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Abstract: The study focuses on developing a prefabricated panel for non-structural purposes by
optimizing mortar mix designs incorporating recycled microplastic (RMP) and construction demoli-
tion waste (CDW) at various ratios (0, 10, 20, 30, and 100%). Experimental procedures encompassed
material characterization, mortar specimen manufacturing, compression resistance testing, and
thermal/acoustic panel tests following Colombian technical standards. Results indicate that incor-
porating 20% CDW enhances material strength, with cylinder number 3 (20% of CDW) achieving a
resistance of 31.45 MPa. Panels incorporating recyclable waste materials show improved acoustic and
thermal insulation properties, with up to 39 dB reduction in sound transmission and a 21 °C decrease
in thermal transmission observed (5.6% and 35% for panel and door, respectively). This research
advances sustainable construction practices demonstrating the potential of prefabricated panels using
recyclable materials, offering eco-friendly solutions with enhanced performance characteristics for
construction applications.
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1. Introduction
1.1. Overview

The need to develop alternative construction materials has contributed to the creation
of mortars that include recyclable materials to replace raw materials, seeking to reduce
the environmental impact in the construction industry. In recent years, the recycling of
construction and demolition waste (CDW or C&D) has been promoted as an alternative to
reduce the impact of the extraction of raw materials and waste; proper management is es-
sential to produce construction materials and ecological/sustainability. Population growth
and rapid urbanization have produced quantities of construction and demolition waste
(CDW) worldwide, creating challenges in the final disposal of the waste and its adverse
effects on the environment [1]. Greenhouse gas emissions, raw material extraction, CDW,
and traditional construction procedures have led to the exploration of new environmentally
friendly materials [2], giving rise to the study from various perspectives of sustainability in
the industry [3] through new ideas and findings in construction, the possibility of using
waste materials, the reduction of construction time, and the saving of costs in the modular
and sustainable industry [4].

In recent years, recycling has been promoted as an alternative to reduce the impact of
the extraction of raw materials and waste [5], with the management of CDW being essential
for producing sustainable construction materials [6]. The use of CDW aggregates has been
investigated not only in the production of concrete but also in the production of mortar, in
the same way as research has been conducted related to the percentages of substitution of
CDW aggregate for natural aggregate in concrete [7]. The extraction of waste together with
raw materials typically involves a process known as selective demolition or deconstruction.
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In this process, structures or buildings are carefully dismantled to salvage reusable materials
such as concrete, bricks, metals, wood, and other construction materials. The extraction
of waste together with raw materials involves a systematic approach to deconstruction,
salvaging, and recycling, aimed at minimizing waste generation and maximizing the reuse
of materials in sustainable construction practices.

Over time, the plastic industry has increased and replaced different materials, making
polyethylene terephthalate (PET) one of the most useful materials in everyday life [8];
its high durability, great strength-to-weight ratio, low thermal conductivity, and density
make it a suitable material to be used as concrete [9]. Research into the use of PET fibers
as dispersed reinforcement in concrete and mortar has been ongoing for a decade [10].
In this way, construction and demolition (C&D) waste represents a significant portion of
global solid waste production, with much of it being disposed of in landfills. Concrete
engineers have explored the possibility of treating and repurposing this waste as aggregate
in new concrete, particularly in lower-level applications [11]. Then, different aspects of
the waste issue need to be considered, including the international landscape of C&D
waste generation, production of recycled aggregates (RA) from C&D waste and their
incorporation into concrete, and governmental efforts to promote the recycling of C&D
waste [12,13].

The need to develop alternative construction materials has contributed to the creation
of different mortars that include residual materials to replace raw materials, seeking a
smaller ecological footprint in the construction industry [14,15]. The selection of com-
ponents and the design of mortar mixtures are essential to obtain the specific technical
requirements of the standard and properties such as resistance, durability, unit weight,
and appearance [16]. In recent decades, different mixture design methods have been
demonstrated, classified into four categories: compressive strength method, empirical,
closed aggregate packaging, and statistical factorial [17]. It is important to mention that
prefabricated products involve components built in a factory in a controlled environment
and transported to the site to increase construction speed and reduce costs [18,19]. Pre-
fabrication is considered a cleaner production approach that reduces waste and increases
the efficiency of natural resources and human capital, resulting in fewer environmental
emissions and greater productivity [20].

1.2. Related Studies

Juan-Valdés et al. (2020) found that incorporating ceramics as secondary materials in
recycled concrete yields a comparable performance to conventional concrete within 28 days.
This concrete is attributed partly to its pozzolanic characteristics (derived from industrial
byproducts) and a reduced effective water—cement ratio. Such behavior underscores
the potential for reusing these materials and their possible contribution to the circular
economy [21]. Ussa and Poveda (2015) explored the use of construction waste in concrete
mixtures for paving applications. However, the authors noted that the resulting products
exhibited low mechanical strength and lacked impermeability, posing challenges that could
be addressed through pre-laboratory experimentation to optimize research approaches [22].

Rao et al. (2007) discussed the engineering properties of recycled aggregates and
summarized their impact on fresh and hardened concrete properties. Barriers to the
wider adoption of recycled aggregate concrete (RAC) are identified, including limited
awareness, insufficient government support, and the absence of specifications or codes
for the reuse of these aggregates in new concrete [23]. Wagih et al. (2019) investigated
the RAC properties by crushing and grading concrete rubble from various demolition
sites and landfills in Cairo. Aggregates were utilized, including natural sand, dolomite,
and crushed concrete from diverse origins. Fifty concrete mixes were divided into eight
groups to examine the influence of recycled coarse aggregate quality/content, cement
dosage, superplasticizer use, and silica fume incorporation. Tests conducted encompassed
compressive strength, splitting strength, and elastic modulus evaluations. Findings indicate
that concrete rubble can be effectively transformed into viable recycled aggregate suitable
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for numerous structural concrete applications in Egypt. The results exhibited notable
reductions compared to natural aggregate concrete (NAC) blends comprising 75% NAC
and 25% RCA, demonstrating no significant alterations in concrete performance [24].

Similarly, Bravo-German et al. (2021) recently incorporated recyclable aggregates
from pavement (RAP) waste into concrete mixtures, considering different experimental
conditions. The results showed that up to 50% of the weight of the fine and coarse aggregate
fractions in concrete can be replaced with recycled aggregate, which does not significantly
affect its mechanical behavior [25]. Furthermore, Garcia-Ledn et al. (2023) developed
an experimental study to improve the mechanical properties of a concrete cobble using
recyclable additives (clay and ash). The results showed that adding additives to the concrete
mix was possible, increasing the paving cobble’s compressive strength [26].

In the case of non-biodegradable materials, Di Marco Morales (2015) carried out re-
search using polyethylene terephthalate (PET) plastic fibers to evaluate the mechanical
behavior of biomaterials with the incorporation of this material in different lengths. The re-
sults indicated that adding PET addition to the concrete mix at 35% by volume significantly
improves the mechanical strength of the concrete. Akinyele et al. (2020) explored the poten-
tial reuse of PET as an additive to clay in fired bricks. PET was blended with lateritic clay at
varying concentrations (0, 5, 10, 15, and 20%), and the resulting bricks were fired in a kiln at
approximately 900 °C for 48 h. Subsequent testing assessed the samples” water absorption,
firing shrinkage, density, and mechanical properties [26]. Findings revealed that bricks
containing 15 and 20% PET disintegrated at high temperatures, while lower concentrations
led to deformation at the edges. Samples with 0, 5, and 10% PET exhibited compressive
strengths of 5.15, 2.30, and 0.85 N/mm?, respectively, with corresponding modulus of
rupture values of 13.20, 11.96, and 8.53 N/mm?. Water absorption rates for these samples
ranged from 6.57 to 10.29%, falling within acceptable limits. Conclusions exposed that PET
content below 5% can be incorporated into fired bricks under controlled conditions.

Authors like [27,28] have also used PET to produce recyclable biomaterials in pave-
ments. These studies have shown that this type of material has good compression behavior
and is suitable for applications in civil engineering. On the other hand, Gamba (2015) used
recycled rubber particles in the concrete mixture to manufacture biomaterials. However,
due to the low adhesion of the particles to the concrete, a low density was obtained in the
biomaterials, and values were similar to those of concrete without the addition of rubber
particles [29].

1.3. Aim of This Work

This work aims to establish the mixing design of a mortar for the creation of a con-
crete panel with the addition of recycled microplastic and CDW under different mixing
percentages to determine the correct combination of materials in compliance with the spe-
cific technical requirements for concrete panels, identifying proportions of fine aggregate,
CDW, and the water/cement ratio, also considering the Colombian earthquake-resistant
construction regulation NSR-10 for non-structural walls (panels) [30], the Colombian tech-
nical standard NTC-4024 precast concrete [31], and the Colombian technical standard
NTC-3459 [32].

2. Materials and Methods

The materials used to determine the mix design of a mortar with CDW and PET
as fine material (river sand) and CDW were obtained from the CTA plant in the mu-
nicipality of Abrego, Norte de Santander, Colombia (8°04'39” N 73°13/09” O), and the
company INDURAL S.A of Vereda Portachuelo, Girardot, Antioquia, Colombia (6°22/37" N
75°26/46" O).

As part of evaluating the mechanical properties of the materials (mechanical character-
ization), the following laboratory tests were developed considering the current standards
in force and the guidelines required for correct data collection. For this purpose, Figure 1
shows a description of the experimental process carried out in this work, taking into ac-
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* Specific weight

* Absortion
* Humidity
* Granulometry

count what was proposed by [33-36]. The experimental development consists of three
stages: (1) characterization of the materials (specific weight, absorption, humidity, and
granulometry), (2) manufacturing of mortar specimens, (3) carrying out resistance tests
on mortar cylinders (dosage selection), and (4) analysis of results. Notice that the tests
were repeated at least three times and carried out in the materials resistance laboratories,
geotechnics laboratory, and mechanics laboratories of the Francisco de Paula Santander
University in Ocafia Norte de Santander and the chemistry and physics laboratories of the
Pontificia Bolivariana University and the university EAFIT. These tests were developed
following the guidelines of the Colombian technical standard NTC-1776 [37] (test methods
to determine the total moisture content of aggregates by drying), NTC-77 [38] (methods
for analysis by sieving of fine aggregates), and NTC-237 [39] (methods for determining the
density and absorption of fine aggregate).

Samples Test development Analysis results
preparation
« Equations » Mechanical tests * Tables and plots
* Mixture design * Acustic and thermal * Ansys software
*NTC standards insulation
procedures

Figure 1. Experimental procedure. Source: the authors.

The precise measurement and composition of various components are critical for
achieving the desired structural integrity and performance in construction materials. The
equations presented herein offer a systematic approach to calculating the volume of pri-
mary materials in mortar mixtures, mainly focusing on cement, water, air, and the innova-
tive inclusion of recycled polyethylene terephthalate (square PET samples of 2 X 2 mm).
Equations (1) to (5) delineate the volume calculations for each component, considering
factors such as cement amount, water ratio, air content, and PET density and providing a
comprehensive framework for understanding and quantifying the contributions of each
constituent in mortar formulations. Furthermore, Equation (6) offers a practical application
of these volume calculations by determining the sand-to-cement ratio, a crucial parameter
influencing mortar mixes” mechanical properties and workability. This ratio facilitates
informed decision-making in material selection and mixture design by leveraging sand’s
relative density and other components’ volumes [11].

Cement amount (Mortar 3000 psi)

Vol. = 1
O'-Cement Sand fineness modulus M)
Vol.water = Cement amountyiortarsooopsi X Water ratio cement (2)
Vol.air = 3.5% of cement weight 3)
5% cement weight
Volret = —5ET density @
Vol.sang = 1 — (Vol.cement + Vol.water + Vol.air + Vol.per) ®)

Considering the above, it is possible to determine the sand/cement ratio using
Equation (6).

Relative densityg, 4 X Vol.gand x 1000 (6)

Ratio. =
Sand/Cement Cement amountyfortar3000psi

Notice that the characteristics of PET particle sizes and amounts play a crucial role
in determining the overall physical properties, workability, density, thermal properties,
and aesthetic appearance of concrete blocks. Proper selection and control of particle sizes
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are essential to achieve desired performance and meet specific application requirements.
Finally, the homogeneous mixture composition was established after a rigorous experi-
mental process (the larger the number of PET particles, the more the mechanical resistance
decreased) was analyzed.

2.1. Cylinders for Compression Resistance Testing

Compressive strength test cylinders are devices used in the construction and civil
engineering industry to evaluate the ability of a material, such as concrete or mortar, to
resist compressive forces. These cylinders are molded from fresh material samples and
subjected to specific curing conditions before laboratory compression testing. This test is
developed to determine the proportion resistance used in the mixture design.

2.2. Mixture Preparation

The mixture was prepared according to the quantity specifications established in
Table 10; then, some steps were taken into account: the state of the site where the mixture
was cleaned and verified so that no external material interfered with the quantities. Each
material was weighed, with the exact value obtained in each dosage. The materials were
arranged at the selected site and later mixed. After that, water was added, and the mixing
process continued until a homogeneous mixture was observed (see Figure 2).

Firstly, the settlement verification was carried out through slump, which consisted
of depositing the mixture in the cone, dividing the amount into three equal layers, and
with the help of a smooth rod, each of these was tamped 25 times to settle the mixture and
eliminate air particles. Once this step was completed, the excess material was removed
from the upper part of the cone, and in this way, we proceeded to measure the settlement
of the sample based on the height of the cone. Afterward, the mixtures in the cylinder
were divided into two layers, and each of them was tamped 25 times with the help of the
rod and with a rubber mallet; each was hit 25 times to settle the mixture and eliminate air
bubbles. Once this process was finished, the cylinder’s upper part was cleaned so as not to
alter its shape. Finally, each of the samples was numbered to identify its dosage. Finally,
after 24 h of preparing the samples, the formwork was removed, keeping in mind that the
dimensions of the material should not be altered. After removing the samples from their
respective mold, the cylinders were placed in a barrel for subsequent setting and curing.

Raw materials

Figure 2. Mixture obtention process and hand mortar mixing. Source: the authors.

2.3. Compression Resistance Test

In this test, a sample of the material, typically in the form of a cylinder or cube, is
subjected to a gradually increasing compressive force until it ruptures. The compression
test with mortar cubes made from construction and demolition waste (CDW) follows a
standardized procedure to assess the compressive strength of the mortar, considering the
following steps: (1) sample preparation by combining the CDW aggregates, cement, water,
and any other additives or admixtures according to the desired mix design. (2) Molding of
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cubes, preparation of the cube molds by cleaning them and applying a thin layer of mold
release agent to prevent sticking. Then, fill the cube molds with the freshly mixed mortar,
ensuring that each mold is filled without trapping air bubbles. Compact the mortar in the
molds using a mechanical compaction apparatus to achieve uniform density and eliminate
voids. Strike off the excess mortar from the top of the molds using a straight edge to obtain
a smooth surface. (3) Curing, immediately after molding, cover the filled molds with a
plastic sheet to prevent moisture loss. This allows the mortar cubes to cure in a controlled
environment at a specified temperature and humidity for the prescribed curing period,
typically 24 h in water at 20 £ 2 °C. Finally, (4) Testing after the curing period, remove
the mortar cubes from the molds and visually inspect them for any defects or damage,
its important repeat the testing procedure for multiple cubes to obtain a representative
average compressive strength value for the mortar mix.

Notice that the force applied is measured in relation to the cross-sectional area of the
specimen, resulting in a stress measure, usually expressed in units of pressure. This test
was carried out 28 days after the sample, verifying the height, diameter, and weight of each
one because these values are necessary to calculate the resistance supported by the sample.
With the mixture design, a resistance of 21 MPa is expected at 28 days.

2.4. Development of the Concrete Partition Panel with the Addition of CDW and PET

The panel is designed with 20% CDW since it is the ideal mixture to achieve maxi-
mum compression resistance and better weight conditions (before a large experimental
work related to the mixture homogeneity). The dimensions of the panel are determined,
calculated from 15 kg of cement, 74.57 kg of sand, 0.75 kg of PET, 8.7 kg of water, 38.06 kg
of washed sand, and 9.51 kg of CDW to obtain a panel of 60 x 60 x 6 cm, as is evident in
Figure 3.

Figure 3. CDW panel dimensions.

2.5. Thermal and Acoustic Tests

The thermal test allows the analysis of how the compounds react as a function of time
and temperature and also establishes the panel’s contribution to reducing the temperature
inside the space. A cardboard duct was made to prevent heat leaks from a Haceb brand
electric stove, which increased temperature. Where Hobo-type temperature sensors were
installed in the lower and upper area of the dividing panel, which allows recording mea-
surement values that can be read through the Hoboware software, an interval of 5 min
for 1 h was selected, providing results of the temperature data and relative humidity per-
centages in said intervals. On the other hand, the acoustic test evaluates the increase or
decrease in decibels by applying various frequencies. The test was carried out in a hermetic
acoustic tunnel, where sounds were emitted at various frequencies from the rear end of
the duct to the panel located at the front end of it, 5 different frequencies were worked
on, measured in the Hertz unit, with intervals of 500 Hz per test, the minimum value was
500 Hertz, and the maximum value was 3000 Hz.

On the other hand, the test was conducted in a hermetic acoustic tunnel (see Figure 4)
constructed of wood and covered with an acoustic fabric. This fabric comprises foams
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that regulate and isolate the tunnel’s interior from external sound waves. The tunnel has
two anechoic chambers: one in the frontal zone, which is the measurement point, and one
located in the lateral zone, which allows for the sound source to be located to conduct
the test. The sound source used for the test was created using a homemade amplification
system, in this case, a portable speaker, and the frequency units in Hertz were controlled
through the digital frequency generator application. The measurement was carried out
using an IEC 651 TYPE II sound level meter, considering the guidelines of the ASTM
C518 [40] and ASTM E413 [41] standard procedures.

(a)

Figure 4. Thermal and acoustic test, (a) Equipment used, and (b) Sonometer. Source: the authors.

It is important to mention that the sound level meter calibration started at 100.4
decibels. When executing each test and increasing the sound frequencies, the sound level
meter should be calibrated as close as possible to that value. After performing this exercise,
the sound level meter is placed in the frontal zone of the acoustic tunnel, positioned using
the camera, with the sound source in order, followed by the recycled concrete dividing
panel, and finally, the sound level meter, which will be the device that allows obtaining the
results in decibels of the sound intensity that passes through the panel. Notice that low and
high sounds were used. Also, the temperature for acoustic tests is typically maintained
within a range of 20 to 25 °C. However, thermal tests were performed until 200 °C to assess
performance across various conditions. For both cases, the humidity levels were between
40% and 60%, commonly recommended to prevent excessive moisture absorption or drying
of materials, which could affect sound absorption or reflection properties.

3. Results and Discussions
3.1. Specific Weight and Absorption of Fine Aggregate

The results obtained from the specific weight and absorption tests carried out on the
river sand samples from the CTA plant in Abrego City reveal a relative density of 2.598
and an absorption of 2.52 (Table 1).

Table 1. Specific weight and absorption of river sand.

Item Value

Mass in air of the oven-dried sample (g) 613.5 £ 0.50
Mass of the graduated pycnometer filled with water (g) 670.1 £+ 0.49
Mass in air of the saturated and superficially dry sample (g) 500.3 £ 0.42
Total mass of pycnometer filled with sample and filled with water (g) 977.8 £ 0.91
Relative density (specific gravity) (SH) 2.534 +0.02
Relative density (specific gravity) in saturated and superficially dry (SSS) conditions 2.598 +0.01
Apparent relative density (apparent specific gravity) 2.707 £ 0.01
% absorption 2.52 +£0.02
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The results of specific weight and absorption of the washed sand product of the CDW
present a relative density of 2.44 and an absorption percentage of 5.88 (Table 2).

Table 2. Specific weight and absorption of CDW material.

Item Value

Mass in air of the oven-dried sample (g) 595.2 +-0.47
Mass of the graduated pycnometer filled with water (g) 670.1 £0.55
Mass in air of the saturated and superficially dry sample (g) 500.3 + 0.39
Total mass of pycnometer filled with sample and filled with water (g) 965.4 4- 0.88
Relative density (specific gravity) (SH) 2.305+0.03
Relative density (specific gravity) in saturated and superficially dry (SSS) conditions 244 4+ 0.02
Apparent relative density (apparent specific gravity) 2.666 &= 0.05
% absorption 5.88 £0.03

3.2. Fine Aggregate Moisture

The results of the humidity tests of the river sand and the CDW are shown in Table 3.
The river sand has a humidity of 13.59 and 8.46% of the CDW, which are fundamental data
to determine the mixture design.

Table 3. Moisture content for river sand and CDW.

Value
Item River Sand CDW

(g (g
Container weight (g) (p1) 282.5 + 0.99 290.8 + 1.56
Weight of container + Weight of moist soil (g) (p2) 433.8 +1.25 3587 + 3.69
Weight of container + dry soil (g) (p3) 4157 £1.15 3330.00 £ 2.89
Dry soil weight (g) 133.2 £ 0.89 3039.20 & 2.96
Weight of water (g) 18.10 + 0.75 257.00 4+ 1.48
Moisture content (%) 13.59 + 0.66 8.46 + 0.99

3.3. Granulometry of Fine Aggregate

Tables 4 and 5 contain the results of the granulometry test of the fine river sand
materials and the washed CDW product sample. The data obtained in the sieving of the
materials are observed, which allows for identifying the size of the particles and sediments
present in the sample and the weight and percentage of material retained in each sieve. In
this way, it will be determined that the material is within the parameters established in the
technical specifications.

In Figures 5 and 6, the particle trend sizes and sediments of the river sand and CDW
materials are graphically represented, along with the percentage of particles that pass from
one sieve to the other, which is evaluated to the limits established in the specifications.

In the results obtained, the differences between the particle sizes of the river sand
traditionally used in construction and the CDW sand can be observed, where the particle
sizes of the CDW tend to be larger due to their origin.
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Table 4. River sand granulometry.

\}\II:: lit;llt 2059.2 g Fineness Module 3.25
Sieve Retained % Retained 9, Retained o p Specification
In Mm Weight (gr) o Retaine Accumulated orass Min. Max.
3/8” 9.50 0.00 0.0 0.0 100.0 100 100
No 4 475 205.50 10.0 10.0 90.0 95 100
No 8 2.36 337.80 l16.4 26.4 73.6 80 100
No 16 1.18 403.60 19.6 46.0 54.0 50 85
No 30 0.60 450.80 219 67.9 321 25 60
No 50 0.30 309.10 15.0 82.9 17.1 10 30
No 100 0.15 193.00 94 92.3 7.7 2 10
No 200 0.075 90.40 4.4 96.6 34 0 5
P200 <0.075 69.00 34 100.0 - - -
Total 205920 g
100 e 7N I T T 1
90 NG =
3 N \\ Pass
80 N N ——Max. [
7 N | |
70 1 e Min.
?60 —
N 3
<20 W
2 40 N
] ] N \
A~ 30 1 N
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10.00 1.00 0.10 0.01

Standard sieve series

Figure 5. River sand granulometric curve. Source: Authors.
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Figure 6. CDW material granulometric curve. Source: Authors.
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Table 5. CDW material granulometry.

Initial Weight 2350 g Fineness Module 3.59
Sieve i o . Specification
n wm e %Rl SN RPR e
3/8" 9.50 3.40 0.2 0.2 99.8 100 100
No 4 4.75 254.50 11.7 11.9 88.1 95 100
No 8 2.36 528.40 244 36.3 63.7 80 100
No 16 1.18 472.40 21.8 58.1 41.9 50 85
No 30 0.60 341.70 15.8 73.8 26.2 25 60
No 50 0.30 245.10 11.3 85.2 14.8 10 30
No 100 0.15 176.40 8.1 93.3 6.7 2 10
No 200 0.075 101.70 4.7 98.0 2.0 0 5
P200 <0.075 43.50 2.0 100.0 - -— —
Total 216710 g

3.4. Mixture Design

Considering the data obtained on relative density (Tables 1 and 2), the density and
absorption of river sand and CDW sand, respectively (2.598 and 2.526%)—(2.44 and 5.88%),
the percentages of these. Once these data are obtained, we vary their percentage, depending
on the amount of sand from construction and demolition waste (CDW) to develop the test.
The distribution was done as shown below for each condition:

> Relative density (specific gravity) in saturated and superficially dry condition (SSS)
(0% CDW) = 100% Relative density (specific gravity) in saturated and superficially
dry condition of river sand.

> Relative density (specific gravity) in saturated and superficially dry condition (SSS)
(10% CDW) = 90% Relative density (specific gravity) in saturated and superficially
dry condition of river sand + 10% Relative density (specific gravity) in saturated and
superficially dry condition of CDW sand.

> Relative density (specific gravity) in saturated and superficially dry condition (SSS)
(20% CDW) = 80% Relative density (specific gravity) in saturated and superficially
dry condition of river sand + 20% Relative density (specific gravity) in saturated and
superficially dry condition of CDW sand.

> Relative density (specific gravity) in saturated and superficially dry condition (SSS)
(30% CDW) = 70% Relative density (specific gravity) in saturated and superficially
dry condition of river sand + 30% Relative density (specific gravity) in saturated and
superficially dry condition of CDW sand.

In Table 6, it is possible to observe the results of the CDW with a variation in the
percentages according to the mixture design.

Table 6. Relative density to calculate the mix design.

Relative Density (Specific Gravity) in Saturated and Superficially Dry (SSS)

Condition (% CDW) Value
0 2,598
10 2.58
20 257
30 255

100 2.44
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CDW percentages vary between 0 and 50%. Because the literature mentions that fine
recycled concrete aggregates can be used in a percentage of no more than 50% to obtain high
values of resistance and modulus of elasticity [42]. In this way, the mechanical performance
of the new concrete is not compromised due to the adhesion of the aggregates, presenting
mechanical properties like a reference mixture produced with natural aggregates. The data
to determine the mix design, with an expected strength of 3000 PSI—21 MPa, is presented
in Table 7. The sand fineness modulus is a measure of the fineness of the sand particles
in a concrete mixture, which is calculated based on the cumulative percentages of sand
retained on each of a specified series of sieves. Then, to obtain the sand fineness modulus
for a given concrete mixture, the sand is passed through a series of sieves of different sizes,
and the amount of sand retained on each sieve is measured. The cumulative percentages of
sand retained on each sieve are then calculated, and these values are used in the formula to
determine the fineness modulus. It is important to note that the sand fineness modulus,
along with other mix design parameters such as water-cement ratio and cement density,
influences the mechanical properties of the concrete, including its strength and durability.
Adjusting these parameters allows for optimizing concrete mixtures to meet the desired
performance criteria.

Table 7. Mixture design data.

Variable Value
Sand fineness modulus 325
Water cement ratio 0.58
Argos Structural cement density 3.18

454 kg of cement 3000 PSI
PET 5%

PET plastic density 1.35

The various dosages were calculated using Equations (1) to (5), and each result was
summarized in Table 8.

Table 8. Result of volume calculations.

Equation Variable Calculation Result

1 Volcement Bixs 142.77 kg

2 Volwater 454 kg x 0.58 263.32 kg

3 Vol 454 kg x 3.5% 15.89 kg
454 kgx5.0%

4 VOlpET FW 16.81 kg

5 Volsng 1-(142.77 kg+263.32118%3-15.89 kg+16.815 kg) 0.561 kg

The density values and the volume of sand were considered to determine the sand/
cement ratio for each CDW percentage using Equation (6). The results obtained in the
sand /cement ratio allow the following designs of the mixture to be determined (Table 9),
which are based on the amount of cement. It is necessary to highlight that we work
in units of (kg) because, as there is no significant difference between the proportions of
each material, this type of unit allows greater precision when incorporating them into
the mixture.
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Table 9. Mixture design.

Proportion (% CDW) Cement Sand
0 1 3.21
10 1 3.19
20 1 3.17
30 1 3.15
100 1 3.02

Considering the previous data, the proportions were adjusted to the volume of the
metal cylinder to determine the quantities to be used; as can be seen in Table 10, it’s
possible to observe information on the composition of different concrete mixtures with
different CDW percentages, which can be useful to evaluate the potential for using recycled
materials in the construction industry and its impact on the quality and sustainability of
the concrete produced. Likewise, it was observed that as the percentage of CDW in the
mixture increases, the amount of sand decreases while the amount of CDW sand rises [23].
This mixture means that part of the sand used is replaced by sand from CDW. The cement
amount, water, and PET remain constant in all cases. With an increase in the percentage
of CDW, the proportion of washed sand in the mixture decreases significantly, which
can affect the physical and mechanical properties of the resulting concrete. On the other
hand, it was observed that as the percentage of CDW increases, the proportion of recycled
material in the mixture (CDW sand and PET) increases, indicating greater use of recycled
materials in concrete production [40]. Note that the amount of water was kept constant in
the mixture despite the different absorption characteristics of river sand and Construction
and Demolition Waste (CDW) because maintaining a consistent water-to-cement ratio is
crucial for ensuring the desired strength, workability, and durability of the concrete. Also,
the PET value constant (0.25) allows us to obtain a good mixture homogeneity.

Table 10. Dosing cylinders with a diameter of 10 cm and a height of 20 cm.

o Cement PE CDW Washed
% CDW (kg) Sand (kg)  Water (kg) (kg) (kg) Sand (kg)
0 16.05 0.00 16.05

10 15.95 1.60 14.36

— 5 _— 29 0.25

20 15.86 3.17 12.69

30 15.76 473 11.03

100 15.08 15.08 0.00

3.5. General Results of the Compression Test

Table 11 shows that resistance at 28 days may exceed the expected resistance in
each sample. Likewise, cylinder number 3 has the best conditions since it has a lighter
compression resistance than the others. As was observed, the resistance decreased with the
inclusion of CDW.

The decrease in weight for cylinder 3 and the increase for cylinder 4 could be attributed
to variations in the density of the concrete mixture or differences in the amount of water
absorbed during curing. However, potential factors influencing weight variations could
include variations in the water-to-cement ratio, differences in compaction during casting, or
variations in the density of the aggregate materials. The weight differences observed may
impact the overall experiment results, particularly concerning the density and mechanical
properties of the concrete specimens. A change in weight could indicate differences in
the composition or density of the concrete mixture, which may influence the compressive
strength results. The smaller volume observed in cylinder 3 compared to the others may be
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due to differences in compaction during casting, variations in the density of the materials
used, or differences in the amount of air entrapped within the concrete mixture. These
factors can influence the overall volume of the cylinder and may contribute to differences in
compressive strength results. Further analysis of the experimental conditions and concrete
mix design would be necessary to determine the exact reasons for the smaller volume
observed in cylinder 3.

Table 11. General compression test results.

Cyinder S Diameter  Sand - Wolume WM yopy Lpagy R
1 204.14 110.28 9551.78 1,949,900.82 4.170 0 215.8 22.59
2 204.54 109.30 9382.77 1,919,152.44 4.116 10 254.4 27.11
3 201.18 104.80 8626.08 1,735,394.70  3.716 20 271.3 31.45
4 203.51 109.43 9405.11 1,914,033.13  4.054 30 241.0 25.62
5 202.92 104.95 8650.79 1,755,418.36  3.699 100 236.1 27.29

The recycled concrete helps to identify the material’s resistance, as evidenced by the
However, it was possible to find that the ideal mixture to achieve maximum resistance is
to use 20% construction and demolition waste (CDW) (see Figure 7); similar results were
obtained by [43]. Note that the microplastic films do not affect the panel’s mechanical
resistance, but their thermal and acoustic properties improved significantly. Also, the
results are statistically significant because the average error is less than 10%. The variation
in the slab’s temperature on the inside could be influenced by several factors, including
insulation effectiveness, heat generation, environmental conditions, and heating system
operation, which were controlled during the test [44].

Resistence (MPa)
\] [\ [\ (O8] w
—_ IS ~ [} W

—
o]

5+ttt
0%  20%  40%  60%  80%  100%
CDW

Figure 7. %CDW vs. Resistance. Source: Authors.

On the other hand, a difference can be observed between the %CDW applied, and the
weight obtained; concluding, the recycled material reduces the element’s weight compared
to a sample 100% made with river material (see Figure 8). Therefore, to guarantee weight
(light) and resistance conditions, it was decided to work with the mixture design obtained
with 20% CDW. Notice that the black line is the %CDW, and the grey line is the weight of
each cylinder evaluated. It's important to mention that recycled polyethylene terephthalate
(PET) bricks are a sustainable alternative to concrete masonry units in construction to
mitigate environmental impact while being environmentally friendly [44].
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Figure 8. %CDW vs. Weight. Source: Authors. Note: Where black is the %CDW and gray is the
Weight absorption.

3.6. Thermal Test of the Concrete Partition Panel with the Addition of CDW and PET

Considering information from the World Meteorological Organization, the maximum
temperatures to the specific partition panel with the addition of CDW and PET were
subjected at around 55 °C. Figure 9 shows the temperature inside and outside; the maximum
temperature point those transfers from outside to inside through the dividing panel is also
defined. The values obtained are lower than those obtained with conventional panels in
typical houses (until 60 °C).
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@)
<
< 40,000 +
=
£
= 30,000 +
o
2
20,000 T+
g :
2= 10,000 1 —e—lemperature (°C) Outside
] —®— Temperature (°C) Inside
0 +———+— : : ——t
X ® o © N * &)
S s R SO
v g v g N O O

Time (h, m, s)
Figure 9. CDW panel temperature test result. Source: Authors.

Figure 10 presents data on the relative humidity of prefabricated panel materials.
Therefore, the following sentence is quoted: In Figure 8, the maximum temperature point
outside is observed at 55 °C, and during the test, it was noted that the maximum tempera-
ture inside reached 35 °C. Consequently, with the addition of CDW and PET, the specific
panel reduces the internal temperature by up to 20 °C during elevated temperatures. More-
over, in temperature ranges between 23 and 30 °C, the panel maintains an approximate
temperature of 23 °C, representing suitable thermal comfort levels for residential settings.
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Figure 10. Thermal test result, CDW panel to relative humidity (RH). Source: Authors.

The relative humidity results in the area that simulates the exterior being significantly
lower than the interior area. This behavior is because the water vapor in the air decreases
as the temperature increases. Therefore, the panel reduces the humidity levels temperature
present outside, and the relative humidity inside increases, maintaining an approximately
constant value of 73% in 60 min. Notice that PET samples don’t develop a strong expansion
effect during thermal analysis because natural conditions were used. A block with these
characteristics can withstand a maximum temperature of 900 °C [45].

3.7. Acoustic Analysis Test of the Dividing Panel with Concrete and Recycled Plastic

In Figure 11, it is observed that the dividing panel decreases up to 39 dB at high
frequencies in the human ear, such as 3000 Hz; considering low and high frequencies on
average, it was obtained that the concrete and recycled plastic panel can decrease up to
27 dB < z the intensity of outside sound. Notice that a reduction around 5.6% and 35% was
estimated for panel and door, respectively.
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Figure 11. CDW panel acoustic test results with maximum limits. Source: Authors.

According to resolution 0627-2006, the maximum permissible noise emission level
standards are between 55 and 80 dB, depending on the sector [46]. These values allow us
to determine that if a sound intensity outside the construction is greater than 90 dB, which
is the permissible limit for human hearing, the dividing panel would have the capacity to
decrease to an acceptable value, providing acoustic comfort to the building [45]. Likewise,
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internal walls will allow for the absorbing and mitigating of the intensity of the sound
wave, providing privacy and comfort in the noise inside the building.

3.8. Microstructural Analysis by Scanning Electron Microscopy

SEM micrographs of the block samples were obtained using Bruker equipment op-
erating at 10 kV with an ultradry detector, whose results are summarized in Figure 12.
The microstructure and the presence of homogeneous rough surfaces are observed, but
no detachments are observed between the aggregates, so it is inferred that there is a good
aggregate-cement interaction. However, cracks are observed in the interaction of said
materials. The cracks observed vary from 2.4 um to 19 um. These degrees of fracturing that
occur in the aggregate-cementing paste interaction can affect the decrease of the element to
support loads and can be due to the dehydration of the mortar or be attributed to a material,
such as recycled concrete, that subsequently had a useful life and a failure. Furthermore, in
this material, it was possible to observe the remains of glass, stone materials, and various
residues that contaminate said mixture and may affect its resistance alterations. Likewise,
the cementitious material generally interacts correctly with the various aggregates and
additives; no detachment of the microplastic is perceived. Therefore, it bonds well with
the cementitious paste. However, the cause of the degree of fracture in the sample must
be thoroughly analyzed to determine the recycled concrete panel’s most relevant proper-
ties, the percentage’s influence on the microcracks present, and the interaction with other
aggregates and additives.

Figure 12. (a) Developed panel, and (b—-d) Microcracks over the panel surface in different sections.
Source: Authors.

3.9. Simulation Test Using ANSYS

The CAD-3D designs of the sustainable panels were imported into the ANSYS/2022-
R2 student version software, aiming to obtain a comprehensive design, analysis, and
simulation of various components through finite element analysis (FEA), as illustrated in
Figure 13. As part of this research, the FEA analysis tools integrated within the graphic in-
terface processor were utilized to ensure accurate and efficient analysis of the panel system
under compression loads [47]. Note that determining material parameters for numerical
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simulations involves a combination of experimental testing, mathematical modeling, liter-
ature review, and sensitivity analysis to represent the behavior of materials in structural
simulations accurately.

This way, the applied load to the panel was estimated to resist an average effort of
31.54 MPa. This analysis achieved the resistance acquired in the cylinder by adding 20%
CDW since this mixture design was used for the panel study (Figure 13). In conclusion,
applying a load of 3700 kN was necessary to obtain the expected resistance result.

(b)

Figure 13. Compression test simulation of the CDW panel: (a) diagonal and (b) horizontal. Source:
the authors.

4. Conclusions

Utilizing construction and demolition waste (CDW) in construction is a sustainable
solution, mitigating negative environmental impacts associated with improper disposal by
repurposing it as raw material for concrete production. To effectively assess its viability
in construction, it is imperative to establish mortar mix designs under varying CDW
percentages. This pursuit aims to find the optimal combination of materials, ensuring
compliance with specific technical requirements for concrete panels and identifying ideal
proportions of fine aggregate, CDW, and water-cement ratio.

Humidity test results comparing river sand and CDW revealed significant insights
crucial for mix design determination. River sand exhibited a humidity of 13.59%, contrast-
ing with CDW's 8.46% humidity. Additionally, disparities in particle sizes between river
sand and CDW sand were noted, with CDW particles generally larger due to their origin.

All samples surpassed the expected compression resistance of 21 MPa at 28 days, with
cylinder number 3 (20% CDW) displaying the highest resistance at 31.45 MPa and offering
favorable lightweight characteristics. CDW incorporation enhanced material resistance,
with the optimal mixture achieving maximum resistance at 20% CDW.

Notably, incorporating CDW decreased the weight of samples compared to river
material-only samples. This finding underscores CDW’s potential to reduce panel weight
while maintaining adequate strength properties. Thus, a mix design incorporating 20%
CDW alongside recycled microplastic was deemed suitable for creating lightweight yet
resilient concrete panels.

Integrating CDW into the construction of prefabricated partition panels holds promise
for sustainable construction practices, enhancing panel properties by 20% compared to
conventional counterparts. Panels demonstrated a compressive strength of 31.45 MPa and
were designed with dimensions of (60 x 60 x 6) cm, facilitating on-site installation and
weighing 45.72 kg. Various installation methods can be employed, offering versatility to
suit project requirements.

Acoustic tests indicated a reduction of up to 39 dB in sound transmission, while
thermal tests showcased a thermal transmission loss of up to 21 °C. These results signify
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the effectiveness of CDW and PET-incorporated panels as optimal dividing elements in
construction applications.

The incorporation of prefabricated panels featuring CDW and PET presents many
benefits, including a reduction in the exploitation of new raw materials and a decrease
in pollution generated by the construction sector. This underscores the importance of
sustainable practices in construction, architecture, and engineering.
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