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Abstract: The European Green Deal, which emphasizes zero-waste economies, and waste recycling
in construction and building materials, has arisen due to significant worldwide needs for solid waste
recovery and usage. This ambitious study focuses on recycling mixed construction and demolition
(C&D) waste into burnt bricks and investigating the influence of firing temperature. While pursuing
its objectives, this is dependent on raw material characterization and burnt-brick product quality
assessment. The recycling of mixed C&D waste is explored by mixing the waste into two soil types
(alluvial and laterite) in ratios ranging from 5% to 45% at three firing temperatures (700 °C, 850 °C
and 900 °C). The utilization of mixed C&D waste in amounts of 10% at 700 °C and 25% at 850 °C
and 900 °C fulfilled the Indian standard. Although a fire at 700 °C results in less optimal waste
utilization, it is beneficial and recommended for reducing the carbon footprint and energy use. Ad-
ditional mineralogical and microstructural analyzes are performed on the optimal fired samples.
The study’s findings are promising for sustainable resource usage, reducing carbon footprint, and
reducing waste disposal volume. This research is a big step toward the Sustainable Development
Goals of the United Nations and a circular economy.

Keywords: mixed C&D waste; clay brick; fired brick quality; laterite soil; alluvial soil; firing
temperature

1. Introduction

Global emphasis is on the recycling of waste materials to achieve zero waste. Popu-
lation growth, lifestyle changes, technological advancements, and other factors of mod-
ernization all have a significant impact on waste generation. The development in urbani-
zation, as well as city reconstruction, is contributing to the increase in construction and
demolition (C&D) waste. It is estimated that approximately 30% to 40% of solid waste
generated comes from C&D waste [1-4]. Waste from C&D operations has received a great
deal of attention, becoming the focal point of environmental effect, and about 85% of it is
not recycled; 35% is utilized as landfill. [5]. The key features of C&D waste include inert
and non-inert behavior, dust particle discharge into the air, huge volume, unsorted and
complicated components, and a substantial percentage of nonbiodegradable material that
needs future study [6,7]. C&D waste is typically disposed of in unplanned and unauthor-
ized locations, while demand for natural resources utilized in construction continues to
grow [8,9]. In 2012, the global generation of C&D waste was predicted to be approxi-
mately 3 billion tons. China, India, and the US are the top three nations in terms of C&D
waste production [2]. Waste production in Europe is predicted to be 0.175 billion tons per
year, whereas waste production in developing nations is estimated to be 1.825 to 2.825
billion tons per year [10]. As a consequence, appropriate waste disposal, C&D waste man-
agement, and waste recycling are necessary.
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India has 18% of the world’s population and is one of the world’s fastest-growing
economies. The construction sector is the country’s growth engine, accounting for the sec-
ond-largest economic activity. It accounts for around 10% of the country’s total gross do-
mestic product (GDP). It is estimated that around 63 million people, including both urban
and rural populations, live in housing that is inadequate for their requirements. As a con-
sequence of this circumstance, a substantial quantity of waste is generated around the
country [11,12]. The researchers estimate that 112 to 700 million tons of C&D waste are
created each year, but this figure is not currently effectively recorded [7]. The rates of C&D
waste disposal in Delhi, Mumbai, and Kolkata are 5000, 3000, and 2000 tons per year, re-
spectively. These three cities are at the top of the list of metro cities in terms of C&D waste
generation. In 2016, India developed a waste management policy that includes C&D
waste; moreover, the country has already begun trying to encourage its stakeholders to
recycle solid waste products. Nonetheless, according to the report, India would only use
1% of all C&D waste in the country by 2020 [7].

Recycling C&D waste and its use in construction materials are becoming an increas-
ingly important area of study in the modern day. Several studies have been carried out to
investigate the viability of using various wastes in construction and building materials.
Waste foundry sand (WFS) is considered to be one of the wastes that are recycled into
building materials. It is a by-product of the metal casting industry and is high-quality
silica sand that is black in color. The usage of WFS introduces poor strength in concrete
and asphalt concrete during the partial substitution of natural sand. In addition, it was
discovered that the compressive strength and the modulus of elasticity were both satis-
factory when fine aggregate was being replaced [13-15]. Coal bottom ash (CBA) and fly
ash are two additional types of waste that are utilized as a partial substitute for sand in
the manufacture of concrete. Because of their appearance, particle size, and silico-alumi-
nous nature, both are tempting in the recycling process of concrete as a partial substitute
for sand. They are by-products of industrial waste from coal-fired thermal power plants.
According to research conducted on the replacement of fine aggregate on concrete pro-
duction of CBA, addition at 50% and 100% increased fine particle content, water consump-
tion, internal friction, setting time, and compressive strength. Flexural strength, on the
other hand, remained constant, whereas split tensile strength decreased [13,16,17]. Fly ash
is also being investigated for use in a variety of applications, including cement and con-
crete production [17], structural infill material [18], pavement [19,20], asphalt mixture [21],
and fired bricks [22].

There is the possibility for good change in the world if C&D waste is utilized as a
partial substitute in construction and building materials. Despite this, several studies ex-
ploring the feasibility of utilizing C&D waste in construction materials have been con-
ducted (Table 1). One of the many successful recycling applications is the use of C&D
waste as aggregate in the production of concrete. According to the researchers’ findings,
adding 10 mm aggregate size to concrete leads to more water absorption, reduced specific
gravity, lower bulk density, and increased compressive strength. To improve the way the
components of C&D waste are linked together, the waste’s characteristics must have a
high water absorption rate [23,24]. The use of 3% of recycled concrete aggregate and 1%
of crushed brick as a material in either a subbase or a pavement produced favorable results
in terms of the deformation behavior [25]. Clay brick that has been demolished may be
used instead of geo-polymer binder in the construction of pavement [26]. The usage of
this waste for the production of fired brick, on the other hand, is not nearly as high when
compared to its integration into concrete. The use of construction waste in the manufac-
turing of bricks at 10% to 20% resulted in improved extrusion, a reduction in linear firing
shrinkage, a drop in working moisture, and an improvement in mechanical strength [27].
It is believed that incorporating 30% to 40% of the demolished ceramic roof and wall tile
waste into the production of fired bricks is one of the most beneficial and sustainable ways
to safeguard natural resources [28]. Insufficient exploitation of C&D waste in the produc-
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tion of burnt bricks is one of the gaps and unplanned areas are commonly used for dump-
ing purposes. At the same time, the widespread utilization of waste in construction and
building materials demonstrates a positive impact on sustainable development, reduces
the amount of waste that is disposed of, and presents a satisfying solution for reducing
the negative impact that humans have on the environment [29].

Table 1. Literature analysis on similar waste addition on fired brick production and their key find-
ings.

Size of Waste Characteristics of o Optimum Utili-
Ref.  Type of Waste Particles Raw Clay Temp. (°C) zation
Demolished
29.74% Al
bricks, fly ash, %-74% A0 600 900 and 60-80% of total
[30] . <150 pm kaolinitic—illitic
rice husk ash, 1000 waste
ball clay

glass cullet
[31] C&D waste <2 mm 26.8% AlOs 800 and 1000 30 to 70%
Ground con- 11.23% ALOsil- 1000 and

[32] crete waste <100 um litic—chloritic clay 1100 2.5-15%

powder
Demolition 28.64 Al.Oskao-
floor and wall linitic alluvial soil 35% at 850 °C
[29] coramic tile <0.6 mm 26.86 Al:Os kao- 850 and 900 and
linitic—illitic later- 40% at 900 °C
waste . .
ite soil
Processed C&D 37 5% of C&D
[33] waste 300 pm-1.18 Undefined 900 waste and 1% of
and 0.1-1% of mm fly ash
fly ash
15% Al20s days
Processed C&D containing illite 900, 940 and o
[34] waste 100-250 pm mica, chlorite, kao- 950 15%
linite and smectite
28.64 Al20Oskao-
. ) linitic alluvial soil 10% at 700 °C
Sg‘;sy M”ijjsfe&D <06mm 2686 ALOskao- OV 3(5)8 and - nd 25% at 850
linitic—illitic later- and 900 °C

ite soil

The data presented in Table 1 [29-34] relate to comparable work that had been carried
out in earlier research, together with the optimal requirements. Compressive strength,
water absorption, firing linear shrinkage, and bulk density are the characteristics of
burned bricks that are most often measured and most frequently examined. All of the
research that has been done on the inclusion of C&D waste in burned brick manufacturing
have shown positive outcomes. This research study is, to the best of our knowledge, the
only one of its kind to undertake mixed C&D waste testing in two distinct kinds of soil
and at three firing temperatures.

For this study, a partial replacement of the natural clay soil that is normally utilized
in the manufacturing of fired brick was substituted by mixed Cé&D waste. The originality
of the study consists of the use of two different soil types that are typically utilized in the
Indian subcontinent for the production of bricks, as well as the examination of many pa-
rameters that influence the quality of bricks. The objective of the study was to (1) use the
mixed C&D waste; (2) analyze the influence of firing temperature to discover the optimal
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firing temperature, and (3) limit the usage of natural resources while simultaneously in-
creasing the adoption of environmentally friendly solutions. This effort will be beneficial
in reaching sustainable development objectives since waste management is necessary for
healthy living on land, which is one of the Sustainable Development Goals (SDG 15) [35].

2. Materials and Methods

When making fired bricks, mixed construction and demolition debris is often utilized
as a partial replacement for raw clay. In the brick manufacturing sector of India, laterite
and alluvial soil are regarded as the two natural resources that are believed to be of the
utmost importance. They are necessary to the brick manufacturing industry in India and
come highly recommended as a result of the high percentage of clay minerals and fine
particles that they contain. In addition, they have low levels of nitrogen, phosphorus, and
organic matter in their composition, which also contributes to their superiority. Alluvial
soil (AS) was collected from the nearby Brahmaputra River and its transportation, load-
ing, and unloading are done by daily laborers. At the same time, laterite soil (LS) was
collected from inside the campus. The C&D mixture was obtained and analyzed by the
researchers using materials such as demolished concrete, marble, fired clay bricks and
blocks, ceramic tiles, asphalt, and roofing tiles. As a consequence of the renovation work
that was being performed, mixed C&D waste was collected from the backyards of various
hostels located on the campus as well as from the villages that are located near the uni-
versity. After collecting, there is no separation performed. The mixed C&D waste was
milled using a ball-rolling grinder and sieved to a fraction of less than 0.6 mm and it was
the same for both soils. Preparing the raw materials is followed by raw material charac-
terization and brick product quality characterization. The chemical and mineralogical
compositions of both soils are shown elsewhere [36].

2.1. Raw Material Characterization

The chemical composition of the mixed C&D waste was recorded by using X-ray flu-
orescence (XRF) spectroscopy (PANalytical AXIOS Sequential XRF Spectrometer). The
analysis was carried out at the instrumental section of the University of Guwahati (sophis-
ticated analytical instrument facility (SAIF), Guwahati, India).

A mineralogical characterization test for the mixed C&D waste was performed by X-
ray diffraction (XRD) at the Central Instrumental Facility (CIF) at the Indian Institute of
Technology Guwahati (IITG). The 9KW Powder X-ray Powder Diffraction machine
(Rigaku Technologies, Tokyo, Japan, Model: Smartlab). The X-ray wavelength (1.54184 A)
is produced by Cu K-4.

Determining the toxic metals leaching from mixed C&D waste is conducted by tox-
icity characteristics leaching procedure (TCLP) test [37]. The Environmental Protection
Agency (EPA, Washington, DC, USA) used method 1311 guidelines for the determination
of toxic elements such as As, Cd, Cr, Cu, Fe, Ni, Mn, Pb, and Zn. Atomic absorption spec-
trometry was used for the measurements (Atomic Absorption Spectrometer Thermo Sci-
entific, Waltham, MA, USA, iCE 3000).

Identification of the functional groups in the raw material is performed by Fourier-
transform infrared (FTIR) spectroscopy (IRAffinity-1; M/s Shimadzu, Japan).

Differential thermal and thermogravimetric analysis (DTA/TGA, Netzsch STA
449F3A00 Instrument from 30 °C to 1000 °C) was used to investigate the weight change
and thermal stability caused by a firing temperature heating rate of 10 °C/min in a static
nitrogen atmosphere. This was done using the instrument from 30 °C up to 1000 °C.

Microstructural morphology of mixed C&D waste was investigated using Zeiss
Sigma 300 field-emission scanning electron microscopy (FESEM) at CIF, with magnifica-
tion ranging from 10x to 300,000x.

The amount of mixed C&D waste that could be incorporated into two different soils
can vary from about 5% to 45%. The percentage of soils that are being used in the produc-
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tion of fired bricks drops from 95% to 55%. To obtain a material that is uniform through-
out, it is necessary to perform an adequate dry mixing action during the process of making
fired bricks. To get the desired consistency, which is achieved by adding 20% to 25% more
water, the waste and the soil were mixed with water before being added. To ensure effec-
tive manual pressing, the wet mixture was poured into the cuboid-shaped laboratory-
scale molding in three different layers that were evenly spaced apart. The wet bricks were
exposed to the sun for one day, dried in an oven at a temperature of 105 + 5 °C the follow-
ing day, and then burned in an electrically operated muffle furnace for five hours at three
temperatures: 700 °C, 850 °C, and 900 °C. These temperatures are representative of the
typical firing temperatures used in commercial kilns in India. Figure 1 provides an over-
view of the manufacturing process. Brick characteristics were measured on all of the
pieces, and six samples of bricks were produced for each different mixing percentage of
alluvial and laterite soil.

Figure 1. Fired brick production process.

2.2. Properties of Bricks

A total of 324 samples was produced for the study: two types of soils, three final
firing temperatures, 9 shares of the waste, and 6 samples for testing.

Using a digital Vernier caliper, the dimensional change of all produced bricks was
tracked to calculate the firing shrinkage that occurred during the sintering process. Before
and after the brick sample was fired, the dimensions were measured both times. Loss on
ignition was carried out to determine the weight loss, which was primarily the result of
the removal of water, organic matter and carbonates from the sample. It is calculated as
the percentage difference between the weight loss before and after firing the brick sample
[38-40].

The purpose of the bulk density measurement is to determine how much the volume
has changed concerning the ratio of the wet mass before and after the bricks have been
sun-dried and fired in the muffle furnace. The quantity of water that is absorbed by the
brick sample is referred to as its water absorption, and it can be determined by immersing
it for 24 h in water at room temperature. After allowing the bricks to soak for 24 h, they
were removed from the water, wiped down with a damp cloth, and then immediately
weighed. A universal testing machine (UTM, 250 kN) was used to determine the compres-
sive strength of specimens of fired brick. The load was applied to the samples continu-
ously and uniformly until they broke, and the machine is automatically adjustable to en-
sure that it uniformly transmits the load. Tests were performed on five samples represent-
ing each mixing ratio, and the average results were reported. To investigate apparent po-
rosity, the ASTM C20 [41] standard was utilized, while the Indian standard IS: 3495 [42]
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was utilized to investigate the sample’s efflorescence. The results on the compressive
strength and water absorption are presented as the average of 3 samples.

A mineralogical determination was performed on the optimal fired samples by using
the XRD instrument by Rigaku Technologies, Japan.

Micromorphology of those samples was investigated by Zeis Sigma 300 FESEM, with
magnification ranging from 10x to 300,000x. The samples to be tested were primarily cov-
ered with a layer of gold using a coating spray device for enhanced reflection.

3. Results
3.1. Raw Materials
3.1.1. Mineralogical Composition of the C&D Waste

The mineralogical composition of the used soils is presented elsewhere [43]. The
main difference is that laterite soil is kaolinitic with some montmorillonite, while alluvial
soil is kaolinitic-illitic. The XRD pattern produced from mixed C&D waste is shown in
Figure 2. It does this by using a highly sensitive dual imaging plate technology, which not
only increases the accuracy of the readings but also reduces the amount of time that is
required to gather the data. The XRD graph reveals that the main peak related to quartz
is very prominent, and it also demonstrates that mixed C&D waste includes quartz as the
major crystalline phase [44]. In addition, some illite—-mica and feldspars (albite and ortho-
clase) are detected. The mineral phases originating from concrete are found to be ettring-
ite, portlandite and calcite. However, ceramic-based products made up the majority of the
waste that was examined.

Figure 2. XRD result of unfired demolished mixed C&D waste.

3.1.2. Chemical Composition of the C&D Waste

The findings of the XRF analysis of laterite soil, alluvial soil, and mixed C&D waste
are shown in Table 2 as interims of main oxides. In all raw materials, the primary oxide
elemental components in XRF analysis are 5iO: and ALOs, as expected. Given that con-
crete contains a large proportion of CaO, these results indicate that the share of this mate-
rial in the mixed C&D waste was relatively low. The presence of fluxing agents was the
highest in laterite soil and the lowest in mixed C&D waste. Bricks may be made with any
other raw material as long as it has a high proportion of silicon dioxide (between 50% and
60%) and aluminum oxide (between 20% and 30%) as their main chemical components.
The mixed C&D waste in these mixtures acts as a filler since it lowers the content of clay
minerals in the matrix, lowers plasticity, and decreases drying shrinkage [39].
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Table 2. Chemical composition of raw materials.
Major Oxides C&D Waste Alluvial Soil Laterite Soil
(%) (%) (%)
510 s o oy
14. 28.64 26.
AlOs + 0.56 iigO 16187(;
o 5 o
.04 . 1
MnO iOO(.)OO 100?84 100.3 1
MgO Cow coms com
ca0 o e Ry
1.7 .81 1.
NaxO + 0.132 1002.505 + 0?37
0 com C02s o
. .67 .
TO: iOO?(:)BAL 100%4 100?83
o Soor Coo S0
71 1 1
50s ¢00.05 100.01 100.31
Loss on ignition 16.42 9.62 8.37
+1.09 +0.63 +0.56

3.1.3. Fourier-Transform Infrared Spectrometry (FTIR)

FTIR is a spectrum graph that is produced by applying four distinct modes of molec-
ular vibration (bending, rocking, twisting, and scissoring) [45]. The XRD and XRF results
were constrained by the mineralogy observed by FTIR. The main molecular bands identi-
fied with FTIR are shown in Figure 3; and they are detected at approximately 3417 cm™,
1438 cm1, 1001 cm™, 877 cm™, 783 cm™, and 466 cm™. The strong band situated at 1001
cm! represents the asymmetric stretching internal vibrations of silica and/or alumina
bonded to the oxygen atom (Si-O-5i and Si-O-Al) and is considered mostly related to the
content of quartz, but also feldspars and clay minerals [46,47]. Other smaller bands, also
characteristic of quartz presence ,are found at 466 and 783 cm™ [46,48]. The detected bands
corresponding to C-O vibration in CaCO:s are found at 877 and 1438 cm™'. Additionally,
the broad and very weak band from -OH vibration in Ca(OH):2 was seen at about 3417
cm~' [49,50]. A small band found at 1648 cm™! was assigned to a small content of clay min-
erals in the material. Also, a weakly prominent peak at 527 cm™ showed the presence of
hematite [48]. The FTIR analysis and the missing characteristic bands at about 3600 cm™!
and 1600 cm™' show that there is a very low amount of clay minerals in the studied waste
[48].
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Figure 3. FTIR result of the mixed C&D waste.

3.1.4. Thermal Behavior

Figure 4 depicts the thermal analysis (DTA/TGA) of the mixed C&D waste at a tem-
perature ranging from 30 to 1000 °C. The study is done in a dynamic manner, which means
that the temperature rises continuously at a constant heating rate [51].

Figure 4. DTA/TGA curves of mixed C&D waste.

The weight loss is approximately 4% when the temperature is raised from 30 °C to
200 °C due to the removal of free water and interlayer OH-groups, and trapped carbon
dioxide. The burning of organic matter and impurities resulted in a ~2% weight loss from
200 to 400 °C, while the total weight loss is about 16%. The main exothermal reaction ap-
peared at about 255 °C resulting from organic matter decomposition while being inter-
rupted by an endothermic reaction at about 343 °C, which is due to the decomposition of
ettringite [52]. Another endothermic effect noticed at 501 °C might be caused by the de-
composition of portlandite. The characteristic endothermic peaks of the clay mineral de-
composition at about 530-540 °C [46] were not seen in the DTA curve. The structural con-
version of quartz is not seen in the DTA graph since it is overlapped with more intensive
reactions of dehydration. The same is with the decarbonization of carbonates, which is
detected only in the corresponding TGA curve at 762 °C.
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3.1.5. Microstructure

Figure 5 displays the results of the examination of the microstructural morphology
of mixed C&D waste. Micromorphology mostly consists of agglomerated material, which
also exhibits some porosity and just a few occasional microscopic fissures. Agglomerates
show a morphology made up of sub- and micron-sized particles. Also, some structures of
ettringite that resemble whiskers are seen. A hard alumina-silicate phase is present in the
material after it has been fused. Bricks that are created by adding the waste would be
improved in their vitrification quality if an additional fluxing agent is included in the
mixed construction and demolition debris [53].

Figure 5. Microstructure morphology of parts of the mixed C&D waste at different magnifications.

3.1.6. Toxicity Characteristics Leaching Procedure (TCLP)

The leachates that were created from the mixed construction and demolition waste
exhibited levels that were much lower than the limitations stipulated by the Indian Haz-
ardous Waste Management Rules (2016). As a consequence of this, the utilization of mixed
C&D waste in the manufacturing of burnt brick is shown to be an ecologically responsible
alternative. The results of the TCLP leaching tests are shown in Table 3.



Materials 2023, 16, 262

10 of 22

Table 3. Toxic elements in the mixed C&D waste.

Elements Mixed C&D Waste (mg/kg)
Ac 2.12+0.14
Cd 1.23 +0.08
Cr 1.07 £ 0.07
Cu 0.00 +0.00
Fe 0.00+0.00
Ni 0.00+0.00
Mn 1.11 +£0.07
Pb 0.00 +0.00
Zn 99.6 + 6.66

3.2. Properties of Fired Bricks

A variety of factors are used to determine the mechanical and physical qualities of
bricks. Compressive strength, water absorption, linear shrinkage, loss on igniting, and
bulk density are some of the most important. The capacity of a material to withstand wear
and tear may be impacted by characteristics such as water absorption and compressive
strength. The higher quantity of mixed C&D waste is steadily increasing water absorption
and also decreasing compressive strength. According to both Indian and ASTM standards
[54,55], the maximum allowable water absorption is 20%. The findings are shown in Fig-
ure 6, and they demonstrate that incorporating 10% of mixed C&D waste into both soils
after burning at 700 °C is acceptable and within the limitations. On the other hand, at
temperatures of 850 °C and 900 °C, the inclusion of 25% mixed C&D waste is permitted
on both soil types. The use of mixed C&D waste in soils showed that the addition of waste
consistently increases water absorption at all three temperatures, as it induced porosity
caused by somewhat increased contents of carbonates in the mixtures [28,56].
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Figure 6. Water absorption of mixed C&D waste in alluvial (a) and laterite (b) soil.

The compressive strength of all five specimens is displayed in Figure 7, which shows
the average of all of the tested compressive strengths. According to the American standard
(ASTM), the compressive strength of fired brick must be above 10.3 MPa, but according
to the Indian standard (IS), it is to be a minimum of 3.5 MPa is required [54,55]. The
weather in India is significantly different from that in North America, which is the reason
for this difference. At a temperature of 700 °C, 10% had reached the limit, while at tem-
peratures of 850 °C and 900 °C, 25% had satisfied the limit. At a temperature of 700 °C,
the addition of 10% of mixed C&D waste caused a reduction in compressive strength of
approximately 34% on laterite soil and approximately 42% on alluvial soil. There is also a
reduction in compressive strength, which can be seen in laterite soil samples, and that is
by 18% at 850 °C and by 17% at 900 °C. In the case of alluvial soil, the measured reduction
was 28% at 850 °C and 23% at 900 °C. There is a linear decline in compressive strength as
a result of the increased addition of the waste which introduced somewhat increased car-
bonates contents [28].
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Figure 7. Compressive strength of mixed C&D waste in alluvial (a) and laterite (b) soils.

The findings of firing linear shrinkage are provided in Figure 8, while the results of
loss on ignition and bulk density are represented in Figures 9 and 10, respectively. There
is a subsequent decrease in density that takes place whenever mixed C&D waste is inte-
grated into any of the soils at any one of the three temperatures. The decrease in bulk
density of the fired brick specimens at a temperature of 700 °C varied from 1435 g/cm? to
1382 g/cm? in laterite soil and from 1473 g/cm? to 1444 g/cm? in alluvial soil for 0% to 10%
addition of the mixed C&D waste. The bulk density, on the other hand, decreased from
15% to 45% with the addition of C&D waste in the soil, revealing 1311 g/cm? to 1237 g/cm?
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in laterite soil and 1412 g/cm? to 1231 g/cm? in alluvial soil at 700 °C. For 0% to 25%, as-
similations of mixed C&D waste into laterite soil show the bulk density variation from

1493 g/cm?3 to 1367 g/cm?, while in alluvial soil it ranges from 1493 g/cm? to 1421 g/cm? at
850 °C temperature.

Figure 8. Firing linear shrinkage of mixed C&D waste in alluvial (a) and laterite (b) soils.
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Figure 9. Loss on ignition of mixed C&D waste in alluvial (a) and laterite (b) soils.
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Figure 10. Bulk density of mixed C&D waste in alluvial (a) and laterite (b) soils.

At 850 °C, the bulk density decreases as the mix ratio rises from 30% to 45% and is
demonstrated to be 1338 g/cm? to 1255 g/cm? in laterite soil and 1369 g/cm? to 1283 g/cm?
in alluvial soil. For 0% to 25% inclusion of mixed C&D waste, the decrease in bulk density
on brick specimens fired at 900 °C varies from 1520 g/cm? to 1453 g/cm? in laterite soil and
from 1512 g/cm? to 1414 g/cm? in alluvial soil. Incorporation of the waste into laterite soil
shows bulk density variations from 1406 g/cm? to 1280 g/cm?3, while in alluvial soil it
ranges from 1351 g/cm? to 1241 g/cmd. At temperatures of 700 °C, 850 °C, and 900 °C, it is
possible to see a decrease in the mass loss in both types of soils when mixed C&D waste
is added into brick clay. The presence of more water on the clay grain, which is then evap-
orated during the firing process, causes the control brick to have a greater loss on ignition,
bulk density, and linear shrinkage compared to waste-added bricks. This is because con-
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trol brick contains a larger amount of water and more clay minerals. In addition, the amor-
phous form of some volatile compounds is undergoing a transition toward the crystalline
form [44,57].

Bricks that are currently going through the firing process will undergo shrinkage be-
cause of the high temperature of the firing as well as the loss of water that is mechanically
and chemically bonded inside the sample. At temperatures of 700 °C from 0% to 10% ad-
dition of mixed C&D waste into both soils and at temperatures of 850 °C and 900 °C from
0% to 25%, the shrinkage that takes place is minor. However, it significantly rises in the
range of 15% to 45% at 700 °C, and 30% to 45% at 850 °C and 900 °C. A shrinkage of
approximately 2.91% was observed on both soils when heated to 700 °C for 0% to 10%
addition, whereas 3.75% was observed for 15% to 45% addition and 0% to 10% is almost
comparable to control brick (2.64%). At temperatures of 850 °C and 900 °C, the value of
shrinkage is 2.67% in laterite soil and 2.73% in alluvial soil from 0% to 25% waste addition.
However, the shrinkage is 3.39% in laterite soil and 3.51% in alluvial soil for 30% to 45%
and 0% to 25% incorporations, which is almost equal to control brick specimens.

Upon inspection of the efflorescence, there was no evidence of flacking or cracking
at all the tested temperatures with 0% to 10% waste addition at 700 °C, and from 0% to
25% addition at 850 °C and 900 °C in both soils. Cracks and bloating flaws were not seen
during the sintering process at any of the three temperatures or in any of the soils. When
scraped with a finger, it does not leave a mark, but when it is hit with two bricks at the
same time, it emits a sound like a bell ringing.

3.3. Instrumental Analysis on the Optimal Fired Bricks

The mineralogical composition of the fired samples found optimal (Figure 11) re-
vealed somewhat-decreased content of quartz with increasing firing temperature. Be-
sides, the diminishing of characteristic portlandite, ettringite, calcite and illite-mica peaks
is noticed as a result of the degradation of these minerals caused by rising temperature.
Additionally, orthoclase peaks became somewhat more pronounced after firing, while al-
bite content decreased, which aligns with a previous study [31]. Laterite soil contains a
lower quantity of quartz, and even more decreased with firing temperature, which in-
duces an increased amorphous matter content and the occurrence of cristobalite [58]. A
somewhat-higher quantity of hematite [59] is found in the lateritic samples, which is well
aligned with the XRD analyses. Besides, minor amounts of muscovite appeared in the
samples after firing at 850 °C [60].
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Figure 11. XRD analysis of the optimal mixtures.

Due to the finer distribution of grains and the higher proportion of clay minerals in
the laterite soil sample, lower porosity, higher compressive strength and a higher modu-
lus of elasticity are obtained, compared to alluvial clay [61]. The effects are reflected in the
SEM images of the samples found to be optimal (Figure 12), where the rise in firing tem-
perature strengthens the materials, and the lower porosity is seen in samples containing
laterite soil. A relatively low degree of densification is seen after firing at 700 °C in both

kinds of soils.
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Figure 12. SEM images of the optimal mixtures of alluvial soil (AS) and laterite soil (LS) with con-
struction and demolition waste (C&D) (10% C & D at 700 °C and 25% C & D at 850 °C and 900 °C).

4. Conclusions

The primary goal of this research was to investigate construction and demolition
(C&D) mixed waste in fired brick production and to reduce the use of fertile soil in brick
production. Based on raw materials and fired brick characterization, mixed C&D waste
can be incorporated in a quantity of 10% in the fired brick making while being fired at 700
°C, and 25% if fired at 850 °C and 900 °C in both soils. The main conclusions from the
study follow:

e  The addition of mixed C&D waste has shown a discernible change in the firing tem-
perature;

e When producing burnt bricks, a larger proportion of mixed C&D waste must be
added depending on the temperature. The higher the temperature, the more waste
can be added. It is permissible to use up to 25% of mixed Cé&D waste in construction
material;

e  The use of mixed construction and demolition waste helps enhance the long-term
conservation of natural resources and minimizes the amount of waste that is dis-
posed of in unexpected locations;
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e When producing fired bricks at temperatures between 850 °C and 900 °C, mixed con-
struction and demolition waste makes an excellent replacement for rich agricultural
soil, and may account for up to 25%.

This study gives promising results on the use of mixed C&D waste incorporated in
fired brick production. The entire life-cycle assessment of these bricks will be reported in
a subsequent study, but it is a way of reducing the large volume of waste dumped on
unplanned sites, as well as minimizing the use of natural resources, such as construction
and building material.
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