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Abstract: The civil construction industry consumes huge amounts of raw materials and energy,
especially infrastructure. Thus, the use of eco-friendly materials is indispensable to promote
sustainable development. In this context, the present work investigated low-carbon concrete to
produce eco-friendly paving blocks. The binder was defined according to two approaches. In the first,
a binary binder developed with eucalyptus biomass ash (EBA) and silica fume (SF) was used, in total
replacement for Portland cement. In the second, the mixture of residues was used as a precursor in
alkali-activation reactions, forming alkali-activated binder. The experimental approach was carried
out using five different mixtures, obtained by varying the amount of water or sodium hydroxide
solution. The characterization of this new material was carried out using compressive strength,
expandability, water absorption, deep abrasion, microstructural investigation, and organic matter
degradation potential. The results showed that the EBA-SF system has a performance compatible
with Portland cement when used as an alternative binder, in addition to functioning as a precursor
to alkali-activated concrete. The blocks produced degraded organic matter, and this degradation is
more intense with the incidence of UV. In this way, the EBA-SF binder can be successfully used for
the manufacture of ecological paving blocks with low carbon emissions.

Keywords: low-carbon concrete; waste binary binder; alkali-activated material; biomass ash; silica
fume; eco-friendly paving block

1. Introduction

The construction industry consumes a large number of resources and energy, in contrast to other
sectors of the contemporary economy [1]. In this scenario, concrete stands out as a construction material
that is used extensively in infrastructure and building works [2]. Consistent data presented by the UN
Environment et al. [3] revealed that cement is the most used material in the world when compared to
other materials such as wood, iron, ceramics, and asphalt. Considering that cement represents only
15% of concrete (by mass), the impact generated by construction activities is evident [4]. This massive
demand for inputs requires, necessarily, care with the environment. The United Nations Organization,
through the 2030 Agenda [5], defined several objectives to promote sustainable global development,
among which objectives 9, 11, and 13, related to infrastructure, sustainable cities, and change, stand out
in the global climate, respectively. The fulfillment of the mentioned objectives is inevitably achieved by
the adoption of sustainable practices in the construction sector [6]. The possibility of using waste to
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replace traditional Portland cement-based building materials promotes the mitigation of environmental
impacts. It gives civil construction a convergent character with global sustainable development
trends [7–10].

Aiming at the growing demand for ecological materials, supplementary cementitious materials
(SCM) appear as an alternative to traditional Portland cement [11,12]. Generally, in the form of
industrial and agricultural waste, such as silica fume, blast furnace slag, fly ash, rice husk ash, and
sugar cane bagasse ash, SCM are successfully used for the production of green binders with low
emissions carbon [13–18]. In addition to environmental advantages, such as reduced CO2 emissions,
reduced energy expenditure and sustainable destination for solid waste, the use of SCM often
implies performance improvements in the resulting cementitious composite [19,20]. This optimized
performance can be achieved in terms of mechanical behaviour (compressive strength, bending, etc.), or
related to parameters that indicate durability (porosity, resistance to chloride penetration, resistance to
carbonation, accelerated aging, etc.) [21–24]. As the knowledge on the subject advances, the percentage
of substitution tends to increase, and new mixtures of Portland cement with SCM are developed.
The relevant literature emphasizes partial replacements, which have a wide range of coverage (3–80%
SCM), resulting in binary, ternary, or quaternary binders, depending on the supplementary materials
used [25–30]. However, total replacement (100% SCM) needs to be further investigated [31]. Thus,
to expand the possibilities of using SCM, to contribute even more to the solution of environmental
problems and to boost sustainable development, the present work evaluated total substitutions of
Portland cement by SCM.

Biomass ash (BA) is an advantageous option for use in eco-friendly blended cement [13,23,32–34].
Obtained by burning waste in electric power plants, BA can originate from any organic material, mainly
energy crops destined to get biomass and energy production such as oilseed crops (coconut, sunflower,
olives, etc.), starch crops and sugar (sugar beet, sugar cane, etc.), lignocellulosic crops (grass and wood,
including eucalyptus) or solid residues from agriculture, the food industry, the wood industry, animal
husbandry, and various industrial processes (remains of crops, bagasse, straw, shavings, sawdust,
biodegradable animal and wastewater treatment waste, etc.) [35–37]. Several kinds of research have
been carried out to enable the use of BA in cement and concrete [38–40]. Currently, tons of ash is
generated by burning wood in the form of firewood, residues, or small pieces processed (chips).
As it is a renewable energy source, the trend is that the consumption of wood, mainly eucalyptus,
will increase substantially in the coming years, generating vast amounts of ash. As supplementary
cementitious materials, we highlight the ash from burning wood, which is called wood biomass ash
(WBA) or wood ash (WA) [13]. In general, WBA works as a pozzolanic material [41], promotes a
filler effect [42], can be used as a binder with other SCM [43], or acts as a precursor to alkali-activated
materials [44,45]. The properties that are conferred to cementitious materials with WBA range from
optimized mechanical behavior [46–48] to improvements in term and durability [49,50].

Silica fume (SF) is a by-product from the production of metallic silicon and ferrosilicon alloys [51].
In the form of a very fine powder, it has tiny spherical particles, a high content of amorphous silica,
high pozzolanic activity, and high reactivity [11,29]. In general, SF can be used to replace Portland
cement partially, as an addition, promoting significant performance improvements, both in the fresh
and hardened state [51,52]. In addition, it can be used as a precursor in alkali-activated materials,
which are often associated with other SCM [53]. The addition of SF promotes the densification of the
cement matrix and makes the interfacial transition zone more cohesive, improving the bond between
paste and aggregates. Consequently, the mechanical behavior is improved, with a significant increase
in flexion, traction, and compressive strength [54–56]. In terms of durability, the use of SF decreases
permeability and increases resistance to corrosion, attack by sulfates, and surface wear [57–60]. For this
reason, SF is widely used in high-performance concretes and has become an SCM with high added
value [61–63].

In line with eco-friendly materials, several kinds of research are carried out on alternative binders,
such as calcium aluminate cement, calcium sulfoaluminate cement, super sulfated cement, and
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alkali-activated materials (AAM) [64–67]. AAMs are formed from the alkali-activation reaction, in
which a specific type of solid aluminosilicate reacts in an aqueous alkaline medium, producing a
binder composed of hydrated alkali-aluminosilicate phases. According to the definitions in the recent
literature, precursors are sources of aluminosilicates, while activators induce alkaline conditions [68,69].
In addition, research shows that materials produced with activated alkali binders can achieve mechanical
properties and durability similar or superior to cementitious materials [70–73]. AAMs have gained
prominence in the scientific community, since they are generally produced with industrial waste also,
creating an ecological and sustainable alternative to traditional building materials [74–76].

Functional materials are at the forefront of material research because of society’s growing
technological advancement and the need for increasingly specific applications [77,78]. In the field
of construction materials, these applications are often aimed at preserving the environment, such as
effluent decontamination, CO2 capture and degradation, self-cleaning surfaces, and cleansing materials,
among others [79–82]. The depolluting and self-cleaning properties are related to the photocatalytic
potential of the material and the physical surface phenomena. The material acts as a catalyst and site for
reactions of oxidation and degradation of organic matter, while the surface becomes super-hydrophilic
or super-hydrophobic [79,80,83]. However, most studies on photocatalysis in construction materials
are based on the photocatalytic effects of titanium oxide (TiO2), which is often nanostructured in thin
films, added to coatings such as paints and sealants or mixed in cementitious materials [84,85]. These
processes are financially expensive. Therefore, natural materials with photocatalytic, self-cleaning, and
non-polluting properties are viable alternatives to spread functional construction materials.

On the other hand, infrastructure works serve as a basis for promoting world growth and
improving people’s quality of life [86]. Without the necessary infrastructure and facilities, it is not
possible to move or transport cargo (roads, railways, ports, airports, etc.), obtain treated water (drinking
water supply system), discharge and treat effluents in suitable locations (sewage system) sanitation),
have access to services (lighting, energy, gas, telephony, internet, etc.), or maintain the functioning of
industries and agriculture [87–89]. Objective 6, “clean water and sanitation”, and objective 9, “industry,
innovation and infrastructure”, of the United Nations Agenda 2030 [5] show that global sustainable
development is closely associated with the infrastructure necessary to meet the demands of each sector
of contemporary society. Paving works are essential to the basic infrastructure. Due to the relevance of
this type of construction, which has (i) a high consumption of raw materials, (ii) large extensions of the
built environment (usually concrete or asphalt), (iii) permanent contact with the external environment,
and (iv) continuous traffic vehicle and people, new eco-friendly floors have emerged to meet the
demand for sustainable materials [90–98]. In this scope, interlocking pavements (paving blocks or
paver) are widely used, and their non-structural application increases the use of waste as raw materials
(aggregates, replacements, etc.) without the need for excessive requirements with high performance,
but meeting the specifications required project [99–103]. Given the characteristics mentioned above,
the use of floors with photocatalytic properties and the consequent self-cleaning capacity boosts the
preservation of the environment [104].

Another important aspect is that cities are increasingly impermeable, especially in developing
countries. This waterproofing is mostly due to the intensive use of waterproof asphalt and concrete
paving, which in addition to significantly reducing the infiltration of rainwater into the soil also
increases the speed of its accumulation. Impermeabilization of the land combined with disorganized
and uncontrolled urban growth or even urbanization in basins more prone to intense rainfall impacts
with reduced infiltration and the absence of natural defences leads to incidents such as floods.
Flash floods are among the most catastrophic natural hazards that disrupt the environment and
societies [105], besides being the most expensive form of natural disaster [106], especially when linked
to watercourses such as rivers [107]. Floods in urban areas cause significant damage to infrastructure,
communities, and the environment [108]. Recent episodes of floods in cities in Brazil [109–114], for
example, could be minimized with more appropriate urban occupation and urban green infrastructure,
such as innovative ’green street’ techniques, permeable pavements, green walls, or rain gardens [115].
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In this sense, concrete block floors are more permeable than conventional asphalt or Portland cement
concrete floors.

Given the above, there is an intense movement by the scientific community to promote new
discoveries related to eco-friendly materials, with a view to sustainable development. When it comes to
infrastructure works, the challenges are accentuated by the large volumes of raw material used. The use
of waste as a partial replacement for Portland cement is addressed in several works in the relevant
literature [3,57,116–122]. Other research investigates the development of alkali-activated materials
from supplementary cementitious materials [123,124]. However, a joint approach on total substitution
of Portland cement, alkali-activated binders, and the use of waste as raw material, with a focus on
the production of pavers, is still poorly available in the literature. In this scenario, the present work
studied low carbon concrete, using binary binder composed of biomass ash and silica fume, to produce
eco-friendly paving blocks. The characterization of concrete pavers was carried out comprehensively,
from strength to microstructural investigation. In addition to the low carbon emission associated
with the use of waste, the potential for degradation of organic matter and consequent self-cleaning
properties of the produced concrete was investigated. Combining the use of waste with self-cleaning
properties, without the addition of photocatalytic oxides or additional processing, provides a functional
material with high relevance to the environment, in addition to reducing production costs.

2. Experimental Study

2.1. Materials and Mix Proportion

The selection of materials was carried out to prioritize eco-friendly inputs. Eucalyptus biomass ash
(EBA) comes from a thermoelectric plant, while fume silica comes from the metal silicon manufacturing
industry. Both by-products were generated in Brazilian industries. The EBA in nature (Figure 1a)
was processed using grinding to disaggregate the material and homogenize the grain size, using a
high-performance planetary mill. After the comminution process, EBA has a powdery appearance
and dark gray color, similar to Portland cement (Figure 1b). The active silica has a homogeneous fine
powder aspect and a light gray color tone. As it is a very thin material, the presence of agglomerated
particles is easily seen (Figure 1c). The chemical composition of the EBA and SF were determined by
the lithium tetraborate fusion method and quantification in an energy dispersive X-ray fluorescence
spectrometer (XRF) Panalytical Axios Fast (Table 1). EBA has a high calcium oxide content (44.71%)
and a high loss on ignition (30.22%). SF has a high content of silicon oxide (95.41%) and low loss on
ignition (0.34%).
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Table 1. Chemical composition of EBA and silica fume (SF).  
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Figure 1. Waste used to replace Portland cement (a) eucalyptus biomass ash (EBA) before grinding (b)
EBA after grinding and (c) silica fume.

The crystalline phases in the ash and resultant binders were identified by using X-ray diffraction;
a Shimadzu XRD-7000 (Kyoto, Japan) was used, with a copper X-ray tube operated at 40.0 kV and
30.0 mA, with a 0.020◦ 2θ sweep per step, from 5◦ to 80◦ at 0.6 s/step. For this, pastes (without
aggregates) of the BBC06, BBC05, and AABC06 dosages were produced. MATCH! software was used
to evaluate the crystalline phases of the pastes (Version 3.7.0.124) using the powder diffraction method
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and using Crystallography Open Database (COD). EBA and the SF had their phases identified and
presented in Figure 2a,b, respectively. In the EBA, peaks of the calcite (COD 9007689), lime (COD
1011327), sylvite (COD 9003130), and periclase (COD 9006456) phases were identified. In the SF, no
crystalline phase peaks were identified.

Table 1. Chemical composition of EBA and silica fume (SF).

CaO SiO2 Al2O3 Fe2O3 MgO K2O P2O5 TiO2 Na2O LOI a

EBA 44.71 1.23 7.03 2.37 5.59 4.12 2.97 1.46 0.28 30.22
SF 0.75 95.41 0.51 0.09 0.07 2.79 0 0 0 0.34

Notes: a LOI—Loss on ignition at 1000 ◦C.
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Figure 2. XRD of (a) EBA and (b) SF.

The average particle size and particle size distribution of EBA and SF obtained by laser diffraction
are very close (Figure 3). However, although the SF is slightly coarser, the SEM images show that the
SF is much thinner than the EBA (Figure 4b,c). EBA before grinding processing presents spherical
particles, some of which are massive, while others are hollow. It is also possible to observe porous
structures and fibers with incomplete combustion (Figure 4a). EBA after grinding processing has
significantly smaller and more fragmented particles than EBA before grinding. However, it is still



Materials 2020, 13, 1534 6 of 31

possible to observe spherical particles (Figure 4b). The SF is extremely thin, which is consistent with
the literature. However, the particles are agglomerated, which is what led to the presented particle size
(Figure 4c).Materials 2020, 13, x FOR PEER REVIEW 6 of 31 
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Figure 3. Particle size distribution curve with a histogram for (a) EBA and (b) SF.

As aggregates, fine sand (Figure 5a), stone powder (Figure 5b), and artificial gravel with two
different granulometries (Figure 5c,d) were used. The workability of the concrete was corrected with
the use of a superplasticizer additive (Figure 5e). The water was supplied by the local supply system
(Figure 5f).
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Figure 5. Inputs used in low-carbon concrete (a) fine sand, (b) stone powder, (c) and (d) coarse
aggregate with dimensions of 4.8 to 9.5 mm and 9.5 to 19.5 mm respectively, (e) water and (f)
superplasticizer additive.

To provide as many results as possible for an alternative binder based on the combination of
EBA and SF (called the binary EBA-SF system) and to expand the contribution of the present work,
two approaches were carried out. The first concerns the use of binder with the total substitution for
Portland cement. In this case, equal proportions of EBA-SF were used, and the mixture was made using
water, generating a binary binder with 100% residues. In the second approach, the sodium hydroxide
solution was used instead of water to form an alkali-activated binder, maintaining equal proportions of
EBA-SF. Therefore, the alkaline solution acts as an activator, and the EBA-SF system acts as a precursor.
The dosage of low-carbon concrete was eminently experimental. A total of five mixtures were defined,
which are identified in Table 2, with three mixtures of concrete with binder without alkaline activation
and two others with an alkali-activated binder. The materials were dosed to obtain a homogeneous
mixture to provide the necessary performance for the manufacture of paving blocks. The traditional
dosages of concrete with Portland cement provided by Mehta and Monteiro [125] and Neville [52]
served as a basis for defining the proportions with alternative binders. The variables addressed in this
study correspond to the influence of two factors: (i) whether to adopt an activating solution and (ii) the
water/binder (w/b) or solution/binder (s/b) relationships. The first mixture (BBC-WCA: binary binder
concrete-without coarse aggregate) was defined without coarse aggregate to assess the water demand
for the waste. Then, two other mixtures were defined using the EBA-SF system and water (BBC06:
binary binder concrete with w/b = 0.6 and BBC05: binary binder concrete with w/b = 0.5). In the last
two mixtures, the water was replaced by sodium hydroxide solution with a concentration of 3 mol/L,
producing an alkali-activated binder (AABC07: alkali-activated binder concrete with s/b = 0.6 and
AABC07: alkali-activated binder concrete with s/b = 0.7). Although the dosage was experimental, the
aggregates were chosen to make the particle dimensions in the concrete compatible. Thus, two types
of fine aggregates (sand and stone powder) and coarse aggregates with two different particle sizes
were used. Aggregates with different sizes complement each other and give concrete better particle
packing [126].

In the context of alkali-activated materials, the properties of the precursor and the activator
directly influence the structure and behavior of the binding matrix [69]. The chemical composition of
the residues indicates that the EBA-SF mixture works as a mixed system of high calcium precursors,
with EBA representing a source of calcium, while SF provides the silicates. The mixture of the
two residues was designed to balance the availability of calcium and silicates. In general, the
alkali-activation process of high calcium mixtures is heterogeneous and comprises, among other
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mechanisms, particle dissolution, nucleation, and solid-phase growth [127]. The characteristics of
the residues, such as chemical composition and fine granulometry translated in terms of surface area
and particle morphology, act synergistically, favoring the surface and interface mechanisms, and
promoting conditions for alkali-activation reactions. Recent work has addressed the use of biomass ash
as precursors to AAMs and obtained favorable results [44,45]. In turn, activators function as an alkaline
medium to promote alkali-activation reactions [64]. We chose to use aqueous sodium hydroxide
solution, which is commonly used as an activator for AAM. Activators based on sodium hydroxide
have an excellent chemical affinity with high calcium precursors, efficiency in activating reactions,
and a low viscosity of solutions, in addition to availability for obtaining [128]. Despite the pertinent
literature indicating concentrations starting at 5 M [129], in the present study, the concentration of the
activating solution was defined at 3 M; this figure is in agreement with previous research [130,131], in
which consistent results were obtained for low molar concentrations.

Table 2. Materials proportion design.

Mix
Proportion (%)

EBA a Silica
Fume Sand Stone

Dust
C. Ag. b

[4.8–9.5] c
C. Ag. b

[9.5–19.5] c Water NaOH
Solution

Superp.
d

w/b or s/b
Ratio e

BBC-WCA 13.1 13.1 26.2 26.2 - - 21.0 - 0.26 0.8
BBC06 8.9 8.9 17.8 17.8 17.8 17.8 10.7 - 0.36 0.6
BBC05 9.1 9.1 18.1 18.1 18.1 18.1 9.1 - 0.36 0.5
AABC06 8.9 8.9 17.8 17.8 17.8 17.8 - 10.7 0.36 0.6
AABC07 8.7 8.7 17.5 17.5 17.5 17.5 - 12.2 0.36 0.7

Notes: a EBA: Eucalyptus biomass ash; b Coarse aggregate; c Coarse aggregate, dimensions in millimetres; d

Superplasticizer; e Water/binder ratio (w/b) or solution/binder ratio (s/b).

The consistency of fresh concrete can be related to workability and was used as a criterion to
define the w/b and s/b ratios. The slump test was chosen to measure consistency. Figure 6 shows the
slump test values for each mixture. When defining the BBC WCA mix, the slump was accentuated;
that is, the w/b = 0.8 ratio can be reduced. Thus, we opted for the w/b = 0.6 (BBC06) ratio and
followed by the w/b = 0.5 (BBC05) ratio. The alkali-activated concrete was initially dosed with s/b =

0.6. However, the slump was practically null, which led to an increase in the s/b factor. This indicates
greater demand for water because of the reactions relevant to alkali activation. This methodology
aimed to evaluate an optimum point of w/b or s/b so that the amount of water or solution would be
ideal for concrete-hardening reactions.
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2.2. Preparation of Concrete Paving Blocks Samples

The materials were mixed using a mechanical mixer for concrete (Figure 7-(1)). First, the mixer
drum was moistened with water, so that there was no material adherence and moisture capture.
The superplasticizer additive was diluted in the water fraction for better distribution over the volume
of material. Then, half the volume of water with superplasticizer was added, together with the coarse
aggregates. The mixer was turned on for 30 s for pre-mixing. Then, the other materials (fine aggregates
and EBA-SF residues) and the remaining water with superplasticizer were added. The mixing was
carried out until the concrete obtained a uniform appearance. In the case of the production of concrete
with activated alkali binder, the executive process followed the same steps, but instead of water, sodium
hydroxide solution was used.
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After the mixing was completed, the concrete was subjected to the slump test (Figure 7-(2))
to evaluate the consistency and workability. The molding of the blocks (Figure 7-(3)) was made
using plastic shapes with dimensions of 25 cm × 12.5 cm × 8 cm. During molding, manual concrete
densification was carried out, with two overlapping layers. It was necessary to finish the surface
with the help of a spatula (Figure 7-(4)) to level the faces of the block and promote the correct stress
distribution during mechanical testing. After 24 h of hardening under controlled humidity and
temperature, the blocks were de-molded and presented a well-finished appearance, with a flat and
smooth surface (Figure 7-(5)). Right after de-molding, the blocks were inserted in water for submerged
curing for 28 days (Figure 7-(6)). The complete mixing, moulding, and curing process was carried out
at a temperature of 24 ± 2 ◦C and relative humidity of 60% ± 5%.

2.3. Performance Evaluation

The performance evaluation of low-carbon concretes was carried out using the following
approaches, all after 28 days of curing: (i) mechanical behavior, (ii) water absorption, specific
mass and porosity, (iii) dimensional variation, (iv) abrasion resistance, (v) microstructural investigation,
and (vi) potential for organic dye degradation.
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The mechanical behavior was evaluated at 28 days for all mixtures, using the paving block
compression test. The test was performed in universal test equipment with controlled load application
and measurement using a 300 kN load cell. The maximum loads were measured, and the compression
stresses were calculated according to the area of application of the efforts. Thus, the compressive
strength values for concrete blocks measured in MPa were obtained. Four specimens of each trace
were used, and the average values were calculated, together with the respective standard deviations.

In terms of physical properties, water absorption (WA), porosity (PR), dry density (ρdry), and wet
density (ρwet) were evaluated. All properties were evaluated using the water absorption test. In this
test, the mass of the blocks was evaluated in different situations. After curing for 28 days, the blocks
were removed from water immersion, the surface was dried, and the first weighing was performed,
obtaining the saturated mass (Msat). Then, the submerged weight of the blocks was evaluated, using a
hydrostatic balance, resulting in the submerged mass (Msub). Finally, the blocks were placed in the
greenhouse for 24 h until mass consistency at 105 ◦C, and then the dry mass (Mdry) was obtained.
The calculation of physical properties was performed using Equations (1), (2), (3), and (4), with ρw =

1.00 g/cm3 being the water density:

WA (%) =
Msat −Mdry

Mdry
× 100 (1)

PR (%) =
Msat −Mdry

Msat −Msub
× 100 (2)

ρdry (g/cm3) =
Mdry

Msat −Msub
× ρw (3)

ρwet (g/cm3) =
Msat

Msat −Msub
× ρw (4)

The dimensional stability of the blocks was evaluated using the expandability test, in which the
concrete blocks were subjected to wetting and drying cycles, and the dimensions between the middle
thirds of the most extensive face were obtained. During drying, the blocks were placed in an oven
at a temperature of 105 ◦ C for 24 h. After removing from the greenhouse, the concrete blocks were
left in the air until reaching stabilization at room temperature. Wetting was performed by complete
immersion in water for 24 h. Then, the blocks were removed from the immersion, and the surface was
dried with the aid of a cloth. The distance between the middle thirds was measured both after drying
and wetting, always at room temperature.

The abrasion resistance was evaluated using the deep abrasion test, which simulates traffic
conditions on the concrete blocks and evaluates the surface wear by friction. In this test, the concrete
block is inserted in rotating support equipment, using sand as an abrasive material. The block is
compressed against the support, which promotes continuous wear. The test lasted 2 h, with angular
velocity adjusted to 15 revolutions per minute, corresponding to a course of 1130 m.

The microstructural investigation was carried out using an electronic scanning microscope (SEM)
of the Hitachi brand, model TM3000. The equipment has a low vacuum and a backscattered electron
detector (BSE). The images were taken with a voltage of 15 kV. To make the images, small fragments
of the blocks were extracted using a cutting machine. The samples were taken under a microscope
without additional preparation and fixed with high conductivity carbon tape.

A property of great importance for new binders would be the ability to degrade organic matter,
either to degrade organic dyes in wastewater or even to produce self-cleaning facades [132]. For the
evaluation of the organic matter (pollutants) degradation potential, methylene blue (MB) compound
was used [133]. The potential for organic matter degradation by eco-friendly concrete samples was
realized with and without the incidence of ultraviolet (UV) light. Cube mortar specimens (sawn of
eco-friendly paving blocks) were in 200 mL of distilled water solution with 20 mg/L MB. The mean mass
of the samples was 47.85 g ± 1.72 g. The MB degradation was evaluated under two lighting conditions
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for the same specimens, with the first 24 h of degradation in a dark room (no light); at the end of this
first cycle, the MB solution was replaced by a new solution of the same initial concentration, and the
specimens were placed for a further 24 h in a chamber with 390 mm × 600 mm × 400 mm internal
dimensions and two G15T8 UV-C 15 W lamps operated at 55 V, with 450 mm length and 254 nm UV-C
emission and UV power equal to 49 uW/cm2 at 1 m. An aliquot of 10 mL of solution was collected at
the beginning of the test and then at 2, 4, 8 and 24 h of each cycle, and absorbance measurements were
performed from 250 to 850 nm in a Lambda 1050 UV/Vis Spectrophotometer. The calibration curve was
constructed with 1.25, 2.50, 5.00, 10.00, and 20.00 mg/L concentrations, and the 664 nm peak was used
for quantification. In Figure 8, it is possible to observe the UV-vis adsorption curves of the MB solutions
(Pollutant) with 1.25, 2.50, 5.00, 10.00, and 20.00 mg/L concentrations. The existence of two different
absorbance peaks at wavelengths equal to 292 nm and 664 nm can also be appreciated. To evaluate the
concentration of the MB solutions collected during the tests, a calibration curve was created from the
absorbance at the wavelength 664 nm of the solutions in the different concentrations (Figure 9).
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In both steps, a control container containing only the AM solution was added to the UV chamber
to assess the degradation of the dye without the influence of the catalyst material. Thus, if the MB
concentration of the solutions with the samples of the eco-friendly paving blocks exposed to UV for
24 h is lower than the MB concentration of the solutions with the samples of the eco-friendly paving
blocks without exposure to UV after 24 h indicates a possible self-cleaning property under UV action.

3. Results and Discussion

3.1. Compressive Strength

In terms of mechanical behavior, it is observed that all mixtures reached representative levels
of compressive strength (Figure 10). The lowest strength was achieved by the BBC-WCA mixture
(11.97 MPa), while the highest was achieved by the BBC05 mixture (32.28 MPa). The other mixtures
BBC06, AABC06, and AABC07 resulted in intermediate strength of 22.41 MPa, 23.39 MPa, and
18.77 MPa, respectively. In general, the values are in line with other studies [90,93,101], and the mixes
BBC05, BBC06 and AABC06 meet the recommendations of the ASTM C902-15 [134] standard for
paving blocks for internal and external use, both with minimum compressive strength of 20.70 MPa.
This behavior shows that there was significant hardening and strength gain at 28 days. For all mixtures,
the EBA-SF waste system functioned as a binding and cementing material, with a dense matrix that
agglutinated the aggregate particles. In mixtures with binary binder and 100% substitution (BBC-WAC,
BBC-06, and BBC05), water solubilizes the EBA-SF system and the reactions between the components
result in the formation of solid products. Therefore, the EBA-SF system functioned as an alternative
hydraulic binder in total substitution to Portland cement. On the other hand, when using calcium
hydroxide solution, alkaline hydrolysis reactions and the formation of a hydrate system occur. In this
case, the EBA-SF system works as a precursor, while the alkaline solution works as an activator, forming
concrete with an alkali-activated binder.

Despite the strength gain, there was a significant difference between all evaluated mixtures.
The low strength of concrete with binary agglomerate and without coarse aggregates (BBC-WCA) can
be explained by the absence of coarse aggregates and the water-agglomerating factor (w/b). Coarse
aggregates act in the distribution of stresses over the volume of material and act as a barrier against
the propagation of microcracks [135]. Therefore, the absence of coarse aggregates caused a drop in
strength. The water/binder ratio (w/b) played an influential role in mechanical behavior. As mentioned
in the “Experimental Study” topic, the BBC-WCA mixture was a reference for adjusting the w/b value
to assess the water demand for the waste. For this reason, a higher value was chosen (w/b = 0.8) when
compared to other dosages common in the literature [125]. The water used in mixing the concrete
components fluidizes the system and promotes sliding between particles, resulting in workability.
If there is more water, the system becomes more fluid, and the workability increases, which was
observed by the more significant slump of the BBC-WCA mixture observed in Figure 6. However, the
excess water content increases the pore network of the material and consequent fall of strength. So,
there was an excess amount of water due to the lower strength.
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The other four mixtures evaluated have coarse aggregates of the same type, which promotes the
correct distribution of stresses and removes the effect associated with the absence of coarse aggregates.
Therefore, there is a significant strength gain when compared to the BBC-WCA mixture. The variables
under analysis were (i) the influence of alkali activation and (ii) water/binder or solution/binder
relationship. At first glance, alkali activation generated less meaningful results in terms of compressive
strength. However, the amount of water used in the mixture must also be evaluated to have a set
of conditions that make such comparisons feasible. The BBC06 and AABC06 mixtures have the
same water content as a function of the binder (w/b = 0.6 and s/b = 0.6) and obtained compatible
results, considering the respective standard deviations. Therefore, the hardening processes developed
by the two mixtures were effective for hardening the paste and gaining strength, either by the
hydration of hydraulic compounds (BBC: binary binder concrete) or alkali-activation reactions (AABC:
alkali-activated binder concrete). However, the workability of the mixtures was quite different, as
shown in Figure 6. The slump of the BBC06 mixture was equal to 60 mm, while for the AABC06
mixture, it was negligible. This suspicious behavior between compressive strength and workability
can be attributed to the reactions of alkali activation [136]. When mixing the EBA-SF system with the
sodium hydroxide solution, the activator and precursor come into contact, and the reactions of alkali
activation soon begin [68,69]. The alkali-activated binder pastes act as a glue, which prevents slipping
between particles and implies low workability. In concrete with binary binder without alkali activation,
the adhesion between the particles in the fresh state is lower, favoring workability. The compressive
strength of the BBC05 mixture (w/b = 0.5) was 44% higher compared to the BBC06 mixture, showing
compatibility between the amount of water available in the system and the water demand for reactions
and formation of solid products. The balance between availability and water consumption promotes
the densification of the matrix and a consequent increase in strength [137]. Therefore, the optimum
point of the water/binder ratio is close to 0.5. The workability of the BBC05 mixture decreased by 20%
in contrast to the BBC06 mixture (Figure 6) but remained adequate for correct casting and thickening
in the molds. The same behavior did not occur with the mixture containing the alkali-activated binder.
Given the negligible slump, it was necessary to increase the solution/binder ratio to promote workability.
The slump of the AABC07 mixture with s/b = 0.7 was five times higher than that of the AABC06
mixture. However, the compressive strength was 12% lower. Therefore, the higher demand for water
is evident in mixtures with an alkali-activated binder to make alkali-activation reactions feasible.
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3.2. Crystallinity Peaks

Pastes produced from mixtures BBC06, BBC05, and AABC06 without the fine and coarse aggregates
showed peaks of crystallinity (Figure 11). Some peaks of crystallinity come from raw materials, such as
calcite (COD 9007689) and periclase (COD 9006456). No lime peaks were identified and, at BBC06 and
BBC05, which received water, no Portlandite crystalline peaks were identified. This indicates that lime
(CaO), when reacted with water did not form Portlandite (Ca(OH)2), probably forming calcium silicate
gels through the reaction with the amorphous silica present in SF. Crystallinity peaks of aragonite
(COD 9016147) were identified in the BBC06 and BBC05 pastes produced with water and without an
activator. Aragonite is related to the carbonation of the C-S-H amorphous phase [138]. The peaks
of calcite around 2θ = 23◦ and aragonite around 2θ = 28◦ and 2θ = 37◦ were not observed for the
AABC06 mixture. This result indicates that the addition of activating solution promotes characteristic
phase consumption of the calcite and preserves the formed C-S-H phases, preventing carbonation.
In general, the binder matrix in both cases (with and without activating solution) has mostly products
with amorphous phases.Materials 2020, 13, x FOR PEER REVIEW 16 of 32 

 

 

Figure 11. XRD of (a) BBC06 paste, (b) BBC05 paste, and (c) AABC06 paste. 

3.3. Density, Water Absorption, and Porosity 

The results for dry density and saturated density are shown in Figure 12. In general, there was 

a similar trend for dry and saturated specimens. The BBC-WCA mixture obtained the lowest density, 

both dry and saturated (ρdry = 1.56 g/cm3 and ρwet = 1.89 g/cm3). It is noticed that the difference 

between dry and saturated density is greater than the other samples, which indicates the greater 

porosity of the material. As the pores accessible to water are filled, the density increases considerably 

[101]. This result is in line with the porosity and water absorption results in Figure 13. The greatest 

results are related to the BBC05 (ρdry = 2.29 g/cm3; ρwet = 2.44 g/cm3) and AABC07 (ρdry = 2.31 g/cm3; 

ρwet = 2.46 g/cm3). The BBC06 and AABC06 mixtures obtained intermediate densities. Except for the 

AABC07 mixture, the results observed are in line with those obtained for compressive strength—that 

is, the greater the compressive strength, the greater the density [89,101]. 

Figure 13 summarizes the results of water absorption and porosity. The BBC-WAC mixture 

resulted in the highest values of water absorption and porosity, which was about twice that of the 

others (WA = 20.97% and PR = 32.77%). The lowest values were achieved by the BBC05 (WA = 6.67% 

and PR = 15.28%) and AABC07 (WA = 6.50% and PR = 15.02%) mixtures. The BBC06 and AABC06 

samples obtained intermediates; however, these values were close to the last two previously 

mentioned. The values obtained are in line with ASTM C902 [134], except for the BBC-WCA mixture. 

Despite measuring different physical properties, in general, water absorption and porosity resulted 

in similar trends. This fact refers to the nature of the properties related to the material's permeable 

Figure 11. XRD of (a) BBC06 paste, (b) BBC05 paste, and (c) AABC06 paste.

3.3. Density, Water Absorption, and Porosity

The results for dry density and saturated density are shown in Figure 12. In general, there
was a similar trend for dry and saturated specimens. The BBC-WCA mixture obtained the lowest
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density, both dry and saturated (ρdry = 1.56 g/cm3 and ρwet = 1.89 g/cm3). It is noticed that the
difference between dry and saturated density is greater than the other samples, which indicates the
greater porosity of the material. As the pores accessible to water are filled, the density increases
considerably [101]. This result is in line with the porosity and water absorption results in Figure 13.
The greatest results are related to the BBC05 (ρdry = 2.29 g/cm3; ρwet = 2.44 g/cm3) and AABC07 (ρdry
= 2.31 g/cm3; ρwet = 2.46 g/cm3). The BBC06 and AABC06 mixtures obtained intermediate densities.
Except for the AABC07 mixture, the results observed are in line with those obtained for compressive
strength—that is, the greater the compressive strength, the greater the density [89,101].
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Figure 13 summarizes the results of water absorption and porosity. The BBC-WAC mixture
resulted in the highest values of water absorption and porosity, which was about twice that of the
others (WA = 20.97% and PR = 32.77%). The lowest values were achieved by the BBC05 (WA = 6.67%
and PR = 15.28%) and AABC07 (WA = 6.50% and PR = 15.02%) mixtures. The BBC06 and AABC06
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samples obtained intermediates; however, these values were close to the last two previously mentioned.
The values obtained are in line with ASTM C902 [134], except for the BBC-WCA mixture. Despite
measuring different physical properties, in general, water absorption and porosity resulted in similar
trends. This fact refers to the nature of the properties related to the material’s permeable pores [52].
Therefore, the lower the water absorption, the lower the porosity. Likewise, both results followed the
variation in dry and saturated densities; that is, the lower the water absorption and the porosity, the
greater the density. Except for the AABC07 mixture, both water absorption and porosity are correlated
with strength. Less water absorption and less porosity imply a greater amount of solid material
in the mixture and fewer pores, which contributes to a better cohesion of the concrete constituents
and a higher matrix density [49,139]. The behavior of the AABC was different and differed from
that commonly used in cementitious materials. It is suggested that this behavior is attributed to the
reactions of alkali activation, which promote the densification of the matrix, with the formation of a
greater amount of closed pores and remaining inaccessible to water.

3.4. Expansibility

The expandability results are listed in Figure 14. The BBC-WCA mixture resulted in the most
significant linear variation: around 0.9%. The BBC05 mixture obtained the least expandability (0.4%),
while for the other mixtures, the results were intermediate, around 0.8% and 0.7%. In general, there
was no significant expansion, indicating that paving blocks have good tolerance to dimensional
variation after wetting and drying cycles [140]. For the BBC, the expandability followed the strength
in an inversely proportional way; therefore, the higher the strength, the lower the expandability.
The densification of the binder matrix can explain this behavior. Therefore, less expandability
corresponds to greater cohesion between the constituents of concrete, higher strength, less porosity,
less water absorption, and greater density. The AABC, in turn, presented an inverse behavior; that is,
the expandability followed the strength directly. The products generated by alkali activation, although
denser and less porous, are less strength, so there was a reduction in expandability.
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3.5. Abrasion Resistance

The results of the deep abrasion test are shown in Figure 15. In general, the results contrast with
those obtained in the other properties evaluated. The BBC05 mixture obtained the most significant
loss of mass (2.07%), despite corresponding to the highest strength, the highest densities, and the
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lowest porosities. The weight loss of the BBC-WCA mixture was around 1.90%. The BBC06 and
AABC06 mixtures result in equivalent mass losses, 1.39% and 1.31%, respectively. The lower mass
loss was attributed to the AAB07 mixture, which has a high density and low porosity compared to the
universe of samples under analysis; however, the compressive strength was not as high. Therefore, the
resistance to frictional surface wear is more related to the material structure, surface conditions, and
matrix proportions [141]. Alkali activation reactions resulted in solid products that are more resistant
to wear, depending on the water content, in addition to intensifying the adhesion between aggregates
and binder paste [92].
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3.6. Potential for Degradation of Organic Matter

The relative concentrations of the methylene blue solution as a function of the exposure time to
the samples of EBA-SF binder paste, in the dark and under UV light, are listed in Figures 16 and 17,
respectively. Figure 18 shows the absorbance curves for each mixture, in the dark and under UV light.
Each absorbance curve corresponds to a concentration, which was calculated using the calibration
equation defined and presented in the topic Materials and Methods. The concentration of the reference
solution was defined as C0, while the solution analyzed after contact with the material was called C.
The C/C0 ratio identifies the relative concentration. The self-cleaning properties are closely related to
the material’s ability to function as an active site for the degradation of organic matter.

In general, there was a similar trend of organic matter degradation for all samples analyzed, both
in the dark and under UV light. In the dark, a greater dispersion of results can be seen in 4 h and
especially in 24 h. The highest concentrations were obtained by the samples in contact with the AABC06
mixture and the lowest referring to the BBC06 mixture. Under UV light, concentrations differ within
8 h of exposure but converge to a common point within 24 h. The highest concentrations are related to
the AABC06 mixture and the lowest are related to the AABC07 mixture. The relative concentrations
can be divided into three intervals, according to the mixtures, both for dark and under UV light.
The first concerns the BBC06 and AABC07 mixtures, which resulted in the lowest concentrations and
consequently a more significant degradation of methylene blue. In the second interval are the BBC05
and BBC-WCA mixtures, which resulted in intermediate concentrations. The AABC06 mixture, alone,
integrates the third interval, in which there were the highest concentrations and the least degradation
of organic dye.
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Both studied binders (binary binder, BB; and alkali-activated binder, AAB) were able to reduce
the concentration of methylene blue present in the solutions, both in the dark and under UV light.
This result can be explained by three phenomena: (i) adsorption, (ii) leaching, and (iii) degradation
by photocatalysis. The pore network of the binder paste functioned as a site for the adsorption of
methylene blue. Thus, the dye migrated from the solution to the surface of the pore network of the
binder, remaining adsorbed and decreasing the concentration of the solution. In conjunction with
adsorption, some solid phases present in the EBA-SF system leached into the solution, increasing
the porosity and surface area, which intensified the methylene blue adsorption. On the other hand,
samples submitted to ultraviolet radiation showed a more significant degradation of methylene blue,
especially in 24 h, in contrast to samples in the dark, which indicates photocatalytic activity, in addition
to adsorption and leaching. Besides, the convergence in the concentration values under UV light in 24
h showed that the type of mixture is not very influential; that is, all the mixtures obtained meaningful
results in terms of dye degradation.
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3.7. Microstructural Analysis

Figures 19 and 20 depict images obtained by SEM for samples of binary binder concrete and
alkali-activated binder concrete, respectively. Figure 19A shows the surface of a BBC-WCA sample.
Aggregates were identified—stone powder—of the order of 0.2 mm (detail 1) with an angular aspect, a
well-finished and smooth surface, immersed in a cementitious matrix (detail 2) with a rough appearance.
We also noticed the presence of pores (detail 3) and denser phases in the matrix (detail 4) identified
by the lighter color. As the images were obtained using a backscattered electron detector, the denser
material corresponds to the lighter tones, and the less dense material corresponds to the darker
colors [142]. Figure 19B shows an enlargement of the previous figure, where it is possible to notice
the aggregate (detail 5), the binder matrix (detail 6), and the interfacial transition zone (ITZ, detail 7).
The rough/porous aspect identifies a less cohesive matrix, which corroborates the results of strength,
porosity, and density. In turn, Figure 19C shows a sample from BBC06, where fractured aggregates
(detail 8) and microfissures (detail 9) were identified, which were caused by the mechanism of sample
extraction. However, the cementitious matrix (detail 10) has a much denser and cohesive appearance
compared to the BBC-WCA line, confirming the results of greater strength, lower density, and less
porosity. Pores (detail 11), regions with more dense material (detail 12), and regions with less dense
material (detail 13) were observed. Figure 19D,E correspond to the enlargement of Figure 19C at the
indicated points, where it is possible to observe a fragmented structure (detail 14), initially of cohesive
material, covered by loose lamellar particles. It is probable that the particles got loose from the cohesive
material and filled the spaces around it. Figure 19F represents the lowest magnification studied, where
the cementitious matrix is fragmented into larger portions in the center (detail 15), while in the lower
right corner, the matrix cracked and fractionated into smaller pieces, following a vertical trend (detail
16). More to the right and the left, the matrix remains intact (details 17).

SEM images for the alkali-activated binder concrete (Figure 20) are peculiar and showed significant
differences with the binary binder concrete. The marked difference refers to the presence of distinct
phases, which are observed throughout the extension of the alkali-activated matrix (Figure 20A,B,E).
These phases are identified by lighter and darker tones, which are associated with the density of
the phase formed with the reactions of alkali activation. Using this methodology, four phases are
visually identified, indicated by details 1, 2, 3, and 4, which can also be seen in Figure 20B, which is an
enlargement of the previous figure. The lighter phase (detail 1), and consequently the denser phase,
has a cohesive texture and appears to have lamellar structures on the surface. The intermediate phase,
in terms of density and intensity of contrast, was very similar to the denser phase; however, it appears
to be more cohesive. The darker and less dense phase (detail 3) showed a less cohesive structure
with convex contour components. Another region was also identified (detail 4) that was much less
cohesive than the others, appearing to have granular material adhered to the surface. In addition, in
Figure 20B, it is also possible to notice the presence of aggregates—filler—of the order of 100 µm (detail
5). Figure 20C identifies another region of the alkali-activated binder concrete, and it was possible to
observe a main continuous phase (detail 6) with a coarser aspect. Detail 7 identifies an aggregate of the
order of 200 µm, which is certainly a filler originating from stone powder. The darker and less dense
phase (detail 8) appears to be less cohesive and resembles the phase of detail 3. Figure 20D shows an
enlargement of Figure 20C in the region of the darkest phase to further investigate this area. At first,
these phases have little cohesion; the presence of smaller particles adhered to the larger ones and empty
spaces. A similar phase is also present in binary binder concrete, however, there is less occurrence.
Possibly, this darker and less dense phase is some remaining mineral or vegetable phase of the EBA
that did not react during the process of alkali activation. Figure 20E shows another region of the AABC,
where five phases are identified (details 9, 10, 11, 12, and 13). The first phase mentioned (detail 9)
represents a continuous but disordered structure with a coarse aspect. The second phase (detail 10)
provides the same contrast as the first phase; however, it has ordered lamellar structures. The detail
11 phase also results in lighter shades and has a more cohesive structure, which justifies its contrast,
which can be associated with a higher density compared to the other phases. Again, the darker phase
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(detail 12) appears punctually. Figure 20F shows the interaction between aggregate and matrix, where
it is possible to observe an aggregate (detail 13) immersed in the matrix of alkali-activated binder
(detail 14) and, in the interface between the phases, highlight the ITZ (detail 15).

Materials 2020, 13, x FOR PEER REVIEW 22 of 31 

 

punctually. Figure 20F shows the interaction between aggregate and matrix, where it is possible to 

observe an aggregate (detail 13) immersed in the matrix of alkali-activated binder (detail 14) and, in 

the interface between the phases, highlight the ITZ (detail 15). 

 

Figure 19. SEM images of binary binder concrete. (a) BBC-WCA - 100X; (b) BBC-WCA - 1000X; (c) 

BBC06 – 100X; (d) BBC06 -1000X - 1; (e) BBC06 -1000X - 2; (f) BBC06 - 50X; et al. 

Figure 19. SEM images of binary binder concrete. (A) BBC-WCA–100X; (B) BBC-WCA–1000X; (C)
BBC06–100X; (D) BBC06–1000X–1; (E) BBC06–1000X–2; (F) BBC06–50X; et al.



Materials 2020, 13, 1534 23 of 31

Materials 2020, 13, x FOR PEER REVIEW 23 of 31 

 

 

Figure 20. SEM images of alkali-activated binder concrete (a) AABC-06 - 200X; (b) AABC-06 - 500X; 

(c) AABC-06 - 300X; (d) AABC-06 - 2000X; (e) AABC-06 - 250X; (f) AABC-06 - 250X;. 

4. Conclusions 

This work carried out a comprehensive study on low-carbon concrete based on industrial waste 

agglomerate to produce ecological paving blocks. Given the results achieved, the following 

conclusions can be highlighted: 

1. All mixtures achieved significant compressive strengths, identifying the cementing and 

bonding capacity of the EBA-SF waste system. The greatest strength was achieved by the BBC06 

Figure 20. SEM images of alkali-activated binder concrete (A) AABC-06–200X; (B) AABC-06–500X; (C)
AABC-06–300X; (D) AABC-06–2000X; (E) AABC-06–250X; (F) AABC-06–250X;.

4. Conclusions

This work carried out a comprehensive study on low-carbon concrete based on industrial waste
agglomerate to produce ecological paving blocks. Given the results achieved, the following conclusions
can be highlighted:

1. All mixtures achieved significant compressive strengths, identifying the cementing and bonding
capacity of the EBA-SF waste system. The greatest strength was achieved by the BBC06 mixture, in
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which the water content was optimized. Thus, demand and availability were compatible with water
for the formation of solid products. The BBC-WCA trait is related to a lower strength.

2. Mixtures with binary binder without alkali activation showed significant workability, unlike
mixtures with the alkali-activated binder, for which there was little workability.

3. The structure investigation of the binder pastes by means of XRD identified peaks of crystalline
phases of calcite and periclase, which were related for raw materials, and aragonite, which was a result
of the C-S-H carbonatation. Lime and Portlandite peaks ware not identified, corresponding to the
reaction between lime from EBA and amorphous silica from SF.

4. Dry density tended to be similar to saturated density. Mixtures with a higher density are those
with a denser binder matrix, and a greater number of solid products were formed during stiffening
and strength gain.

5. Filling spaces between aggregate grains was effective for both the BBC and the AABC. As the
water content was optimized, the voids were filled with solid products resulting from the hardening of
the EBA-SF system.

6. The expandability is more accentuated in the AABC, indicating that the products formed by
the alkali-activation reactions are more susceptible to linear dimensional variation in the presence of
water. BBC05 resulted in the lowest expandability values.

7. The BBC is more vulnerable to surface wear compared to the AABC. Abrasion resistance is
more related to the binder used than to the compressive strength.

8. The photocatalytic potential was confirmed by the degradation of more pronounced organic
matter under UV light. In addition to photocatalysis, adsorption also occurs in the pore network of the
binder paste and phase leaching of the EBA-SF system.

9. SEM images contributed to evaluating aspects such as the morphology, surface, and particle
arrangement present in mixtures at the microstructural level.

10. The paving blocks produced with the BBC05 dosage presented the minimum requirements
requested by standards for paving blocks produced from Portland cement concrete. The positive
aspects are the full use of waste to produce the binder and the non-use of alkaline activators.

Thus, the potential for using the EBA-SF waste system as a low-carbon binder to produce ecological
paving blocks is evident. In addition to achieving adequate performance in terms of strength, water
absorption, porosity, expandability, and wear, the new material evaluated collaborates to mitigate
impacts on the environment and boost sustainable development.
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72. Němeček, J.; Šmilauer, V.; Kopecký, L. Nanoindentation characteristics of alkali-activated aluminosilicate
materials. Cem. Concr. Compos. 2011, 33, 163–170. [CrossRef]

73. Bignozzi, M.C.; Manzi, S.; Lancellotti, I.; Kamseu, E.; Barbieri, L.; Leonelli, C. Mix-design and characterization
of alkali activated materials based on metakaolin and ladle slag. Appl. Clay Sci. 2013, 73, 78–85. [CrossRef]

74. Bernal, S.A.; Provis, J.L. Durability of Alkali-Activated Materials: Progress and Perspectives. J. Am. Ceram.
Soc. 2014, 97, 997–1008. [CrossRef]

75. Luukkonen, T.; Abdollahnejad, Z.; Yliniemi, J.; Kinnunen, P.; Illikainen, M. One-part alkali-activated materials:
A review. Cem. Concr. Res. 2018, 103, 21–34. [CrossRef]

76. van Deventer, J.S.J.; San Nicolas, R.; Ismail, I.; Bernal, S.A.; Brice, D.G.; Provis, J.L. Microstructure and
durability of alkali-activated materials as key parameters for standardization. J. Sustain. Cem. Based Mater.
2015, 4, 116–128. [CrossRef]

77. Banerjee, S.; Tyagi, A.K. Functional Materials: Preparation, Processing and Applications, 1st ed.; Elsevier: London,
UK, 2012; ISBN 978-0-12-385142-0.

78. Dias, C.M.R.; Savastano, H., Jr.; John, V.M. Exploring the potential of functionally graded materials concept
for the development of fiber cement. Constr. Build. Mater. 2010, 24, 140–146. [CrossRef]

79. Shen, W.; Zhang, C.; Li, Q.; Zhang, W.; Cao, L.; Ye, J. Preparation of titanium dioxide nano particle modified
photocatalytic self-cleaning concrete. J. Clean. Prod. 2015, 87, 762–765. [CrossRef]

80. García, L.D.; Pastor, J.M.; Peña, J. Self cleaning and depolluting glass reinforced concrete panels: Fabrication,
optimization and durability evaluation. Constr. Build. Mater. 2018, 162, 9–19. [CrossRef]

81. Juhart, J.; David, G.-A.; Saade, M.R.M.; Baldermann, C.; Passer, A.; Mittermayr, F. Functional and
environmental performance optimization of Portland cement-based materials by combined mineral fillers.
Cem. Concr. Res. 2019, 122, 157–178. [CrossRef]

82. Li, Z.; Zhang, T.; Wang, Y.; Yue, X.; Yang, D.; Qiu, F. Waste-to-resource strategy to fabricate functionalized
material from waste brick. Sci. Total Environ. 2020, 703, 135032. [CrossRef]

83. Dalawai, S.P.; Aly, M.A.S.; Latthe, S.S.; Xing, R.; Sutar, R.S.; Nagappan, S.; Ha, C.-S.; Sadasivuni, K.K.; Liu, S.
Recent Advances in durability of superhydrophobic self-cleaning technology: A critical review. Prog. Org.
Coat. 2020, 138, 105381. [CrossRef]

84. Pacheco-Torgal, F.; Diamanti, M.V.; Nazari, A.; Goran-Granqvist, C.; Pruna, A.; Amirkhanian, S.
Nanotechnology in Eco-Efficient Construction: Materials, Processes and Applications, 2nd ed.; Woodhead Publishing:
Duxford, UK, 2019; ISBN 978-0-08-102641-0.

85. Jimenez-Relinque, E.; Rodriguez-Garcia, J.R.; Castillo, A.; Castellote, M. Characteristics and efficiency of
photocatalytic cementitious materials: Type of binder, roughness and microstructure. Cem. Concr. Res. 2015,
71, 124–131. [CrossRef]

86. Fischer, J.M.; Amekudzi, A. Quality of Life, Sustainable Civil Infrastructure, and Sustainable Development:
Strategically Expanding Choice. J. Urban Plan. Dev. 2011, 137, 39–48. [CrossRef]

87. Adshead, D.; Thacker, S.; Fuldauer, L.I.; Hall, J.W. Delivering on the Sustainable Development Goals through
long-term infrastructure planning. Glob. Environ. Chang. 2019, 59, 101975. [CrossRef]

88. Pandit, A.; Minné, E.A.; Li, F.; Brown, H.; Jeong, H.; James, J.-A.C.; Newell, J.P.; Weissburg, M.; Chang, M.E.;
Xu, M.; et al. Infrastructure ecology: An evolving paradigm for sustainable urban development. J. Clean.
Prod. 2017, 163, S19–S27. [CrossRef]

http://dx.doi.org/10.1016/j.cemconres.2015.04.013
http://dx.doi.org/10.1016/j.cemconres.2017.02.009
http://dx.doi.org/10.1016/j.fuel.2013.02.052
http://dx.doi.org/10.1016/j.conbuildmat.2017.07.027
http://dx.doi.org/10.1016/j.cemconcomp.2010.10.005
http://dx.doi.org/10.1016/j.clay.2012.09.015
http://dx.doi.org/10.1111/jace.12831
http://dx.doi.org/10.1016/j.cemconres.2017.10.001
http://dx.doi.org/10.1080/21650373.2014.979265
http://dx.doi.org/10.1016/j.conbuildmat.2008.01.017
http://dx.doi.org/10.1016/j.jclepro.2014.10.014
http://dx.doi.org/10.1016/j.conbuildmat.2017.11.156
http://dx.doi.org/10.1016/j.cemconres.2019.05.001
http://dx.doi.org/10.1016/j.scitotenv.2019.135032
http://dx.doi.org/10.1016/j.porgcoat.2019.105381
http://dx.doi.org/10.1016/j.cemconres.2015.02.003
http://dx.doi.org/10.1061/(ASCE)UP.1943-5444.0000039
http://dx.doi.org/10.1016/j.gloenvcha.2019.101975
http://dx.doi.org/10.1016/j.jclepro.2015.09.010


Materials 2020, 13, 1534 29 of 31

89. Zhou, D.; Wang, R.; Tyrer, M.; Wong, H.; Cheeseman, C. Sustainable infrastructure development through
use of calcined excavated waste clay as a supplementary cementitious material. J. Clean. Prod. 2017, 168,
1180–1192. [CrossRef]

90. Robayo-Salazar, R.A.; Mejía-Arcila, J.M.; de Gutiérrez, R.M. Eco-efficient alkali-activated cement based on
red clay brick wastes suitable for the manufacturing of building materials. J. Clean. Prod. 2017, 166, 242–252.
[CrossRef]

91. Jiang, W.; Huang, Y.; Sha, A. A review of eco-friendly functional road materials. Constr. Build. Mater. 2018,
191, 1082–1092. [CrossRef]

92. Ahmari, S.; Zhang, L. Production of eco-friendly bricks from copper mine tailings through geopolymerization.
Constr. Build. Mater. 2012, 29, 323–331. [CrossRef]

93. Zhang, L. Production of bricks from waste materials—A review. Constr. Build. Mater. 2013, 47, 643–655.
[CrossRef]

94. López-Alonso, M.; Martinez-Echevarria, M.J.; Garach, L.; Galán, A.; Ordoñez, J.; Agrela, F. Feasible use of
recycled alumina combined with recycled aggregates in road construction. Constr. Build. Mater. 2019, 195,
249–257. [CrossRef]

95. Barbudo, A.; Jiménez, J.R.; Ayuso, J.; Galvín, A.P.; Agrela, F. Catalogue of Pavements with Recycled
Aggregates from Construction and Demolition Waste. Proceedings 2018, 2, 1282. [CrossRef]

96. Cabrera, M.; Galvin, A.; Agrela, F.; Beltran, M.; Ayuso, J. Reduction of Leaching Impacts by Applying Biomass
Bottom Ash and Recycled Mixed Aggregates in Structural Layers of Roads. Materials 2016, 9, 228. [CrossRef]

97. Cabrera, M.; Pérez, P.; Rosales, J.; Agrela, F. Feasible Use of Cathode Ray Tube Glass (CRT) and Recycled
Aggregates as Unbound and Cement-Treated Granular Materials for Road Sub-Bases. Materials 2020, 13, 748.
[CrossRef]

98. Cabrera, M.; Rosales, J.; Ayuso, J.; Estaire, J.; Agrela, F. Feasibility of using olive biomass bottom ash in the
sub-bases of roads and rural paths. Constr. Build. Mater. 2018, 181, 266–275. [CrossRef]

99. Wang, X.; Chin, C.; Xia, J. Material Characterization for Sustainable Concrete Paving Blocks. Appl. Sci. 2019,
9, 1197. [CrossRef]

100. Huang, J.; Valeo, C.; He, J.; Chu, A. Winter Performance of Inter-Locking Pavers—Stormwater Quantity and
Quality. Water 2012, 4, 995–1008. [CrossRef]

101. Nguyen, D.H.; Boutouil, M.; Sebaibi, N.; Leleyter, L.; Baraud, F. Valorization of seashell by-products in
pervious concrete pavers. Constr. Build. Mater. 2013, 49, 151–160. [CrossRef]

102. Kundu, S.P.; Chakraborty, S.; Chakraborty, S. Effectiveness of the surface modified jute fibre as fibre
reinforcement in controlling the physical and mechanical properties of concrete paver blocks. Constr. Build.
Mater. 2018, 191, 554–563. [CrossRef]

103. Pennarasi, G.; Soumya, S.; Gunasekaran, K. Study for the relevance of coconut shell aggregate concrete paver
blocks. Mater. Today Proc. 2019, 14, 368–378. [CrossRef]

104. Sikkema, J.K.; Ong, S.K.; Alleman, J.E. Photocatalytic concrete pavements: Laboratory investigation of NO
oxidation rate under varied environmental conditions. Constr. Build. Mater. 2015, 100, 305–314. [CrossRef]

105. Khajehei, S.; Ahmadalipour, A.; Shao, W.; Moradkhani, H. A Place-based Assessment of Flash Flood Hazard
and Vulnerability in the Contiguous United States. Sci. Rep. 2020, 10, 448. [CrossRef]

106. Johnson, K.A.; Wing, O.E.J.; Bates, P.D.; Fargione, J.; Kroeger, T.; Larson, W.D.; Sampson, C.C.; Smith, A.M. A
benefit–cost analysis of floodplain land acquisition for US flood damage reduction. Nat. Sustain. 2020, 3,
56–62. [CrossRef]

107. Blöschl, G.; Hall, J.; Viglione, A.; Perdigão, R.A.P.; Parajka, J.; Merz, B.; Lun, D.; Arheimer, B.; Aronica, G.T.;
Bilibashi, A.; et al. Changing climate both increases and decreases European river floods. Nature 2019, 573,
108–111. [CrossRef]

108. Luo, P.; Mu, D.; Xue, H.; Ngo-Duc, T.; Dang-Dinh, K.; Takara, K.; Nover, D.; Schladow, G. Flood inundation
assessment for the Hanoi Central Area, Vietnam under historical and extreme rainfall conditions. Sci. Rep.
2018, 8, 12623. [CrossRef]

109. G1 Minas Com Volta da Chuva, Defesa Civil de Belo Horizonte Emite Alerta de Risco Geológico. Available
online: https://g1.globo.com/mg/minas-gerais/noticia/2020/02/05/chove-em-bh-nesta-quarta-feira-e-defesa-
civil-emite-alerta-de-risco-geologico.ghtml (accessed on 6 February 2020).

http://dx.doi.org/10.1016/j.jclepro.2017.09.098
http://dx.doi.org/10.1016/j.jclepro.2017.07.243
http://dx.doi.org/10.1016/j.conbuildmat.2018.10.082
http://dx.doi.org/10.1016/j.conbuildmat.2011.10.048
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.043
http://dx.doi.org/10.1016/j.conbuildmat.2018.11.084
http://dx.doi.org/10.3390/proceedings2201282
http://dx.doi.org/10.3390/ma9040228
http://dx.doi.org/10.3390/ma13030748
http://dx.doi.org/10.1016/j.conbuildmat.2018.06.035
http://dx.doi.org/10.3390/app9061197
http://dx.doi.org/10.3390/w4040995
http://dx.doi.org/10.1016/j.conbuildmat.2013.08.017
http://dx.doi.org/10.1016/j.conbuildmat.2018.10.045
http://dx.doi.org/10.1016/j.matpr.2019.04.159
http://dx.doi.org/10.1016/j.conbuildmat.2015.10.005
http://dx.doi.org/10.1038/s41598-019-57349-z
http://dx.doi.org/10.1038/s41893-019-0437-5
http://dx.doi.org/10.1038/s41586-019-1495-6
http://dx.doi.org/10.1038/s41598-018-30024-5
https://g1.globo.com/mg/minas-gerais/noticia/2020/02/05/chove-em-bh-nesta-quarta-feira-e-defesa-civil-emite-alerta-de-risco-geologico.ghtml
https://g1.globo.com/mg/minas-gerais/noticia/2020/02/05/chove-em-bh-nesta-quarta-feira-e-defesa-civil-emite-alerta-de-risco-geologico.ghtml


Materials 2020, 13, 1534 30 of 31

110. G1 Minas Mais de 100 Cidades Estão em Situação de Emergência Após Chuvas em MG. Available
online: https://g1.globo.com/mg/minas-gerais/noticia/2020/01/27/mais-de-100-cidades-estao-em-situacao-
de-emergencia-apos-chuvas-em-mg-diz-defesa-civil.ghtml (accessed on 6 February 2020).

111. G1 Minas Saiba Quem são as Vítimas da Chuva em Minas Gerais. Available online: https://g1.globo.com/mg/

minas-gerais/noticia/2020/01/26/saiba-quem-sao-as-vitimas-da-chuva-em-minas-gerais.ghtml (accessed on
6 February 2020).

112. Freitas, R. Defesa Civil Recebe Mais de 4 Mil Chamados no Janeiro Mais Chuvoso da História de BH.
Available online: https://g1.globo.com/mg/minas-gerais/noticia/2020/02/04/defesa-civil-recebe-mais-4-mil-
chamados-no-janeiro-mais-chuvoso-da-historia-de-bh.ghtml (accessed on 6 February 2020).

113. Oliveira, N. Com Chuva e Alagamentos, Belo Horizonte tem Trânsito Caótico; Veja os Alertas|O
TEMPO. Available online: https://www.otempo.com.br/cidades/com-chuva-e-alagamentos-belo-horizonte-
tem-transito-caotico-veja-os-alertas-1.2293002 (accessed on 6 February 2020).

114. Fórneas, V. Temporal Deixa Pessoas Ilhadas e Trânsito Lento; Chuva Não Deve Parar. Available online:
https://bhaz.com.br/2020/02/05/chuva-bh-caos/ (accessed on 6 February 2020).

115. Gaffin, S.R.; Rosenzweig, C.; Kong, A.Y.Y. Adapting to climate change through urban green infrastructure.
Nat. Clim. Chang. 2012, 2, 704. [CrossRef]

116. Bezerra, A.C.; Saraiva, S.L.; Lara, L.F.; Castro, L.W.; Gomes, R.C.; Rodrigues, C.D.; Ferreira, M.C.; Aguilar, M.T.
Effect of partial replacement with thermally processed sugar cane bagasse on the properties of mortars.
Matéria 2017, 22. [CrossRef]

117. Katare, V.D.; Madurwar, M.V. Design and investigation of sustainable pozzolanic material. J. Clean. Prod.
2020, 242, 118431. [CrossRef]

118. de Magalhães, L.F.; de Souza Morais, I.; dos Santos Lara, L.F.; de Resende, D.S.; Menezes, R.M.R.O.;
Aguilar, M.T.P.; da Silva Bezerra, A.C. Iron Ore Tailing as Addition to Partial Replacement of Portland
Cement. Mater. Sci. Forum 2018, 930, 125–130. [CrossRef]

119. de Souza Morais, I.; de Magalhães, L.F.; dos Santos Lara, L.F.; Siqueira Corrêa, E.C.; Menezes, R.M.; de
Aguilar, M.T.; da Silva Bezerra, A.C. Sericitic Phyllite as Addition in Portland Cement. Mater. Sci. Forum
2018, 930, 131–136. [CrossRef]

120. Matos Neto, J.A.; Resende, D.S.; Silva Neto, J.T.; Gouveia, A.M.; Aguilar, M.T.; Bezerra, A.C. Sterile Clay
Pozzolans from Phosphate Mining. Mater. Res. 2015, 18, 230–234. [CrossRef]

121. Pavlíková, M.; Zemanová, L.; Pokorný, J.; Záleská, M.; Jankovský, O.; Lojka, M.; Sedmidubský, D.; Pavlík, Z.
Valorization of wood chips ash as an eco-friendly mineral admixture in mortar mix design. Waste Manag.
2018, 80, 89–100. [CrossRef]

122. Soares, M.M.; Poggiali, F.S.; Bezerra, A.C.; Figueiredo, R.B.; Aguilar, M.T.; Cetlin, P.R. The effect of calcination
conditions on the physical and chemical characteristics of sugar cane bagasse ash. Rem Rev. Esc. Minas 2014,
67, 33–39. [CrossRef]

123. Amran, Y.H.M.; Alyousef, R.; Alabduljabbar, H.; El-Zeadani, M. Clean production and properties of
geopolymer concrete: A review. J. Clean. Prod. 2020, 251, 119679. [CrossRef]

124. Bezerra, A.C.; França, S.; Magalhães, L.F.; Carvalho, M.C. Alkaline activation of high-calcium ash and iron ore
tailings and their recycling potential in building materials. Ambiente Construído 2019, 19, 99–112. [CrossRef]

125. Mehta, P.K.; Monteiro, P.J. Concrete Microstructure, Properties and Materials, 4th ed.; McGraw-Hill: New York,
NY, USA, 2013; ISBN 978-0-07-179787-0.

126. de Larrard, F. Concrete Mixture Proportioning: A Scientific Approach; E&FN SPON: London, UK, 1999; ISBN
0-419-23500-0.

127. Provis, J.L.; Bernal, S.A. Geopolymers and Related Alkali-Activated Materials. Annu. Rev. Mater. Res. 2014,
44, 299–327. [CrossRef]

128. Provis, J.L. Activating Solution Chemistry for Geopolymers. In Geopolymers; Provis, J.L., van Deventer, J.S.J.,
Eds.; Woodhead Publishing Series in Civil and Structural Engineering; Woodhead Publishing: Cambridge,
UK, 2009; pp. 50–71. ISBN 978-1-84569-449-4.

129. Provis, J.; Deventer, J. Alkali Activated Materials: State-of-the-Art Report; RILEM TC 224-AAM; RILEM
State-of-the-Art Reports; Springer: Heidelberg, Germany, 2014; ISBN 978-94-007-7671-5.

130. Huiskes, D.M.A.; Keulen, A.; Yu, Q.L.; Brouwers, H.J.H. Design and performance evaluation of
ultra-lightweight geopolymer concrete. Mater. Des. 2016, 89, 516–526. [CrossRef]

https://g1.globo.com/mg/minas-gerais/noticia/2020/01/27/mais-de-100-cidades-estao-em-situacao-de-emergencia-apos-chuvas-em-mg-diz-defesa-civil.ghtml
https://g1.globo.com/mg/minas-gerais/noticia/2020/01/27/mais-de-100-cidades-estao-em-situacao-de-emergencia-apos-chuvas-em-mg-diz-defesa-civil.ghtml
https://g1.globo.com/mg/minas-gerais/noticia/2020/01/26/saiba-quem-sao-as-vitimas-da-chuva-em-minas-gerais.ghtml
https://g1.globo.com/mg/minas-gerais/noticia/2020/01/26/saiba-quem-sao-as-vitimas-da-chuva-em-minas-gerais.ghtml
https://g1.globo.com/mg/minas-gerais/noticia/2020/02/04/defesa-civil-recebe-mais-4-mil-chamados-no-janeiro-mais-chuvoso-da-historia-de-bh.ghtml
https://g1.globo.com/mg/minas-gerais/noticia/2020/02/04/defesa-civil-recebe-mais-4-mil-chamados-no-janeiro-mais-chuvoso-da-historia-de-bh.ghtml
https://www.otempo.com.br/cidades/com-chuva-e-alagamentos-belo-horizonte-tem-transito-caotico-veja-os-alertas-1.2293002
https://www.otempo.com.br/cidades/com-chuva-e-alagamentos-belo-horizonte-tem-transito-caotico-veja-os-alertas-1.2293002
https://bhaz.com.br/2020/02/05/chuva-bh-caos/
http://dx.doi.org/10.1038/nclimate1685
http://dx.doi.org/10.1590/s1517-707620170001.0117
http://dx.doi.org/10.1016/j.jclepro.2019.118431
http://dx.doi.org/10.4028/www.scientific.net/MSF.930.125
http://dx.doi.org/10.4028/www.scientific.net/MSF.930.131
http://dx.doi.org/10.1590/1516-1439.367014
http://dx.doi.org/10.1016/j.wasman.2018.09.004
http://dx.doi.org/10.1590/S0370-44672014000100005
http://dx.doi.org/10.1016/j.jclepro.2019.119679
http://dx.doi.org/10.1590/s1678-86212019000300327
http://dx.doi.org/10.1146/annurev-matsci-070813-113515
http://dx.doi.org/10.1016/j.matdes.2015.09.167


Materials 2020, 13, 1534 31 of 31

131. Keulen, A.; Yu, Q.L.; Zhang, S.; Grünewald, S. Effect of admixture on the pore structure refinement and
enhanced performance of alkali-activated fly ash-slag concrete. Constr. Build. Mater. 2018, 162, 27–36.
[CrossRef]

132. De la Rosa, J.M.; Miller, A.Z.; Pozo-Antonio, J.S.; González-Pérez, J.A.; Jiménez-Morillo, N.T.; Dionisio, A.
Assessing the effects of UVA photocatalysis on soot-coated TiO2-containing mortars. Sci. Total Environ. 2017,
605–606, 147–157. [CrossRef] [PubMed]

133. Larbi, T.; Amara, M.A.; Ouni, B.; Amlouk, M. Enhanced photocatalytic degradation of methylene blue dye
under UV-sunlight irradiation by cesium doped chromium oxide thin films. Mater. Res. Bull. 2017, 95,
152–162. [CrossRef]

134. ASTM C902-15. Specification for Pedestrian and Light Traffic Paving Brick; American Society for Testing and
Materials: West Conshohocken, PA, USA, 2016. [CrossRef]

135. Wu, B.; Tang, K. Modelling on crack propagation behaviours at concrete matrix-aggregate interface. Fatigue
Fract. Eng. Mater. Struct. 2019, 42, 1803–1814. [CrossRef]

136. Bondar, D.; Ma, Q.; Soutsos, M.; Basheer, M.; Provis, J.L.; Nanukuttan, S. Alkali activated slag concretes
designed for a desired slump, strength and chloride diffusivity. Constr. Build. Mater. 2018, 190, 191–199.
[CrossRef]

137. Sata, V.; Tangpagasit, J.; Jaturapitakkul, C.; Chindaprasirt, P. Effect of W/B ratios on pozzolanic reaction of
biomass ashes in Portland cement matrix. Cem. Concr. Compos. 2012, 34, 94–100. [CrossRef]

138. Bernal, S.A.; Provis, J.L.; Brice, D.G.; Kilcullen, A.; Duxson, P.; van Deventer, J.S. Accelerated carbonation
testing of alkali-activated binders significantly underestimates service life: The role of pore solution chemistry.
Cem. Concr. Res. 2012, 42, 1317–1326. [CrossRef]

139. Wang, X.; Sun, M.; Guo, S. Water absorption characteristics of cement-based materials based on the chemical
reaction. Constr. Build. Mater. 2019, 220, 607–614. [CrossRef]

140. Da Silva, M.J.; De Souza, B.P.; Mendes, J.C.; Brigolini, G.J.S.; Da Silva, S.N.; Peixoto, R.A.F. Feasibility Study
of Steel Slag Aggregates in Precast Concrete Pavers. ACI Mater. J. 2016, 113. [CrossRef]

141. Ghafoori, N.; Sukandar, B.M. Abrasion Resistance of Concrete Block Pavers. Mater. J. 1995, 92, 25–36.
142. Scrivener, K.; Snellings, R.; Lothenbach, B. A Practical Guide to Microstructural Analysis of Cementitious Materials;

CRC Press: Boca Raton, FL, USA, 2018; ISBN 978-1-4987-3867-5.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.conbuildmat.2017.11.136
http://dx.doi.org/10.1016/j.scitotenv.2017.06.127
http://www.ncbi.nlm.nih.gov/pubmed/28666169
http://dx.doi.org/10.1016/j.materresbull.2017.07.024
http://dx.doi.org/10.1520/C0902-15
http://dx.doi.org/10.1111/ffe.13020
http://dx.doi.org/10.1016/j.conbuildmat.2018.09.124
http://dx.doi.org/10.1016/j.cemconcomp.2011.09.003
http://dx.doi.org/10.1016/j.cemconres.2012.07.002
http://dx.doi.org/10.1016/j.conbuildmat.2019.06.064
http://dx.doi.org/10.14359/51688986
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Study 
	Materials and Mix Proportion 
	Preparation of Concrete Paving Blocks Samples 
	Performance Evaluation 

	Results and Discussion 
	Compressive Strength 
	Crystallinity Peaks 
	Density, Water Absorption, and Porosity 
	Expansibility 
	Abrasion Resistance 
	Potential for Degradation of Organic Matter 
	Microstructural Analysis 

	Conclusions 
	References

