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Abstract: The conversion of the waste of wet silica sand sludge (W3S) into useful products,
such as bricks, glassware, and ceramics, is an alternative solid waste management method.
The aim of this study is to determine the effect of silica sand wet sludge additive on brick
quality. For this purpose, laboratory-scale brick manufacturing was implemented by using
10%, 30%, 50%, and 100% sludge in clay brick. For proper characterization to understand
brick quality, the water absorption, shrinkage, bulk density, compressive strength, and SEM
analysis of sintered samples were performed. At the end of the experimental procedure,
no negative effects of sludge addition were determined in terms of mechanical strength,
porosity, water absorption, or structural integrity. In addition, the incorporation of W3S
contributed to sustainable waste management and helped mitigate its environmental
impact. Experimental studies revealed that a product with the desired color could be
obtained when 50% W3S was used in the mixture. In addition, the optimal composition
for making bricks was found to be a mixture of 50% W3S and 50% brick clay, fired at
850 °C. With this mixture, not only is the preferred color achieved, but an optimum balance
between mechanical strength, durability, and minimization of environmental damage is
also attained. Such a formulation ensures high compressive strength, low porosity, and low
water absorption, making it sustainable and a better choice in construction with industrial
by-product use. The results obtained are useful in showing possibilities for the solution of
environmental problems to utilize waste materials in useful products.
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1. Introduction

Clay has been utilized as a fundamental building material for thousands of years,
owing to its unique properties and versatility. The physical and chemical characteristics
of clay make it suitable for various construction applications, including bricks, tiles, and
plasters [1]. The mineral composition of clay, which often includes kaolinite, quartz, and
other minerals, significantly influences its performance as a building material. For instance,
the presence of kaolinite contributes to the plasticity and workability of clay, allowing it
to be easily molded into desired shapes before firing, which enhances its durability and
strength post-processing [2—4]. The composition of clay, particularly the types of clay
minerals present, significantly affects the quality of the final product [5].

Brick is a construction material that is known for its relatively high mechanical strength
and durability. It is commonly used for building walls and structures. Bricks have been
used as a building material throughout history due to their longevity and strength. They
can also be recycled and reused in the production of other construction materials. Bricks can
be made from various materials, including clay and waste materials such as waste marble
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powder and groundnut shell ash [2,3,6,7]. The manufacturing process of bricks typically
involves firing processes at high temperatures [4,8]. The firing temperature is another
critical factor that influences the characteristics of fired clay bricks. Research indicates that
varying the firing temperature can lead to significant changes in the microstructure and
physical properties of bricks, such as porosity and compressive strength [9,10]. Conversely,
insufficient firing temperatures may result in poor bonding and structural weaknesses,
leading to bricks that are prone to cracking and other forms of degradation [11].

Numerous studies have explored the use of waste materials in brick production to
promote sustainability and address waste management challenges. Various materials,
including cotton waste, textile sludge, rice husk ash, fly ash, paper residues, and agricul-
tural and plastic waste, have been incorporated into bricks to enhance their properties
and reduce landfill waste [12-17]. Researchers have also investigated the use of plastic
waste, mycelium-based composites, and natural phosphate waste in brick manufacturing,
highlighting their potential for creating eco-friendly construction materials. Studies like
those by Weng et al., Chen and Wu have demonstrated that incorporating sludge and other
industrial by-products can maintain or improve brick properties, such as compressive
strength, density, and shrinkage, while meeting regional standards [18,19]. Similarly, efforts
by Uslu et al. and Adiyanto et al. confirm the viability of using chemical treatment sludge
and plastic waste in brick production without compromising quality [20,21]. These findings
collectively emphasize the potential of utilizing waste materials to develop sustainable,
high-quality bricks. Furthermore, innovative approaches, such as the blending of clay with
waste materials or other natural additives, are being explored to enhance the performance
of clay-based construction products [22,23].

Silica waste sludge, particularly from geothermal sources, offers significant opportuni-
ties for recycling and utilization in construction and environmental applications. Geother-
mal power plants, such as the Dieng Geothermal Power Plant (PLTPB) in Indonesia,
generate approximately 160 to 165 tons of silica-rich sludge per month [24,25]. This sludge,
primarily composed of amorphous silicon dioxide (5iO;) with up to 98% purity [26], has
been explored for its potential to enhance construction materials, particularly in geopolymer
production, as a replacement for traditional components, thereby improving mechanical
properties and promoting sustainability [26,27].

Silica waste, primarily originating from industrial processes and agricultural residues,
has been extensively studied for its applications in various industries. Kuok et al. investi-
gated the use of recycled waste silica sludge in developing humidity-buffering coatings
via a room-temperature sol-gel method, demonstrating energy-efficient recycling with
enhanced humidity control and antimicrobial properties [28]. Judith’s research highlighted
the transformation of industrial waste-derived nanomaterials for environmental cleanup,
utilizing silica-rich sludge for removing organic and inorganic contaminants [29]. Ad-
ditionally, Salman et al. explored the extraction of nano-silica from agricultural waste,
providing insights into value-added product development from silica sludge waste [30].
These studies underscore the potential of repurposing natural silica sludge waste into
functional materials, contributing to waste reduction and environmental sustainability. The
incorporation of waste materials in brick production presents a sustainable solution to
waste management challenges while reducing the environmental impact of traditional clay
extraction. The interaction between clay composition, firing temperature, and additives is
crucial in optimizing brick manufacturing to meet performance standards while mitigating
environmental impact.

Ongoing research continues to highlight the importance of silica sludge waste in
eco-friendly building practices, reinforcing its role in modern sustainable construction.
Therefore, this study aims to determine the maximum utilization ratio of silica sand sludge
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to emphasize the importance of waste incorporation in sustainable material development.
The raw sand produced in Istanbul’s $ile district mining locations by Kumsan Foundry
Materials Industry and Trade Inc. is washed, screened, and graded in the green sand
enrichment plants in Sile-Sahilkoy for easy transportation. The silica sand so processed
has a minimum of 98% silica and can be utilized in various industries, including construc-
tion, electrical material manufacturing, casting, pipe production, building chemicals, glass
manufacturing, sandblasting, and powder metallurgy. In light of increasing environmental
awareness, the obligation to manage waste disposal, the lack of storage space, and the
high economic costs associated with creating new landfills, there is a growing need for
scientific research on reusing similar types of waste. This research looks at the use of
silica waste sludge, specifically from geothermal activities, as an alternative method of
waste management and recovery of resources. This study focuses on converting waste into
valuable materials for applications such as brick manufacturing, while also discussing the
properties of different compositions. Other applications could include catalysis, construc-
tion, and industrial uses. Therefore, this approach can be promoted as a circular economy
that minimizes environmental impact while maximizing resource efficiency.

The aim of this study is clearly articulated. This research investigates the potential
utilization of silica waste sludge, particularly from geothermal sources, in the production
of sustainable construction materials. By incorporating W3S into brick manufacturing,
this study evaluates the impact of varying waste content on the mechanical, physical, and
microstructural properties of the final products. The objective is to explore an environmen-
tally friendly approach to waste management and resource recovery, aligning with circular
economy principles. The findings of this study aim to contribute to the advancement of
green building materials while addressing waste disposal challenges and sustainability
concerns in the construction industry.

2. Materials and Methods

The utilization of waste silica sand sludge (W3S) from the green sand plant in Sile,
Istanbul, for brick production was investigated. The experimental study involved blending
dried brick clay with milled silica sand sludge in varying weight ratios. The mixing process
was conducted in a ball mill for 2 h to ensure homogeneity. The prepared mixture was then
incrementally blended in a mixer bowl, with water sprayed gradually until a dough-like
consistency was achieved. The resulting dough was stored in plastic bags for 2 days in a
sealed environment at approximately 20 °C for curing. After curing, the dough was placed
in a vacuum extrusion chamber and pressed into shape. The formed samples were dried
under humidity-free conditions by placing them in a drying cabinet at room temperature
for 3 to 4 days. The pressing process was carried out using a laboratory-scale uniaxial dry
press machine, with samples mixed with 5% water to enhance workability. Subsequently,
10%, 30%, 50%, and 100% W3S mixtures were blended with brick clay and compressed
at a pressure of 25 bar. The desiccated samples were then oven-dried for 24 h, with the
temperature gradually increasing from ambient to 100 °C.

The sintering process was conducted in a intering furnace (Protherm, Istanbul, Tiirkiye)
at three different temperatures: 800 °C, 850 °C, and 900 °C. The heating regime involved a
controlled temperature increase of 2 °C per minute, followed by a 3 h hold at the target
temperature before being cooled at the natural cooling rate of the furnace.

The physical and mechanical properties of the manufactured bricks were analyzed to
determine the optimal mixing ratio and firing temperature. Key parameters, such as dry
shrinkage, firing shrinkage, dry weight loss, sintered weight loss, and dry strength, were
assessed by measuring the dimensions and weights of the samples at different stages of



Buildings 2025, 15, 849

40f19

processing (raw, drying, and firing). Additionally, the sintered samples were evaluated for
water absorption, density, porosity, and firing strength.

In the experimental studies, brick clay was obtained from Ikizler Brick Industry
(Kocaeli, Tiirkiye), which operates in Izmit/Kocaeli, while wet silica sand sludge (W3S) was
supplied by Kumsan Foundry Materials Industry and Trade Inc. (Istanbul, Tiirkiye) Prior
to use, the W3S material was dried in an oven. After drying, each sample was thoroughly
mixed and then prepared for experiments by applying the pouring-quadrupling method
to reduce the sample size before allowing it to rest. To characterize the raw materials
used in this study, various analyses were conducted. The physical properties of sand and
W3S are presented in Table 1, while their semi-quantitative elemental compositions and
wet chemical analysis results are provided in Tables 2 and 3, respectively. Additionally,
mineralogical analysis was performed on the brick clay + W3S mixture, with the results
summarized in Table 4. The wet chemical analysis results for this mixture are detailed in
Table 5.

Table 1. Physical properties of sand and W3S.

Property Result of Sand Result of W3S
Moisture, % 2.69 44
Theoretical Density, g/cm3 2.6425 2.7582
Bulk Density, g/cm? 1.470 0.20

Table 2. Semi-quantitative elemental analysis of sand and W3S.

Element Amount (%) of Sand Amount (%) of W3S
Si 43.541 30.072
Al 0.312 15.438
Fe 0.093 3.092
Ti 0.030 0.384
Ca 0.051 0.086
Mg 0.427 0.258
K 0.042 0.450
(@] 55.330 49.993
N - 0.031

Total 99.826 99.804

Table 3. Wet chemical analysis of silica sand and W3S.

Compound Amount (%) Amount (%) of W3S

Si0; 97.927 59.452
AL, O3 0.604 26.956
Fe, O3 0.145 4.086
TiO, 0.054 0.593
CaO 0.078 0.110
MgO 0.734 0.396
K,O 0.056 0.501
Na,O - 0.039
Loss on Ignition 0.200 7.590
Total 99.798 99.723

In Table 1, the moisture content of sand is relatively low (2.69%), whereas W3S exhibits
a significantly higher moisture content of 44%. This suggests that W3S has a higher water
retention capacity, which may influence its workability and behavior in various applications.
The theoretical density values are quite similar, with sand having a density of 2.6425 g/cm?
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and W3S at 2.7582 g/ cm®. However, the bulk density of sand (1.470 g/ cm3) is much higher
than that of W3S (0.920 g/cm3), indicating that W3S has a more porous structure, possibly
due to its finer particle size or a more complex internal microstructure.

Table 4. Mineralogical analysis results of brick clay + W3S mixtures.

W3S%10 + W3S% 30 + W3S% 50+ W3S%100 Brick
Brick Clay% 90 Brick Clay% 70 Brick Clay% 50 ? Clay
C?E?:;Z'C?Coé Quartz, SiO, Quartz, SiO,
F lci . 3 Calcite, CaCOj3 Calcite, CaCOj3 Quartz (Si0O,)
enhs;(};a Feldspar Feldspar Calcite (CaCO3)
. illite illite .. . Illite
(KH30)ALSEAIOW(OH):, g 11 ) A1 Gi; A0y (OH), (K Hy0)ALSisAlOy(OH), — aolinite (ALSOs(O )y 5. 5) A1 6i- A10,0(OH),
Montmorillonite . . . . Quartz (510;) . .
CaO,(ALMg) Montmorillonite Montmorillonite Hematite (Fe,03) Clinochlorine
s ,Hg . Ca0,(ALMg)7514010(OH),+  CaO,(ALMg)25i4O10(OH),- 23 (Mg, Fe)s(Si,Al);010(OH)g
25i4010(OH)2 4H,0 4H,0 Feldspar
4H,0 ) 22 ) 22 P
Cristobalite, SiO, Cristobalite, SiO, Gypsum (CaSO4-2H,0)

Cristobalite, SiO,
Almandine, Fe3Al,(SiOy)3

Almandine, Fe3Al;(SiO4);  Almandine, Fe3Al,(SiOy4)3

Table 5. Wet chemical analysis results of brick clay + W3S mixtures.

W35%10 + W3S5%30 + W3S%50+
Brick Clay% Brick Clay% Brick Clay% W35%100
90 70 50
Compound Quantity (%) Quantity (%) Quantity (%) Quantity (%)
Si0; 42.905 46.497 49.985 59.452
AlLO3 16.462 17.789 19.351 26.956
Fe;O3 7.252 6.706 5.922 4.086
TiO, 0.785 0.748 0.685 0.593
CaO 11.915 9.797 7.462 0.110
MgO 3.960 3.244 2.666 0.396
Na,O 0.801 0.710 0.526 0.039
KO 1.937 1.661 1.421 0.501
503 0.702 0.706 0.597 0.000
P,05 0.161 0.147 0.134 0.107
MnO, 0.116 0.080 0.063 0.015
Cry,03 0.025 0.036 0.030 0.035
Loss of ignition 12.740 11.680 10.990 7.590
Total 99.763 99.803 99.833 99.880

As shown in Table 2, the elemental composition highlights a stark contrast between
the two materials. Sand is predominantly composed of silicon (Si) (43.541%) and oxygen
(O) (55.33%), making it highly silica-rich, as expected for quartz-based sands. On the
other hand, W3S contains significantly lower silicon (30.072%) and oxygen (49.993%)
but has notably higher aluminum (Al) (15.438%), iron (Fe) (3.092%), and titanium (Ti)
(0.384%) contents compared to sand. These differences suggest that W3S contains more
clay minerals or other aluminosilicate phases, contributing to its lower bulk density and
higher moisture retention.

As shown in Table 3, the wet chemical analysis further confirms the dominance of
silica in sand, with the SiO; content reaching 97.927%. In contrast, W3S has a significantly
lower SiO; content (59.452%), indicating a more complex mineralogical composition. The
Al,O3 content in W3S (26.956%) is markedly higher than in sand (0.604%), reinforcing
the presence of aluminosilicate phases. Additionally, the Fe;O3, TiO;, and K,O contents
in W3S are significantly higher than those in sand, further differentiating their chemical
compositions. Another key difference is the loss on ignition (LOI) value, which is much
higher in W3S (7.590%) compared to sand (0.200%). This high LOI value in W3S suggests
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the presence of volatile components, such as bound water, organic matter, or carbonates,
which decompose upon heating. The comparative analysis of sand and W3S demonstrates
that sand is a highly silica-rich material with a dense and less porous structure, while W3S
exhibits characteristics of a more alumina-rich material with higher moisture retention,
lower bulk density, and a more complex chemical composition. These differences suggest
that sand is likely more suitable for applications requiring high-purity silica, such as glass
manufacturing or foundry use, while W3S may be better suited for applications where clay
or aluminosilicate properties are advantageous, such as ceramics, refractories, or binding
agents in construction materials.

The particle size distribution of the material indicates a well-graded composition with
a range of particle sizes. With 100% of the particles measuring below 850 microns, the
material is relatively fine. The fact that 90% of the particles are smaller than 612.945 microns
and 50% are below 360.707 microns suggests a balanced distribution between coarse and
fine particles. Additionally, with 10% of the particles being smaller than 210.620 microns,
the presence of finer particles is evident, which may influence the material’s flowability,
packing density, and overall behavior in different applications. The given particle size
distribution data indicates that the sludge has a very fine-grained structure. All particles
are below 230 microns, with 90% of them being smaller than 74.746 microns, suggesting
that the material is predominantly composed of fine particles. The median (D50) value is
10.857 microns, meaning half of the particles are smaller and half are larger than this size.
Additionally, with 10% of the finest fraction measuring below 1.165 microns, a significant
portion of the material is in the micron range. This distribution suggests that the sludge has
a high level of fineness, likely exhibiting plastic properties, high water retention capacity,
and potential suspension behavior. The particle size distribution of the two materials reveals
distinct differences in their granulometric composition. The first material, with 100% of
its particles below 850 microns and a median (D50) value of 360.707 microns, exhibits a
well-graded structure with both coarse and fine fractions, ensuring a balanced distribution
that may influence flowability and packing density. In contrast, the sludge sample has an
extremely fine-grained nature, with all particles below 230 microns and a much lower D50
value of 10.857 microns, indicating a predominance of very fine particles. Additionally,
while only 10% of the first material’s particles are smaller than 210.620 microns, the sludge
contains 10% of its particles below 1.165 microns, highlighting its significantly finer texture.
This suggests that the first material may behave more like a granular solid, whereas the
sludge, with its high water retention and potential suspension properties, is likely to exhibit
plasticity and a more cohesive nature.

Table 4 identifies the mineral content of wet silica sand sludge (W3S) and brick clay in
different proportions, hence giving insight into the structural and chemical nature of these
materials with respect to the production of bricks. This analysis was conducted using the
Shimadzu XRD-6000 (Kyoto, Japan).

The analysis emphasizes the most frequent presence of quartz (5i0,), calcite (CaCO3),
feldspar, illite, montmorillonite, and cristobalite within the mixtures. The results indicate
that brick clay is mainly made up of quartz, calcite, feldspar, illite, and clinoclore, while
W3S comprises a high content of kaolinite, quartz, and hematite. Incorporating W3S into
the brick clay allows the resultant mixtures to retain the mineralogical features of both
constituents; however, a novel almandine phase (Fe3Al,(SiO4)3) is identified, particularly at
high contents of W3S. The mineralogical change observed shows that the addition of W3S
assists in the development of new phases, which can influence the physical and mechanical
characteristics of the final brick product. The presence of montmorillonite, a swelling
and shrinkage clay mineral, can also influence the plasticity and thermal characteristics of
the compositions upon firing. Overall, the mineralogical composition demonstrates the
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potential of W3S as a valuable additive in the production of bricks, resulting in the forma-
tion of stable and beneficial mineral phases with the potential to enhance the material’s
properties. However, the presence of hematite in W3S could have some impact on the
color development of the end product, as it has been noted that iron oxides can affect fired
brick redness.

Table 5 illustrates a chemical analysis of different brick clay-W3S combinations with
a description of the composition of the major oxides and how they may impact the ma-
terial’s performance. It is possible to identify a trend as the content of W3S increases
with significant variations in the SiO;, Al,Os, Fe;O3, and CaO contents. Silicon dioxide
(5i0,) rises progressively from 42.905% in 10% W3S to 59.452% in 100% W3S, reflecting
an improvement in the thermal stability and hardness of the material. An increased SiO,
content can lead to stronger sintering bonds and enhance the mechanical properties of
the bricks. The aluminum oxide (Al,O3) content rises from 16.462% to 26.956%, which
means the refractory and thermal deformation resistance properties are enhanced, making
the mixture more suitable for high-temperature use. The iron oxide (Fe;O3) content, on
the other hand, falls from 7.252% in 10% W3S to 4.086% in 100% W3S, which influences
both the color and mechanical strength of the bricks. A decrease in the Fe;O3 content
will make the bricks lighter in color and can influence bonding strength at sintering. The
calcium oxide (CaO) content decreases significantly from 11.915% in 10% W3S to as low as
0.110% in 100% W3S, reducing the fluxing effect during firing. This results in high porosity
at higher ratios of W3S, influencing the density and water absorption characteristics of
the product. The magnesium oxide (MgO), potassium oxide (K;0O), and sodium oxide
(NayO) contents also fall with rising W3S, potentially influencing the sintering process and
material workability as a whole. The loss on ignition (LOI) percentages drop with rising
W3S composition, from 12.740% in 10% W3S to 7.590% in 100% W3S, reflecting less organic
and volatile content. This suggests that a higher level of W3S content will lead to a denser
and more stable final product if other physical properties, such as porosity and shrinkage,
remain within acceptable bounds.

3. Results

The effects of various W3S-to-brick soil ratios and sintering temperatures on the
physical and mechanical properties of the samples are highlighted in Tables 6-9. In all the
mixtures tested, a rise in sintering temperature generally increases compressive strength
while simultaneously reducing porosity and water absorption; however, above some
temperature limits, there are minimal gains or minor losses in strength.

Table 6. Aggregated results of the mechanical and physical properties of the samples produced from
a mixture of 10% W3S + 90% brick soil.

25 BAR o o o
1/05 800 °C 850 °C 900 °C
Total shrinkage, % 0.46 117 0.63
Total weight loss, % 12.60 13.62 13.70
Compression strength, N/mm? 114.061 115.940 138.992
Water absorption ratio, % 11.26 11.12 11.34
Porosity, % 22.62 22.13 22.38
Density 2.01 1.99 1.97

Table 6 presents the mechanical and physical properties of the samples composed
of 10% W3S and 90% brick soil, sintered at 800 °C, 850 °C, and 900 °C. Total shrinkage
follows a fluctuating trend, starting at 0.46% at 800 °C, increasing significantly to 1.17% at
850 °C, and then decreasing to 0.63% at 900 °C. Total weight loss increases with tempera-
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ture, ranging from 12.60% at 800 °C to 13.70% at 900 °C, indicating progressive material
loss. Compressive strength exhibits a notable rise at 900 °C (138.992 N/mm?), outperform-
ing both 800 °C (114.061 N/mm?) and 850 °C (115.940 N/mm?), suggesting that higher
temperatures enhance structural integrity. However, water absorption remains relatively
stable, fluctuating between 11.12% and 11.34%, indicating minor variations in material
compactness. Porosity follows a similar pattern, showing minimal changes between 22.13%
and 22.62%, while density slightly decreases from 2.01 g/cm3 at 800 °C to 1.97 g/cm3 at
900 °C. These results suggest that 900 °C provides the highest compressive strength, but
the slight decrease in density may affect material compactness.

Table 7. Aggregate results of the mechanical and physical properties of the samples produced from a
mixture of 30% W3S + 70% brick soil.

25 BAR o o o
1/05 800 °C 850 °C 900 °C
Total shrinkage, % 0.54 1.01 0.72
Total weight loss, % 11.77 12.36 12.43
Compression strength, N/ mm? 113.756 121.949 109.083
Water absorption ratio, % 11.37 11.07 11.09
Porosity, % 22.82 22.14 21.98
Density 2.01 2.00 1.98

Table 8. Aggregate results of the mechanical and physical properties of the samples produced from a
mixture of 50% W3S + 50% brick soil.

25 BAR o o o
1/05 800 °C 850 °C 900 °C
Total shrinkage, % 1.60 1.12 1.09
Total weight loss, % 10.88 11.29 11.34
Compression strength, N/mm? 115.203 126.924 122.038
Water absorption ratio, % 12.10 11.51 11.04
Porosity, % 24.14 22.94 22.26
Density 2.00 1.99 2.02

Table 9. Aggregate results of the mechanical and physical properties of the brick samples produced
from 100% W3S.

25 BAR

1/05 800 °C 850 °C 900 °C
Total shrinkage, % 1.12 1.12 1.32
Total weight loss, % 8.15 8.56 8.69
Compression strength, N/mm? 125.579 105.969 134.400
Water absorption ratio, % 13.43 14.69 13.23
Porosity, % 26.26 28.06 26.21
Density 1.95 191 1.98

Table 7 presents the mechanical and physical properties of the samples composed
of a 30% W3S and 70% brick soil mixture, sintered at 800 °C, 850 °C, and 900 °C. The
results indicate that total shrinkage increases with temperature, reaching its highest value
at 850 °C (1.01%) before slightly decreasing at 900 °C (0.72%). Similarly, total weight loss
follows an increasing trend, ranging from 11.77% at 800 °C to 12.43% at 900 °C, suggesting
higher material loss at elevated temperatures. Compressive strength is observed to be the
highest at 850 °C (121.949 N/mm?), outperforming both 800 °C (113.756 N/mm?) and
900 °C (109.083 N/mm?), indicating that 850 °C is the most effective sintering temperature
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for strength enhancement. Meanwhile, water absorption remains relatively stable across all
temperatures, fluctuating between 11.07% and 11.37%. A slight reduction in porosity is
noted with increasing temperature, decreasing from 22.82% at 800 °C to 21.98% at 900 °C,
signifying improved densification of the material. However, density exhibits a minor
decline, dropping from 2.01 g/cm?® at 800 °C to 1.98 g/cm? at 900 °C, which may indicate
microstructural changes affecting the compactness of the samples. Overall, these findings
suggest that 850 °C provides the most favorable balance of mechanical and physical
properties, optimizing compressive strength while maintaining controlled porosity and
shrinkage. Further increases in temperature do not yield significant mechanical benefits
and may slightly compromise density and material integrity.

Table 8 presents the mechanical and physical properties of the samples composed of a
50% W3S and 50% brick soil mixture, sintered at 800 °C, 850 °C, and 900 °C. The results
indicate that total shrinkage is highest at 800 °C (1.60%) but decreases at 850 °C (1.12%)
and slightly further at 900 °C (1.09%), suggesting that higher temperatures contribute to
dimensional stability. Similarly, total weight loss exhibits a slight increase with rising tem-
perature, ranging from 10.88% at 800 °C to 11.34% at 900 °C, indicating a gradual material
loss. Compressive strength reaches its peak at 850 °C (126.924 N/mm?), surpassing both
800 °C (115.203 N/mm?) and 900 °C (122.038 N/mm?), highlighting that 850 °C provides
the most effective sintering conditions for strength enhancement. Water absorption follows
a decreasing trend, with values of 12.10% at 800 °C, 11.51% at 850 °C, and 11.04% at 900 °C,
indicating improved densification at higher temperatures. A similar pattern is observed in
porosity, which declines from 24.14% at 800 °C to 22.26% at 900 °C, further supporting the
densification process. Density remains relatively stable, fluctuating between 2.00 g/cm?
and 2.02 g/cm?, suggesting that structural integrity is maintained across different sintering
temperatures. Overall, these findings indicate that 850 °C is the optimal sintering tempera-
ture for a 50% W3S and 50% brick soil mixture, achieving the highest compressive strength
while effectively controlling shrinkage, porosity, and water absorption. Further increases
in temperature offer minor improvements in water absorption and porosity but do not
significantly enhance mechanical strength.

Table 9 outlines the mechanical and physical properties of the samples composed
entirely of 100% W3S, sintered at 800 °C, 850 °C, and 900 °C. Total shrinkage remains
constant at 1.12% for 800 °C and 850 °C, increasing slightly to 1.32% at 900 °C, indicating
moderate thermal expansion. Total weight loss increases marginally with temperature,
from 8.15% at 800 °C to 8.69% at 900 °C, suggesting relatively lower material degradation
compared to the other mixtures. Compressive strength shows a fluctuating trend, peaking
at 125.579 N/mm? at 800 °C, dropping significantly at 850 °C (105.969 N/mm?), and then
recovering to 134.400 N/mm? at 900 °C, highlighting the importance of sintering condi-
tions. Unlike the other mixtures, water absorption exhibits greater variability, increasing
from 13.43% at 800 °C to 14.69% at 850 °C before decreasing again to 13.23% at 900 °C,
which may be attributed to changes in microstructure. Similarly, porosity follows an in-
creasing pattern at 850 °C (28.06%) before reducing to 26.21% at 900 °C, suggesting the
potential for enhanced densification at higher temperatures. Density remains relatively
stable, fluctuating between 1.91 g/cm3 and 1.98 g/cm?, indicating that compactness is not
significantly altered. These findings suggest that while 900 °C maximizes compressive
strength, increased porosity and water absorption at intermediate temperatures may pose
challenges for structural applications.

As seen in Table 6, the 10% W3S mixture possesses the maximum compressive strength
at 900 °C (138.992 N/mm?), yet the 50% W3S mixture exhibits the best overall properties at
850 °C, including high strength (126.924 N/mm?), low porosity, and homogeneous density.
On the other hand, the 100% W3S samples possess higher porosity and water absorption
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with more inconsistent strength, which shows their lesser application suitability where
densification is required. The outcomes indicate that the composition of W3S and the
sintering temperature must be optimized to achieve the desired material properties, where
the most successful composition is 50% W3S at 850 °C.

The overall shrinkage of the samples exhibits a progressive increase with rising tem-
perature and sludge content. The data in Figure 1 indicate that the 50% W3S + 50% brick
soil sample exhibits greater shrinkage at 800 °C than at 850 °C and 900 °C. Notably, in the
100% sludge samples, the shrinkage rate stabilizes at 900 °C, suggesting the presence of a
threshold effect, beyond which further temperature increases do not significantly impact
dimensional reduction. These findings underscore the critical role of both temperature and
sludge content in influencing the dimensional stability of the material.
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Figure 1. Graph of shrinkage and waste percentage variation at different temperatures.

Figure 2 illustrates the variation in the compressive strength of the samples as a
function of waste percentage at different sintering temperatures. In general, at 800 °C, the
compressive strength remains relatively stable up to the addition of 50% W3S, while at
850 °C and 900 °C, significant fluctuations are observed depending on the waste content.
At 850 °C, the compressive strength initially increases but experiences a sharp decline
beyond 50% waste content. The sample containing 50% sludge is observed to exhibit
maximum strength at 850 °C. At 900 °C, the highest strength is achieved at 10% waste
content, whereas at 30% waste content, the strength decreases before increasing again.

This behavior can be attributed to phase transformations of waste components at
elevated temperatures, weakening of the bonding structure, and microstructural changes
occurring during the sintering process. In particular, the reduced compressive strength in
the samples with high waste content at 900 °C can be associated with the insufficiency of
binding phases and increased porosity. These findings highlight the critical impact of waste
content and sintering temperature on compressive strength, emphasizing the importance
of determining optimal processing parameters [31-33].

As seen in Figure 3, generally, absorption increases linearly with the sludge content
but shows relatively small variations with temperature. The lowest absorbing samples
are the 10% and 30% ones, which have the best porosity control as well as material com-
pactness. The samples containing 50% and 100% sludge absorb more water, which means
that porosity has increased, and the compositions might lose some durability. This behav-
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ior indicates that a higher content of sludge tends to create more open microstructures,
negatively affecting the material’s long-term moisture resistance [34-36].
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Figure 2. Graph of compression strength and waste percentage variation at different temperatures.
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Figure 3. Graph of water absorption and waste percentage variation at different temperatures.

As shown in Figure 4, the porosity of the samples is directly influenced by both the
sludge content and the firing temperature. In the case of 800 °C and 850 °C, porosity
increases with the increase in sludge ratios, indicating that more voids form in the structure.
At 900 °C, however, a slight decrease in porosity was observed for the 50% sludge samples,
showing densification effects at higher temperatures. For the 100% sludge samples, porosity
remains high even at 900 °C, reflecting the difficulty of achieving a compact structure with
excessive sludge content. This underlines the need for an optimum ratio of sludge to
balance porosity and material performance [37-39].

As seen in Figure 5, with an increased sludge content, the density values decrease,
indicating that the added sludge is lighter than clay. The influence of the firing temperature
on density is not very pronounced. Initially, density increases with the rising waste
content at all sintering temperatures, reaching its maximum at 50% waste content at 900 °C.
However, beyond a certain waste percentage, density starts to decline, particularly at 850 °C
and 900 °C, with this decrease being more pronounced at 850 °C. This reduction is likely
attributed to phase transformations, thermal degradation, or insufficient bonding between
the waste particles and the clay matrix, leading to excessive porosity formation [33,40,41].
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Figure 4. Graph of porosity and waste percentage variation at different temperatures.
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SEM analyses were performed for the samples corresponding to the 10%, 30%, 50%,
and 100% mixtures at 800 °C, 850 °C, and 900 °C. As shown in Figure 6, the SEM images
corresponding to the 10%, 30%, 50%, and 100% mixtures at 800 °C reveal significant mor-
phological differences linked to composition and process conditions. The SEM images
labeled (a), (b), (c), and (d) correspond, respectively, to the samples with increasing per-
centages (10%, 30%, 50%, and 100%) treated under 800 °C. Notice that with the increase in
percentage, definite morphological changes take place.

There is a well-defined microstructure variation in the samples as the percentage
increases from 10% to 100%. In Sample (a), the microstructure with 10% is rather sparse,
typified by low feature density, less homogeneity in the distribution of particles, and smaller
agglomerates. A smooth surface with low porosity and minimal interaction is observed,
which can be attributed to the lower percentage of the treated component. However, when
the percent increases to 30%, as in Sample b, there is a clear increase in the feature density.
With increased material interaction, the distribution becomes more homogeneous, and
it can be assumed that this is a transition phase. At 50%, represented by Sample (c), the
microstructure transforms very much in the way that there is increased clustering with
reduced porosity, and the surface is more interconnected, reflecting enhanced thermal or
compositional changes due to the higher percentage. Lastly, at 100%, Sample (d) reveals
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a microstructure that is densely packed and well-developed. The surface morphology
evidences the highest degree of interaction or reaction, and larger clusters and features
indicate full system saturation after treatment at 800 °C.
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Figure 6. SEM images of the (a) 10%,W3S (b) 30% W3S, (c) 50% W3S, and (d) 100% W3S mixtures at
800 °C.

These changes can clearly be followed in the microstructure from 10% in (a) to 100%
in (d). Passing through intermediate stages of clustering, one observes that, starting from
very sparse and less uniform features in a, the system finally ends up in a very densely
packed robust structure for (d). These changes indicate that the percentage directly affects
the morphological and, possibly, functional properties of the material; the higher the
percentage, the more pronounced the interactions or reactions are under thermal conditions.
This phenomenon is related not only to the filling effect but also to enhanced sintering.
Additionally, as observed in Table 1, mineralogical analysis indicates the presence of
hematite as a newly formed phase in the structure. Therefore, the observed changes in
morphology and material properties may also be attributed to the formation of this phase.

The SEM images of the 10%, 30%, 50%, and 100% mixtures of bricks pressed at 25 bar
and sintered at 850 °C (Figure 7) reveal progressive densification and structural refine-
ment with increasing sludge content. The microstructure of the samples clearly progresses
by increasing the percentage from 10% to 100%. Sample (a), at 10%, is less developed,
featuring sparse elements and a minimal tendency toward agglomeration. The particles
appear isolated, reflecting a low level of thermal or compositional transformation. At 30%,
represented by Sample (b), the density of features increases compared to that in a; the mate-
rial shows moderate clustering, indicating higher interaction between components with a
still relatively dispersed structure. Sample (c), at 50%, shows the most enhanced feature
density and connectivity. It gets quite distinctly cluster-characterized and diminishes its
void spaces, indicating a tendency for a more coherent behavior by virtue of its higher
percentage and thermal treatment. Sample (d) depicts the microstructural attribute of 100%.
The complete appearance is of being compacted; high clustering has resulted in nearly
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uniform feature density. The material is apparently fully interacted or transformed, thus
giving minimal voids and a well-developed and robust surface.
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Figure 7. SEM images of the (a) 10% W3S, (b) 30% W3S, (c) 50% W3S, and (d) 100% W3S mixtures at
850 °C.

The evolution in Figure 7a—d clearly illustrates the effect of increasing sludge content
under identical thermal conditions (850 °C). At 10% (a), the microstructure is sparse and
minimally developed, while at 30% (b), the features start to show moderate interaction and
clustering. The transformation becomes more pronounced at 50% (c), with the microstruc-
ture becoming denser and more cohesive. Finally, at 100% (d), the surface is highly uniform
and densely packed, reflecting complete transformation.

The SEM images (Figure 8) of thel0 %, 30%, 50%, and 100% mixtures at 900 °C clearly
show progression in surface morphology and structural refinement with an increase in
the percentage composition. The microstructure of the samples varies significantly with
the increase in the percentage from 10% to 100%. Sample (a), at 10%, shows very minimal
structural features on the surface, characterized by a sparse particle distribution and very
little clustering. The morphology remains reasonably smooth with underdevelopment
due to the percentage being lower. At 30%, Sample (b) shows clear-cut clustering, and
the feature density is high. This material is in an early stage of major thermal interaction,
leading to moderate agglomeration. Sample (c), at 50%, displays more surface structure
with better connectivity and enhanced particle clustering. The microstructure is associated
with a transitional stage of porosity to homogeneity. Finally, Sample (d), at 100%, re-exposes
a very dense surface with a uniform, closely packed microstructure. Clustering is huge
with very few voids, and full structural transformation has occurred at this top percentage.

There is a progressive change from 10% to 100%, with regard to percentage, while
the sample is maintained at 900 °C. At 10% (a), the surface is sparsely populated and
almost undeveloped, and a low interaction has likely prevailed. With an increase to 30%
(b), the features are a bit more pronounced and moderately formed in clusters. At 50% (c),
the structure acquires a higher density connectivity, which reflects a major transforming
phase. Finally, at 100% (d), the material has already acquired a fully developed structure
with a dense and uniform surface morphology. These comparisons show the percentage
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dependency that influences the thermal behavior and structural evolution of the material.
With a higher percentage, the clusterage is more extended, and homogeneity is seen; this
also suggests a compositional-microstructural relationship [42].
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Figure 8. SEM images of the (a) 10% W3S, (b) 30% W3S, (c) 50% W3S, and (d) 100% W3S mixtures at
900 °C.

4. Discussion

Analyzing the cumulative graphs as a whole gives strong evidence for how much
influence the sludge content and firing temperature have on physical and mechanical brick
properties. Generally, compression strength improves with temperature. It has maxima at
900 °C for the bricks with 30% and 50% of the sludge used, signifying that for optimum
structural integrity, these two sludge ratios must be used. Total shrinkage and weight loss
increased with increasing temperature and sludge content and remained constant above
850 °C. This reflects the thermal effect on dimensional changes. Water absorption and
porosity increased linearly with the sludge content, but there was evidence, especially at
higher compositions of 50% and 100%, that compactness resulted in a sacrifice of material
in moisture retention. Density decreased with the sludge content and showed a slight
variation with temperature; this reflects the fact that sludge is lighter compared to clay.
These trends highlight that an optimum sludge-to-clay ratio, particularly in the range of
30-50%, together with a firing temperature of 900 °C, is important for mechanical strength,
durability, and sustainability in brick production [43,44].

An experimental investigation was performed to study the impact of various contents
of sludge and firing temperatures on the mechanical and physical properties of the brick
samples. The results of these experiments revealed valuable insights into the interaction
between composition, temperature, and microstructural development. Total shrinkage
always increased with both higher temperatures and sludge contents. At 800 °C, all the
composition series were found to have relatively low values for shrinkage, meaning that
minimal contraction occurred in the structure. However, as soon as the temperature reached
850 °C and 900 °C, shrinkage became more pronounced, even for the 30% and 50% sludge
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content samples. This progression indicates the thermal-induced densification and phase
transformations. Interestingly, for the 100% sludge samples, shrinkage stabilized at 900 °C,
which reflects a threshold effect where additional temperature increases did not have any
significant influence on the dimensional changes. These observations serve to highlight the
need to balance the content of sludge so that there is optimal thermal stability.

Compression strength varied strongly with the sludge content and firing temperature.
The highest compression strengths were recorded for the samples with 30% and 50% sludge
at 900 °C, thus possessing the best structural properties under these conditions. The 50%
sludge sample demonstrated peak performance and, therefore, an ideal balance between
porosity and material cohesion. On the other hand, the strength values for the 100% sludge
samples were found to fluctuate, decreasing slightly at 850 °C and then increasing at
900 °C. These trends suggest that an excessive sludge content may compromise strength
due to increased porosity, highlighting the need for controlled sludge addition to optimize
mechanical performance.

Water absorption increased proportionally with the sludge content but remained
relatively stable across varying temperatures. The samples with 10% and 30% sludge
exhibited the lowest absorption rates, indicating better porosity control and material
compactness. In contrast, the 50% and 100% sludge samples achieved higher absorption
rates, indicating more open porosity. The porosity values increased in direct proportion
with the percentage content of sludge as larger portions of sludge generated more space or
voids within the material. There were some indications that at 900 °C, the porosity of the
sample with 50% sludge had slightly diminished because of the partial densification effects
that usually occur during increased temperature treatment. The constant high porosity of
the samples made from 100% sludge at all temperatures reveals the difficulty in achieving
compact structures with excessive sludge content. The increase in water absorption with
the increase in sludge content is consistent with the findings of Wang et al.’s study [45].

Although the higher sludge content adversely affected the density values, the latter
contained lighter sludge compared to clay. On the other hand, minimum effects on density
were derived from the firing temperature; even the variations in density were negligible.
At all temperatures, the samples with 10% and 30% sludge showed constant density. But
the 50% and 100% sludge samples showed small variations. This points out that a trade-off
is present between decreased density and mechanical properties because the increased
sludge content reduces the compactness of the material [46].

The SEM analyses revealed morphological changes caused by different percentages
of sludge and temperatures. At 800 °C, the microstructure was fairly open for lower
percentages of sludge but had a denser and more interconnected structure at 50% and
100% sludge. A similar trend was observed at 850 °C and 900 °C, where higher sludge
contents led to a higher level of clustering and void spaces. The 50% sludge samples
had perfect microstructure formation at 900 °C. There was excellent morphology, which
exhibited more intense thermal interaction [47]. On the other hand, the 100% sludge
samples presented higher clustering, although they showed increased porosity. Therefore,
the complete densification of such samples becomes difficult.

The summary analysis of the entire investigation concludes that there are strong
dependencies of brick properties on the sludge concentration and firing temperature.
Compression strength increased with temperature, peaking at 900 °C for the 30 and 50 %
sludge samples, which had the highest structural performance [48,49]. Shrinkage and
weight loss increased with both the temperature and percentage of sludge, but there
was stabilization beyond 850 °C, indicating the thermal effects on the overall dimensional
changes. The water absorption and porosity trends demonstrated a trade-off in compactness
at the expense of moisture retention with higher sludge contents. Meanwhile, the density
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results reflected the limit of excessive sludge addition to material compactness and load-
carrying capacity.

5. Conclusions

This study has demonstrated the feasibility of incorporating waste silica sand sludge
(W3S) as a sustainable additive in brick manufacturing. The findings indicate that the
high silica and alumina content of W3S contributes positively to thermal resistance and
mechanical stability while simultaneously reducing the presence of fluxing agents such as
calcium oxide, sodium oxide, and potassium oxide. Consequently, precise control over the
firing conditions is essential to maintaining the structural integrity of the produced bricks.

The experimental approach involved characterizing the physical and chemical prop-
erties of both W3S and brick clay, facilitating the design of laboratory-scale experiments.
The initial trials with pure brick clay established a reference framework for assessing the
influence of W3S incorporation at varying proportions (10%, 30%, 50%, and 100%). The
results confirmed that bricks produced with W3S additions exhibited enhanced physical
and mechanical properties, validating its potential as an effective raw material substitute.

Among the tested compositions, a 50:50 ratio of W3S and brick clay; fired at 850 °C,
emerged as the optimal formulation, offering a balance between mechanical strength, dura-
bility, and environmental sustainability. This composition achieved a compressive strength
0f 126.92 N/mm?, a relatively low porosity of 22.94%, and a water absorption rate of 11.51%,
yielding a dense and durable structure with a stable bulk density of 1.99 g/cm?. The in-
corporation of W3S in brick production not only enhances material performance but also
provides significant environmental benefits by reducing reliance on virgin clay resources,
diverting industrial waste from landfills, and mitigating carbon emissions associated with
conventional brick manufacturing processes.

Further observations revealed that bricks containing 10% W3S at 900 °C attained the
highest compressive strength, albeit with a lower environmental benefit due to the limited
waste utilization. Conversely, bricks composed entirely of W3S exhibited excessive porosity
and water absorption, rendering them unsuitable for structural applications. While the
50% W3S mixture at 900 °C performed relatively well, its mechanical strength was slightly
lower than that of the same composition fired at 850 °C.

Ultimately, the results underscore the viability of utilizing 50% W3S in brick production
at 850 °C as a sustainable waste management strategy. This approach effectively addresses
industrial waste disposal challenges while ensuring the production of high-quality con-
struction materials. Future research should focus on evaluating the long-term performance
of these materials under real-world environmental conditions to further validate their
practical applicability. The broader implications of this study highlight the environmental
advantages of repurposing industrial waste in construction, thereby promoting circular
economy principles and advancing sustainable building practices.
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