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Abstract: Among the construction products manufactured with Portland cement (PC) are (in addition
to hydraulic concrete) construction blocks. These elements are used as masonry materials for the
elaboration of walls in all types of construction. For the elaboration of these elements, large amounts
of geomaterials such as sand are utilized. The aim of this investigation was to reduce the consumption
of geomaterials using block manufacturing that incorporates construction and demolition waste as
a substitute for gravel and tire flakes as a substitute for sand. These blocks were characterized by
their resistance in a compression test, flexion, modulus of elasticity, electrical resistivity, moisture
absorption, and MEB microscopy, as well as an analysis of the unit price for different mixtures.
The results show that the addition of tire flakes severely decreased the blocks” physical-mechanical
performance and increased the production costs, while the incorporation of 50% construction and
demolition waste achieved a performance very close to that of the control blocks and presented
improvements in the modulus of elasticity, although the costs could be higher than those for the
control blocks.

Keywords: Portland cement-based blocks; CDW; tire flakes

1. Introduction

The urgent need for affordable and durable housing means that many people self-
build. The first way to establish an intimate or private space is to erect masonry walls,
which may or may not later have a roof attached to protect people from the environment.
On the other hand, the accelerated growth of cities and the urbanization of spaces has led
to the demolition of numerous buildings to create spaces for new buildings [1,2].

The demand for buildings is increasing day by day. According to statistics, in 2018,
the total investment in the construction industry (public and private) was USD 11.4 billion,
and it is estimated that by 2025, it will be USD 14 billion, which translates into a greater
need for materials such as cement, aggregates, steel, and wood [3], in the case of natural
aggregates (gravels and sands), which could be replaced with residues, such as those
from concrete demolition. These usually come from nonrenewable natural resources. This
industry has significant impacts on the use of water (50%) and energy (45-50%) and the
loss of agricultural land (80%), among others [3,4]. In addition, there are challenges such
as avoiding the generation of greenhouse gases, reusing materials, recycling materials to
avoid the exploitation of geomaterials from nearby material banks, avoiding the accumu-
lation of solid waste, aiding the circular economy, and supporting communities in their
need for housing.
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It has been observed that the use of fine aggregates directly impacts the environment,
mainly in the case of extraction sources such as rivers and banks formed of materials of
volcanic origin. In some countries, the use of these materials has begun to be banned due
to the impact on ecosystems and the environment [5]. In addition, demolition waste is
placed in cleared areas where aquifers could be recharged; this has not only led to problems,
including a lack of space to store large amounts of materials, but also to environmental and
social problems since most of this waste is deposited in rural or unpopulated areas, which
makes it difficult to reuse [6,7].

The use of demolition materials has begun to boom due to the increasing quantities
of materials resulting from the demolition of old buildings, in which geomaterials that
are currently scarcer were used [8,9]. In the elaboration of concrete or mortars, aggregates
represent more than 70% of their volume; therefore, the use of recycled materials may have
a significant impact [10].

Demolition waste can be classified into three categories: (1) difficult to use or recycle;
(2) not possible to use directly (requiring some treatment or process); and (3) easy to reuse or
recycle, including asphalt, tiles, concrete, blocks, stones and materials used in floors [11,12].
In order to make use of these materials, it is important to know their properties and whether
they can be used in accordance with international construction standards. Knowing the
capabilities of these materials, in terms of their volumes and generation locations, in
relation to the improvements in the physical and mechanical properties of the composites
into which they could be incorporated, can help to define their appropriate use. The use of
waste from construction and demolition opens up new prospects in the development of
new and better materials [13]. Although a decrease in properties has been reported [14],
there is a study reporting the feasibility of using construction and demolition waste as
aggregates for the manufacture of concrete blocks, replacing 80% of the natural aggregates
with recycled ones, which generates a reduction in compressive strength.

One way to compensate for these decreases in resistance is the use of alkaline activators.
Zubair and Mahmood studied the effect of adding ground granulated blast furnace slag,
fly ash, and a NaOH activator on recycled aggregate concrete mixes to construct blocks
achieving mechanical improvements [15]. Liu et al. reported the influence of the recycled
aggregate—sand ratio, active activator content, and fly ash on the compressive strength
of insulating concrete blocks, achieving the highest strength with 45% sand [16]. Rojas-
Valencia et al. compared concrete blocks composed of different proportions of waste, such
as construction and demolition waste (CDW), PET flakes, tire dust, and cane bagasse
ash [17]. The results indicate that concrete blocks with PET and CDW meet the Mexican
compression standards for these types of elements.

Another locally abundant residue is tires. Michoacan, Mexico, has a large vehicle fleet,
with 21.95% concentrated in the capital, Morelia. The vehicle fleet in 2002 was around
800 thousand vehicles. It doubled in a decade, and by 2012, it was 1,750,000. Of these
vehicles, 49.4% were cars, 44.1% were trucks and cargo vans, 5.9% were motorcycles, and
the remaining 0.7% were passenger buses [18,19]. In 2021, there were 2,631,755 motor
vehicles in Michoacan [20].

Tire residues have been studied by various researchers. Fraile-Garcia et al. analyzed
the acoustic performance of blocks, lattice joists, and hollow concrete blocks doped with
rubber in proportions of 0-20% [21]. They found that as rubber doping increases, so
does the isolation of low-frequency sounds such as those emitted by heavy trucks and
dogs, among other sources, while intermediate doping (10%) presents better isolation for
medium and high frequencies. Gerges et al., Sambucci, and Valente studied the feasibility
of using ground rubber powder and granules as aggregates in concrete pavers [22,23].
They reported a decrease in compressive strength, but it was possible to maintain flexural
strength and improved its toughness, deformation capacity, acoustic insulation, and ductile
plastic failure.

Rocha et al. incorporated 0.75% and 1.5% of steel fibers from ground tires to concrete
blocks, reporting an increase of 20% for the mixture with 1.5% steel fibers added, com-
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plying with the minimum standards of Colombian, Spanish, French, and New Zealand
regulations [24].

Several investigations have used different substitutions in the manufacture of blocks,
cobblestone, or block, thereby contributing to sustainable construction, and they have
used a wide variety of residues and incorporation methods. Tarek et al. reported thermal
improvements in blocks that incorporate ferrosilicon and aluminum slag [25]. Gao et al.
used super-thin-layer mortar smeared on both sides of sintered blocks, achieving 84% and
89% of a high-cost commercial mortar [26]. Different substitutions have also been studied
in the manufacture of pavers such as low-calcium and granulated blast furnace slag [27],
steel slag powder [28], rice husk ash [29], processed waste tea ash [30], steel fibers [31,32],
crushed glass and granulated blast furnace slag [33], shredded plastic waste, powdered
ceramic waste [34], olive wood waste [35], and fly ash and microsilica [36].

This research focuses on the study of the behavior of building blocks composed of
CDW and tire flakes. The work was carried out in the city of Morelia, Michoacan, Mexico.
The CDW from a closed state prison “Francisco ]J. Mugica Social Readaptation Center”
was taken as the sampling material and sent for characterization and study. The CDW
added to the mixes has a life of more than 60 years. The materials were analyzed with the
intention of determining their feasibility of incorporation in the production of partition
walls as a substitute for natural aggregates and thus achieve multiple benefits, including
environmental, economic, and social benefits.

2. Materials and Methods
2.1. Stone Materials

In this study, the stone materials used were silt as a fine aggregate, with a fineness
module of 2.25, and volcanic gravel with a nominal maximum size of 3/8 inch; see Figure 1.
These materials are commonly used in the production of cement-based blocks.

Figure 1. Stone aggregates: silt (left) and gravel (right).

Silt: This material comes from the “Mr. Enrique” material bank located in the region
of Zinapécuaro, Michoacan (coordinates: 9°52/41.8" N 100°52/52.4"” W).

Gravel: This granular material was obtained from the “Cerritos” bank of material
located on the Morelia—-Guadalajara highway, Michoacén (coordinates: latitude 19°41'41” N
and longitude 101°1643” W).

Both materials (silt and gravel) were characterized according to current standards
with the following tests:
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- Absorption humidity (ASTM C127-15 [37]);

- Specific gravity or saturated relative density (ASTM C127-15 [37]);

- Dry and loose volumetric mass (MVSS) (ASTM C29/C29M-07 [38]);

- Compacted dry volumetric mass (MVSC) (ASTM C29/C29M-07 [38]);
- Granulometry or particle size analysis (ASTM C 136/C 136M-19 [39]).

2.2. Cement

The PC was obtained from a national distributor; it is a fast CPC 40R cement, according
to the NMX-C-414-2017 standard [40].

2.3. Water

The water used in this study was obtained from a well in the place where the fa-
cilities of the company specialized in the manufacture and sale of partitions are located,
in Morelia, Michoacan.

2.4. Construction and Demolition Waste (CDW)

The origin of construction and demolition waste (CDW) comes from the demolition of
buildings and infrastructure, rehabilitation and restoration of existing buildings and struc-
tures, and residues from the production of building materials. However, its composition
varies in terms of quantity and recovery potential, since construction waste (originating
from new construction) is less mixed and less contaminated, and its recovery potential is
higher than that of waste originating from demolition and rehabilitation [41].

The CDW materials were characterized according to current standards for aggregates
in concrete processing with the following tests:

- Absorption humidity (ASTM C127-15 [37]);

- Specific gravity or saturated relative density (ASTM C127-15 [37]);

- Dry and loose volumetric mass (MVSS) (ASTM C29/C29M-07 [38]);

- Compacted dry volumetric mass (MVSC) (ASTM C29/C29M-07 [38]);
- Granulometry or particle size analysis (ASTM C 136/C 136M-19 [39]).

2.5. Tire Flakes

This material was obtained from a local company located on the Morelia-Salamanca
highway, in Tarimbaro, Michoacan; it produces the shredding of tires out of use in the city
of Morelia.

2.6. Mix Design

The coarse aggregate (gravel) was progressively substituted with recycled construction
and demolition waste (CDW) at levels of 15%, 30%, 50%, and 100%. This step aimed
to explore the feasibility of replacing coarse aggregates with CDW, starting with lower
percentages and gradually reaching full replacement.

In the third stage, three additional preliminary mixtures were developed, focusing
on the replacement of fine aggregate (ballast) with tire flakes at levels of 5%, 10%, and
20%. These replacements were applied while maintaining the original proportions of the
control mixture. The selection of these percentages was informed by research documented
in an article titled “Influence of rubber particles on the compressive strength of concrete
blocks” [42].

Ten mixtures were designed with variations in the proportions and type of material
used. Therefore, the design of the mixtures was subdivided into four stages. In the first
stage, the mixture was designed for the control blocks. Since there are no standardized
design methods for Portland cement-based blocks, and each manufacturer usually has its
own particular proportions depending on the quality of the materials used and, of course,
their experience, we decided to use the proportions of the company where the blocks were
manufactured. The intention was that the results obtained would be easily accepted by and
appropriate for the manufacturers. In the second stage, four preliminary mixtures were
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prepared, replacing 15, 30, 50, and 100% of the CDW using the same proportions as the
control mixture (Table 1), only replacing the coarse aggregate (gravel) in each percentage.
In the third stage, 3 more preliminary mixtures were formed, replacing 5, 10, and 20% of the
tire flakes with fine aggregate (silt), using the same proportion (Table 1). Once the results
of the mixtures of stages two and three were obtained, we proceeded with the fourth and
final stage of this section, where two final mixtures were prepared, the first by replacing
only the coarse aggregate with 50% CDW and 5% tire flakes (Table 1) and the second by
replacing 50% CDW and 10% tire flakes with coarse aggregate. A total of 42 pieces were
manufactured for each mixture, due to the number of parts needed for the tests that were
subsequently carried out.

Table 1. Design and nomenclature of mixtures.

. Cement Gravel Silt(Sand) Water CDW  Tire Flakes Workability
Mixtures Nomenclature

(kg) (kg) (kg) (kg) (kg) (kg) (Inches)
Control Control 12 90.8 75.3 11.7 0 0 0
CDW 15% CDW15 12 77.18 75.3 11.7 13.62 0 0
CDW 30% CDW30 12 63.56 75.3 11.7 27.24 0 0
CDW 50% CDW50 12 45.4 75.3 11.7 454 0 0
CDW 100% CDW100 12 0 75.3 11.7 90.8 0 0
Tire flakes 5% C5 12 90.8 71.54 11.7 0 3.77 0
Tire flakes 10% C10 12 90.8 67.77 11.7 0 7.53 0
Tire flakes 20% C20 12 90.8 60.24 11.7 0 15.06 0
CDW 50% + tire flakes 5%  CDW50 + C5 12 40.86 75.3 11.7 454 4.54 0
CDW 50% + tire flakes 10%  CDW50 + C10 12 36.32 75.3 11.7 454 9.08 0

2.7. Specimen Processing

The manufacturing process was carried out at a micro-company in semi-industrialized
conditions. The elaboration stages are as follows:

- Mixing: A motorized blade mixer was used for mixing (Figure 2a,b). The coarse ag-
gregates (gravel and CDW) were added first, followed by fine aggregates (silt and tire
flakes); then, the cement was added, and they were dry-mixed until a homogeneous
mixture was achieved. Then, the water was incorporated in partial quantities until
reaching the total for each mixture and achieving again a homogeneous mixture.

(a) (b)
Figure 2. Material mixer (a) and mixed material pouring gate (b).

- Filling of molds: Once the adequate consistency of the mixture was obtained, the
gate was opened (Figure 2b), and the manufacture of the blocks continued. We
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placed the mixture inside the molds, and the specimens were manufactured through
vibro-compacting (semi-industrial manual equipment of national elaboration, with a
single-phase motor at 110 V with 2 HP, including a mold for a block of any model and
size; model CK-7571) (Figure 3a—c).

Figure 3. Filling and compacting molds: (a) mold filling, (b) vibro-compacting, and (c) demolding
and specimen removal.

- Storage and curing of specimens: Finally, the specimens were left to dry for three days,
outdoors, covered with plastic in order to not lose moisture too quickly. Subsequently,
they were taken to cure in the wet sand beds of the materials laboratory “Luis Silva
Ruelas” at the UMSNH.

For the curing process, we decided to follow the procedure used by the local company
where the specimens were manufactured in order not to alter their internal processes and
to follow the actual manufacturing conditions so that when trying to implement the results
obtained here, the company would not have to modify its installations.

2.8. Tests Performed on the Blocks

Compressive and flexural strength tests of the mortars were performed using the Tinius
Olsen Universal Testing Machine with a capacity of up to 50 tons and approximations
of 1 kg. The beams were tested with a three-load bearing, using the simply supported
method, and fracture occurred in the middle third in all cases. Table 2 summarizes the
tests performed, the dimensions of the samples, and the standards followed to carry
out this study.

2.9. Microscopic Evaluation of Mortars

After the rupture test under the load stress, chips of material were collected, subjected
to vacuum, metalized with copper, and observed in a scanning electron microscope (SEM)
to observe their matrix and morphology. EDS (energy-dispersive X-ray spectroscopy)
analysis is a punctual characterization using an X-ray detector that can obtain data from the
X-ray photon with a characteristic value from each element. The quantitative data obtained
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from EDS analysis are the atomic and element percentages, indicating the elements present
in the sample.

Table 2. Tests performed on the building blocks.

Test Standard Specimen Dimensions
Compression fc ASTM C140/C140M-21 [43]  11eight . 7 em; width =13 em;
ength = 24 cm
Flex ff ASTM C78/C78M-22 [44] ~ Fieight =7 cm; width =13 cm;
length = 24 cm
. Height = 7 cm; width =13 cm;
Absorption rate ASTM C566-19 [45] length = 24 cm
Modulus of elasticity ASTM C469/C469M-22 [46] Cyhndeff:.d‘ameter =10cm;
eight 20 cm
. C . Cylinders: diameter = 10 cm;
Electrical resistivity ASTM C1876-19 [47] height 20 cm

3. Results and Discussion
3.1. Characterization of Aggregates and CDW

The physical characterization of aggregate substitutes (CDW) is important for estimat-
ing their impact on the mechanical behavior of mixtures in a hardened state. The results of
this characterization are presented in Table 3. Two important indicators of the quality of
the materials are the percentage of water absorption and the density since they indicate
how porous the aggregate is. In this case, it is evident that the three materials have a high
absorption, greater than 10% in all three cases, and therefore a low density, which has a null
mechanical contribution to the mixture; by contrast, it can absorb water from the mixture
and affect its setting and final resistance.

Table 3. Characterization results of coarse and fine aggregates.

Maximum
. . Density MVSS MVSV Fineness
o,
Material Absorption (%) (g/em®) (g/em®) (g/em’) Modulus (%) Aggregate
Size (Inches)
Silt (sand) 10.32 211 1.21 1.31 2.25 /
Gravel 15.53 1.7 0.65 0.71 / 3/8"
CDW 13.12 2.04 1.05 113 / 3/8"

The results for the dry material and loose and compacted volumetric masses (Table 3)
also show low densities, especially for gravel. These results could be considered negative
for the elaboration of concrete, but this study focuses on the elaboration of blocks, and
in these pieces of masonry, the aim is to reduce their weight as much as possible to be
competitive with extruded clay blocks.

In the case of the granulometry of fine aggregate (silt), an excess of fine particles can
be observed (Figure 4) compared with the permissible limits for the production of concrete.
This excess of fine aggregates impacts the fineness module close to 2.0 (Table 3) so that the
silt used can be classified as fine sand.

The granulometry studies of the coarse gravel and the CDW aggregates (Figure 5)
show that gravel is within the permissible limits for concrete, so this aggregate would have
little impact on the mechanical performance of the samples, and the arrangement of its
particles during the elaboration of the partitions is adequate. The opposite occurs with
CDW materials, since they have excess coarse particles, although this is not significant.
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Figure 4. Granulometry of the fine aggregate (silt) with acceptance limits for concrete manufacturing.
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Figure 5. Granulometry of coarse aggregate (gravel) and CDW with acceptance limits for concrete
manufacturing.

3.2. Mechanical Tests on the Blocks
3.2.1. Compressive Strength

These tests were performed at 7, 14, 28, and 180 days for both control mixtures and
CDW substitutions, while for mixtures with tire flake substitutions, the times were 7, 14, 28,
90, and 120 days. From each sample, five pieces of blocks were tested. Prior to carrying
out the compressive strength tests, it was necessary to submit the pieces to a pitching
process so that the load applied to the element was uniform. For pitching, a mixture of
gypsum-—cement was prepared at a mass ratio of 4:1, respectively, with the addition of water
until adequate workability was achieved. The preliminary results showed that decreasing
the amount of fine aggregate silt considerably decreased the compressive strength.

The simple compression test (Figure 6) shows the strong impact of the incorporation
of tire flakes, as it reduces the resistance from 14.2 MPa of the control mixture to 1.3 MPa of
the incorporation of 20% tire flakes. This can be attributed to the method of incorporating
the tire flakes since fragments of approximately 2 cm (diameter of the larger side) could
cause preferential accommodation of the same in the mixture, which at the time of vibro-
compacting give rise to areas of low rigidity in the blocks.
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Figure 6. Compressive strength of study mixtures.

The incorporation of CDW shows a slight improvement in the compressive strength
of the mixture that incorporates 50% of them (Figure 6), as the only mixture that managed
to overcome the control in all test ages. For this reason, we decided to combine 50% of the
RCD with tire flakes, although again extremely unfavorable results were obtained.

3.2.2. Flexural Strength

The static bending (MR) tests were performed when the specimens were 28 days old
since this is the age at which 100% of the design strength of the mixtures is reached; this
is also the value considered for structural and constructive calculations in civil works.
The results of this test (Figure 7) again show that the incorporation of CDW by 50% man-
ages to maintain a flexural strength very similar to that of the control, with a difference
of only 5.9%. Another mixture that presents similar results is that which incorporates
100% CDW, which reaffirms the fact that CDW can be a substitute for natural stone materi-
als in high percentages.

4.0
35
30
25
=20 1.5
(a'a
1.5 11
=
1.0 7 05— 0.6 08
05 . N
/ N
0.0
) Q ) Q
. Q$ Y
Mixtures o ®

Figure 7. Block breaking module.



Sustainability 2023, 15, 15418

10 0of 18

In the case of the incorporation of tire flakes, the results again show that the values
are well below those of the control mixture and the same as those of the mixtures that
incorporate both residues. Flexural strength is directly related to the stiffness of the material
and compressive strength; therefore, if these properties decrease, so will the flexural
strength. The incorporation of tire residue flakes decreases the compressive strength
(Figure 6) as well as the modulus of elasticity (Figure 8); therefore, the flexural performance
is also affected. Recent research has reported that the use of tire residue as a substitute for
stone aggregates decreases the mechanical properties of concrete [48,49]. Even though in
this research, tire residues are used as flakes instead of dust or fragments, they present the
same effect.

4500
4000
3500 @ Control
3000
= cestss CDWSO
a 2500
=
=2000 - oy = CDWS0
1500 5
—& =CDWS0
1000 +C10
500
0
0 5 10 15 20 25 30
Age (days)

Figure 8. Static module of elasticity.

3.2.3. Static Module of Elasticity

For this test, cylinders of 10 cm in diameter by 20 cm in height were manufactured, with
the mixtures that had better results or were representative of the combinations of residues
used. The specimens tested were the control mixture, mixtures with 50% replacement
of CDW, mixtures with 50% replacement of CDW plus 5% tire flakes, and mixtures with
50% replacement of CDW plus 10% tire waste. The test ages for all mixtures were 7, 14,
and 28 days.

Figure 8 shows the different rigidities of the mixtures analyzed and their behavior
at different times of study. The effect generated by the incorporation of CDW and tire
flakes in the mixtures is evident, since 50% CDW increases the modulus of stiffness by 50%
compared with the control at the age of 28 days. This can be attributed to the texture of
CDW (Figure 9), which is much rougher than the texture of the natural gravels used in
this work. This allows for a greater adhesion between the cement-water grout and the
aggregates, achieving greater cohesion of the resulting matrix.

In the case of mixtures incorporating both residues, there is a drop in stiffness with
respect to the mixture with 50% CDW, and this may be due to the presence of tire flakes
as already observed in the previous tests, although in this case, the decrease in stiffness
slightly exceeds the control at 28 days. This could imply improvements in the dynamic
behavior of the mixtures; since they do not present the same resistance as the control, but
the same modulus of elasticity, it could be inferred that other properties related to stiffness
could be improved, such as impact resistance [49] and resilient modulus [50].
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Figure 9. MEB images of the interface between CDW aggregate (right side of the images) and
new cementitious matrix (left side of the images): (a) 40 x magnification; (b) 250x magnification;
(c) 1000 x magnification; (d) 10,000 x magnification, and numbers in red indicate the EDS sampling
points; (e) 40,000 x magnification.

3.3. Physical Tests in the Blocks
3.3.1. MEB Images

This analysis focused on the interface between the CDW aggregate and the new ce-
mentitious matrix formed with Portland cement. In Figure 9a, we can observe a difference
in the morphology of the surface. The union between the new cementitious matrix and
CDW is observed; the CDW shows greater porosity and the presence of more pronounced
irregularities (Figure 9b) than the new cementitious matrix, where a more compact surface
with less presence of pores can be observed. Figure 9c more clearly shows the differ-
ence in the surface morphology of the two materials; the CDW material shows a more
compact surface with small variations in height, always showing it as a whole. On the
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other hand, the surface of the new matrix shows changes in morphology with a variety
of shapes and heights and the presence of gaps or separations between the parts that
constitute it. Figure 9d shows a difference in the tonality of the surfaces, in addition to the
presence of crystalline morphologies in the new cementitious matrix. The union between
the two materials is clearly appreciated, as is how the new material forms the bond—by
means of small agglomerations on the CDW material. Figure 9e shows a closer view with
40,000 x magnification; the gap union of CDW and the new cementitious matrix can be seen.
As for the differences in morphology, the CDW shows the agglomeration of prism particles
with small sizes, producing a rougher surface, unlike the surface of the new cementitious
matrix, which shows a smoother surface with larger particles. In this image (Figure 9c), the
sampling points for the EDS analysis are labeled; the values of the % of mass are shown in
the graph of Figure 10. A greater presence of silica and aluminum can also be observed in
the CDW sample; this may be due to the fact that the CDW was derived from structural
concrete, in which elaboration and curing processes were carried out according to standard
regulations, while the samples taken from the new cementitious matrix show the presence
of a higher percentage of calcium and sulfides, which may be due to a poor curing process,
since the samples, once elaborated, were left to dry for the standard time. In the case
of analysis point 4, a high calcium content is observed, which is due to the fact that it is
a portlandite crystal given the morphology of the crystal; since it is a byproduct of the
hydration of Portland cement, its dicalcium and tricalcium silicate phases are belite and
alite. The composition matches the morphology.
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Figure 10. EDS analysis of points marked in Figure 9d.

3.3.2. Absorption Humidity

Like static bending, absorption moisture tests were performed at 28 days of age of
the specimens, since this is the age at which 100% of the design strength of the mixtures is
reached. It is also the age at which they are used in civil works.

Figure 11 shows the results of this test. It can be seen how the mixtures with the
highest recorded absorption correspond to those that incorporate tire flakes. The lowest
percentages of absorption correspond to the mixtures that incorporate CDW, with the 50%
CDW mixture being the one that presents the lowest result (in fact, lower than that of the
control mixture).

Absorption is directly related to the porosity of the matrix, mainly to the interconnected
porosity or effective porosity. When comparing the absorption results with the compressive
strength (Figure 6), it is found that the mixtures with lower mechanical strength have the
highest moisture absorption, which confirms that samples with more porosity have lower
strength and higher absorption. Figure 9 shows the microstructure of the study specimens.
In this figure, it is observed that the new cementitious matrix presents high porosity due
to deficient curing of the specimens; at the same time, the incorporated CDW granules
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present high porosity, so the incorporation of 100% CDW also presents high absorption and
low mechanical strength.
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Figure 11. Absorption humidity in study blocks.

3.3.3. Electrical Resistivity (ER)

The electrical resistivity was determined using the direct method and the same speci-
mens with which the static module of elasticity was determined at 28 days. The test was
executed following the ASTM C1876 [47] standard and the DURAR network manual [51],
as seen in Figure 12. In the case of the electrical resistivity test (Figure 12), it is observed
that the lowest results correspond to mixtures with tire flakes, which is consistent with the
absorption results (Figure 11), since the higher the absorption, the greater the presence of
pores and therefore the lower the electrical resistivity. Similarly, the lowest performances
correspond to the mixtures that incorporate CDW and tire flakes; the 50% and 100% mix-
tures present the highest results. Comparing this test with the results of absorption, the
mixture with 100% CDW exhibits a strangely high level of electrical resistivity, not in
agreement with its percentage of moisture absorption. Figure 9 shows the microstructure
of the interface between a CDW aggregate and the new Portland cement matrix. In this
figure, the high porosity of the CDW can be seen (Figure 9a,b), so in the specimens in which
100% of the CDW is replaced with gravel, there is a significant effect of this porosity. As the
ER test is very sensitive to the moisture content of the sample, this strange behavior may
be due to the rapid drying of the samples composed of 100% CDW and therefore could
impact the obtained results.
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Figure 12. Electrical resistivity in study blocks.
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3.3.4. Unit Cost Analysis of Specimen Manufacturing

A direct economic cost analysis was prepared based on the material combinations
mentioned in the mixture design. For this analysis, current prices as of November 2022
were corroborated. This analysis is important as it provides us with a slightly broader
picture of the possible economic savings based on the use of these types of waste as raw
materials. It should be noted that this study was carried out assuming that the CDW is
provided by a recycled concrete plant, which facilitated the price of the material per m> as
MXN 130.00 for the CDW and MXN 8.00 per kg of tire flakes.

It is important to mention that the price of CDW was obtained from a CDW marketing
company in Mexico City, and they do not ship outside the city; therefore, these unit cost
conditions were met for a maximum of approximately 30 km, which is the maximum
shipping distance of the plant. In the case of exceeding this transfer distance, an extra cost
per shipment would have to be considered, so we decided to carry out a second study
considering a price for a transfer of 14 m3 MXN 10,000.00.

The analysis of the direct cost per piece took into account materials, labor (two labor-
ers), machinery, and equipment, considering an exchange rate of the national currency
(MXN) to USD of MXN 17.0672 for USD 1 as of 14 August 2023. The first step in the analysis
was to determine the volume of the aggregates required for each concrete mix. Subse-
quently, for each mix, the volume of each component within the concrete was calculated,
accounting for the gravel, silt, and water. This volume determination was based on the
mass per unit and the respective density of each component. Following this, the unit price
of each material per part was analyzed, including the unit price of Portland cement per
unit mass. This analysis provided the cost of materials per unit. The labor cost was then
evaluated, considering a team of two general helpers. Finally, the expenses associated with
machinery and equipment were accounted for.

Figure 13 shows the first comparison of the unit costs of the blocks analyzed with differ-
ent additions and combinations of tire and CDW. It can be seen that CDW achieves a slight
improvement in the unit cost of the block, while the tire flakes significantly increase this
cost, even in combination with CDW. Evidently, the greater the replacement of CDW with
natural aggregate in the mixture, the greater the reduction in the unit cost of the partition;
therefore, the mixture with the lowest unit cost is the one that incorporates 100% CDW.
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Figure 13. Unit price comparison of study mixtures without considering CDW transfer costs.

Looking at the results in Figure 14, it can be seen that reductions in unit prices for
mixtures with CDW can easily be reversed and even increased above the control if a carry-
through cost is to be added to the base cost of the CDW. Since relocation costs are very
common and necessary in the construction industry, this variable can make the process
more complex or hinder its acceptance by builders and/or block manufacturers.



Sustainability 2023, 15, 15418

150f18

— 0.262
0.25
~ 0.199
920 0167 MM 0.168
> 0.144 0:154
o015 |0.135 ;
% 0.10
o
0.05
ooo | HH 4 e Ll
.Q\O\ \g’\i’) &")Q ,\/QQ C’)
& 9 S S N
13 S S S
Mixtures

Figure 14. Comparison of unit price of study mixtures considering transfer costs of the CDW.

4. Conclusions

The reuse of solid waste in different industrial processes has been extensively re-
searched worldwide, particularly the reuse of waste that is generated in large quantities.
One of the industries that demand a large number of raw materials is construction manu-
facturing. For this reason, the recovery of solid waste as raw materials is a viable option
for incorporation into this industry’s value and production chains, which in turn would
benefit the environment.

This study proves that the incorporation of CDW as a substitute for coarse aggregate
(gravel) up to 50% in the elaboration of blocks is viable from a physical-mechanical point
of view, without diminishing the resistance to compression and bending and increasing the
stiffness. From an economic point of view, it is demonstrated (with a simple analysis of
unit price) that acceptable economic savings can be achieved with the use of CDW as a raw
material, although it is also evident that this economic improvement is easily reversible at
greater transport distances.

In this context, it can be concluded that, although it is technically feasible to incorporate
CDW in the development of blocks (without significantly altering their physical-mechanical
properties and even improving some of their properties such as stiffness), it is necessary to
develop waste management mechanisms since the technical advantages do not necessarily
translate into economic advantages, and this can severely affect the acceptance of these
new raw materials by the producers and consumers of building blocks. These management
mechanisms should incorporate strategies to raise public awareness of the revaluation of
these waste materials, the provision of local collection centers, and the correct regulation
of these waste materials by decision makers. In this way, the technical and economic
advantages of the use of these waste products in the construction industry can be fully
exploited so that they are no longer considered waste.

In the case of tire flakes, although they have highly elastic characteristics and chemical
stability, no improvements were achieved with their incorporation. In fact, they seriously
affect the physical-mechanical behavior of the blocks and at the same time increase their
production costs. Even though no benefits were achieved through this incorporation,
this research provides results that increase the technoscientific knowledge of this waste.
This will serve as a starting point for other researchers and/or future research projects
investigating the appropriate way to incorporate this waste in some type of compost for
construction. They can be used for up to 5% of nonstructural partitions in combination
with CDW. Additionally, on their own, they can be effective for up to 10% incorporation.
The benefits are difficult to calculate in terms of greenhouse gases, for example, but the
geomaterials that are replaced are nonrenewable resources. Not exploiting stone quarries
also implies the conservation of endemic flora and fauna. Tire flakes are very, very difficult
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to recycle. In this case, further research is required to address different shapes and sizes
of incorporation of tire flake particles in order to achieve results similar to those of CDW.
In the same way, further studies could assess the effects of CDW variability on properties
using multi-source demolition waste.
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