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Abstract: Concrete, a cornerstone of modern construction, owes its widespread adoption
to global industrialization and urbanization, with mortar being an essential component.
However, the cement production process is energy-intensive and generates significant
CO; emissions. This study explores the use of agricultural (rice husk ash, RHA) and
industrial (waste marble powder, WMP) waste materials as partial cement replacements
in mortar. Despite extensive research on RHA and WMP individually, studies examining
their combined effects remain scarce. This research assessed cement replacement levels
from 0% to 30% in 5% increments, evaluating the fresh, mechanical, durability, and mi-
crostructural properties of the mortar. The findings showed that replacing 20% of cement
with RHA and WMP increased compressive strength by 20.65% after 28 days, attributed
to improved homogeneity and pozzolanic reactions that produced more calcium silicate
hydrate. Water absorption decreased from 8.3% to 6.34%, indicating lower porosity and
enhanced uniformity. Microstructural analyzes showed a denser mortar with 13% less mass
loss at 20% replacement level. However, higher replacement levels reduced workability
due to the increased surface area of RHA and WMP. Generally, using RHA and WMP as
partial replacements of up to 20% significantly enhances mortar properties and supports
sustainability.

Keywords: rice husk ash; waste marble powder; fresh properties; mechanical properties;
durability; microstructure; mortar; sustainability

1. Introduction

Concrete, the cornerstone of modern infrastructure, plays a pivotal roles in shaping
the economic progress and quality of life of nations [1]. As one of the most widely used
construction materials, its inherent properties of structural stability, strength, and durability
have made it indispensable in civil engineering projects. Central to concrete’s production is
Portland cement (PC), a material with no viable alternative in the civil construction industry,
making it one of the most essential and widely produced materials globally [2]. However,
cement production comes at a significant environmental cost, contributing approximately
8% global anthropogenic CO, emissions [3] and 12-15% of the industrial sector’s global
energy [4]. These emissions, along with the energy-intensive manufacturing process, have
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profound implications for climate change, natural resource depletion, and environmental
health [4-7]. Thus, the main opportunities in the current scenario involve replacing cements
by utilizing agricultural and industrial wastes to minimize carbon footprints [3].

Researchers have been working for decades on sustainability, and recently, the pursuit
of sustainable alternatives in concrete production has gained significant momentum. They
have explored the potential of supplementary cementitious materials (SCMs) such as fly
ash (FA), ground granulated blast furnace slag (GGBFS), silica fume (SF), rice husk ash
(RHA), metakaolin (MK), and waste marble powder (WMP) as partial replacements for
PC. The incorporation of these industrial and agricultural by-products has demonstrated
promising results in reducing greenhouse gas emissions, energy consumption, and the
ecological footprint of concrete. Furthermore, the reuse of waste materials, such as RHA
and WMP, addresses pressing waste management issues, as their improper disposal often
leads to environmental degradation, soil contamination, and loss of fertile land [8-11].

Among the promising SCMs, RHA and WMP have gained attention due to their
distinct chemical compositions and beneficial effects on cementitious systems. RHA, a
by-product of rice husk combustion, is an exceptionally reactive pozzolan with a high
silica content (85-90%) and an amorphous structure that enhances the mechanical and
durability properties of concrete [12]. With global rice production exceeding 600 million
tons annually, the generation of millions of tons of RHA presents both an environmental
challenge and an opportunity for sustainable construction [13]. With global rice production
exceeding 600 million tons annually, the generation of millions of tons of RHA presents
both an environmental challenge and an opportunity for sustainable construction [13].
Previous studies have demonstrated that incorporating RHA in cement mixtures at optimal
replacement levels enhances compressive, tensile, and flexural strength, with improvements
of up to 22.16%, 20.41%, and 22.31%, respectively [14]. Furthermore, research by Zareei
et al. [15] identified 20% RHA replacement as the optimal level for enhancing compressive
strength and durability, though higher replacement levels may lead to reduced mechanical
performance and increased chloride ion penetration.

Similarly, WMP, a by-product of marble cutting and processing, represents a significant
industrial waste problem, with disposal challenges that contribute to soil contamination,
water pollution, and land degradation. However, its high calcium oxide content and inert
nature make it a viable partial replacement for cement, reducing the environmental foot-
print of concrete while improving certain mechanical properties [11]. Lezzerini et al. [16]
investigated the effects of marble powder on mortar mixes and found that replacement
levels above 15% resulted in decreased compressive strength and increased water absorp-
tion. In another study, Chandrakar and Singh [17] observed that a 10% replacement of
cement with marble dust powder optimized compressive strength, but higher replacement
levels negatively impacted strength and workability due to increased water demand. These
findings indicate that while WMP has potential as an SCM, careful optimization of its
replacement levels is necessary to balance performance benefits and durability concerns.

Despite substantial research on the individual effects of RHA and WMP, limited
studies have examined their combined impact in cementitious systems. Most existing
investigations focus on either agricultural or industrial by-products in isolation, without
assessing their potential synergy in enhancing concrete properties. Furthermore, compre-
hensive evaluations covering fresh, mechanical, durability, and microstructural properties
remain scarce, particularly for long-term performance assessments. This research aimed
to bridge that gap by systematically exploring the combined effect of RHA and WMP as
partial replacements for PC in cement mortar.

Unlike prior studies that emphasize a single SCM or limited property assessments,
this work undertakes a holistic approach encompassing material characterization (physical,
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chemical, and mechanical properties) and extensive performance evaluations. The study
employs advanced techniques such as thermogravimetric analysis (TGA), differential
thermal analysis (DTA), and Fourier transform infrared (FTIR) spectroscopy to assess
the microstructural development of mortar at 28 days of curing. Additionally, long-term
evaluations extending to 91 days are conducted to investigate compressive strength, sulfate
resistance, water absorption, and porosity. By providing a detailed understanding of the
synergistic effects of RHA and WMP, this research contributes to the development of more
sustainable and high-performance cementitious composites, offering a viable pathway to
reducing the environmental impact of concrete production.

2. Materials and Methods

This section provides a comprehensive overview of the materials and methods em-
ployed to achieve the study’s objectives. It details the selection, preparation, and char-
acterization of the materials used, focusing on their physical, chemical, and mechanical
properties. The methods adopted for material characterization are aligned with established
standards to ensure reliable and reproducible results.

2.1. RHA and WMP

In this research, rice husk was collected from the Pawi agricultural farm, a region
where rice cultivation is prominent. The rice husk was thoroughly cleaned to remove dust
particles, sun-dried, and then burned in a controlled furnace at a temperature of 750 °C for
5 h. This process was specifically designed to produce RHA with a high content of reactive
amorphous silica.

Extensive research has established the optimal burning temperatures, combustion
times, and heating and cooling rates for RHA production. Generally, combustion tem-
peratures between 500 °C and 800 °C are considered suitable [18]. Temperatures below
500 °C can leave residual organic materials in the ashes, which can adversely affect its
properties. On the other hand, temperatures exceeding 800 °C cause the amorphous silica
in RHA to transform into a crystalline structure, resulting in its pozzolanic reactivity and
C-H produced during cement hydration [18]. Prior studies have demonstrated the impact
of burning temperature on silica content. For example, RHA burned at 600 °C for 5 h
yielded an 86.73% silica content [15], while burning at 750 °C achieved 93.11% amorphous
silica [19]. Based on these findings, the burning temperature and time in this study were
set at 750 °C for 5 h, with a controlled temperature increase rate of 15 °C per minute, to
ensure maximum amorphous silica content and enhanced pozzolanic reactivity.

The waste marble powder utilized in this study was sourced from Marda Marble
and Paint Production Factory which is located at Bahir Dar, Ethiopia. As an industrial
by-product of marble processing, this material is typically discarded in slurry form. To
prepare it for use, the slurry was sun-dried until it reached a well-dried state. Once dried,
the waste marble powder was carefully collected and sieved through a 75 um sieve to
ensure consistency and suitability for the study.

2.2. Properties of Binders

To investigate the effect of RHA and WMP on cement mortar, Derba (42.5 N) OPC
was selected as the base binder. This cement type was chosen due to its widespread use in
local construction, serving as a benchmark for comparing the performance of RHA and
WMP. Prior to investigating the impact of RHA and WMP on the cement mortar, a series of
physical and chemical characterization tests were conducted on each material. These tests
included determining the specific surface area, specific gravity, and chemical composition
of RHA, WMP, and OPC.
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The specific surface area results, as presented in Table 1, revealed that both RHA
and WMP exhibit a larger specific surface area compared to OPC, suggesting a higher
reactivity due to their fine particle size. However, the specific gravity of both RHA and
WMP was found to be smaller than that of OPC. The high specific surface area of RHA
indicates a higher reaction rate between calcium hydroxide and silica, which can contribute
to increased mechanical strength of the resulting mortar [20].

Table 1. Physical properties of binders.

Materials BET Surface Area (m?/kg) Specific Gravity (g/cm®)
OPC 1000 [21] 3.15
RHA 3160.35 1.87
WMP 2938.89 2.63

According to the test results presented in Table 2, the RHA possesses a high silica
content of 93.96%. This elevated silica content enables RHA to undergo a substantial
pozzolanic reaction with calcium hydroxide (Ca(OH);), resulting in the consumption of
calcium hydroxide and the formation of calcium silicate hydrate (C-S-H) gel. The C-S-H gel
plays a vital role in enhancing the mechanical, durability, and microstructural properties of
cement mortar. Based on ASTM C618-22 [22], RHA qualifies as a natural pozzolana. This
classification is due to the fact that the combined percentage of SiOy, Al,O3, and Fe;O3
in RHA accounts to 94.46%, which exceeds the minimum required threshold of 70% for
categorization as a pozzolan. The pozzolanic activity is conventionally described as the
degree of reaction over time between a pozzolan and calcium ions (Ca%*) or Ca(OH); in
the presence of water, leading to the formation of additional C-S-H gel [23]. Pozzolanic
reactivity also increases with the presence of amorphous silica and depends on the fineness
of particles [24]. On the contrary, WMP does not exhibit pozzolanic properties; rather, it
exhibits a hydraulic nature similar to that of OPC. The maximum oxide content of WMP
includes 51.82% CaO, indicating its hydraulic nature. Instead of contributing to pozzolanic
reactivity, WMP primarily functions as a filler material within the composition of cement
mortar [11].

Table 2. Chemical properties of binders.

Amout of Oxides for Binders (%)

Oxides

OPC RHA WMP
SiO, 21.03 93.96 6.08
ALO; 6.16 <0.01 <0.01
Fe,0, 2.58 05 <0.01
CaO 64.67 0.56 51.82
MgO 2.62 0.42 0.38
Na,O 0.61 <0.01 0.06
K,O 0.61 0.98 <0.01
MnO - 0.26 0.12
P,0s - 0.58 0.10
TiO, - 0.28 0.05
H,0 - 0.82 0.05
SO; 2.06 - -
LOI 1.34 4033

SiO, + AlOj + Fe,O3 29.77 94.46 6.08
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2.3. Fine Aggregates

In this study, the natural sand used for the cement mortar was sourced from Lalibela.
The gradation curve for fine aggregates, determined through sieve analysis in accordance
with ASTM C33 [25], is shown in Figure 1. This curve indicates that the sand complies
with the upper and lower limits set by ASTM standards. Several key physical properties,
including water absorption, bulk density, specific gravity, silt content, moisture content,
and fineness modulus, were conducted in accordance with ASTM standards to check the

suitability of fine aggregate for mortar production. The test results and the corresponding
standards are summarized in Table 3.
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Figure 1. Gradation curve for fine aggregate.

Table 3. Physical properties of fine aggregate.

Aggregate Properties Standard Unit Result  Allowable Range
Bulk density ASTM C29 [26]  kg/m®  1655.80 1200-1750
Specific gravity ASTM C128 [27] - 2.74 2.3-2.9
Fineness modulesand —\ gry1 ¢ 33 25 - 2.73 2.3-3.2
gradation
Water absorption ASTM C128 [27] % 2.53 <5
Moisture content ASTM C566 [28] Y% 2.39 0-10
Silt content ASTM C117 [29] % 1.72 <5

2.4. Mix Design

The mix design for this study was developed to achieve optimal proportions of ingre-
dients for mortar production in accordance with ASTM standards. The design incorporated
fine aggregate, water, cement, and SCMs, namely RHA and WMP as a partial replacement
for cement. The established mix design featured a cement-to-fine aggregate ratio of 1:2.75
and a water-to-cement ratio (w/c) of 0.49, as specified in ASTM C109 [30]. These pro-
portions were carefully chosen to ensure the desired workability, strength, and durability
characteristics of the mortar. Partial cement replacement levels ranged from 0% to 30%,
incremented in 5% intervals, as indicated in Table 4.
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Table 4. Proportioned materials for cement mortar.
. % of Replacement Cement Water Number of
Mix Code (RHA + WMP) (kg) RHA (kg)  WMP (kg)  Sand (kg) (Liter) Cubes
Mix0 0 51 0 0 14.03 247 51
Mix5 5 4.85 0.15 0.10 14.03 247 51
Mix10 10 4.59 0.31 0.20 14.03 2.47 51
Mix15 15 4.34 0.46 0.31 14.03 247 51
Mix20 20 4.08 0.61 0.41 14.03 247 51
Mix25 25 3.83 0.77 0.51 14.03 247 51
Mix30 30 3.57 0.92 0.61 14.03 247 51

The freshly mixed mortar was cast into 50 mm x 50 mm cube molds to create spec-
imens for experimental analysis. These samples were prepared to assess various perfor-
mance parameters, including compressive strength (tested at 3rd, 7th, 28th, 56th, and 91th
days), as well as sulfate resistance, water absorption, and ultrasonic pulse velocity (UPV)
(tested at 7th, 28th, 56th, and 91th days).

2.5. Tests Conducted

A comprehensive range of tests was conducted on the cement mortar to evaluate its
fresh, hardened, durability, and microstructural properties, aligning with the objectives
of this research. The tests encompassed both destructive and non-destructive methods to
assess critical performance characteristics of the mortar.

To assess the consistency of the paste, samples were prepared and mixed until they
achieved normal consistency, defined by a Vicat plunger penetration of 10 = 1 mm, in
accordance with ASTM C187 [31]. The setting time was then measured using the Vicat
apparatus, which determines both the initial setting time—the duration from water addition
until the paste ceases to be fluid and plastic—and the final setting time, when the paste
attains a specified level of hardness, following ASTM C191 [32].

The workability of mortar samples was evaluated using the flow table test outlined in
ASTM C1437 [33]. This standardized procedure quantifies mortar flowability by placing
a truncated cone of fresh mortar on a flow table, raising it to 12.7 mm, and dropping it
25 times within 15 s, after which the percentage increase in base diameter is measured.

For hardened mortar, key mechanical and durability properties were investigated,
including compressive strength, water absorption, ultrasonic pulse velocity (UPV), and
sulfate resistance. The mortar mixes were cast into 50 mm x 50 mm x 50 mm cubes and
cured for 24 h before being demolded and submerged in water until testing. Compressive
strength was tested at 3, 7, 28, 56, and 91 days following ASTM C109 [30], while water
absorption, porosity, and sulfate resistance were assessed at 7, 28, 56, and 91 days following
ASTM C642-06 [34] and ASTM C1012 [35]. UPV tests, conducted in accordance with ASTM
C597 [36], provided non-destructive insights into the internal structure and integrity of
the mortar. This technique measures the propagation velocity of vibrational energy pulses
through a mortar medium [37]. A total of 15 specimens were tested for compressive
strength, while 12 samples were used for the remaining tests.

To further characterize the mortar’s thermal and chemical properties, advanced analyt-
ical techniques were employed. Thermogravimetric analysis (TGA) provided quantitative
measurements of mass loss due to thermal degradation, offering insights into hydration
products and moisture content. Differential thermal analysis (DTA) measured temperature
variations to analyze decomposition and phase transitions. Additionally, Fourier transform
infrared (FTIR) spectroscopy was used to identify chemical functional groups, revealing
the composition of organic, inorganic, and polymerized materials within the mortar.
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Table 5 presents the tests conducted, along with the standards presented adhered to
for each property.

Table 5. Tests conducted on cement mortar with standards.

Test Category Property Test Standard
Workability ASTM C1437 [33]
Fresh Setting time ASTM C191 [32]
Consistency ASTM C187 [31]
Compressive strength ASTM C109 [30]
Hardened Homogeneity ASTM C597 [36]
Durability Sulfate attack resistance ASTM C1012 [35]
Absorption capacity ASTM C642-06 [34]
Porosity ASTM C642-06 [34]
Thermal decomposition
Microstructure Mineralogical composition

3. Results and Discussion
3.1. Fresh Properties
3.1.1. Consistency

The normal consistency method was employed to determine the water content re-
quired for cement pastes, which would be used in subsequent tests. The results revealed
that the consistency of the blended cement increased as the percentage replacement of PC
with RHA and WMP increased. This phenomenon can be attributed to the higher fineness
of WMP compared to PC [11] and the porous structure of RHA significantly reduced
workability due to its direct water absorption [38]. As shown in Figure 2, all replacement
mixtures require more water than the control mix. However, the water demand remained
within the acceptable range of 26-33%, as specified by ASTM C187 [31]. The increase in
water requirement can be further explained by the high specific surface area of RHA and
WMP, which are significantly finer than PC. The finer particles absorb more water to form a
cohesive paste, thereby increasing the consistency of the blended cement. Additionally, the
increase in cement replacement levels with RHA and WMP corresponded to a proportional
increase in consistency due to the finer particle size and higher specific surface area of the
replacement materials compared to PC [35].
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Figure 2. Consistency of cement paste containing RHA and WMP.
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3.1.2. Setting Time

The setting time of cement mortars was evaluated using the Vicat apparatus, following
the procedures specified in ASTM C 191 [32]. The incorporation of RHA and WMP in
the mix led to significant changes in setting times. These materials, being finer than PC,
increase the total specific surface area of the particles. Consequently, more water is required
for wetting the particles, which accelerates the hydration reaction and reduces the setting
time as the replacement percentage increases. As shown in Figure 3, both the initial and
final setting times decreased with higher replacement levels of PC with RHA and WMP.
This reduction in setting times is particularly pronounced for RHA, which is known to
shorten the final setting time compared to other pozzolanic materials [39]. The decrease in
initial setting time with higher levels of cement replacement is consistent with findings in
previous studies, which have attributed this effect to the fine particle size and high reactivity
of the replacement materials [40]. The observed effects can be attributed to the enhanced
hydration process triggered by the finer particle size of RHA and WMP. These materials
increase the reactivity of the cementitious matrix, leading to a more rapid development
of hydration products and a corresponding decrease in both initial and final setting times.
The initial and final setting times demonstrated a linear decrease, with reductions of up to
28% and 22%, respectively.

200 + B2 Initial setting time

[ Final setting time
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Figure 3. Setting time of cement mortars incorporating RHA and WMP.

3.1.3. Workability

The workability of the cement mortar was evaluated using the flow table test, con-
ducted in accordance with ASTM C1437 [33]. The test requires a flow table value of
110 mm + 5 mm, ensuring a range between 105 mm and 115 mm. The mortar was placed
into the mold in three layers, compacted by tamping 20 times, followed by 25 drops of
the flow table within 15 s. Figure 4 clearly illustrates that as the percentage of binder re-
placement (RHA + WMP) increases, the workability of the mortar progressively decreases.
This reduction in slump flow can be attributed to the specific properties of RHA and WMP.
RHA, being a porous material with a high specific surface area, has a pronounced water
absorption capacity, which reduces the effective water available for mixing. Additionally,
the irregular shape and finer particle size of the replacement materials contribute to higher
water demand during the mixing process [15,41].
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Slump flow (mm)

Mix0 Mixs Mixl10  Mixl5  Mix20  Mix25  Mix30
Mix code

Figure 4. Slump flow of cement mortar incorporating RHA and WMP.

3.2. Mechanical Properties
3.2.1. Compressive Strength

The compressive strength of cement mortar containing RHA and WMP as partial
replacements for cement was evaluated using a standard compressive strength testing
machine, following ASTMC 109 [30]. Mortar cube samples were prepared for the 3rd, 7th,
28th, 56th, and 91th days. Three samples were prepared and tested for each mix at specified
dates. Figure 5 illustrates the compressive strength results across various replacement
levels of cement with RHA and WMP. The results reveal a significant influence of these
materials on the mechanical properties of the mortar.
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Figure 5. Compressive strength test results of cement mortar incorporating RHA and WMP.

The higher specific surface area of RHA facilitates an increase consumption of calcium
hydroxide (Ca(OH);) in the mortar mixture. This occurs because the high surface area of
RHA accelerates the reaction between calcium hydroxide and silica, forming C-S-H bonds,
which require substantial energy to break and contribute to the increased compressive
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strength of the mortar [20,41]. Furthermore, the pozzolanic nature of RHA allows it to fill
micro voids in the mortar matrix, enhancing its density and strength.

Similarly, waste marble powder improves compressive strength by reducing porosity
within the mortar matrix through its physical properties. Additionally, WMP exhibits bind-
ing characteristics due to the hydration of calcite and C3A (tricalcium aluminate), further
improving the mortar’s structural integrity [42]. Multiple studies support the optimal
replacement level of 10-15% of RHA or WMP for achieving maximum strength [41,43-45].

In this research, the compressive strength of cement mortar increased as the percentage
replacement of cement with RHA and WMP rose from 0% to 20%. At 28 days of curing,
the compressive strength of the control mix (0% replacement) was 27.98 MPa, while the
mix with 20% replacement reached 35 MPa. However, beyond 20% replacement, the
compressive strength began to decline. This reduction is attributed to limited availability
of calcium hydroxide (C-H) for pozzolanic activity at higher cement replacement levels.
Additionally, the formation of C-S-H gel diminished as more cement was replaced, leading
to reduced mechanical strength [15,20,38,46].

3.2.2. Ultrasonic Pulse Velocity

Figure 6 displays the results of the UPV test. For this study, 50 x 50 x 50 mm mortar
cubes were prepared, with three specimens tested at each evaluation date. The UPV
results indicated that the optimal UPV value was achieved when cement was replaced
with 20% of RHA and WMP across the range of 0% to 20% replacement levels. As shown
in Figure 5, the UPV test results demonstrate a consistent trend of increasing values with
higher percentages of cement replacement in the mortar mixes of up to 20%. Specifically,
after 28 days of curing, laboratory measurements recorded velocities of 3.1 km/s for 0%
replacement and 3.5 km/'s for 20% replacement.

40
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Figure 6. Results of the UPV test for cement mortar incorporating RHA and WMP.

3.3. Microstructure Properties

3.3.1. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a widely utilized method for characterizing
materials by measuring their mass changes as a function of temperature. This method
offers invaluable insights into the degradation rates, moisture content, and thermal stability
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of materials. TGA quantifies mass variations associated with the thermal degradation of a
sample, providing precise measurements of mass loss during heating. When cement-based
materials are subjected to elevated temperatures, the hydration products undergo thermal
decomposition, releasing water vapor and carbon dioxide. The TGA apparatus measures
these changes in mass in real-time, enabling accurate calculation of mass loss throughout
the thermal process [47].

The decomposition of cement hydrates during TGA is generally observed in three
distinct stages. The first stage, occurring between 25 °C and 105 °C, is characterized
by the loss of free water. Following this, between 105 °C and 400 °C, the hydration
products undergo dehydration. In the second stage, from 400 °C to 600 °C, Mix0 and
Mix20 experience significant mass loss in this range. This mass loss corresponds to the
thermal decomposition of calcium hydroxide (Ca(OH);) into calcium oxide (CaO) and
water vapor. The third and the final stage corresponds to decarbonation of CaCOj3 from
600 °C to 800 °C, where the material releases carbon dioxide (CO;) upon heating. These
stages provide a clear indication of the thermal behavior of cement-based materials under
varying temperature conditions [48].

Figure 7 presents the TGA results, showing the mass loss at 28 days of curing for three
selected mix compositions: Mix0, Mix20, and Mix30. These mixes were chosen based on
their divergent compressive strength trends, with Mix 0 serving as the baseline, Mix20
exhibiting optimal strength, and Mix30 demonstrating inferior performance. The TGA data
reveal critical insights into the relationship between cement replacement levels, hydration
products, and mechanical behavior. Notably, Mix30 exhibits the highest total mass loss
(8.6%), significantly exceeding that of the control mix (6.5%) and Mix20 (6.4%). This
elevated mass loss in Mix30 suggests reduced structural stability, likely due to incomplete
pozzolanic reactions or excessive cement dilution, which aligns with its inferior compressive
strength. In contrast, Mix20 demonstrates the lowest mass loss, underscoring its enhanced
microstructure and chemical stability.
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Figure 7. TGA at 28 days of curing for cement mortar containing RHA and WMP.
A key thermal event occurs within the temperature range of approximately 450-550 °C,

primarily corresponding to the decomposition of C-H due to the dehydration of Ca(OH),.
The control mix exhibits higher mass loss in this range compared to Mix20. The reduced
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C-H mass loss in Mix20 can be attributed to the pozzolanic reaction, where highly reactive
silica from RHA reacts with Ca(OH),, forming additional C-S-H gel. This observation
aligns with the mechanical performances discussed earlier. Additionally, Mix20 exhibits
higher mass loss in the 0-450 °C range, further supporting the increased formation of C-S-H
gel [3,49].

The superior performance of Mix20 is thus linked to its optimized pozzolanic activ-
ity at 20% cement replacement. The reactive silica in RHA effectively consumes calcium
hydroxide, mitigating its deleterious effects while generating additional C-S-H gel. This
densification enhances mechanical strength, durability, and long-term stability. Conversely,
the inferior performance of Mix30 likely stems from an imbalance in the binder-to-pozzolan
ratio, where excessive replacement disrupts hydration kinetics, leaving unreacted con-
stituents and weakening the matrix [48].

3.3.2. Differential Thermal Analysis

Differential thermal analysis is a valuable thermal analysis technique used to inves-
tigate the thermal behavior and properties of materials. It measures the temperature
difference between the sample and a reference material as they undergo controlled heating
or cooling. This technique provides critical information about phase transitions, thermal
stability, decomposition, and other thermal events. In particular, DTA is useful for ob-
serving changes in material composition during heating, including the decomposition of
compounds and the occurrence of exothermic and endothermic reactions. Notably, the
peak associated with the decarbonation of calcium carbonate is completely absent when
the sample is heat-treated to 800 °C, which aligns with expectations [50].

Figure 8 presents the DTA curve for the cement mortar samples at 28 days of curing,
with varying levels of cement replacement: 0%, 20%, and 30%, using RHA and WMP. De-
composition of calcium hydroxide (Ca(OH);) occurs in the temperature range of 450-710 °C,
while calcium carbonate (CaCO3) decomposes between 710-1020 °C. Additionally, the
evaporation of absorbed water is observed around 35-140 °C. An exothermic reaction,
occurring between 140 and 400 °C, can be attributed to the presence of C-S-H, a critical
component in cement hydration [51].
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Figure 8. DTA curve at 28 days of curing for cement mortar containing RHA and WMP.
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As shown in the DTA curves, the endothermic peaks associated with the decompo-
sition of calcium hydroxide appear at 505 °C, 500 °C, and 508 °C for 0%, 20%, and 30%
replacement, respectively. In contrast, the exothermic peaks corresponding to the break-
down of C-S-H gel occur at 414 °C, 357 °C, and 378 °C for 0%, 20%, and 30% replacement,
respectively. These shifts in thermal behavior demonstrate the influence of the RHA and
WMP additives on the thermal properties of the cement mortar, highlighting differences in
hydration and decomposition patterns.

3.3.3. Fourier Transformation Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) analysis of hardened mortar was
conducted to examine the potential of chemical changes resulting from the addition of
admixtures. This analysis identified the presence of organics, such as OH hydroxyl groups,
C-O-C stretching vibrations [52]. In FTIR analysis, infrared radiation is passed through the
sample, with some radiation being absorbed and some transmitted. The resulting spectrum
represents the molecular absorption and transmission, creating a molecular fingerprint of
the sample. This fingerprint can be used to identify unknown materials, assess the quality
or consistency of the sample, and determine the composition of mixture [41]. According
to [47], FTIR is a method for identifying chemical functional groups in a product, where
the specific wavelengths absorbed are characteristic of the chemical groups present in the
analyzed material. The measurements were carried out using an IRAFFINITY-1 apparatus,
with a scanning range between 400 and 4000 em~1, 40 scans, and a resolution of 4 cm™ 1.
The main characteristic peaks of C-S-H are located in the range of 1100-900 cm 1 [53].

Figure 9 presents the FTIR spectra for cement mortar samples with 0%, 20%, and 30%
replacement of cement by RHA and WMP after 28 days of curing. The peak absorption
bands for C-S-H were observed at 963 cm™—1, 969 cm 1, and 960 cm~! for 0%, 20%, and
30% replacement, respectively, with broader bands ranging between 1196 and 747 cm~ L,
1222 and 755 cm ™!, as well as 1196 and 886 cm~!. Among these, the 20% replacement
exhibited the broadest and strongest bands, indicating a higher formation of C-S-H gel
due to increased pozzolanic activity. The strong asymmetric bending at 900-1100 cm~*
corresponds to the formation of hydration products, including calcium silicate hydrate
C-S-H, in the lime composite mortars [54].
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Figure 9. FTIR spectra of cement mortar containing RHA and WMP at 28 days of curing.
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The FTIR spectra of C-S-H shifted to lower wave numbers, reflecting a decrease
in polymerization. Conversely, shifts to higher wave numbers were attributed to sil-
ica polymerization during the decalcification process. This method also highlights the
shifts in bands assigned to C-S-H under curing and aging conditions [53]. The carbonate
peak absorption bands for 0%, 20%, and 30% replacement were observed at 1406 cm ™!,
1406 cm !, and 1408 cm ™!, respectively, with ranges of 1549-1196 cm ™!, 1549-1222 cm 1,
and 1563-1196 cm~!. The narrower band for the 20% replacement indicates a reduction in
carbonate formation. Additionally, the infrared absorption bands of calcite at 1421 cm !
shifted to 1448 cm~!, likely due to crystal deformation of calcium carbonate (CaCOj3)
caused by organic materials in the mortar [55].

The peak and range values of OH groups were recorded at 3400 cm ™!, 3407 cm ™!,
and 3412 cm~! for 0%, 20%, and 30% replacement, respectively, with band ranges of
3754-2967 cm ™!, 3750-2957 cm ™!, and 3758-2986 cm~!. Peak areas corresponding to
carbonates were observed in the interval of 1300~1700 cm ™! in the original spectra without
subtraction, while the OH-stretching region appeared above 3000 cm~! [56]. A broad
absorption band formed from 30% cement replacement with RHA and WMP in the OH

group region, as indicated in the graph.

3.4. Durability Properties
3.4.1. Sulfate Attack Resistance

Sulfates react with the hydrated calcium aluminates in cement to form calcium sulphoa-
luminates, which expand in volume compared to the original aluminates. Additionally,
sulfates react with free calcium hydroxides in cement to form gypsum and ettringite, which
lead to various forms of deterioration, such as spalling, cracking, softening, expansion, and
strength loss [57].

To evaluate sulfate resistance, mortar cubes were prepared and immersed in a sodium
sulfate solution (5% by weight) instead of water curing. The cubes were tested at specified
intervals (7, 28, 56, and 90 days). Compressive strength tests were conducted, and the results
revealed the impact of sulfate attack on the samples. The findings indicate that sulfate
resistance improved as the cement replacement percentage with RHA and WMP increased,
peaking at 20% as shown in Figure 10. The enhanced resistance can be attributed to the finer
particle size of RHA and WMP, which reduces overall porosity by transforming continuous
pores into discontinuous ones. This densification decreases permeability, limiting sulfate
ion ingress and reducing the number of reactive sites for sulfate attack. Furthermore, the
pozzolanic properties of RHA play a crucial role. The reaction between RHA and calcium
hydroxide produced during cement hydration generates additional C-S-H gel, resulting in
a denser and more sulphate-resistant microstructure [45].

As shown in Figure 11, the compressive strength reduction caused by sulfate attack
decreased with up to 20% cement replacement. This is due to adding RHA to the mortar
making it better at resisting damage from sodium sulfate because of RHA has much less
aluminum, which helps prevent the harmful reactions that cause expansion and cracking
in concrete [57]. Beyond its influence on aluminum oxide (Al,O3) content, the physical
characteristics and pozzolanic properties of RHA are critical for enhancing sulfate resistance.
The pozzolanic reaction occurs when RHA interacts with the calcium hydroxide generated
during cement hydration, leading to the formation of additional calcium silicate hydrates
(C-S-H). This process results in a denser and more resilient cementitious matrix that is
better equipped to withstand sulfate attacks [45]. For instance, at 28 days of curing, the
strength reduction was 1.11 MPa for 0% replacement and 0.78 MPa for 20% replacement.
However, beyond the 20% replacement level, sulfate resistance began to decline, with the
lowest resistance observed at 30% replacement. This decrease may be due to excessive



Infrastructures 2025, 10, 78

15 of 21

replacement altering the mortar’s composition and pore structure, thereby reducing its
resistance to sulfate attack.
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Figure 10. Compressive strength of mortar samples after immersion in sulfate solution at varying
curing days.
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Figure 11. Compressive strength reduction of mortar samples due to sulfate attack at varying
curing days.

3.4.2. Water Absorption

Research has consistently demonstrated that blended cement mortar exhibits signifi-
cantly lower permeability compared to non-blended counterparts. This enhancement in
absorption properties can largely be attributed to the pozzolanic reaction induced by RHA.
The high silica content in RHA reacts with calcium hydroxide, a by-product of cement
hydration, to form C-S-H gel. This gel improves the microstructure by refining the pore
system, resulting in enhanced water resistance. As the replacement percentage of RHA and
WMP increases, the pore system transitions from an open structure to a more closed-pore
system, significantly reducing permeability. However, this leads to a reduction in OPC
content, subsequently decreasing the hydration products within the mortar. This reduc-
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tion, combined with the filler effect of pozzolans, contributes to altered water absorption
characteristics [37].

As illustrated in Figure 12, the optimal replacement level to minimized water absorp-
tion was found to be 20%. At this replacement level, the water absorption at 28 days of
curing was reduced to 6.34%, compared to 8.3 in the control mix sample. Similarly, at
91 days, water absorption decreased to 5.85% at 20% replacement, compared to 7.46% in
the control sample. This finding aligns with the results of [58] which reported a 16.3%
reduction in water absorption when 20% RHA replaced cement and 30% MWP substituted
fine aggregate. The significant reduction is attributed to the synergistic effects of the poz-
zolanic reaction, additional C-S-H gel formation, and pore refinement. However, beyond
the 20% replacement threshold, water absorption begins to increase, with the maximum
water absorption at 30% replacement level, surpassing that of the control sample.
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Figure 12. Water absorption of mortar samples at varying curing days.

3.4.3. Porosity

Blended cements have gained global acceptance for their ability to generate more
uniform hydration products, leading to the segmentation and filling of capillary voids,
ultimately resulting in denser and less permeable mortar. As the percentage of replacement
materials increases, a notable reduction in total porosity is observed [59]. The incorporation
of blended cement enhances the packing efficiency of the cementitious matrix, reducing
void spaces and improving the interconnectivity between cement particles. Replacement
materials, such as pozzolans or fillers like RHA and WMBP, significantly contribute to
pore refinement and porosity reduction. The pozzolanic activity of RHA, in particular,
accelerates the formation of additional hydration products, leading to a more homogenous
and refined microstructure.

The experimental results reveal that the porosity of cement mortar cubes containing
RHA and WMP decreases with increasing replacement percentages up to 20%, as shown
in Figure 13. This result is also supported by researchers that state that the porosity and
sorptivity of the concrete material were reduced when cement is replaced by up to 15-30%
RHA and WMP [37,60]. Specifically, the porosity is reduced from 16.22% to 13.28% at
28 days of curing and from 15.53% to 12.52% at 91 days of curing as the replacement level
increased from 0% to 20%. This reduction is attributed to the pozzolanic activity of RHA,
which reacts with calcium hydroxide to generate additional hydration products, and the
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filler effect of RHA and WMP, whose fineness surpasses that of cement. These factors
enhance pore refinement and reduce overall porosity.
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Figure 13. Porosity of mortar samples at varying curing days.

The optimum porosity reduction was achieved at the 20% replacement level. However,
beyond this threshold, the porosity began to increase, suggesting that excessive replacement
of cement with RHA and WMP compromises the hydration process by reducing the amount
of available hydration products. Consequently, the 30% replacement level exhibited a
porosity value higher than that of the control sample.

3.5. Correlation Analysis

The relationships among compressive strength, water absorption, ultrasonic pulse
velocity, and porosity were analyzed using the experimental data, as illustrated in Figure 14.
A strong correlation was observed between compressive strength and UPV, with a coeftfi-
cient of determination (R?) of 0.9866, indicating a direct and significant relationship. This
strong correlation reflects the homogeneity of the mortars and confirms that as compressive
strength increases, UPV values also increase, demonstrating the densification and integrity
of the cementitious matrix.
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Figure 14. Correlation among compressive strength, water absorption, UPV, and porosity of mor-
tar samples.
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In contrast, water absorption and porosity exhibited an indirect (negative) correlation
with both compressive strength and UPV. The R? value for the relationship between
water absorption and compressive strength was 0.9339, while the correlation between
porosity and compressive strength yielded an R? of 0.9522. These findings highlight the
inverse relationship between porosity, water absorption, and the mechanical and structural
properties of the mortar. Specifically, as the compressive strength increases, both water
absorption and porosity decrease exponentially, underscoring the significant role of pore
refinement in enhancing the durability and strength of the material [2,61,62]. These strong
correlations reinforce the importance of optimizing cementitious compositions to achieve
improved performance in terms of strength, durability, and impermeability.

4. Conclusions

This study aimed to investigate the agricultural (rice husk ash) and industrial (waste
marble powder) waste materials as partial replacements for cement in the production of
cement mortar. To ensure suitability, the physical properties (specific surface area and
specific gravity) and chemical composition of the materials were analyzed. According to
ASTM C618-22, RHA was categorized as a natural pozzolana due to its high silica content
(93.96%) after being burned at 750 °C for 5 h, while WMP, predominantly composed of CaO,
was classified as a non-pozzolanic material. Key findings of this research are as follows:

e  Workability and setting time: The incorporation of RHA and WMP led to reduced
workability and shorter setting times, attributed to their higher specific surface area
compared to cement. The initial and final setting times exhibited a linear decline, with
reductions of up to 28% and 22%, respectively. Additionally, workability decreased by
9.25% at 30% replacement (Mix30).

e  Mechanical properties: Compressive strength and UPV improved with replacement
levels up to 20%, due to the formation of additional C-S-H gel, which enhanced matrix
uniformity and densification. At 20% replacement (Mix20), compressive strength
reached its peak increase of 26.33%, while UPV improved by 9.44% after 90 days of
curing compared to the control mix. However, beyond 20% replacement, a decline
in both compressive strength and UPV was observed, indicating a loss of matrix
homogeneity.

e Durability: Sulfate resistance significantly improved with increasing replacement
levels, peaking at 20% replacement due to pore refinement, reduced porosity, and
enhanced C-S-H formation. The inclusion of RHA and WMP resulted in a 12.9%
increase in sulfate resistance at Mix20 after 91 days compared to the control mix.
Additionally, water absorption and porosity were at their lowest at 20% replacement;
however, beyond this level, both properties increased, suggesting a threshold for
optimal durability performance.

e  Thermal and structural analysis: TGA demonstrated minimum mass loss in hardened
mortar at 20% cement replacement. The FTIR analysis corroborated these findings,
revealing a denser internal structure with increased C-S-H formation and a reduction
in C-H as the replacement percentages rose to 20%.

In conclusion, the optimal replacement level of cement with RHA and WMP was deter-
mined to be 20%, providing the best balance between strength, durability, and uniformity.
This study highlights the potential of utilizing agricultural and industrial waste materials
to enhance the sustainability of cementitious systems, offering a viable solution for waste
management and resource efficiency in the construction industry.
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