrete mixtures [34]. Copyright© 2017, Elsevier B.V.

Rubber Cement 42.5 MPa Aggregate -8 mm  Recycled Rubber 4-8 mm  Sand 0-4 mm Water
Substitution (CR and

FCR) (% Volume) (kg/m?3) (kg/m?3) (kg/m?3) (kg/m?3) (kg/m3)

0% (Ref. concrete) 360 1103.0 0.0 722.8 180
20% 360 882.4 84.5 722.8 180
40% 360 661.8 169.0 722.8 180
60% 360 441.2 253.5 722.8 180
80% 360 220.6 338.1 722.8 180
100% 360 0.0 422.6 722.8 180

Table 6. Bulk density, bulk porosity, compressive strength, Young’s modulus, bending strength, toughness and tough-
ness index (TT) results of concrete samples with CR an FCR. Deviation factor (%) is indicated between brackets [34].
Copyright© 2017, Elsevier B.V.

Bulk Ultrasonic Bulk Compressive  Young’s Bendin
Rubber Density Modulus Porosity Strength Modu%us Strengtﬁ Toughness T
f?béﬁfﬁi‘é? (eg/m?) (GPa) (%) (MPa) (GPa) (MPa) (J)
0% (Ref.
2422 (15.2)  49.5(12.10) 9.04 (15.8) 47.78 (12.6) 8.88 4.75 (14.5) 6970 1
concrete)
20% CR 2264 (16.2)  42.1 (11.50) 8.97 (15.9) 27.71 (15.3) 5.91 3.75 (18.6) 5500 1
40% CR 2156 (17.5) 31.2 (9.80) 9.29 (18.2) 17.71 (16.8) 3.93 2.90 (17.8) 2610 1
60% CR 2026 (14.5) 27.5 (11.6) 9.11 (14.8) 13.58 (19.5) 3.80 2.75 (22.5) 7120 1
80% CR 1858 (18.5) 18.9 (14.6) 9.68 (18.6) 8.60 (25.5) 1.06 2.05 (19.9) 1490 1
100% CR 1742 (21.3) 13.4 (10.2) 11.54 (20.8) 6.33 (26.8) 0.39 1.86 (22.6) 1810 1
20% FCR 2313 (17.5) 44.0 (11.4) 9.17 (17.6) 30.09 (18.9) 5.71 4.30 (19.2) 6120 1
40% FCR 2139 (16.4) 34.4 (16.5) 11.38 (16.8)  22.84 (19.5) 4.63 3.43 (21.5) 6280 3.70
60% FCR 2032 (17.1) 28.5 (17.8) 14.01 (17.9)  15.82(20.6) 3.60 3.32 (20.3) 3430 7.16
80% FCR 1851 (18.2) 22.3 (15.6) 18.31 (17.9) 9.60 (20.5) 2.05 3.24 (28.5) 8410 2.54
100% FCR 1668 (19.5) 7.3 (18.9) 21.37 (19.6) 4.64 (28.5) 0.77 1.68 (22.8) 4910 1.56

Although several studies have been carried out with rubberized concrete, more inves-
tigations are necessary that consider its microstructure and influence in corrosion behavior
of reinforcement steel bars [35]. Furthermore, the mechanical behavior of rubberized con-
crete depends on the size range and percentage of the rubber particles. Figure 3 shows a
comparison of several tire rubber particles with different size ranges and other aggregates
used in rubberized concrete by [35]. It depicts small and large rubber particles from car
tires with size up to 10 mm and 20 mm, respectively.
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Figure 3. Comparison of tire rubber particles with other aggregates used in concrete mix. Reprinted with permission
from [36]. Copyright© 2019, Elsevier B.V.

2.3. Recycled Plastic

The global production of plastic products has achieved a continuous growth in the last
50 years. For instance, Law et al. [37] reported that the United States produced 42.0 million
tons of plastic waste during 2016. The inadequately recycled and managed plastic waste
can affect the ecosystems on the planet.

An alternative solution for the recycled of plastic waste can be its use in sustainable
concrete. In this context, Dalhat and Wahhab [38] proposed to replace Portland cement
by recycled plastic in proportions of 1:5 and 1:1, regarding a water—cement ratio of 0.36.
The recycled plastic concrete registered a compressive strength similar to asphalt concrete
and sometimes similar to Portland cement concrete. However, the recycled plastic concrete
had much less thermal sensitivity than the asphalt concrete. Choi et al. [39] studied
lightweight aggregate obtained of waste polyethylene terephthalate (PET) bottles and
used ground granulated blast-furnace slag (GBES) to enhance its quality. The bulk density
and specific gravity of the lightweight aggregate decreases close to 50% with respect to
natural aggregate. The density and compressive strength (at 28-day) of the concrete with
lightweight aggregate decreased when the replacement percentage and the water-cement
ratio increased. For a replacement percentage of 75% lightweight aggregate, the structural
efficiency of this recycled aggregate concrete was 21% lower in comparison with control
concrete. Islam et al. [40] presented the effect of PET coarse aggregate on the compressive
strength and workability of concrete. The 28 days compressive strength for the concrete
with 20% PET aggregate at water—cement ratio of 0.42 achieved 30.3 MPa. It only decreased
9% with respect to the compressive strength of the natural aggregate concrete (NAC).
Thus, small replacement percentage of PET can generate concrete with similar compressive
strength of NAC. In addition, the workability of PET replaced concrete increased when
both the replacement percentage and water—cement ratio increased. Lucolano et al. [41]
evaluated the influence of the aggregates of polyolefin and PET waste on physical and
mechanical behavior of six mortars. The recycled plastic aggregates improved the open
porosity of the mortars, reducing their compressive and flexural strength. However, these
aggregates generated up to 50% lower thermal conductivity of the mortars, which improved
their thermal insulation behavior. This insolation behavior is suitable to control heat gain
and heat loss from building during summer and winter, respectively. This mortar type can
be employed for applications that do not need a structural performance. The use of recycled
plastic aggregates in the production of hydraulic mortars can allow the development of
ecosustainable building materials and decrease the environmental damage of plastic waste.

Based on regression analysis, Mohammed [42] proposed the following models (linear
and power) to estimate the elastic modulus (E.y), the splitting tensile strength (f's,) and
flexural tensile strength (f,,,) of concrete containing PET waste aggregate with a ratio from
0.4% to 75% as sand replacement.
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For the elastic modulus [42]:
Ecw = 1.694 +0.807f' ., @)
Eew = 0.229(f ,,)"* @)
where E, and ¢y have units of GPa and MPa, respectively.
For splitting tensile strength [42]:
f' = 0.713 4-0.0826f" ., 3)
f, w 0'246<f/ cw)0.75 (4)
For flexural tensile strength [42]:
fro =136 +0.11f" (5)
fro = 0317(f' ,)"7 ©)

where fr, and ', are measured in MPa.

The linear equations reported by Mohammed [42] were more accurate for calculating
the elastic modulus and splitting tensile strength of PET replaced concrete. Although, the
power equations registered better results for the flexural tensile strength of this sustainable
concrete type. However, these equations must be adjusted for calculating the mechanical
properties of concrete with other plastic aggregates.

Bui et al. [43] measured the mechanical properties and durability of concrete contain-
ing recycled woven plastic sack waste (RWS) and recycled PET bottles waste (RPET) fibers
(see Figure 4). These recycled aggregates registered high resistance in alkaline solutions.
After 180 days of immersion in alkaline environments of the RAC samples, the RWS and
RPET fibers registered small variation between 0.07 and 0.6% with respect to that at 28 days.
The RAC containing RPET aggregate and silica fume increased its compressive strength
(3.6-9%), shear strength (7-15%), splitting tensile strength (11.8-20.3%) and elastic modulus
(16.9-21.5%) with respect to RAC specimens without fibers.

Figure 4. Experimental set-up for measuring (a) recycled aggregate concrete (RAC) compressive
strength, (b) RAC splitting tensile strength, (c) RAC shear strength and (d) tension strength of
recycled fiber. Reprinted with permission from [43]. Copyright© 2018, Elsevier B.V.
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2.4. Crushed Glass

Glass is an abundant waste in domestic, commercial, electrical and car industries. This
material is widely employed in containers, car glass, solar glass, blown glass and glass
fiber [44]. It has various characteristics such as a transparent surface, abrasion resistance,
durable and easy for manufacturing. The consumption of glass is growing due to the
development of new glass-based products. The United Nations estimated that around
two hundred million tons of waste are generated on the planet every year and glass waste
represents 7% of this amount [45]. Generally, the behavior of concrete containing glass
aggregate may increase its mixture workability, bleeding and segregation. However, this
glass replaced concrete reduces its mechanical strength and drying shrinkage and increases
its chemical and fire resistance as well as the carbonation resistance [46]. In order to monitor
material microstructure and its adherence to the concrete mixture, it is necessary to obtain
multiscale microscopic images with a scanning electron microscope (SEM) [46].

Cota et al. [45] evaluated the mechanical properties of concrete mixtures obtained
by replacing Portland cement with metakaolin and quartz aggregate with waste glass to
generate novel sustainable concrete tiles. Three hundred and ninety-six specimens were
measured to determine the bulk density, permeability and dynamic modulus. Based on the
test results (Figure 5), the specimens became lighter decreasing 2.87% of bulk density when
the proportion ratio of glass increases to 15%. Furthermore, the permeability of the concrete
specimens increased 33% for 15% proportion glass. In addition, the dynamic modulus of
the concrete specimens increased from 33.09 GPa in the control concrete to 37.79 GPa for
specimen with 10% proportion glass.

5

(15, 8.4x107°) |

(7.5, 8.2x107°)

M 1 i
=]

]
—
5]

ol T
)
n

Bulk density (g/cm’)
N )
B B

Permeability (m?)

(15

o
[

2.09)

N

2,09

5 10
Replacement % per glass waste

Figure 5. Results of bulk density and permeability versus glass particle fraction. Reprinted with
permission from [45]. Copyright© 2015, Elsevier B.V.

De Castro and De Brito [47] manufactured concrete by replacing construction aggre-
gate with different mixtures of glass aggregate (fine and coarse) with percentage rate of
0%, 5%, 10% and 20%. They measured the durability behavior of this concrete studding
the water absorption through carbonation resistance, capillarity and immersion, chloride
penetration and shrinkage tests. In addition, the effect of the size of the glass aggregates
(GA) was evaluated in ten concrete samples. The results showed that the aggregate size has
a high influence on the workability of the glass aggregate concrete (GAC). This workability
of GAC had an increase for water-cement ratio between 0.55 and 0.58 and 20% percentage
of fine GA. The density of GAC in a fresh state registered a small decrease when the
percentage of glass aggregate increased. The compressive strength of the GAC was reduced
with increasing the glass percentage. The water absorption of the GAC decreased between
14 and 24% for 5 and 10% replacement percentage of fine glass aggregate. In general, the
GA do not significantly affect the durability behavior of GAC. Thus, the recycled GA is an
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option to be used in the construction sector, which helps in the reduction of the extraction
of primary resources and the waste recycling.

For a self-compacting concrete based on the ASTM C1610-17 standard test method [48],
Ali and Al-Tersawy [49] studied the influence of recycled glass fine aggregate (RGFA)
on the properties of self-compacting concrete (SCC). They used 18 concrete samples at
water—cement ratio of 0.4 and RGFA in replacement percentages of 0%, 10%, 20%, 30%,
40% and 50%. The splitting tensile strength, flexural strength, compressive strength and
static modulus of elasticity of SCC containing RGFA decreased with increasing the FGFA
percentage. For cement content of 450 kg/m?, the 28 days compressive strength and
splitting tensile strength of FGFA replaced SCC with proportion ratio of 10%, 20%, 30%,
40% and 50% were decreased to 3.7%, 10.5%, 13.5%, 17.5% and 21%, and 4.2%, 8.5%, 9.9%,
12.7% and 22.5%, respectively. For the same conditions, 28 days flexural strength and
static modulus of elasticity of this concrete were decreased by 4.2%, 8.5%, 9.9%, 12.7% and
22.5%, and 1.8%, 4.6%, 7%, 9.2%, and 11%, respectively. Furthermore, these authors found
through SEM images that the amount of voids and cracks of this concrete increases with
the percentage content of the RGFA.

Cassar and Camilleri [50] measured the mechanical properties of concrete containing
crushed glass aggregate that replaced the cement in proportions from 10 to 50%. For
10-40% crushed glass aggregate the compressive strength of concrete was close to 30 MPa
after 28 days and 90 days of curing. For this same aggregate percentage and days of curing,
the flexural strength of the concrete was above 5 MPa.

Properties of glass powder-manufactured concrete were evaluated by Saribiyik et al. [51].
Figure 6 depicts the behavior of compressive and flexural strength of concrete samples with
glass powder aggregate as function of proportion ratio of glass powder aggregate. These
mechanical properties are adjusted to an exponential mathematical model with an R? value
of 0.60 for flexural strength and R? value of 0.49 for compressive strength. The highest
compressive strength and flexural strength were achieved with 30% replacement of glass
powder aggregate in cubes of 40 mm x 40 mm X 160 mm. Both compressive and flexural
strength were reduced for replacement percentage of glass powder higher than 30%. In
addition, the volumetric weight in the control concrete sample decreased to 1914 kg/cm?
from 1935 kg/cm® with 47% replacement of glass powder. There is a decrease in volumetric
weight of the concrete leading to a lighter material. Therefore, it is recommended to find
the optimum content of glass waste replacement.
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Figure 6. Flexural and compressive strength behavior of concrete samples with glass powder.
Reprinted with permission from [51]. Copyright© 2013, Elsevier B.V.

Afshinnia and Rangaraju [52] evaluated the effect of ground glass powder (GCP)
used to replace the cement or aggregate on the mechanical properties of Portland cement
concrete. In addition, they investigated the impact of combinations of glass powder with
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crushed glass aggregate or natural mineral aggregate on the properties of concrete samples.
They employed 80% of crushed glass aggregate and 20% of GGP. The concrete samples were
handled accordingly to the ASTM C192 standard test method. The 28 days compressive
strength of the concrete containing 20% glass powder as cement replacement decreased
13.7% with respect that of the control sample (27.0 MPa). On the other hand, 28 days
compressive strength of the concrete containing content of 20% glass aggregate increased
25.93% in comparison with control sample. Soliman and Tagnit-Hamou [53] reported the
behavior of sustainable ultra-high-performance glass concrete (UHPGC) containing glass
powder aggregate that was generated from recycled glass culets (see Figure 7). This glass
powder aggregate was employed to replace cement and quartz powder in typical UHPC.
This can help to reduce the CO, emissions, costs and carbon footprint of conventional
UHPC as well as conserve natural resources. They used content of 10%, 20%, 30%, 40%
and 50% of glass powder aggregate in conventional UHPC. The higher proportion ratio
of glass powder aggregate causes greater workability of the UHPGC. This concrete type
reduced its maximum heat flow and total heat. In addition, the UHPGC offers accelerated
hydration kinetics for content of glass powder up to 20%.
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Figure 7. Example of crushed glass using for improving concrete properties. Reprinted with permission from [52].
Copyright© 2016, Elsevier B.V.

2.5. Blocks Manufacturing

Lee et al. [54] registered the effect of the proportion ratio and size range of recycled
fine glass (FG) aggregates on the properties of concrete blocks. They test 17 blocks of
70 mm X 70 mm x 70 mm with different mixtures using content of 25%, 50%, 75% and
100% of FG. The 28 days compressive strength of concrete blocks containing 100% FG
aggregate (size < 600 um) increased up to 58.44 MPa in comparison with control concrete
(43.51 MPa). Concrete blocks incorporating 25% and 100% FG aggregate with unsieved
particle size decreased 8.8% and 11.5% their 28 days compressive strength. Chidiac and
Mihaljevic [55] implemented tests in concrete blocks adding waste glass powder (WGP)
that replaces to cement. The compressive strength of the blocks was measured after of 4,
160 and 365 days. The water absorption of concrete blocks showed a small increase due to
the incorporation of WGP. The 4-day compressive strength of the blocks incorporating 10%
and 25% WGP registered the strength above 12 MPa. The blocks with 25% WGP do not
increase the compressive strength from 160 to 365 days.

The recycled glass used as aggregate in concrete blocks can reduce their mechanical
properties [56]. In order to use recycled glass in concrete blocks is important to determine
its optimum replacement content to achieve the better compressive and flexural strength
without affect the concrete workability.
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2.6. Industrial Waste

A sustainable concrete is obtained by employing industrial recycled materials, helping
the reduction of greenhouse gases and decreasing the impact of global warming [57]. To
replace Portland cement or aggregates, various types of waste may be used such as sand,
casting waste, steel slag, cupper slag, slag from smelting processes, coal ash, ferrochrome
slag and palm oil [58].

Prusty et al. [10] presented a review about agroresidual waste, which are employed as
a partial replacement of fine aggregate in concrete. This review reported the properties of
fresh and hardened concrete as well as its durability, thermal conductivity, compressive
strength, flexural strength and elastic modulus. It considered the properties of concrete that
contains agro-alimentary waste and self-compacting mortars, and the properties of several
agroresidual materials (i.e., peanut shells, oyster shells, cork, rice hull ashes, tobacco waste,
bagasse ashes and sawdust ashes).

De Almedia and Zulanas [59] carried out a research about the implementation and
feasibility of hazardous waste (muds), which are produced of water purifying systems,
in the manufacture of concrete. This can preserve the environment and reduce costs of
aggregate used in concrete. Five percent of mud content as aggregate can be used in
constructions that do not need a high mechanical strength as sidewalks and concrete
pathways.

Lee et al. [60] studied the use of mud products of integrated circuits industries, which
contain hazardous materials of silicon oxide, aluminum oxide and calcium fluoride. The
compressive strength, stress—strain and elastic modulus of samples after the curing days
(7, 14, 28, 56 and 91 days) were compared with control sample. Properties of the fresh
sample (weight, air and chloride content) had a similar behavior. Based on these results, an
efficiency of its use can be demonstrated within the construction industry.

Ceramic powders can have pozzolanic activity and be used as a cementing agent or as
aggregate in concrete. Rashid et al. [6] researched a sustainable concrete employing ceramic
waste and evaluating its efficiency as a replacement of aggregate to conserve natural
resources. The results show that concrete with 30% replacement proportion generates high
compressive strength and a lesser impact to the environment and an option for a sustainable
concrete. Concrete samples of cubes (150 mm x 150 mm X 150 mm) were evaluated.
The water absorption of the samples was increased when the ceramic waste percentage
increased. The water absorption of the concrete sample containing 30% replacement of
ceramic waste achieved 11.18%, which was higher than that (7.84%) of the conventional
concrete. This increase in the water absorption capacity is due to the clay quality. On the
other hand, the workability of the samples was reduced 10.2% with the increase of the
ceramic aggregate quantity. In addition, the compressive strength of the samples increased
with the time in all mixtures and always was higher than the control specimen measured
after 28 and 63 days. The concrete volume was linearly reduced up to 17% with 30%
replacement of ceramic waste [6].

Torres et al. [8] studied the effect of casting waste as aggregate material on the proper-
ties of concrete. For replacement proportions up to 30% with fine and coarse casting waste
aggregates, there is no impact on mechanical properties (compressive strength, flexural
strength, splitting tensile strength and elastic modulus) of the concrete after of 28 days.
Thus, the partial use of casting waste in concrete can be used to save natural resources and
increase the recycling of this material.

Sharmila and Dhinakaran [61] measured concrete compressive strength and poros-
ity properties employing ultra-fine slag. For 10% proportion of ultra-fine slag incorpo-
rated in concrete, optimum conditions of compressive strength and durability of the
concrete were obtained. The compression strength of the concrete was determined in cubes
(100 mmx 100 mm x 100 mm). This strength was 53.4 MPa for the control specimen and
51.8 MPa for the concrete with 10% replacement of ultra-fine slag (RUFS). The compressive
strength of the samples registered small reductions for the 5%, 10% and 15% proportions
of (RUFS) after of 7, 28, 56 and 90 days of curing.
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Analyzed industrial waste displays different behaviors regarding physical and me-
chanical properties. Therefore, it is necessary to analyze a specific material and evaluate
its feasibility within the construction industry. The employment of industrial waste in
cementing agents or aggregates contributes to the preservation the environment.

3. Synthetic Fibers
3.1. Steel Fibers

Steel fiber is usually recovered from scrap tires and used to produce steel fiber rein-
forced concrete (SFRC). The mechanical properties of SFRC can be affected by factors such
as water—cement ratio, steel fiber geometry, steel fiber volume fraction and ratio aspect and
curing time [62]. Based on the investigation of Biskri et al. [63], the steel slag aggregate
incorporated in high performance concrete (HPC) can improve its mechanical strength and
durability. However, high expansion steel slag should not be used in concrete constructions
without any treatment of free oxides to decrease its expansion capacity [63].

Sengul [64] reported that the percentage of waste steel fibers added in concrete affects
its workability. Although, compressive strength of this concrete is not significantly affected.
Yu et al. [65] researched concrete samples with different types of aggregates such as
steel slag and waste glass. They demonstrated that these aggregates can improve the
fire resistance of the concrete samples. Pogorelov and Semenyak [66] studied the frost
resistance of concrete using steel fibers as reinforcement and established that steel fibers
can enhance the strength and durability to cracking even under freezing temperatures.
Another type of steel fiber (steel slag and steel sludge) in concrete was used by Roslan
et al. [67]. The steel slag and steel sludge were generated from the melting process of
metal scrap and steel wire production, respectively. They identified the composition of
the fibers using X-ray fluorescence and X-ray diffraction tests. The incorporation of these
fibers in concrete improved its compressive strength, achieving the best strength with 10%
replacement of steel slag. They recommended to use up to 15% steel sludge and 20% steel
slag in concrete.

Generally, reinforcing fibers have been used to reduce cracking in structural ele-
ments [68]. The inclusion of fibers in conventional reinforced concrete can improve the
structural and functional performance of structures, for instance, pressurized structures
such as pressure tanks, steel and polyamide fibers. The pressure capability can be greatly
improved by adding steel and polyamide fibers to conventional reinforced concrete. Steel
fibers are more effective when improve the containment performance of a prestressed con-
crete containment vessel (PCCV) in comparison to polyamide fibers. Fiber reinforcements
have effectiveness at high loading pressure and low prestress level. These fibers can be
used in structural elements such as beams and columns, which are extensively studied due
to the exhibited tensile strength and postcracking deformation capacity. Concrete elements
reinforced with steel fibers present correlations, according to the guidelines established by
the ACI-318, which allow the estimation of basic mechanical properties of steel-reinforced
concrete [69].

Figure 8 shows the steel fibers incorporating in concrete to decrease its cracking. The
mechanical behavior of concrete with steel fibers are evaluated to identify the optimal
replacement ratio that improves its mechanical properties. The steel fibers can improve the
maximum strain and shear behavior of recycled aggregate concrete beams [70].
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Figure 8. Steel fibers can be used for reducing cracking in concrete. Reprinted with permission
from [70]. Copyright© 2019, Elsevier B.V.

3.2. Glass Fibers

Glass fiber is a type of fiber reinforced plastic, containing silica or silicate and can be
used in architectural elements but also subjected to mechanical forces. Thus, these elements
also show deformations and cracks.

Ali et al. [71] studied the mechanical behavior of concrete specimens added with
different volumes of glass fiber and concrete waste aggregate (CWA). For 30%, 50% and
100% content of CWA, the concrete at 0.25-0.5% glass fiber measured its maximum results
of compressive strength, flexural strength and elastic modulus. In comparison with control
specimen, the compressive strength, flexural strength and elastic modulus increased at
1.5-7%, 0.5-5% and 19-25%, respectively. Moghadam et al. [72] investigated the impact
of steel and glass fiber incorporation on the durability and mechanical performance of
concrete samples at high temperatures from 28 °C to 800 °C. The steel fibers enhance
the compressive, tensile and shear strength of the concrete at 9-27%, 8-198% and 1-22%,
respectively. For concrete samples with inclusion of glass fiber, the compressive and tensile
strength improved at 1-18% and 19-213%, respectively.

Mastali et al. [73] reported the impact strength and mechanical properties of self-
compacting concrete samples reinforced containing recycled glass fiber reinforced polymers
(GFRP). These samples were obtained with 0.25%, 0.75% and 1.25% content of fiber. The
incorporation of the glass fiber in the concrete samples improved their impact resistance
and mechanical properties. In addition, these authors developed equations to correlate
this impact resistance of the concrete samples to the mechanical properties considering
high magnitudes of coefficient of determination. On the other hand, the use of glass fiber
and nylon fibers in concrete to prevent microcracks in bridge decks has been studied by
Khan and Ali [74]. They added glass fibers and nylon fibers in concrete specimens. After
compressive tests, they registered that the number of cracks, crack width and length are
more in plain concrete compared to concrete containing glass fiber and nylon fibers.

The glass fibers can be used as rods in a wide range of applications in civil construction
as reinforcement of concrete support elements. These rods based on glass fiber can have
greater bearing capacity with respect to steel rods. However, it is not recommended to
replace steel rods with those of glass fiber considering only their diameter. More technical
information of the rods is required to ensure similar mechanical behavior [75].

3.3. Carbon Fiber Reinforced Polymers

FRP sheets retrofit reinforced concrete elements FRP composite materials such as
carbon fiber reinforced polymers (CFRP) are applied to reinforced concrete structures
by either externally bonded reinforcement or near surface mounted techniques. The
latter considers the insertion of the CFRP into grooves opened on the concrete cover
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giving as a result the largest ratio of bond area of the CFRP bar and higher confinement
provided by the surrounding concrete. This improves the structural behavior of CFRP
strengthened concrete element in shear and flexure compared with CFRP elements bonded
near surface [76]. Unfortunately, CFRP laminates in any bonded technique can ensure
enough ductility in beams to be used in seismic zones [77]. In fact, experimental tests
carried out by Tahsiri et al. [78] in CFRP strengthened beams showed premature debonding
failure at the midspan even with the use of U-wrap transverse FRP perpendicular to
the longitudinal axis in the location of the supports. Instead, they recommended using
reinforced concrete jacketing, which gets a higher ductility in the same performed tests.

In contrast to the low ductility obtained with CFRP in beam structures, several studies
have demonstrated that the use of circumferential FRP wrapping in columns increases
both strength and ductility [79-81]. Furthermore, high-strength concrete, which normally
exhibits a fragile failure, can be used in columns of structures located in seismic zones
if their potential hinge regions are externally bonded with CFRP wraps. Ductility and
energy dissipation capacity can be significantly improved if the confined area at the plastic
hinge region is larger than 1.1 times the cross-section diameter [81]. Although several
studies have been developed with FRP composite material in concrete, more research is
necessary into topics such as bonding CFRP in concrete surface, which also will increase
CFRP strengthened beams.

3.4. Textile Fibers and Reinforcements

Textiles mixed in concrete are materials with appropriate mechanical properties that
can reduce the density and costs of the concrete, helping in the reduction of the CO; emis-
sions. These materials are sustainable solutions in structural reinforcement and structural
reconditioning elements in civil engineering constructions [82,83].

Kong et al. [82] compared the durability of textile reinforced concrete (TRC) using
tensile and flexural loads after 14, 90 and 120 days. TRC specimens were prepared with
two different proportions with 2 to 6 glass fiber layers. Based on the results, fibers were
subjected to flexural strength without find differences within the microstructure. Slight
fractures were observed on the specimens’ surface. After 90 days, an increase in tensile
and flexural strength were observed. In addition, a decrease in ductility was measured in
the speeding process of the specimens” age.

D’Antino and Papanicolaou [83] evaluated the tensile strength of high resistance
textiles incorporated within inorganic matrixes. Six different fiber types were embedded
in cement matrixes, including carbon, glass, basalt and steel cables. The 500 mm long
fiber was subjected to a tensile strength test according to guidelines of ASTM D3039.
The mechanical properties were characterized in the cementing matrix in 32 rectangular
prisms. In these tensile strength tests, three failures were registered: a major crack near
the specimen fastening, a major crack in the greatest fastening zone and a crack near the
fastening with textile slipping within the matrix.

De Santis et al. [84] developed relevant data about test methods for textile reinforced
mortars. They employed textile reinforced mortar instead without epoxy resins to provide
a better behavior under high temperatures and a quick and easy installation. In addition,
it does not generate risks for the workers due to toxic volatile compounds. The tensile
strength tests were carried out in prismatic specimens with a rectangular cross-section,
which have one or more fiber layers embedded in the mortar matrix. The samples were
curing at 28 days and their stress—strain behavior was characterized with three response
stages (uncracked, fracture development and cracking).

Textile reinforced concrete allows sustainable building material with good mechanical
behavior for structural elements and architectural components. A potential application
of TRC are the thin structural elements such as shell, laminar or folded components. In
addition, TRC is suitable for prefabricated structural components. Due to its low thickness,
TRC has low weight and can be transported and assembled on site. In addition, the
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TRC-based structural components can be used in demountable, modular and reusable
systems [85].

Jing et al. [86] investigated the compressive behavior of TRC-confined masonry
columns. In addition, they developed equations to estimate the compressive strength
and ultimate strain of TRC-confined masonry columns considering the experimental data.
The samples confined with the carbon-glass TRC improved the ductile performance in
comparison with that of the basalt-glass TRC. The equations of Jing et al. [86] to predict
the compressive strength of TRC-confined masonry columns agreed well with the experi-
mental results. However, the equations to calculate their ultimate strain presented a lower
accuracy.

Sustainable development continuously is growing within the construction industry.
TRC represents an innovative material that increases mechanical properties of concrete. It
has been a subject of research and models have been created regarding fiber incorporated
to concrete to demonstrate its efficiency. For instance, Figure 9 depicts waste cotton fibers,
obtained from blue-jeans, which were incorporated to polyester concrete [87].

Figure 9. Textile waste can be used to improve some properties of concrete: (a) waste blue-jeans and
(b) cotton fiber from blue-jeans. Reprinted with permission from [87]. Copyright© 2018, Elsevier B.V.

3.5. Epoxy Resins

Epoxy resins are materials that mixed with concrete can increase its compressive
and tensile strength as well as the elastic modulus. These materials have workability
and segregation reduction advantages. The concrete containing epoxy resin increases its
ductility and reduces the permeability and contraction. Furthermore, this concrete type
offers corrosion resistance [88]. Due to the adhesion properties and chemical resistance, the
epoxy resins have been used as adhesive materials and corrosion resistant paints in the
construction industry. Agnostopoulos et al. [88] measured the properties of epoxy resin
mortar resistance considering different grout proportions mixed with epoxy resins (0%, 5%
and 30% dosages). The highest values of compressive, flexural and tensile strength were
observed in modified mortars with 30% epoxy resin dosage. The epoxy resin increased
the compressive strength, splitting tensile strength and elastic modulus by up to 21%, 84%
and 190%, respectively, after 28- and 90-day of curing. Furthermore, the toughness and
resistance to acid erosion of epoxy resin-modified gouts were significantly improved when
epoxy resin dosages increased.

Ariffin et al. [89] evaluated the resistance properties of modified mortars with bisphe-
nol A-type epoxy resin (5%, 10%, 15% and 20% dosages). These mechanical properties
were measured in wet-dry and dry curing conditions. The maximum compressive strength,
tensile strength and flexural strength were achieved with the epoxy resin dosage of 10%.
After 28 days of curing, the highest compressive strength and flexural strength were 36
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and 3 MPa, respectively. Furthermore, the water absorption decreased as the epoxy resin
percentage increased.

Ferdous et al. [90] added epoxy resin in concrete employed in railway sleepers to
study its physical and mechanical properties as well as reduce its costs. To conserve a
suitable balance between physical and mechanical properties and cost, the mixes adding
fillers from 30% to 50% could be a good option for coating of composite railway sleepers.
Proportions greater than 60% substantially increased the concrete porosity. In addition,
density of concrete is increased with an epoxy polymer by 33.9% using the proportions
from 0.0% to 60%.

Toufigh et al. [91] studied the compressive and tensile behavior of a new polymer
concrete. This concrete exhibits low shrinkage, good chemical resistance, high durability,
corrosion resistance and excellent adhesion characteristics. Compressive resistance tests
were carried out according to the guidelines established by the ASTM D695 (American
Society for Testing and Materials, West ConshohockenCity, PA, USA). The maximum
strength was two to three times greater than the control sample. The compressive and
tensile strength were kept constant when the amount of epoxy resins was increased. In
addition, elastic modulus improved for higher proportions of epoxy resins.

Epoxy resins have been used in asphaltic concrete, displaying results with excellent
strength properties, high temperature stability and fatigue resistance. Zhong et al. [92]
measured the surface properties of asphaltic concrete with epoxy resins, obtaining a
permeability of 7.7 x 107> mm/s. It is a very low value mainly as a result of low air voids
in asphaltic concrete with epoxy resins.

Epoxy resins can improve the resistance in mortars manufacture but had no effect in
the construction of structural elements such as railway sleepers, where concrete resistance
properties decreased. However, the epoxy resins can increase the permeability properties
and fatigue resistance. Epoxy resins allow creating new concretes that improve the chemical
and mechanical resistance characteristics. Although, more experiments are required to
corroborate the efficiency of the epoxy resins in specific structural elements.

3.6. Mineral Fibers

Mineral additives are the most prospective components for concrete in the develop-
ment of new materials within the construction industry such as high resistance concrete
and special absorbents of heavy metals. These minerals can be zeolite, silicon dioxide and
micro dust. Nagrockiene and Girskas [93] studied the compressive strength of concrete
containing natural zeolite with dosage from 0 to 10%. Regarding the compressive strength,
tests were carried out in specimens (100 mm x 100 mm x 100 mm) after 28 days of cur-
ing. Zeolite with 10% content increased the compressive strength of concrete by 15% and
decreased water absorption by 2.3 times. In addition, the density and ultrasonic pulse
velocity of the concrete were increased. In addition, zeolite replaced concrete improved
3.3 times the freeze-thaw resistance of concrete with up to 10% of zeolite content.

Markiv et al. [9] investigated the mechanical and durability properties of zeolite rein-
forced concrete (ZRC). This concrete incorporated 10% natural zeolite and superplasticizer.
The replacement of cement by zeolite caused a reduction of ZRC compressive strength until
90 days of hardening; although, after 180 days compressive strength of ZRC was higher
compared with concrete without zeolite. Concrete with zeolite increased the freeze-thaw
resistance and durability and decreased the drying shrinkage and water penetration depth.

Aggregates and powder obtained from marble and granite are considered waste
materials. Granite is commonly used as ornamental rock and construction material. Sharma
et al. [2] used polished granite waste recycled from discarded tiles as aggregate in concrete
samples. They determined the effect of the granite powder on the mechanical properties
and absorption of granite replaced concrete. This granite powder caused a reduction of
the compressive, flexural tensile and pull-off strength of the concrete. However, concrete
containing granite powder showed better performance for water absorption, abrasion and
water permeability. Sharma et al. [2] recommended to use concrete with up to 20% of
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natural coarse granite for structural applications and concrete containing from 20% to 40%
for nonstructural components and pavement.

Elmoaty [14] reported the physical, mechanical properties and corrosion behavior
of concrete samples containing granite dust with dosages of 5%, 7.5%, 10% and 15%,
respectively. The best content of granite dust was 5% after 56 days of water curing, in
which the compressive strength and tensile strength of the granite replaced concrete
increased 8.2% and 5% compared with concrete without granite dust. Furthermore, granite
dust with up to 7.5% content registered insignificant impact on corrosion resistance of
concrete containing granite dust.

Popek et al. [94] evaluated the properties of modified concrete with quartz mineral
powder, obtaining better behavior with 20% replacement of this mineral. Physical prop-
erties of concrete are influenced by mineral powder. The bulk density increased as the
mineral increased from 2.01 g/cm3 (control specimen) to 2.19 g/cm?® with 20% content of
quartz mineral powder.

Atutis et al. [95] carried out an experimental study of basalt fiber reinforced concrete
for prestressed beams under cyclic loading. The elastic modulus decreased by 4% after
applying 1 million cycles. The compressive strength was measured in rectangular beams
of 3.2 m long, 150 mm wide and 300 mm high, showing a variation of results from 40.2 to
46 MPa. Furthermore, Sardinha et al. [96] investigated the concrete durability with fine
aggregate of marble mud, which decreased with this material.

Mineral additives represent a potential to enhance concrete. These minerals can be
obtained from different types of rock and used as coarse or fine aggregate. However,
more investigations are necessary to obtain precise data about the efficiency of the mineral
aggregates in concrete.

Table 7 shows the most significant properties of each treatment used in the improve-
ment of concrete using synthetic fibers.

Table 7. Some treatments with the most significant properties of synthetic fibers.

Type of Treatment

Properties Reference

Steel fibers recovered
from tire waste

The use of fibers affects the mechanical properties of concrete, affecting the toughness of
the concrete. [64]
Use of waste fibers can optimize to produce reinforced concrete.

Steel fibers

As the content of steel fibers increases, the compressive strength of concrete decreases to
an almost constant value.
The modulus of elasticity decreases as the content of steel fibers increases. [69]
The Poisson’s modulus decreases to a nearly constant value as the steel fiber
content increases.

Fiberglass Reinforced
Ceramic Concrete

Resistance to compression, flexion and shear toughness increased with increasing fiber.
Workability decreased with increasing fiber. [72]
Adding fiberglass modified the elastic modulus very little.

Textile-reinforced
concrete

The durability of concrete against aging processes is compared.
From tensile tests, changes in the stress—strain behavior are observed in the [82]
development of the cracking pattern.

Epoxy resin

Produces high resistance to compression and flexural stress with an addition of 10%.

(bisphenol A-type) The workability of the concrete decreases after 10% replacement. [89]
They decreased the physical, mechanical properties and durability with 30 to
Epoxv bolvmer 50% replacement. [90]
POXy poly The density of the polymer increased by 33.9%.
The porosity of the mixture is generally low.
Epoxy resin in concrete It has low permeability. Slip resistance is low. The surface texture is very fine. High [92]
pavement resistance to demolition.

Using mineral additives Compressive strength is increased by 10%. [1,9,93]

(natural zeolite)

It increases in density. Water absorption is reduced.
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Table 7. Cont.

Type of Treatment

Properties Reference

Substitution of aggregate
for granite residues

Optimal results are obtained by replacing 20% in aggregates. Decreases resistance to
compression, flexion and tension.
The density of the concrete increases. It presents an increase in water absorption,
abrasion and permeability. [2]
The workability of concrete increases with increasing replacement of stone material.

It can be used in all engineering works applications. In proportions of 20% to 40%, it can

be used in nonstructural elements such as pavements.

Corrosion resistance
replacing cement with
granite powder

Using the 5.0% substitution increases corrosion cracking.
There are no changes in the chemical properties of the mixture. [14]
The optimum percentage of substitution is 10% for positive effects of tensile stress.

Mineral powders (basalt,
quartz, feldspar)

There is an increase or decrease in abrasion resistance. Depending on the percentage of

substitution and the type of mineral. [94]
The addition of 20% quartz increases resistance to abrasion.

4. Organic Aggregates

Studies have shown the effectiveness of fibers and organic aggregates as a complement
for concrete mixtures, either to modify physical and mechanical properties of concrete or
as a sustainable material in the production of this construction material. The use of these
materials can reduce the consumption of natural resources, obtaining sustainable concrete.

4.1. Bamboo

Bamboo is a natural resource that grows in tropical zones and can reach its maximum
mechanical strength in few years.

The adhesion between bamboo bars and concrete was studied by Javadian et al. [97]
in cylinders with a compressive strength of 20 MPa. Bamboo bars of 10 mm square
section were embedded in concrete cylinders and subsequently subjected to stress in a
universal machine. The tensile strength and elastic modulus were measured according to
the guidelines of ASTM D3039. The comparison is made between uncoated and epoxy
coated with sand particles, as a result the latter showed better adhesion. On the other
hand, the strength of the concrete reinforced with rice husk ash (RHA), sea shell ash (SSA)
and bamboo fiber was comparable with that of normal concrete after 28 and 90 days [98].
Sikadur 32-gel can be used to improve the bonding between bamboo and concrete [99].
Agarwal et al. [100] have shown that treated bamboo reinforcement can be as good as the
conventional steel reinforcement in conventional concrete.

Bamboo used as reinforcement in walls can enhance the shear capacity compared to
unreinforced masonry and achieves a behavior similar to that of reinforced with steel [101].
The use of bamboo as a replacement of steel reinforcement has been evaluated in beams,
slabs and columns. Results provide enough strength as the members reinforced with
steel. For instance, Mali and Datta [102] tested different slabs in where steel reinforcement
was completely replaced by bamboo bars as indicated in Figure 10. They demonstrated
that using bamboo as mainly flexural reinforcement in slab was possible had its better
performance compared with the same slab containing steel reinforcement [102].
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Figure 10. Bamboo reinforcement bars used in concrete slabs. Reprinted with permission from [102].
Copyright© 2018, Elsevier B.V.

4.2. Coconut Fiber

Coconut fiber, extracted from the outer shell of coconuts, has great properties to be
used in concrete. For instance, coconut fiber can achieve 4 to 6 times more strain in com-
parison with other natural fibers [103]. Moreover, coconut fiber has the highest toughness
among all-natural fibers. These mechanical characteristics reduce plastic cracking, which
leads to having coconut fiber concrete with enhanced flexural behavior and high impact
resistance compared with traditional concrete. Nevertheless, coconut fiber concrete can
reduce its compressive strength and workability [104].

Hwang et al. [104] developed experimental tests in coconut fiber concrete and observed
that 4% replacement of coconut fiber in mortar can decrease its compressive strength
about 50%. In addition, water absorption and flexural strength of coconut fiber mortar
can be increased up to 33% and 50%, respectively. Based on the stress—strain curves of
coconut fiber concrete, Hwang et al. [104] reported that its elastic modulus decreased
while its maximum strain achieved 6 x 10~3, which is two times more than conventional
concrete [105]. Thus, coconut fiber can be used as a polymer fiber in concrete for boards,
slabs and pavements [106].

Ropes composed by coconut fibers have been employed as vertical reinforcement of
concrete walls to increase the structures stability against earthquakes [107]. To evaluate the
tensile strength of coconut ropes, Ali and Chouw [108] developed experimental tests of
coconut ropes. They proposed that the length of coconut ropes incorporated in concrete
should be above 200 mm. Additionally, they observed that coconut fiber concrete and
boiled treatment of ropes increase their bond strength and pullout energy [108]. Regarding
the performance of coconut fiber and rope reinforced concrete columns tested on shaking
tables, Ali [109] verified that nonvisible degradation occurred prior to the cracking these
columns. Furthermore, one rope configuration could maintain the column attached to
its support after being tested. On the other hand, Wang and Chouw [110] used coconut
fibers (see Figure 11) to improve concrete properties under load impact. They determined
that coconut fiber reduced spalling and cracking of coconut fiber concrete. Finally, to
determine the complete behavior of coconut fiber and ropes in concrete, it is recommended
to carry out experimental tests about the ductility and microstructure of columns and
beams containing coconut fibers.
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Figure 11. Coconut fibers used to improve concrete properties. Reprinted with permission from [110]. Copyright© 2017,

Elsevier B.V.

4.3. Nanocellulose

Nanocellulose can be aggregated in concrete to improve its mechanical properties
and durability [111]. Nanocellulose is the most abundant renewable polymer that could
be used in the construction industry [112]. There are different types of structures such as
bacterial cellulose, nanofibers and isolated nanocrystals [113]. Nanocellulose has important
properties such as low cost, light weight, low health hazard, biocompatibility, low toxicity
and low production costs of natural resources [114,115].

Wu et al. [116] studied the mechanical strength of microfilaments based in bacterial
cellulose and regenerated bacterial cellulose, obtaining important breakthroughs in the
development of various materials [116]. These bacterial celluloses have been employed to
prevent microbial corrosion of concrete [117]. Furthermore, Aitomaki and Oksman [113]
investigated the efficiency of nanocellulose as reinforcement employed as polymer, con-
sidering the properties of elastic modulus and strength. Nanocellulose can be obtained
through plants, microbes, natural chemical reactions and enzymatic synthesis. On the other
hand, Islam et al. [118] presented information about production and cost-efficiency relation
strategies of bacterial cellulose.

The use of nanofibers as a reinforcement material in concrete can improve the concrete
service life and mechanical strength. Cengiz et al. [119] made concrete mixtures using
nanofibers obtained from waste algae (Cladophora sp) and commercial cotton cellulose
nanofibers. Both types of nanofibers were added in cement mixtures. For concrete speci-
mens incorporated with 1.0 g cellulose nanofiber (generated from waste algae), the flexural
strength of the specimens increased up to 5.96 MPa, which is 3.74 MPa higher than that
control concrete specimen (without nanofibers). However, the concrete specimens added
commercial cellulose nanofiber showed a reduction of their flexural strength compared
with control specimen. These algal cellulose nanofibers are abundant in nature and can be
used as reinforced materials in concrete.

Lee et al. [120] presented a review about various types of nanocellulose polymers that have
potential application as reinforcement in concretes and tensile strength. De Koster et al. [121]
developed a methodology for the self-repair of concrete with structural failures through
a bacteria that produces calcium carbonate. This bacteria is mixed with concrete in an
encapsulated form with a geopolymer (on account of the reaction of the bacteria with
water). Thus, when the first crack is generated, there will be a water flow that breaks the
capsule, and the bacteria kicks off the self-repairing process. Based on the strength results
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of geopolymer cubes (20 mm x 20 mm x 25 mm), average strength of 26.89 MPa and
28.04 MPa were measured after one and four weeks of curing, respectively.

The use of nanocellulose to enhance the concrete performance leads to sustainable and
environmentally friendly products. In addition, nanocellulose can have future applications
as self-repairing material to solve structural problems in buildings (see Figure 12) [122].
Table 8 shows significant information on the improvement of concrete using organic
aggregates, coconut fiber, bamboo and nanocellulose.

Microfibril

Single fiber Cellulose filaments

Forest Resources
m : cm

Cellulose
mollecules

Cellulose molecular chain

Figure 12. Scheme of procedure to obtain nanocelluse used for improving concrete properties. Reprinted with permission
from [122]. Copyright© 2019, Elsevier B.V.

Table 8. Summary of some treatments with the most significant properties of organic aggregates.

Type of Treatment Properties Reference
Efficienc The concrete added with bamboo fiber to reinforce the concrete and the mixture of
. y . rice hull ash and sea shell ash was added. [97]
of concrete with bamboo fiber . : .
Tensile strength is comparable to conventional concrete.
Bamboo fiber It is a sustainable material to be used in the construction sector. [99]
This material is used in structural elements as beams, slabs and columns.
Bamboo reinforcing Viable alternative to be applied in low-cost housing where bamboo is more [100]
masonry walls profitable than steel.
Bamboo is analyzed as a sustainable, removable and ecological material that aims
Bamboo reinforced to replace steel. [102]
concrete slabs Pull-out tests were performed to test efficacy.
There is a significant improvement in flex performance.
Coconut fiber reinforced The results of the deflection and the width of the crack are comparable for [105]
concrete conventional concretes.
The morphology and the physical and mechanical properties of the coconut fibers
Coconut fiber analysis were analyzed. The area of the coconut fibers was studied using SEM images. The [106]
densities of the fibers decreased as the diameters increased.
B?havmr of coconut fiber Coconut fiber reinforced concrete was tested using cyclical impact loads. Based on
reinforced concrete under . p . . [110]
. the results obtained, an empirically derived equation was proposed.
impact load
Cellulose nanofibers from Increases flexural strength of concrete. [119]

algae waste




Appl. Sci. 2021, 11, 629

23 of 28

References

5. Recommendations

Most researchers do not use guidelines of standards to obtain sustainable concrete
specimens that will be used in compressive strength tests and other standardized tests.
For instance, the follows guidelines of standards could be employed: ASTM C1074-11
“Standard Practice for Estimating Concrete Strength by the Maturity Method” and ASTM
C39/C39-17B Standard Test Method for Compressive Strength of Cylindrical Concrete Spec-
imens among others well stablished codes. The use of standardized tests is recommended
to ensure reliable results of the effect of the sustainable materials on the physical and
mechanical properties of the concrete specimens. Thus, these results could be compared
to identify the optimal content and type of sustainable material added in concrete that
generates the best concrete performance. Civil engineers could choose the best sustainable
concrete for each construction with specific requirements.

Recycled materials incorporated in concrete show a high absorption capacity that
cause workability problems in fresh concrete affecting its mechanical strength. Therefore, it
is advisable to find the optimal combination of materials from different origins to improve
these properties of the sustainable concrete.

6. Conclusions

Recycled alternative materials used as aggregates or cementing agents in concrete
can improve the physical and mechanical properties of sustainable concrete using optimal
dosages of these materials. In addition, the use of these recycled materials can help to
decrease CO, emissions and to save natural resources. Sustainable materials as ceramic
waste used as aggregate in concrete can enhance the mechanical properties of the concrete.

Potential applications of sustainable concrete added with organic materials or indus-
trial waste are nonstructural elements such as sidewalks, partition walls, road barriers,
pavements, boards, slabs, curbs and sport fields. However, the use of recycled materials or
industrial waste added in concrete requires more investigations about the impact of these
materials on the concrete performance. Thus, optimal content of these materials could be
incorporated in concrete to obtain the best mechanical behavior of the sustainable concrete.
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