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Abstract

Red mud (RM), a highly alkaline by-product of the alumina refining process, poses signifi-
cant environmental challenges due to its large-scale accumulation. This study systematically
investigates the mechanical performance, thermal resistance, and durability of RM-based
cement mortar, evaluating the individual effects of fly ash (FA), basalt fibers (BF), and nano
zinc oxide (NZO) as separate modifying constituents introduced independently into the RM
matrix. Fourteen mortar mixtures were prepared with RM replacement levels of 10–35%,
a constant FA content of 15%, BF dosages of 0.5–1.5%, and NZO dosages of 0.5–2.0%.
Workability, 28-day compressive and flexural strengths, residual mechanical properties
after exposure to 600 ◦C and 800 ◦C, sulfate resistance, and microstructural characteristics
were evaluated. Increasing RM content reduced workability and mechanical strength, with
compressive and flexural reductions reaching 35.5% and 29.0% at 30% RM, respectively. FA
partially compensated through its ball-bearing effect and pozzolanic reactivity. The optimal
1.5% BF dosage increased the compressive and flexural strengths by 14.7% and 37.5%,
respectively, and significantly enhanced the residual performance at elevated temperatures.
The optimal 0.5% NZO improved the compressive and flexural strengths by 13.2% and
18.3%, respectively; however, 2.0% NZO caused complete strength loss, which may be
associated with severe nanoparticle agglomeration and possible zinc-containing reaction
products reported in previous studies. The formation of specific crystalline phases was not
experimentally verified in the present study. Sulfate resistance deteriorated with increasing
RM, whereas 1.5% BF and 1.0% NZO reduced mass loss by 58.9% and 59.7%, respectively.
SEM confirmed that RM15 + FA15 exhibited the densest microstructure with minimal
voids. The results demonstrate that RM can be effectively utilized as a sustainable cement
replacement, with FA, BF, and NZO each independently identified as effective performance-
enhancing constituents at their respective optimal dosages; their combined quaternary
application remains untested and is proposed as a direction for future validation.

Keywords: red mud; fly ash; basalt fiber; nanomaterial; cement mortar; mechanical perfor-
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Sustainability 2026, 18, 8540 https://doi.org/10.3390/su18168540

https://crossmark.crossref.org/dialog?doi=10.3390/su18168540&domain=pdf&date_stamp=2026-08-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-1389-3173
https://orcid.org/0009-0003-6924-1101
https://orcid.org/0000-0002-8833-5133
https://orcid.org/0009-0001-5320-4512
https://doi.org/10.3390/su18168540


Sustainability 2026, 18, 8540 2 of 32

1. Introduction
The construction and building materials industry is under increasing pressure to re-

duce its environmental footprint while simultaneously improving material performance
and longevity. Ordinary Portland Cement (OPC) production accounts for approximately 8%
of global CO2 emissions, generating nearly 0.9 tons of CO2 per ton of clinker produced [1–3].
This reality has accelerated the search for supplementary cementitious materials (SCMs),
which are industrial by-products that can partially replace cement while preserving or en-
hancing mechanical and durability performance. Among the most promising candidates are
red mud (RM), fly ash (FA), basalt fibers (BF), and nano-scale oxides such as nano zinc oxide
(NZO), each of which contributes distinct physicochemical benefits to cementitious matrices.

Red mud (RM), also known as bauxite residue, is a highly alkaline by-product generated
during the Bayer process for alumina extraction from bauxite ore. Owing to its substantial
production volume and caustic nature (pH ≈ 12–13), RM represents a major environmental
challenge worldwide. Approximately 1–1.5 tons of RM are produced per ton of alumina,
with nearly 150 million tons generated from 115 million tons of alumina in 2015 alone [4,5].
By 2023, the cumulative global stockpile exceeded 5 billion tons and continues to increase
at an annual rate of approximately 180 million tons, whereas the utilization rate remains
below 15% [6]. These numbers highlight the critical concerns related to long-term storage,
land occupation, and potential environmental contamination. The chemical composition of
RM varies depending on the bauxite source and refining conditions; however, it typically
consists of 20–30% iron oxides (Fe2O3), 20–30% alumina (Al2O3), 10–20% silica (SiO2), and
minor constituents such as titanium dioxide (TiO2) and calcium oxide (CaO) [7]. Its fine
particle size, high alkalinity, and mineralogical composition have stimulated extensive
research into its valorization for cementitious applications.

In cementitious systems, RM has been investigated as a supplementary cementi-
tious material (SCM). Low replacement levels (≤10%) generally maintain mechanical
performance without significant strength loss [8], and enhanced durability in aggressive
environments has been reported [9]. Blending RM with other industrial by-products, such
as fly ash (FA), has further improved the performance of composite binders [10]. To en-
hance reactivity, thermal activation and alkali-activated systems have been widely explored.
Studies have examined RM as a component in Portland cement blends [11,12] and calcined
cement systems [13,14]. Thermal treatment at elevated temperatures modifies mineral
phases and increases amorphous content; 800 ◦C has been identified as an optimal cal-
cination temperature, with 10% addition yielding favorable mechanical performance. In
alkali-activated slag (AAS) mortars, 20% RM replacement provided optimal compressive
strength development, although flexural strength decreased at higher RM contents [15].
Calcined RM also improved strength development and significantly reduced autogenous
and drying shrinkage in alkali-activated fly ash slag (AAFS) systems [16]. However, long-
term performance may be adversely affected at higher replacement ratios, with increased
porosity, water absorption, and reduced compressive strength reported over extended
curing periods [17]. Overall, these studies confirm that RM possesses significant potential
as a sustainable SCM when appropriately treated and optimized; nevertheless, challenges
related to high alkalinity, compositional variability, workability reduction at higher dosages,
and long-term durability remain critical considerations.

Fly ash (FA), a by-product of coal-fired power generation, is one of the most extensively
studied SCMs in cementitious systems. Its spherical particle morphology improves fresh-
state workability and reduces water demand, while its amorphous silica- and alumina-rich
chemistry promotes secondary pozzolanic reactions with calcium hydroxide (Ca(OH)2)
liberated during cement hydration, yielding additional calcium silicate hydrate (C–S–H)
and refining pore structure [18]. Class F fly ash, characterized by SiO2 + Al2O3 + Fe2O3

content exceeding 70%, has demonstrated consistent strength development and durability
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improvements in mortar and concrete when used at replacement levels of 15–30% [19].
Studies incorporating FA alongside RM have reported synergistic benefits: the alkalinity of
RM can serve as an internal activator for FA’s latent pozzolanic reactivity, which may be
associated with the formation of C–A–S–H and N–A–S–H gels by analogy with previous
RM–FA studies [20,21]; however, no XRD, FTIR, or SEM-EDS analysis was performed in this
study to confirm their presence [20,21]. Moreover, FA incorporation in RM-blended systems
has been shown to mitigate the adverse effects of RM’s high iron oxide content on early-age
strength development [22]. Despite its well-established benefits, FA at high replacement
ratios tends to retard early-age strength development due to its slow pozzolanic reaction
kinetics, necessitating careful mix optimization [23].

The incorporation of short discontinuous fibers into cementitious matrices is a well-
established strategy to overcome their inherent brittleness and limited tensile capacity.
Among the available fiber types, basalt fibers (BF), derived from the melt of volcanic basalt
rock at temperatures around 1400–1500 ◦C, have attracted significant research attention
owing to their outstanding mechanical and chemical properties [24]. Basalt fibers exhibit
tensile strengths in the range of 2500–4800 MPa, an elastic modulus of 65–110 GPa, and
superior chemical resistance in alkaline cementitious environments compared with glass or
polymer fibers [25,26]. Their natural volcanic origin and relatively simple manufacturing
process confer a more favorable ecological profile, with significantly lower embodied energy
than carbon or aramid fibers [27]. In cement mortar and concrete systems, BF addition at
dosages of 0.5–2.0% by volume has consistently been shown to improve compressive and
flexural strengths, fracture toughness, and post-crack ductility through crack-bridging and
stress-transfer mechanisms [28,29]. The fiber–matrix interfacial bonding in BF-reinforced
composites is governed by mechanical interlocking and chemical interaction with cement
hydration products, which can be further enhanced through surface treatment or sizing [30].
Importantly, basalt fibers exhibit remarkable thermal stability up to 700–800 ◦C, retaining
significant tensile capacity at elevated temperatures and thereby enhancing the residual
mechanical performance and fire resistance of reinforced mortar systems [31,32]. Studies
on BF-reinforced mortars and concretes subjected to elevated temperatures consistently
demonstrate superior residual compressive and flexural strengths compared with plain or
polymer-fiber-reinforced counterparts [33,34]. At the nanoscale, the incorporation of nano-
sized particles represents a frontier strategy for tailoring the microstructure of cementitious
composites. Nano zinc oxide (NZO) is a multifunctional inorganic nanoparticle with a
particle size typically in the range of 20–100 nm and a high specific surface area, enabling it
to act simultaneously as a nano-filler, nucleation accelerator, and pozzolanic agent within
the cement matrix [35,36]. The nano-filling effect of NZO densifies the interfacial transition
zone (ITZ) and capillary pore network, reducing permeability and enhancing resistance to
aggressive ion ingress [37]. The nucleation effect accelerates cement hydration by providing
additional surface area for C–S–H precipitation, resulting in strength gains at both early
and late curing ages [38]. Studies have reported compressive strength improvements of
10–20% in NZO-modified mortar and concrete at optimal dosages, typically in the range
of 0.5–2.0% by weight of total binder, with diminishing returns or strength reductions
at higher dosages due to nanoparticle agglomeration [39,40]. However, the behavior of
NZO in systems containing high proportions of RM, which itself introduces reactive iron
and alumina phases, remains incompletely understood, particularly its effect on high-
temperature performance and the potential for explosive spalling from vapor pressure
build-up within a densified matrix [41].

The individual and synergistic mechanisms of RM, FA, BF, and NZO are inferred to
collectively govern the performance of the investigated cement mortar system, based on the
measured mechanical and durability trends rather than direct mineralogical evidence. RM is
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expected to provide a highly alkaline environment capable of activating the latent pozzolanic
reactivity of FA, while its Fe- and Al-rich phases may contribute reactive compounds and, at
higher replacement levels, a micro-filler effect; however, excess RM content promotes a more
porous and heterogeneous microstructure, consistent with the SEM observations. FA, owing
to its smooth spherical particle morphology, reduces inter-particle friction and water demand
through a ball-bearing effect that improves fresh-state flow, while its pozzolanic reaction
with calcium hydroxide is understood to generate secondary C–S–H, a reaction believed to
depend on the alkaline activation supplied by RM. BF forms a random three-dimensional
fiber network that is expected to bridge and arrest microcracks, thereby restraining crack
propagation, limiting sulfate-ion ingress pathways, and enhancing residual strength and
spalling resistance under elevated-temperature exposure, consistent with the measured
mechanical and durability trends. NZO is understood to contribute both a nano-filler effect,
blocking capillary pores and refining the interfacial transition zone, and a nucleation effect
that may accelerate C–S–H precipitation, densifying the matrix around the BF network
at optimum dosage. The interaction of these four mechanisms is proposed to collectively
govern the workability, mechanical strength, thermal resistance, and sulfate durability of
the resulting cement mortar system; it should be noted, however, that these mechanistic
interpretations remain inferential, as no XRD, FTIR, TG/DSC, or SEM-EDS analysis was
performed to directly verify the underlying reaction products or phase transformations,
and this framework should therefore be regarded as a hypothesis for future validation
(see Section 6). The water-to-binder ratio further governs both fresh- and hardened-state
behavior: a higher ratio reduces yield stress and viscosity, improving flow and filling
capacity, whereas hydrated microstructure development remains highly sensitive to the
rheological regime established at mixing, as similarly demonstrated for cementitious grout
propagation in fractured media [23]. Such rheological sensitivity to water content and mix
consistency parallels the mechanisms controlling nanoparticle-induced pore refinement,
whereby densification of the flow path and reduction of the effective permeable network
are jointly governed by fluid rheology and particle-scale filling behavior.

Despite extensive research on red mud (RM), fly ash (FA), basalt fibers (BF), and nano
zinc oxide (NZO) individually, no previous study has systematically screened the individual
effects of FA, BF, and NZO within a single RM-based cement mortar framework under
mechanical, thermal, and durability conditions. The novelty of the present study lies in
this systematic single-variable evaluation, which isolates the individual contribution of
each constituent to fresh-state behavior, mechanical performance, elevated-temperature
resistance, and sulfate durability**, establishing an evidence-based foundation for future
multi-component optimization**. The incorporation of RM, FA, BF, and NZO reflects dis-
tinct, independently evaluated mechanisms—alkaline activation of FA by RM within the
RM–FA series, and crack-bridging (BF) or matrix-densification (NZO) effects introduced
separately into the RM30 baseline; the potential interaction among BF, NZO, and FA within
a single quaternary matrix remains untested and is identified as a key direction for fu-
ture work. In particular, the influence of NZO-induced densification on high-temperature
spalling behavior in RM-based systems has not previously been reported. Accordingly, this
study investigates the fresh-state workability, compressive and flexural strengths, residual
mechanical performance after elevated-temperature exposure, sulfate resistance, and mi-
crostructural characteristics of RM-based cement mortars incorporating FA, BF, and NZO
at systematically varied proportions. Fourteen mortar mixtures were prepared with RM
replacement levels of 10–35%, a constant 15% FA content, basalt fiber dosages of 0.5–1.5%,
and NZO contents of 0.5–2.0%. The findings aim to support the development of sustainable
and high-performance cementitious composites through the valorization of industrial waste
materials and reduced reliance on conventional Portland cement.
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2. Materials
2.1. Cement

Ordinary Portland Cement (OPC) Type I (Lafarge Holcim, Amman, Jordan) was used
as the primary binding material in all mortar mixtures. The cement was sourced from a local
Saudi manufacturer and complies with the requirements of ASTM C150 [42]. The chemical
composition of the cement, as provided by the manufacturer, is presented in Table 1.

Table 1. Chemical composition of Ordinary Portland Cement (OPC) Type I.

Chemical Component CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O LOI

Percentage (%) 63.25 20.49 5.52 3.42 2.14 1.75 0.26 2.53

2.2. Red Mud

Red mud (RM) is a strongly alkaline industrial by-product (pH ≈ 12–13) generated
during the Bayer process for alumina extraction from bauxite ore. The RM used in this study
was supplied by (Ma’aden Aluminum Company, Ras Al Khair Industrial City, Saudi Arabia).
Prior to use, the RM was air-dried under laboratory conditions to remove excess moisture,
as shown in Figure 1. The dried material was subsequently ground, pulverized, and sieved
through a No. 40 sieve (425 µm opening) to achieve a uniform particle size distribution
suitable for mortar preparation. The chemical composition of RM, determined by X-ray
fluorescence (XRF) analysis and expressed as a percentage of dry mass, is presented in Table 2.
The results indicate that Al2O3, Fe2O3, and SiO2 are the dominant constituents, collectively
accounting for approximately 68% of the total composition, reflecting the alumino-silicate
ferruginous nature of the material. Minor oxides including Na2O, TiO2, and CaO were each
present at levels not exceeding 11%. The high alkalinity of RM, attributed primarily to its
elevated Na2O content (~10.83%), is a key characteristic that influences its interaction with
cement hydration products and its potential role as an internal activator for supplementary
cementitious materials in the composite mortar system.

Figure 1. Red mud.

Table 2. Chemical composition of red mud.

Elements Percentage (%)

CaO 4.9
Fe2O3 23.79
SiO2 17.9

Al2O3 26.24
Na2O 10.83
TiO2 7.50
LOI 5.96

2.3. Fly Ash

Class F fly ash (FA), a coal combustion by-product, was used as a supplementary
cementitious material (SCM) at a constant replacement level of 15% by weight of total binder.
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The FA was obtained from Builmix Company, Al Khobar, Saudi Arabia. Its incorporation
was intended to improve particle packing, enhance pozzolanic reactivity, and mitigate
early-age strength reduction associated with high RM contents. The physical properties
and chemical composition of the FA, determined in accordance with ASTM C618 [43], are
presented in Tables 3 and 4, respectively.

Table 3. Physical Properties of Class F Fly Ash.

Properties Value

Appearance Gray or Shaded Brown
Specific Surface (m2/Kg) 345–380

Specific Gravity 2.35
Chloride content (%) 0.01

Flammability Non-Flammable

Table 4. Chemical composition of Fly Ash.

Parameters Method Results
Requirement ASTM C618 Limits

Class N Class F Class C

Loss On Ignition
ASTM C311 [44]

2.12 10.0 max 6.0 max 6.0 max
Moisture content 0.32 3.0 max 3.0 max 3.0 max

Calcium oxide, CaO

Wavelength-dispersive
X-ray fluorescence
(ASTM E1621) [45]

4.02 - 18.0 max >18.0
Silicon Oxide, SiO2 52.59 - - -

Aluminum Oxide, Al2O3 30.81 - - -
Iron Oxide, Fe2O3 (%) 6.15 - - -

Sum (SiO2 + Al2O3 + Fe2O3) (%) 90 70 min 70 min 50 min
Magnesium Oxide, MgO (%) 1.85 - - -

Sulfur Trioxide, SO3 (%) 0.82 4.0 max 5.0 max 5.0 max
Chlorine, Cl (%) 0.03 - - -

Phosphorus pentoxide, P2O5 (%) 0.15 - - -
Manganese oxide, MnO (%) 0.17 - - -

Sodium Oxide, Na2O (%) 0.33 - - -
Potassium Oxide K2O (%) 0.59 - - -
Sodium oxide Equivalent
(Na2O + 0.658×K2O) (%) 0.72 - - -

2.4. Basalt Fibers

Chopped basalt fibers (BF) were used as discontinuous reinforcing elements in selected
mortar mixtures. The fibers were supplied by Globmarble Co. (Brooklyn, NY, USA) with a
nominal length of 12 mm. They were selected for their high tensile strength (2600 MPa),
high elastic modulus (≥65 GPa), excellent thermal stability (melting point 1450 ◦C), and
superior chemical resistance in alkaline environments, making them well-suited for RM-
based mortar systems. The fibers are shown in Figure 2, and their physical and mechanical
properties are summarized in Table 5.

Table 5. Physical properties of basalt fiber.

Property Value

Shape of Fiber Straight
Density 2.67 (g/cm3)
Length 12 mm

Diameter 16 microns
Melting Temperature 1450 ◦C

Tensile Strength 2600 MPa
Young’s Modulus ≥65 GPa

https://doi.org/10.3390/su18168540
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Figure 2. Basalt fiber.

2.5. Nano Zinc Oxide

Nano zinc oxide (NZO) powder was used as a nanoparticle modifier to enhance
the microstructural and mechanical properties of the RM-based mortar. The NZO was
incorporated at dosage levels of 0.5%, 1.0%, and 2.0% by weight of total binder. The physical
properties of NZO, as confirmed by the manufacturer’s specifications, are presented in
Table 6. The ultrafine particle size of NZO enables it to act as a nano-filler and nucleation
accelerator. Previous studies have reported that NZO may promote C–S–H precipitation
at appropriate dosages and improve mechanical performance at optimized dosage levels.
The NZO powder used in this study is shown in Figure 3.

Table 6. Physical properties of nano zinc oxide (NZO).

Property Value

Particle size (nm) 30–80
Purity (%) ≥99

Appearance White powder

Figure 3. Nano Zinc Oxide.

3. Experimental Work
The experimental program was designed to assess the fresh-state workability, me-

chanical performance, high-temperature behavior, microstructural characteristics, and
durability of red mud (RM)-based cement mortar incorporating FA, BF, and NZO. A total
of fourteen mortar mixtures were developed with varying proportions of these constituents.
The compressive and flexural strengths were evaluated after 28 days of standard water
curing, as well as after exposure to elevated temperatures of 600 ◦C and 800 ◦C, to assess
residual mechanical performance and fire resistance. Additional tests included flow, sulfate
resistance, and scanning electron microscopy (SEM) analysis. All tests were conducted in
accordance with the relevant ASTM standards, as detailed in the following subsections.

3.1. Mix Proportioning

A total of fourteen mortar mixtures were developed in this study. Red mud was used
as a partial replacement for cement at levels of 10–35% by weight of total binder, while
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fly ash was maintained at a constant replacement level of 15% in selected mixtures. Basalt
fibers were incorporated at three dosage levels of 0.5%, 1.0%, and 1.5% by weight of total
binder, and nano zinc oxide was added at contents of 0.5%, 1.0%, and 2.0% by weight of
total binder. The NZO dosage range was selected based on ranges commonly reported in
published literature on nanoparticle-modified cementitious systems [35,39,40]; the 2.0%
dosage was included to explore the upper boundary of NZO application within this specific
RM-based matrix, and the complete mechanical failure observed at this dosage is reported
as a boundary-condition finding that defines the upper safe limit of NZO incorporation
in RM-based mortars. The water-to-binder (w/b) ratio was kept constant at 0.48 for all
mixtures. The mix proportions of all investigated mixtures are presented in Table 7. Prior
to mixing, RM was air-dried under laboratory conditions, ground, and sieved through
a No. 40 sieve (425 µm) to achieve a uniform particle size. RM and FA were dry-mixed
thoroughly before the addition of other constituents. The mixing sequence adopted was as
follows: cement and RM were first introduced into the mixer with half the water portion
and mixed for 2 min; fine aggregate was then added with the remaining water, and mixing
continued for a further 2 min until a homogeneous mixture was obtained. Basalt fibers and
nano zinc oxide were added at the appropriate stage based on the mix design.

Table 7. Mix proportions of mortar mixtures.

Mixture Water
(Kg)

Cement
(Kg)

Fine
Aggregate (Kg)

Fly
Ash (Kg)

Red
Mud (Kg)

Basalt
Fiber (Kg)

NZO
(Kg)

C 1.2 2.5 6.875 0 0 0 0

RM0 + FA15 1.2 2.125 6.875 0.375 0 0 0

RM10 + FA15 1.2 1.875 6.875 0.375 0.25 0 0

RM15 + FA15 1.2 1.75 6.875 0.375 0.375 0 0

RM20 + FA15 1.2 1.625 6.875 0.375 0.5 0 0

RM25 1.2 1.875 6.875 0 0.625 0 0

RM30 1.2 1.75 6.875 0 0.75 0 0

RM35 1.2 1.625 6.875 0 0.875 0 0

RM30 + 0.5BF 1.2 1.75 6.875 0 0.75 0.0125 0

RM30 + 1BF 1.2 1.75 6.875 0 0.75 0.025 0

RM30 + 1.5BF 1.2 1.75 6.875 0 0.75 0.0375 0

RM30 + 0.5NZO 1.2 1.75 6.875 0 0.75 0 0.0125

RM30 + 1NZO 1.2 1.75 6.875 0 0.75 0 0.025

RM30 + 2NZO 1.2 1.75 6.875 0 0.75 0 0.05

3.2. Specimen Preparation and Curing

After mixing, the fresh mortar was cast into steel molds of two sizes—50 × 50 × 50 mm
cubic molds for compressive strength and sulfate resistance tests and 100 × 100 × 400 mm
prismatic molds for flexural strength testing—as shown in Figure 4. Three replicate spec-
imens were prepared for each mixture to ensure statistical reliability of the results. All
specimens were consolidated by vibration on a standard vibrating table, and the surfaces
were finished using a trowel. The molds were kept at room temperature for 24 h, after
which they were demolded and transferred to a water curing tank at 23 ± 2 ◦C for 28 days
prior to testing.

https://doi.org/10.3390/su18168540
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Figure 4. Steel molds filled with red mud-based mortar.

3.3. Testing Methods
3.3.1. Flow Test

The fresh-state workability of the mortar mixtures was assessed using the flow test,
conducted in accordance with ASTM C1437 [46]. A standard flow table was used for this
purpose. The mortar was placed into a standard conical mold in two equal layers, with
each layer compacted using 20 uniform tamps. The molds were then carefully lifted, and
the flow table dropped 25 times within 15 s. The resulting spread diameter of the mortar
was measured in two perpendicular directions, and the average value was recorded. The
flow value was calculated as a percentage using the following Equation (1):

Flow(%) =
D − Do

Do
× 100 (1)

where D is the average spread diameter after dropping (mm) and Do is the base diameter
of the conical mold (70 mm).

3.3.2. Mechanical Properties

The compressive and flexural strengths of the mortar specimens were evaluated after
28 days of water curing. Compressive strength was determined on 50 × 50 × 50 mm
cubic specimens in accordance with ASTM C109/C109M [47], using a calibrated UTEST
compression testing machine at a loading rate of 900 N/s, as illustrated in Figure 5. Flexural
strength was assessed on 100 × 100 × 400 mm prismatic specimens in accordance with
ASTM C348 [48], under a three-point loading configuration at a loading rate of 2.4 kN/min.
The reported values represent the average of three replicate specimens for each mixture.

Figure 5. Compression testing machine.
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3.3.3. Elevated Temperature Exposure

The residual mechanical performance of the mortar mixtures was evaluated after ex-
posure to elevated temperatures of 600 ◦C and 800 ◦C. After 28 days of water curing, the
specimens were placed in an electric furnace and heated from room temperature at a rate of
5 ◦C/min to each target temperature. Upon reaching the target temperature, the specimens
were held isothermally for one hour to ensure uniform heat distribution throughout the
specimen cross-section in accordance with the International Organization for Standardization
(ISO-834) [49]. Following thermal exposure, the specimens were removed from the furnace
and allowed to cool naturally to room temperature in ambient air before testing. The resid-
ual compressive and flexural strengths were then determined using the same procedures
described in Section 3.3.2. The electric furnace used in this study is shown in Figure 6.

Figure 6. Oven.

3.3.4. Sulfate Resistance Test

The sulfate resistance of the mortar specimens was evaluated after 28 days of water
curing; the initial dry mass of each specimen (W0) was recorded prior to immersion. The
specimens were then fully immersed in a 5% sodium sulfate (Na2SO4) solution for 28 days
at room temperature. At the end of the exposure period, the specimens were removed from
the solution, surface-dried with a damp cloth, and oven-dried at 105 ± 5 ◦C until a constant
mass was achieved. The final mass (W1) was then recorded, and the percentage mass loss
was calculated using the following Equation (2):

Mass loss (%) =
Wo − W1

Wo
× 100 (2)

where W0 is the initial dry mass (g) and W1 is the final dry mass after sulfate exposure (g).
Three replicate specimens of 50 × 50 × 50 mm were tested for each mixture, and the average
value was reported.

3.3.5. Scanning Electron Microscopy (SEM)

Microstructural analysis was performed using SEM to investigate the internal mor-
phology, pore structure, and interfacial characteristics of selected mortar specimens. Small
representative fragments were extracted from hardened specimens at the end of the curing
period using a diamond saw. The samples were oven-dried to remove free moisture, and
their surfaces were prepared prior to examination. SEM analysis was conducted to detect
microcracks, unreacted particles, hydration products, and the quality of the interfacial tran-
sition zone (ITZ) between the cementitious matrix and the fiber and aggregate constituents.
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4. Results and Discussion
4.1. Flow Test

The fresh-state workability of all cement mortar mixtures was assessed using the
flow test, and the results are presented in Figure 7a–c. As illustrated in Figure 7a, the
incorporation of 15% FA without RM (RM0 + FA15) increased the flow value from 171 mm
for the control mix (C) to 184 mm, representing an improvement of approximately 7.6%.
This enhancement is attributed to the spherical particle morphology of Class F fly ash,
which acts as miniature ball bearings within the fresh matrix, reducing inter-particle friction
and water demand [50,51]. This effect is consistent with the physical characteristics of the
FA used in this study, which exhibits a specific surface area of 345–380 m2/kg and a smooth
spherical particle morphology (Table 3). The combination of low surface roughness and
near-uniform spherical geometry is understood to reduce contact-point friction between
solid particles under shear, allowing particles to roll rather than interlock, thereby lowering
the yield stress of the fresh mixture and increasing flow spread [50,51]. However, the
progressive incorporation of RM alongside FA resulted in a systematic reduction in flow.
The flow values decreased to 161 mm, 157.8 mm, and 153 mm at RM replacement levels
of 10%, 15%, and 20% by weight of total binder, respectively. These results indicate that
increasing the RM content adversely affected the workability of the fresh mortar mixtures.
For mixtures containing RM as the sole partial cement replacement, a more pronounced
reduction was observed, with flow values of 155 mm, 152 mm, and 148 mm recorded at
RM contents of 25%, 30%, and 35%, respectively, confirming the progressive decline in
fresh-state workability with increasing RM replacement.

Figure 7. Cont.
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Figure 7. Flow values of mixtures: (a) effect of RM and FA content, (b) effect of BF content on RM30
mixtures, and (c) effect of NZO content on RM30 mixtures.

The effect of basalt fiber addition on the flow of RM30 mixtures is presented in
Figure 7b. The incorporation of BF resulted in a progressive reduction in flowability. Flow
values declined from 152 mm for the unreinforced RM30 mixture to 142.2 mm, 131 mm,
and 116 mm at BF contents of 0.5%, 1.0%, and 1.5%, respectively. This trend is consistent
with fiber-reinforced mortar systems, where fibers act as physical obstructions that restrict
particle mobility, increase internal friction, and promote mechanical interlocking within
the fresh mix. The influence of NZO on the flow of RM30 mixtures is shown in Figure 7c.
The addition of NZO generally reduced flowability compared with the reference RM30
mixture (152 mm). Flow values of 125.2 mm, 131 mm, and 120 mm were recorded at NZO
contents of 0.5%, 1.0%, and 2.0%, respectively. The overall reduction is mainly attributed
to the ultrafine particle size and high specific surface area of NZO, which increase water
demand and enhance matrix cohesion [35,41]. The slightly higher flow observed at 1.0%
NZO compared with 0.5% NZO may be related to improved particle packing and more
efficient nanoparticle dispersion at this dosage [52]. At 2.0% NZO, particle agglomeration
likely offsets any beneficial dispersion effects, resulting in the lowest flow value of 120 mm
among the NZO series.

4.2. Compressive Strength

Compressive strength is one of the most critical mechanical properties of cement
mortar, as it reflects the degree of hydration, matrix densification, and the quality of the
interfacial transition zone. The 28-day compressive strength results of all investigated
mixtures incorporating varying proportions of RM, FA, BF, and nano zinc oxide (NZO) are
presented in Figure 8a–c. As shown in Figure 8a, the incorporation of 15% FA as partial
binder replacement (RM0 + FA15) reduced the compressive strength from 42.32 MPa for
the control mix (C) to 38.1 MPa, corresponding to a reduction of approximately 10%. This
reduction is mainly attributed to the relatively slow pozzolanic reaction of FA at early
curing ages, which delays the formation of calcium silicate hydrate (C–S–H) responsible for
strength development. When RM was incorporated together with 15% FA at replacement
levels of 10%, 15%, and 20% by weight of total binder, the compressive strengths decreased
to 35.3, 35.2, and 31.3 MPa, respectively, representing reductions of approximately 16.5%,
16.8%, and 26.1% compared with the control mix. This decline is primarily associated
with cement dilution and the comparatively lower hydraulic reactivity of RM at early
ages. The high iron oxide content and crystalline phases in RM retard hydration reactions
and result in less compact reaction products. Notably, the compressive strength of RM25
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(31.11 MPa) was comparable to that of RM20 + FA15 (31.3 MPa), suggesting that the
pozzolanic contribution of FA partially compensates for the strength reduction associated
with higher RM replacement levels. Tukey HSD confirms no significant difference between
these two mixtures (q = 0.26, p = 1.00).

The influence of RM as a sole partial cement replacement without FA is also illustrated
in Figure 8a. A pronounced reduction in compressive strength was observed with increas-
ing RM content. Compared with the control mix, compressive strengths of 31.11, 27.3,
and 27.85 MPa were recorded at RM replacement levels of 25%, 30%, and 35% by weight
of total binder, corresponding to reductions of approximately 26.5%, 35.5%, and 34.2%,
respectively. The compressive strength recorded for RM35 (27.85 MPa) was statistically
indistinguishable from RM30 (27.3 MPa) (Tukey HSD, q = 0.75, p = 1.00), indicating that
additional RM beyond 30% replacement neither improves nor further reduces compressive
strength within this dataset. The slightly higher compressive strength recorded for RM35
(27.85 MPa) compared with RM30 (27.3 MPa) may be attributed to the micro-filler effect of
additional RM particles, which partially densify the matrix despite their limited hydraulic
reactivity. The effect of basalt fiber addition on RM30 mixtures is presented in Figure 8b.
A progressive enhancement in compressive strength was observed with increasing BF
content. The incorporation of 0.5%, 1.0%, and 1.5% BF increased compressive strength from
27.3 MPa for the unreinforced RM30 mixture to 27.4, 29.1, and 31.3 MPa, corresponding to
improvements of approximately 0.4%, 6.6%, and 14.7%, respectively. This improvement
is attributed to the micro-reinforcement mechanism of basalt fibers, which bridge microc-
racks, delay crack propagation, and improve stress transfer within the cementitious matrix.
Tukey HSD post hoc testing indicates that only the 1.0% and 1.5% BF dosages produced
statistically significant compressive-strength gains relative to RM30 (p < 0.05); the 0.4%
increase recorded at 0.5% BF was not statistically significant (q = 0.14, p = 1.00) and should
be interpreted as measurement variability rather than a genuine strengthening effect. Al-
though basalt fibers demonstrated significant mechanical improvements within the 28-day
testing scope, their long-term durability in the high-alkalinity red mud matrix (pH ≈ 12–13,
Na2O ~10.83%) requires further consideration. The Si–O–Si bonds within the basalt fiber
silicate framework can react with OH− ions, causing surface pitting corrosion and pro-
gressive strength degradation over extended periods [53]. Therefore, the crack-bridging
benefits reported herein should be interpreted within the short-term curing context, and
long-term fiber–matrix interfacial durability in red mud-based systems warrants dedicated
alkali-accelerated aging investigation.

The influence of NZO on RM30 mixtures is shown in Figure 8c. However, increasing
NZO content to 2.0% resulted in a complete loss of compressive strength. This catastrophic
decline is governed by three sequential and mutually reinforcing mechanisms. First, at
this elevated dosage, the high surface energy of NZO nanoparticles promotes severe
agglomeration rather than uniform dispersion; these agglomerates act as discrete flaws
within the matrix, concentrating stress and initiating premature cracking under load rather
than contributing to pore refinement. Second, dissolved Zn2+ ions are well documented to
retard cement hydration by adsorbing onto clinker surfaces and forming a zinc hydroxide
(Zn(OH)2) barrier layer. The combined effect of agglomeration-induced stress concentration,
hydration retardation, and non-cementitious phase formation therefore explains why the
detrimental mechanisms at 2.0% NZO overwhelm the beneficial nano-filler and nucleation
effects observed at lower dosages, resulting in the observed strength collapse [35,39].
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Figure 8. Compressive strength of cement mortar mixtures: (a) effect of RM and FA content, (b) effect
of BF content on RM30 mixtures, and (c) effect of NZO content on RM30 mixtures.
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4.3. Flexural Strength

Flexural strength reflects the ability of cement mortar to resist tensile stresses induced
under bending loads and is closely related to the quality of the interfacial transition zone,
matrix porosity, and fiber reinforcement. The 28-day flexural strength results of all inves-
tigated mixtures are presented in Figure 9a–c. As shown in Figure 9a, the incorporation
of 15% FA as partial binder replacement (RM0 + FA15) resulted in a marginal reduction
in flexural strength from 7.69 MPa for the control mix (C) to 7.61 MPa, corresponding to
a reduction of less than 1.0%. This minimal reduction can be attributed to the filler effect
and the delayed pozzolanic reaction of FA, which contribute to matrix densification and
improved resistance to crack initiation at later curing stages [54,55].

When RM was incorporated together with 15% FA at replacement levels of 10%, 15%,
and 20% by weight of total binder, the flexural strengths decreased to 7.25, 7.17, and
6.92 MPa, representing reductions of approximately 5.7%, 6.7%, and 10.0%, respectively,
compared with the control mix. This gradual decrease is mainly associated with the dilution
of reactive cementitious phases and the limited tensile contribution of RM particles, which
reduces resistance to crack propagation under bending stresses. The behavior of RM as a
sole cement replacement without FA is also illustrated in Figure 9a. A more pronounced
decrease in flexural strength was observed with increasing RM content. Compared with
the control mix, flexural strengths of 6.36, 5.46, and 5.48 MPa were recorded at RM replace-
ment levels of 25%, 30%, and 35%, corresponding to reductions of approximately 17.3%,
29.0%, and 28.7%, respectively. The flexural strength of RM35 (5.48 MPa) was statistically
indistinguishable from RM30 (5.46 MPa) (Tukey HSD, q = 0.12, p = 1.00), indicating no
genuine mechanical difference between these two RM-only mixtures. The slightly higher
flexural strength of RM35 (5.48 MPa) compared with RM30 (5.46 MPa) may similarly be
attributed to factors discussed previously (Section 4.2).

The influence of BF on the flexural performance of RM30 mixtures is presented in
Figure 9b. A substantial and progressive enhancement in flexural strength was observed
with increasing BF content. The incorporation of 0.5%, 1.0%, and 1.5% BF increased flexural
strength from 5.46 MPa for the unreinforced RM30 mixture to 6.35, 6.6, and 7.51 MPa,
corresponding to improvements of approximately 16.3%, 20.9%, and 37.5%, respectively.
This significant enhancement is primarily attributed to the crack-bridging mechanism of
basalt fibers, fiber pull-out resistance, and improved stress transfer along microcracks under
bending loads. The influence of NZO on the flexural strength of RM30 mixtures is shown
in Figure 9c. The addition of NZO at low dosages significantly improved flexural strength.
Compared with the RM30 reference mix (5.46 MPa), flexural strengths of 6.46 and 6.20 MPa
were recorded at 0.5% and 1.0% NZO, corresponding to improvements of approximately
18.3% and 13.5%, respectively. These improvements are attributed to the nano-filler and nu-
cleation effects of NZO, which refine pore structure and enhance matrix densification [35,56].
Consistent with the compressive strength results, the optimal NZO content for flexural
performance was 0.5%. At a higher dosage of 2.0%, flexural strength reduced significantly. A
dedicated one-way ANOVA within the NZO series (RM30, 0.5%, and 1.0% NZO) confirms a
significant overall effect on flexural strength (F(2,6) = 9.9, p = 0.013), but Tukey HSD shows
0.5% and 1.0% NZO are not significantly different from each other on flexural strength
(q = 1.54, p = 0.995) or compressive strength (q = 0.95, p = 1.00); both dosages clearly outper-
form RM30 alone, but “0.5% NZO is optimal” is only statistically distinguishable from 1.0%
NZO for sulfate mass loss (p = 0.007), not for strength.
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Figure 9. Flexural strength of cement mortar mixtures: (a) effect of RM and FA content, (b) effect of
BF content on RM30 mixtures, and (c) effect of NZO content on RM30 mixtures.
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4.4. Residual Mechanical Properties After Elevated Temperature Exposure
4.4.1. Compressive Strength

The residual compressive strength of all mortar mixtures after exposure to elevated
temperatures of 600 ◦C and 800 ◦C for one hour is presented in Figure 10a–c. All mixtures
experienced significant strength degradation with increasing temperature, reflecting the
progressive decomposition of hydration products and thermally induced microcracking
within the cementitious matrix. As shown in Figure 10a, the control mix (C) exhibited
residual compressive strengths of 15.82 and 13.38 MPa at 600 ◦C and 800 ◦C, respectively,
corresponding to reductions of approximately 62.6% and 68.4% relative to its 28-day
ambient strength.

The incorporation of 15% FA (RM0 + FA15) resulted in greater strength reductions,
with residual strengths of 12.5 and 11.82 MPa at 600 ◦C and 800 ◦C, corresponding to
reductions of approximately 67.2% and 69.0%. This increased susceptibility is attributed
to the decomposition of FA-derived C–S–H at elevated temperatures and the inherent
sensitivity of aluminosilicate gel products to thermal degradation [54,56]. When RM was
incorporated together with 15% FA, residual compressive strength decreased progressively
with increasing RM content. At 600 ◦C, strengths of 11.04, 9.0, and 9.26 MPa were recorded
for RM10 + FA15, RM15 + FA15, and RM20 + FA15 mixtures, respectively. At 800 ◦C,
corresponding strengths of 10.14, 7.53, and 7.22 MPa were obtained, representing reduc-
tions of approximately 71.3–78.6% relative to ambient strength. The residual compressive
strength of RM-only mixtures is also illustrated in Figure 10a. Notably, RM-only mixtures
demonstrated relatively improved residual strength at 600 ◦C compared with RM–FA
blends. RM25, RM30, and RM35 recorded residual strengths of 12.11, 15.35, and 14.87 MPa
at 600 ◦C, respectively. The superior thermal performance of RM30 and RM35 at 600 ◦C,
despite their lower ambient strength, may be attributed to the high iron oxide content of
RM (Fe2O3 = 23.79%), which promotes the formation of thermally stable crystalline phases
at intermediate temperatures [57]. However, at 800 ◦C, severe deterioration occurred in RM-
only mixtures, with residual strengths dropping to 4.63, 5.29, and 5.95 MPa for RM25, RM30,
and RM35, respectively, corresponding to reductions of approximately 78.6–85.1%. Beyond
700–750 ◦C, however, this stabilizing mechanism reverses: iron oxide phases undergo
further destabilizing transformations, which may be related to Na2O-induced formation
of low-melting-point phases at elevated temperatures, proposed by analogy with [57–60]
rather than directly observed via mineralogical analysis in this study. This confirms that
the beneficial contribution of iron oxide-rich phases in RM is temperature-dependent and
insufficient as a standalone thermal resistance mechanism under severe fire exposure con-
ditions. The influence of BF on the residual compressive strength of RM30 mixtures after
elevated temperature exposure is presented in Figure 10b. Basalt fiber-reinforced mixtures
demonstrated significantly enhanced thermal performance compared with the unreinforced
RM30 mix. Residual compressive strengths of 18.92, 20.2, and 21.02 MPa were recorded
at 600 ◦C for RM30 + 0.5BF, RM30 + 1BF, and RM30 + 1.5BF, respectively, representing
improvements of approximately 23.3%, 31.7%, and 37.0% over the unreinforced RM30
mixture at the same temperature. At 800 ◦C, residual strengths of 8.1, 8.55, and 8.68 MPa
were obtained, confirming the sustained crack-bridging action and thermal stability of
basalt fibers at elevated temperatures.
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Figure 10. Residual compressive strength of cement mortar mixtures at 600 ◦C and at 800 ◦C: (a) effect
of RM and FA content, (b) effect of BF content on RM30 mixtures, and (c) effect of NZO content on
RM30 mixtures.
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The influence of NZO on the residual compressive strength of RM30 mixtures is
shown in Figure 10c. In contrast to BF, the incorporation of NZO adversely affected ther-
mal performance. Residual compressive strengths of 9.67 and 9.17 MPa were recorded at
600 ◦C for RM30 + 0.5NZO and RM30 + 1NZO, respectively, representing reductions of
approximately 37% and 40% compared with the unreinforced RM30 mixture at 600 ◦C, and
reductions of 68.7% and 69.6% relative to their respective ambient strengths. At 800 ◦C,
residual strengths of 5.81 and 5.47 MPa were obtained, corresponding to reductions of
about 81–82%. The RM30 + 2NZO mixture recorded zero residual strength at both tempera-
tures, consistent with its complete strength loss at ambient conditions. The poor thermal
performance of NZO-modified mixtures is attributed to nanoparticle agglomeration, matrix
densification, and restricted vapor release leading to internal pressure accumulation and
explosive spalling [56,61]. Furthermore, NZO-modified specimens exhibited severe deteri-
oration after heating and, in some cases, explosive spalling occurred, preventing accurate
determination of residual strength. This behavior is linked to matrix densification caused
by NZO, which restricts vapor escape during heating and leads to rapid pore pressure
build-up and structural failure [56,61].

The visual appearance of mortar specimens after exposure to elevated temperatures is
presented in Figure 11. A noticeable color transformation from gray to reddish-brown was
observed with increasing temperature, accompanied by the progressive development of
surface cracking and structural deterioration. The color shift is associated with dehydration
of hydration products, oxidation of iron-bearing phases present in red mud, and crystalline
phase transformations within the cementitious matrix [59,60].

Figure 11. Visual appearance of cement mortar specimens after exposure to elevated temperatures,
showing color transformation and surface cracking.
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4.4.2. Flexural Strength

The residual flexural strength of all mortar mixtures after exposure to 600 ◦C for one
hour is presented in Figure 12a–c. All mixtures experienced significant reductions in flexu-
ral strength, reflecting the progressive decomposition of hydration products, microcrack
formation, and bond degradation under thermal loading [59,60].

As shown in Figure 12a, the control mix (C) exhibited a residual flexural strength of
2.78 MPa after exposure to 600 ◦C, corresponding to a reduction of approximately 63.8%
relative to its 28-day ambient strength. The incorporation of 15% FA (RM0 + FA15) resulted
in a greater reduction, with a residual flexural strength of 2.27 MPa, corresponding to a
reduction of approximately 70.2%. When RM was incorporated together with 15% FA,
residual flexural strengths decreased progressively with increasing RM content, recording
1.51, 1.39, and 1.41 MPa for RM10 + FA15, RM15 + FA15, and RM20 + FA15, respectively, rep-
resenting reductions of approximately 79.2%, 80.6%, and 79.6% relative to ambient strength.
This behavior is associated with cement dilution, reduced tensile load-carrying capacity,
and thermal instability of RM-rich matrices. Notably, RM-only mixtures demonstrated
relatively improved residual flexural performance compared with RM–FA blends. RM25,
RM30, and RM35 recorded residual flexural strengths of 2.2, 1.6, and 2.09 MPa, respectively,
corresponding to reductions of approximately 65.4%, 70.7%, and 61.9%. The slightly higher
residual flexural strength of RM35 (2.09 MPa) compared with RM30 (1.6 MPa) may be at-
tributed to factors discussed previously (Section 4.2), enhancing intermediate-temperature
stability [58,62]. The effect of BF addition on residual flexural strength at 600 ◦C is presented
in Figure 12b. The incorporation of BF significantly reduced flexural strength loss compared
with the unreinforced RM30 mixture (1.6 MPa). Residual flexural strengths of 3.86, 3.99, and
4.01 MPa were recorded for RM30 + 0.5BF, RM30 + 1BF, and RM30 + 1.5BF, respectively,
corresponding to reductions of approximately 39.2%, 39.5%, and 46.6% relative to their
ambient strengths. The improved thermal performance is attributed to the crack-bridging
capability of BF, enhanced stress redistribution, and the inherent thermal stability of basalt
fibers at elevated temperatures.

The influence of NZO on residual flexural strength at 600 ◦C is shown in Figure 12c.
In contrast to BF, NZO-modified mixtures exhibited substantial deterioration after heating.
Residual flexural strengths of 1.82 and 1.67 MPa were recorded for RM30 + 0.5NZO and
RM30 + 1NZO, respectively, corresponding to reductions of approximately 71.8% and
73.1% relative to ambient strength. The RM30 + 2NZO mixture recorded zero residual
flexural strength at 600 ◦C, consistent with its complete strength loss at ambient conditions.
In some cases, explosive spalling occurred, preventing accurate determination of residual
flexural strength.

The residual flexural strength data demonstrate that BF-reinforced mixtures exhibited
the lowest strength reduction at 600 ◦C among all modified systems, while NZO-modified
mixtures showed the most severe deterioration, particularly at dosages exceeding the opti-
mal threshold where vapor pressure accumulation led to explosive spalling and complete
strength loss.
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Figure 12. Residual flexural strength of cement mortar mixtures at 600 ◦C: (a) effect of RM and FA
content, (b) effect of BF content on RM30 mixtures, and (c) effect of NZO content on RM30 mixtures.
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4.5. Sulfate Resistance

The mass loss of all mortar specimens after 28 days of immersion in a 5% sodium
sulfate solution is presented in Figure 13.

Figure 13. Mass loss (%) of RM-based mortar mixes immersed in 5% Na2SO4 solution. Note: The zero-
mass loss recorded for RM30 + 2NZO does not indicate improved sulfate resistance; this specimen
disintegrated completely during immersion, preventing accurate mass loss determination, and should
not be compared directly with other mixtures.

As shown in Figure 13, the control mix (C) exhibited the lowest mass loss of 1.1%,
reflecting the relatively dense and stable microstructure of plain cement mortar. The in-
corporation of 15% FA (RM0 + FA15) resulted in a slightly higher mass loss of 1.41%.
When RM was incorporated together with 15% FA, mass loss increased progressively with
increasing RM content, recording 1.94%, 3.32%, and 3.4% for RM10 + FA15, RM15 + FA15,
and RM20 + FA15, respectively. This trend suggests that higher RM levels combined with
FA accelerate sulfate-induced deterioration due to increased reactive alumina and iron-rich
phases that facilitate the formation of expansive ettringite [63]. RM-only mixtures exhibited
higher mass loss compared with RM–FA blends, with values of 5.04%, 5.23%, and 4.72%
recorded for RM25, RM30, and RM35, respectively. The increased susceptibility of RM-only
mixtures is attributed to the high alkalinity of RM, its relatively porous microstructure,
and the presence of soluble sodium compounds that facilitate sulfate ingress and leach-
ing [62–64]. The slightly lower mass loss of RM35 (4.72%) compared with RM30 (5.23%)
may be attributed to the factors discussed previously (Section 4.2). The mass loss of RM35
(4.72%) was not statistically distinguishable from RM30 (5.23%) (Tukey HSD, q = 4.04,
p = 0.24), so this difference should not be interpreted as a genuine densification effect.

The incorporation of BF improved sulfate resistance compared with the unreinforced
RM30 mixture (5.23%), as shown in Figure 13. Mass loss values of 3.24%, 3.64%, and 2.15%
were recorded for RM30 + 0.5BF, RM30 + 1BF, and RM30 + 1.5BF, respectively. The optimal
performance was achieved at 1.5% BF, with a mass loss of 2.15%, representing a reduction
of approximately 58.9% compared with the unreinforced RM30 mixture. This enhancement
is mainly attributed to the crack-bridging action of BF, which limits microcrack propagation
and reduces sulfate ion penetration into the matrix. This claim is supported by dedicated
within-series testing: the BF-series ANOVA on mass loss is significant (F(3,8) = 116.1,
p < 0.001), and Tukey HSD confirms 1.5% BF is significantly better than both 1.0% BF
(p < 0.001) and 0.5% BF for this property, unlike the compressive-strength version of the
1.5–BF claim, which is only directionally, not statistically, distinct from 1.0% BF.
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The incorporation of NZO at low dosages also improved sulfate resistance, as shown
in Figure 13. Mass loss values of 2.91% and 2.11% were recorded for RM30 + 0.5NZO and
RM30 + 1NZO, respectively, representing reductions of approximately 44.4% and 59.7%
compared with the unreinforced RM30 mixture. These improvements are attributed to the
nano-filler and nucleation effects of NZO, which refine pore structure, reduce permeability,
and limit sulfate ion diffusion into the matrix [35,56]. The RM30 + 2NZO mixture recorded
a mass loss of 0%, not due to improved sulfate resistance, but because the specimen
disintegrated completely during immersion, preventing accurate mass loss determination.
This catastrophic deterioration is consistent with the complete mechanical strength loss
observed in RM30 + 2NZO at ambient conditions, and reflects the severe matrix disruption
caused by excessive NZO dosage [35,39,61]. Table 8 presents a comprehensive summary of
all experimental results.

Table 8. Experimental results (Mean ± SD) of all mortar mixtures.

Mixture Flow (mm) fcu 23 ◦C
(MPa)

fcu 600 ◦C
(MPa)

fcu 800 ◦C
(MPa)

Flexural
Strength

23 ◦C (MPa)

Flexural
Strength

600 ◦C (MPa)

Mass
Loss (%)

C 171.0 ± 3.49 42.32 ± 1.42 15.82 ± 0.64 13.38 ± 0.55 7.69 ± 0.37 2.78 ± 0.14 1.10 ± 0.08
RM0 + FA15 184.0 ± 2.67 38.10 ± 1.31 12.50 ± 0.82 11.82 ± 0.53 7.61 ± 0.24 2.27 ± 0.07 1.41 ± 0.07
RM10 + FA15 161.0 ± 3.06 35.30 ± 1.66 11.04 ± 0.49 10.14 ± 0.49 7.25 ± 0.33 1.51 ± 0.03 1.94 ± 0.12
RM15 + FA15 157.8 ± 2.51 35.20 ± 1.65 9.00 ± 1.01 7.53 ± 0.33 7.17 ± 0.3 1.39 ± 0.15 3.32 ± 0.19
RM20 + FA15 153.0 ± 0.88 31.30 ± 1.27 9.26 ± 0.59 7.22 ± 0.42 6.92 ± 0.27 1.41 ± 0.04 3.40 ± 0.33

RM25 155.0 ± 1.53 31.11 ± 0.94 12.11 ± 0.61 4.63 ± 0.25 6.36 ± 0.38 2.20 ± 0.14 5.04 ± 0.35
RM30 152.0 ± 4.96 27.30 ± 0.77 15.35 ± 1.24 5.29 ± 0.32 5.46 ± 0.2 1.60 ± 0.01 5.23 ± 0.31
RM35 148.0 ± 1.99 27.85 ± 0.90 14.87 ± 0.94 5.95 ± 0.36 5.48 ± 0.28 2.09 ± 0.14 4.72 ± 0.28

RM30 + 0.5BF 142.2 ± 2.99 27.40 ± 0.83 18.92 ± 0.85 8.10 ± 0.41 6.35 ± 0.23 3.86 ± 0.18 3.24 ± 0.17
RM30 + 1BF 131.0 ± 1.26 29.10 ± 0.57 20.20 ± 1.19 8.55 ± 0.1 6.60 ± 0.2 3.99 ± 0.23 3.64 ± 0.17

RM30 + 1.5BF 116.0 ± 3.11 31.30 ± 1.22 21.02 ± 0.55 8.68 ± 0.30 7.51 ± 0.3 4.01 ± 0.23 2.15 ± 0.12
RM30 + 0.5NZO 125.2 ± 2.87 30.90 ± 1.59 9.67 ± 0.42 5.81 ± 0.57 6.46 ± 0.31 1.82 ± 0.04 2.91 ± 0.24
RM30 + 1NZO 131.0 ± 0.59 30.20 ± 1.74 9.17 ± 0.73 5.47 ± 0.29 6.20 ± 0.33 1.67 ± 0.05 2.11 ± 0.16
RM30 + 2NZO 120.0 ± 1.62 - - - - - -

Note: The RM30 + 2NZO mixture completely disintegrated during immersion, preventing accurate
determination of its results, and should not be directly compared to other mixtures. Its exclusion reflects
complete mechanical failure rather than missing-at-random data; consequently, the ANOVA and post
hoc comparisons reported in Section 6 describe the thirteen surviving mixtures only and should not
be interpreted as unbiased estimates inclusive of RM30 + 2NZO’s true (zero) performance.

4.6. Statistical Analysis and Reproducibility of Experimental Data

The reproducibility and statistical significance of the experimental data were evaluated
through standard deviation (SD) analysis and one-way analysis of variance (ANOVA),
with results summarized in Tables 8 and 9, respectively. The SD values recorded across
all mixtures and properties were consistently low, reflecting high reproducibility of the
experimental program. Average SD values of 2.45 mm, 1.22 MPa, 0.78 MPa, 0.38 MPa,
0.29 MPa, 0.11 MPa, and 0.20% were recorded for flow, compressive strength at 23 ◦C,
residual compressive strength at 600 ◦C and 800 ◦C, flexural strength at 23 ◦C, residual
flexural strength at 600 ◦C, and mass loss, respectively, corresponding to average coefficients
of variation (CV) of 1.66%, 3.78%, 5.96%, 5.06%, 4.34%, 4.54%, and 6.42%. These CV values
are within the acceptable range reported for cementitious composite testing, confirming
the consistency and reliability of the replicate specimens. Furthermore, one-way ANOVA
confirmed that mixture type had a statistically significant effect on all measured properties
(p < 0.001), with F-statistics of 147.66, 36.85, 83.05, 130.97, 19.08, 168.99, and 112.41 for
flow, compressive strength, residual compressive strength at 600 ◦C and 800 ◦C, flexural
strength, residual flexural strength, and mass loss, respectively (df = 12, 26). These results
confirm that the performance differences observed across the fourteen mortar mixtures
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are statistically significant and cannot be attributed to random experimental variability,
thereby validating the reliability of the reported findings.

Table 9. One-way ANOVA results and standard deviation analysis for fresh-state and mechanical
properties of all investigated mortar mixtures (df between = 12, df within = 26; α = 0.05).

Property F-Statistic Significance (α = 0.05) Interpretation

Flow (mm) 147.664 Yes Mixture type has a statistically significant effect
fcu 23 ◦C (MPa) 36.846 Yes Mixture type has a statistically significant effect

fcu 600 ◦C (MPa) 83.047 Yes Mixture type has a statistically significant effect
fcu 800 ◦C (MPa) 130.971 Yes Mixture type has a statistically significant effect

Flexural 23 ◦C (MPa) 19.081 Yes Mixture type has a statistically significant effect
Flexural 600 ◦C (MPa) 168.992 Yes Mixture type has a statistically significant effect

Mass Loss (%) 112.411 Yes Mixture type has a statistically significant effect

Normality of residuals was assumed rather than formally tested; with only three repli-
cates per mixture, distributional tests such as Shapiro–Wilk have negligible power and were
not considered informative. Homogeneity of variance was assessed using Bartlett’s test for
each property: six of the seven properties showed no evidence of unequal variances (Bartlett
p > 0.5), while residual flexural strength at 600 ◦C showed a significant violation (Bartlett
statistic = 21.9, p = 0.039); Welch’s F-test, which does not assume equal variances, confirmed
the same conclusion for this property (Welch F = 155.6, p < 0.001). Applying a Bonferroni
correction across the seven property-level ANOVAs (family-wise alpha = 0.05/7 = 0.00714)
does not alter any conclusion, as all seven omnibus F-tests remain significant at p < 10−9. All
pairwise comparisons discussed narratively in this manuscript were tested using Tukey’s
HSD, which controls the family-wise error rate within each property’s ANOVA. To evalu-
ate constituent-specific effects beyond the global mixture-type factor, dedicated one-way
ANOVAs were additionally performed within each constituent series (RM/FA, RM-only,
BF, and NZO); all four series showed statistically significant within-series effects. Effect
sizes (eta-squared), computed from the same sums of squares, ranged from 0.899 (flexural
strength at 23 ◦C) to 0.987 (residual flexural strength at 600 ◦C) across all seven properties,
indicating that mixture type accounts for the substantial majority of variance observed.

4.7. Scanning Electron Microscopy (SEM)

The microstructure of selected cement mortar mixtures was investigated using scan-
ning electron microscopy (SEM) at various magnifications, as presented in Figure 14. The
analysis focused on three mixtures incorporating 15% FA in combination with RM replace-
ment levels of 10%, 15%, and 20% by weight of total binder.

As shown in Figure 14a, the RM10 + FA15 mixture exhibits a moderately developed
cementitious matrix characterized by the coexistence of spherical FA particles and angu-
lar, plate-like RM fragments embedded within the hydrated cement paste. The spherical
morphology of FA particles is clearly identifiable at this magnification, consistent with the
ball-bearing effect attributed to FA in improving fresh-state workability [50,51]. Partial
dissolution of FA particles is evident from eroded and roughened surface edges, indicating
active participation in pozzolanic reactions and the initiation of secondary C–S–H gel for-
mation. RM particles display rough, crystalline surfaces with relatively lower dissolution
compared with FA, consistent with the limited hydraulic reactivity of RM at early curing
ages and the dominance of crystalline iron- and alumina-bearing phases in its mineralogical
composition [55,64]. The C–S–H gel network appears continuous but moderately dense,
with thin gel coatings surrounding both FA and RM particles. The interfacial transition zone
between RM particles and the cement paste matrix is moderately developed, with limited
micro-cracking observed at the particle boundaries. Some inter-particle micro-voids are
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visible, reflecting the incomplete densification associated with the relatively lower RM con-
tent at this replacement level. Despite this moderate porosity, the overall matrix integrity
is maintained, which is consistent with the acceptable compressive and flexural strength
values recorded for RM10 + FA15 at ambient temperature [65–67]. The microstructure of
the RM15 + FA15 mixture, shown in Figure 14b, exhibits a more developed, compact, and
homogeneous cementitious matrix compared with the RM10 + FA15 mixture. Thicker C–S–
H gel layers and nano-scale gel clusters are clearly visible at higher magnifications, filling
inter-particle voids and significantly enhancing matrix continuity and densification. The
gel network appears well-developed and interconnected, with reaction products uniformly
distributed throughout the matrix. Short plate-like crystalline phases are observed bridging
adjacent particles, contributing to improved interfacial bonding and load transfer capacity
within the matrix. The interfacial transition zone between RM particles and the surround-
ing paste is notably denser compared with the RM10 + FA15 mixture, reflecting a more
advanced degree of hydration and pozzolanic reaction at this replacement level. These SEM
interpretations, including the densest-microstructure description of RM15 + FA15 noted
in the Abstract, are qualitative visual assessments; no image-based quantitative porosity
analysis or correlation/regression against the strength and mass-loss data shown in Table 8
was performed, and this microstructure-property relationship should be read as consistent
with rather than statistically demonstrated.

At 20% RM replacement, as shown in Figure 14c, the microstructure undergoes notable
changes compared with lower replacement levels. While gel formation becomes more
abundant due to the increased availability of iron- and alumina-bearing phases from RM,
the overall microstructure becomes less homogeneous and more heterogeneous in nature.
Partially reacted or unreacted RM particles are more prominently visible, indicating slower
dissolution kinetics at higher replacement levels and an insufficient alkaline environment to
fully activate the available reactive phases. Spherical FA particles remain clearly identifiable
within the matrix at this magnification, suggesting incomplete pozzolanic reaction, likely
due to the competitive demand for calcium hydroxide between FA and the increased
RM content. Localized porosity zones and microstructural heterogeneity are observed
in multiple regions of the matrix, reflecting uneven reaction distribution and incomplete
matrix consolidation. Needle-shaped and laminar crystalline phases are also detected at
particle boundaries and within the gel matrix, suggesting phase transformation products
and potentially the presence of unreacted or partially reacted crystalline compounds from
RM. The coexistence of dense gel zones and porous regions within the same microstructure
creates weak planes that compromise mechanical integrity and increase susceptibility to
sulfate ion ingress. This microstructural heterogeneity is fully consistent with the reduced
compressive strength, lower flexural performance, and higher mass loss under sulfate
exposure observed for RM20 + FA15 mixtures in the mechanical and durability testing
results [49,62,63]. The presence of needle-shaped crystalline phases at higher RM contents
also corroborates the observations reported by Pan et al. [8] and Liu et al. [56,59], who
attributed similar microstructural features to the formation of iron-rich crystalline reaction
products at elevated RM replacement levels. The SEM observations across the three
investigated mixtures confirm that increasing RM content from 10% to 20% produces a
progressive shift in microstructural characteristics, from a moderately dense matrix with
uniform gel distribution at 10% RM, to an optimally compact and homogeneous structure
at 15% RM, and finally to a heterogeneous matrix with localized porosity and unreacted
residues at 20% RM. The RM15 + FA15 mixture exhibits the most favorable microstructure
among the investigated systems, characterized by efficient particle bonding, minimal inter-
particle voids, and a well-developed C–S–H gel network, which collectively explain its
superior mechanical and durability performance relative to other RM–FA blended mixtures.
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Figure 14. SEM micrographs of cement mortar: (a) RM10 + FA15, (b) RM15 + FA15, and (c) RM20 +
FA15.

5. Conclusions
This study investigated the mechanical performance, thermal resistance, durability,

and microstructural development of red mud (RM)-based cement mortar incorporating fly
ash (FA), basalt fibers (BF), and nano zinc oxide (NZO) as partial cement replacement and
reinforcing additions. Based on the experimental findings, the following conclusions can
be drawn:
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• Red mud (RM) can be effectively valorized as a partial cement replacement through
the systematic, individual evaluation of fly ash (FA), basalt fiber (BF), and nano
zinc oxide (NZO) within a single RM-based experimental framework, establishing
baseline optimal dosages for each constituent as a foundation for future combined-
system validation.

• RM incorporation progressively reduced workability and strength through cement
dilution and limited hydraulic reactivity, with reductions of up to 35.5% (compressive)
and 29.0% (flexural) at 30% RM; 15% FA partially offset these losses via its ball-bearing
effect and secondary pozzolanic reactivity, though strength decline resumed beyond
20% RM due to increased matrix heterogeneity.

• BF addition, optimal at 1.5%, provided the most significant single enhancement,
increasing compressive and flexural strength by 14.7% and 37.5%, respectively, while
also improving residual strength retention at 600–800 ◦C and reducing sulfate-induced
mass loss by 58.9%.

• NZO improved mechanical and durability performance at low dosage (0.5–1.0%),
whereas 2.0% NZO represents a critical upper threshold, causing complete mechanical
failure and explosive spalling due to agglomeration and C3S/C3A hydration retardation.

• SEM analysis confirmed RM15 + FA15 produced the densest, most homogeneous
microstructure with minimal voids, corroborating the mechanical and durability
trends and supporting a proposed composition of 25% RM, 15% FA, and 1.5% BF.

In summary, RM can be effectively valorized as a partial cement replacement, with FA,
BF, and NZO each individually identified as effective performance-enhancing constituents
at their respective optimal dosages within the investigated RM-based matrix. Based on the
individual optimization of each variable within the experimental matrix, a composition
of 25% RM, 15% fly ash, 1.5% basalt fiber, and 0.5% zinc oxide nanoparticles is proposed
for future studies; however, this quaternary composition has not been directly tested and
requires further experimental validation.

6. Limitations
Despite the valuable findings of this study, several limitations should be acknowledged:

• The mechanical and durability testing was conducted at a single curing age of 28 days.
Long-term strength development and durability performance at extended curing ages,
such as 90 and 180 days, were not investigated. Furthermore, sulfate resistance was
evaluated solely through mass loss, without measuring the compressive strength
corrosion coefficient or length change rate, which may be insufficient to capture
expansion-type damage mechanisms.

• The study did not address chloride ion penetration resistance or carbonation resis-
tance, which are critical durability indicators for cement-based materials in aggressive
environmental conditions.

• Heavy metal leaching behavior (e.g., As, Cr, Pb) from the red mud-based mortar
mixtures was not assessed in this study. Compliance with environmental leaching
standards must be verified prior to any field application to ensure groundwater safety.

• The elevated temperature testing was limited to 600 ◦C and 800 ◦C with a one-hour
isothermal exposure period. The behavior of the investigated mixtures under fire
scenarios following standardized fire curves, such as ISO 834, was not evaluated.
Furthermore, cooling conditions were not systematically documented, and mass
change during heating was not recorded, which limits the precision of thermal damage
mechanism interpretations.
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• The red mud used in this study was sourced from a single alumina refinery. Variability
in RM composition from different sources may influence the observed mechanical and
durability performance.

• The study did not include advanced mineralogical characterization techniques, such
as XRD, FTIR, TG/DSC, or SEM-EDS. Therefore, the proposed hydration products and
phase transformation mechanisms were interpreted based on the experimental obser-
vations and previous literature rather than being directly confirmed. Future research
should incorporate these techniques to verify the proposed reaction mechanisms.

7. Recommendations and Future Work
Based on the findings presented in this research, several recommendations and di-

rections for future research can be proposed to further enhance the understanding and
practical applicability of red mud-based mortar systems.

• Long-term mechanical and durability performance of RM-based cement mortar should
be investigated at extended curing ages of 90, 180, and 365 days to better understand the
contribution of delayed pozzolanic reactions of both RM and FA to strength development.

• The chloride ion penetration resistance, water absorption, and carbonation resistance
of the investigated mixtures should be evaluated, in addition to extended sulfate
resistance testing incorporating compressive strength, corrosion coefficient, length
change rate, and wet–dry cycle accelerated testing, with completely disintegrated
specimens discussed separately from comparative mass loss analysis, to provide a
more comprehensive assessment of durability performance under aggressive environ-
mental conditions.

• The long-term alkali resistance of basalt fibers in red mud–cement systems should
be investigated through alkali-accelerated aging tests at extended curing ages to
assess fiber–matrix interfacial durability under the high-pH, sodium-rich environment
characteristic of red mud-based mortars.

• Heavy metal leaching tests on optimized red mud-based mortar mixtures should be
conducted in accordance with standard leaching methods (e.g., TCLP or EN 12457)
to assess the potential release of trace elements such as As, Cr, and Pb, ensuring
environmental safety and supporting the sustainability claims associated with red
mud valorization in cementitious applications.

• The fire resistance of RM-based mortar systems should be evaluated under standard-
ized fire exposure curves, such as ISO 834, to assess structural performance under
realistic fire scenarios and facilitate practical application in fire-resistant construction.

• Comprehensive characterization of the constituent materials, including red mud, fly
ash, cement, and nano zinc oxide, should be conducted using particle size distri-
bution (PSD), specific surface area (Blaine/BET), mineralogical analysis (XRD), and
nanoparticle dispersion techniques to establish clearer relationships between ma-
terial characteristics and the fresh, mechanical, and durability performance of red
mud-based cement mortars.

• Representative RM-based mortar mixtures should be further characterized using
advanced techniques such as XRD, SEM-EDS, FTIR, and TG/DSC to verify the pro-
posed hydration products, phase transformations, nano zinc oxide dispersion, and
fiber–matrix interfacial characteristics under different exposure conditions.

• Future studies should investigate the influence of nano zinc oxide dispersion meth-
ods, setting behavior, and hydration kinetics through setting time measurements,
isothermal calorimetry, and optimized nanoparticle dispersion procedures to better
understand the mechanisms governing the performance of high nano zinc oxide
dosages in red mud-based cementitious systems.
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ANOVA Analysis of Variance
BF Basalt Fiber
C–A–S–H Calcium Aluminosilicate Hydrate
C–S–H Calcium Silicate Hydrate
CV Coefficient of Variation
FA Fly Ash
ITZ Interfacial Transition Zone
Na2SO4 Sodium Sulfate
N–A–S–H Sodium Aluminosilicate Hydrate
NZO Nano Zinc Oxide
OPC Ordinary Portland Cement
RM Red Mud
SCM Supplementary Cementitious Material
SD Standard Deviation
SEM Scanning Electron Microscopy
SO4

2− Sulfate Ion
w/b Water-to-Binder Ratio
XRF X-ray Fluorescence
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