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process involved in ordinary Portland cement (OPC) production. To
address this environmental issue, researchers have shifted their focus

Keywords toward alternative binder materials such as geopolymer. Geopolymer is
Portland Cement, Geopolymer, Fly synthesized through a polycondensation of aluminosilicate materials
Ash, Red Mud, Compressive Strength,  activated by an alkaline activator, utilizing industrial by-products rich in
Thermal Conductivity silica and alumina. This study investigates the effects of incorporating

red mud in varying proportions (0%, 2%, 4%, 6%, 8% and 10%) as
partial source material replacement in fly ash-based geopolymer
mortar. While fly ash, with its high silica and alumina content, is a well-
established geopolymer precursor, the potential of red mud remains
underexplored despite its comparable chemical composition. The
mortar was tested for density, compressive strength and thermal
conductivity at curing intervals of 7 and 28 days. To evaluate long-term
strength development, additional compressive strength tests were
conducted at 56 days. Based on this study, the results showed that 6%
red mud achieved the highest compressive strength of 47.04 Mpa at 7
days surpassing the control mix. Thermal conductivity decreased with
increasing red mud content indicating improved thermal resistance.
However, proportions above 6% reduced compressive strength due to
increased porosity. This study demonstrates that the best proportion,
6% RM for balancing compressive strength and thermal resistance.
These findings highlight red mud's feasibility as an alternative source
material in fly ash-based geopolymer mortar contributing to sustainable
construction practices and the effective utilization of industrial waste.

1. Introduction

Cement, particularly Portland cement has played a crucial role in construction since its introduction in the 19th
century due to its ability to bind aggregates into solid, rock-like material [1]. Comprised primarily of silicon,
calcium, aluminium and other minerals sourced from natural materials such as limestone and clay, Portland
cement hardens upon mixing with water to form concrete and mortar [2]. Despite its widespread use, the
production process is energy-intensive and contributes significantly to global CO, emissions releasing
approximately one ton of CO, per ton of cement produced [3]. The environmental burden includes air pollution,
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habitat destruction and excessive resource consumption [4]. Cement production contributes significantly to
global CO, emissions, accounting for roughly 7% of worldwide greenhouse gas emissions [5].

Geopolymer binders have emerged as a sustainable alternative to traditional Portland cement. These
binders are synthesized through the geopolymerization of aluminosilicate materials such as fly ash, slag and red
mud activated by alkaline solutions [6]. In response to these challenges, geopolymer concrete has emerged as a
sustainable alternative, utilizing industrial by-products such as fly ash and red mud to reduce carbon footprints
while maintaining desirable structural properties [7]. Unlike traditional cement, geopolymer binders form
through the geopolymerization of aluminosilicate materials in the presence of alkaline activators [6].
Geopolymer concrete offers higher early-age strength, chemical resistance and enhanced durability compared to
Portland cement concrete [8].

Fly ash is well-established as a geopolymer precursor due to its high silica and alumina content. However,
red mud, a by-product of the alumina refining process, presents both an environmental challenge and an
opportunity for sustainable construction practices [9]. Despite its rich content of alumina, silica and iron oxide,
red mud is largely underutilized with a global utilization rate of only 4% [10]. Incorporating red mud into
geopolymer mortar could mitigate waste management issues while enhancing the mechanical and thermal
properties of the material [11].

This study investigates the blending effects of red mud in fly ash-based geopolymer mortar to assess its
viability as a sustainable construction material. By exploring the mechanical and thermal performance of mortar
containing varying proportions of red mud, this research aims to contribute to sustainable development goals
and support the use of industrial by-products in construction. The findings will provide insights into optimal
blend ratios for enhanced compressive strength and thermal performance, promoting the adoption of eco-
friendly materials in construction.

2. Materials and Methods

2.1 Materials

This study focuses on assessing the compressive strength performance of geopolymer mortar by incorporating
key materials such as fly ash, red mud, alkali activators, fine aggregate and water. Fig.1 displays the constituent
of geopolymer mortar which is fly ash and red mud. Fly ash, classified as Class F, was sourced from Manjung
coal-based thermal power plant in Perak, Malaysia. As the primary binder, it features high concentrations of
silica (SiO2) and alumina (Al,03) which are critical for the geopolymerization process. X-ray fluorescence (XRF)
analysis confirmed these compositions while the particle size distribution indicated fine, spherical particles
advantageous for reactivity. The presence of crystalline and amorphous phases as shown through X-ray
diffraction (XRD) analysis enhances the material's structural properties.

(b)

Fig. 1: Materials of geopolymer mortar (a) Fly ash; (b) Red mud

Red mud, a byproduct generated in Bayer process of aluminium production from bauxite in Kuantan,
Pahang was utilized as a secondary material to enhance the geopolymer matrix. Its high iron oxide (Fe,03)
content contributes to its reddish colour and impacts reactivity. To improve usability, the red mud was ground
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using a ball mill and sieved through a 150 um mesh to achieve a suitable particle size distribution. Despite its
lower reactivity, blending with fly ash improves its geopolymerization potential.

The alkali activator system comprised sodium hydroxide (NaOH) and sodium silicate (Na,SiO3). NaOH
pellets were dissolved in distilled water to create a 12 M solution ensuring complete dissolution and
temperature stabilization before mixing with Na,SiOs;. The combined alkali activator system played a critical
role in initiating the geopolymer reaction.

River sand, locally sourced from UTHM Pagoh was selected as the fine aggregate. A sieve analysis ensured
particle sizes were within the required range for optimal mortar performance contributing to good workability

and strength development. The grading curve in Fig.2 demonstrated that the sand met JKR specifications for fine
aggregate in concreting applications.
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Fig. 2: Sieve analysis for fine aggregate (river sand)

Water played a dual role in this study—distilled water was used for dissolving alkali activators while tap
water facilitated the hydration process. Proper mixing ensured uniform distribution of materials, while water
content was carefully controlled to maintain the right water-to-solid ratio essential for geopolymerization and
curing processes. These carefully selected materials and preparation steps were crucial for achieving a robust
geopolymer mortar with desired strength and durability characteristics.

2.2 Mix Proportions

The mortar mixture consists of fly ash, red mud, sodium hydroxide, sodium silicate, fine aggregates and water.
This study utilized various mix proportions of fly ash (100%, 98%, 96%, 94%, 92%, 90%) and red mud (0%, 2%,
4%, 6%, 8%, 10%) to determine the optimal blend ratio for enhanced performance. Table 1 shows the complete
mix proportions, detailing the percentage of each material in the fly ash-red mud geopolymer mortar blend. The
mix proportions were adopted from a previous study [12].

Table 1: Detail of geopolymer mortar mix proportion (kg/ms3)

Percentage of Percentage of Proportion in kg/m3
Fly Ash (%) Red Mud (%)  FlyAsh Red Mud NaOH Na,SiO Sand  Water
Solution solution
100 0 700 0 82 206 1290 70
98 2 686 14 82 206 1290 70
96 4 672 28 82 206 1290 70
94 6 658 42 82 206 1290 70
92 8 644 56 82 206 1290 70
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2.3 Casting and Curing

Initially, the fine aggregates were mixed with the dry fly ash and red mud according to the mix proportions
specified. The alkali activator solution consisting of sodium hydroxide and sodium silicate was then gradually
added to the dry ingredients. Water was also incorporated to achieve the specified water-to-binder ratio. The
mixture was continuously stirred for 1 to 2 minutes to ensure a homogeneous consistency. Due to the rapid
setting characteristics of the geopolymer mortar, the mixing process was carried out promptly after adding the
alkali activator to avoid premature hardening.

Once the mixture was well-blended, it was poured into 50 mm x 50 mm x 50 mm silicone moulds. To ensure
the moulds were free of air pockets, each mould was pounded 60 times. The moulds were checked to ensure that
the cubes were uniform in size and shape with smooth even surfaces. After the casting process, the specimens
were allowed to rest for 24 hours before being transferred to an oven for the initial curing phase.

For curing, a combination of oven and room temperature methods was employed. The specimens were first
placed in an oven at 65°C for 24 hours with plastic covering to maintain moisture and prevent drying. After the
initial oven curing, the samples were left at room temperature for further curing periods of 7, 28 and 56 days.
The compressive strength of the specimens was evaluated after 7, 28 and 56 days of curing while thermal
conductivity measurements were conducted after 28 days. This methodical approach to casting and curing
ensured the proper setting and development of strength in the geopolymer mortar specimens allowing for
reliable testing and analysis.

2.4 Testing

In this study, there are various tests conducted to evaluate the properties and performance of geopolymer
mortar incorporating fly ash and red mud blends including characterization using X-ray fluorescence (XRF), X-
ray diffraction (XRD), scanning electron microscopy (SEM) as well as testing for density, compressive strength
and thermal conductivity.

XRF analysis was performed to determine the chemical composition of the fly ash and red mud as shown in
Table 2. The results indicated a high content of silica (SiO,), alumina (Al,03) and iron oxide (Fe,03) important
for the geopolymerization process [13]. The presence of trace elements was also identified influencing the
reactivity of these materials.

Table 2: Oxide composition percentage of fly ash and red mud

Oxide Percentage (%)

Fly Ash Red Mud
Si02 51.700 1.636
Al203 29.100 1.348
Ca0 8.840 0.179
Fe203 4.760 95.752
P20s 1.700 0.474
K20 1.600 -
SO3 1.500 0.163
TiO: 0.720 0.127
SrO 0.109 -
AsO3 - 0.189
Cu0 - 0.090

Fig.3 shows the XRD analysis revealed the crystalline and amorphous phases present in the raw materials.
Fly ash predominantly consisted of amorphous phases while red mud exhibited crystalline structures such as
hematite and gibbsite, influencing geopolymer properties [14].
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Fig. 3: X-Ray diffraction pattern of fly ash and red mud

SEM analysis examined the morphology of the particles shown in Fig.4. Fly ash particles were spherical and
smooth indicates better reactivity whereas red mud particles exhibited irregular shapes and rough textures
affects the overall microstructure of the geopolymer matrix [15].

Fig. 4: SEM image of (a) Fly ash; (b) Red mud

Density testing determined the compactness of the geopolymer mortar revealing values ranging from 1.8 to
2.2 g/cm® depending on blend ratios and curing conditions. Improved densities correlated with enhanced
material consolidation [16].

Compressive strength tests on 50 mm cube specimens at 7, 28 and 56 days demonstrated that the inclusion
of red mud alongside fly ash significantly influenced strength development. The mortar achieved compressive
strengths ranging from 25 MPa to 40 MPa highlighting its potential for structural applications [17].

Thermal conductivity testing revealed values between 0.210 and 0.280 W/mK, demonstrating the material's
thermal resistance potential suitable for applications in extreme environments [18]. The incorporation of fly ash
and red mud enhanced both the thermal insulation and mechanical performance of the geopolymer mortar.
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3. Results and Discussion

3.1 Density

The density test of geopolymer mortar was conducted before compressive strength testing to determine
consistency in mix proportions and curing processes as these factors significantly influence material
performance. Density is a crucial indicator as it correlates with compaction and void content, impacting
structural integrity, thermal properties and design suitability [19]. The density of geopolymer mortar was
calculated using mass per unit volume with testing conducted at 7, 28 and 56 days under room temperature and
oven curing conditions at 65°C.

Results in Fig.5 illustrates density of geopolymer mortar cured at room temperature and oven (65 °C). It
indicated that specimens cured in an oven exhibited higher densities than those cured at room temperature due
to accelerated geopolymerization and uniform microstructure development. At room temperature, slower
geopolymerization and greater water retention resulted in lower densities during early curing stages, though
gradual increases were observed between 7 and 28 days as reactions matured. Conversely, oven curing
accelerated aluminosilicate dissolution and polymerization, promoting compact structures with stable densities
across all durations [20].
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Fig. 5: Density of geopolymer mortar cured at (a) Room temperature; (b) Oven (65 °C)

The inclusion of red mud (RM) significantly affected density outcomes. The 6% RM mixture achieved the
highest density (2306.32 kg/m?) likely due to optimal geopolymer gel formation and reduced void content [21].
In contrast, the 0% RM mixture exhibited the lowest density (1911.20 kg/m?®) due to absence of RM result in
poorer particle packing leading to a structure with more voids and lower compaction, thus reducing density.

Despite oven curing producing higher densities than room temperature, none of the curing methods
achieved the target design density of 2400.00 kg/m?. Water loss during curing including evaporation of activator
and extra water, contributed to lower final densities by creating porosity within the geopolymer structure. The
study highlights the critical role of curing methods and red mud proportions in optimizing geopolymer mortar
density and achieving desirable performance characteristics.

3.2 Compressive Strength

Compressive strength of geopolymer mortar at different curing ages reviewed by two different types of curing
methods where room temperature is shown in Fig.6 (a) while oven shown in Fig.6(b). The compressive strength
of geopolymer mortar was tested using 132 cube specimens (50 mm x 50 mm x 50 mm) cured under room
temperature and oven conditions at 65°C for 7, 28 and 56 days. The study examined the effects of red mud (RM)
proportions (0% to 10%) on compressive strength and its role as a binder replacement in the
geopolymerization process. Results in Fig.6 indicate that oven-cured specimens consistently outperformed room
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temperature-cured samples due to accelerated and more uniform geopolymerization at elevated temperatures
[22].
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Fig. 6: Compressive strength of geopolymer mortar cured at (a) Room temperature; (b) Oven (65 °C)

Room temperature curing showed a slower reaction, leading to lower early-age strength development. The
control mix (0% RM) achieved 32.80 MPa at 28 days, whereas RM mixtures showed declining strength trends as
RM content increased particularly for 10% RM (7.73 MPa at 7 days). Optimal strength improvement was
observed at 8% RM suggesting favorable geopolymerization conditions for this mix ratio. Conversely, oven
curing produced a peak compressive strength of 47.04 MPa at 7 days for 8% RM attributed to enhanced reaction
kinetics and cohesive microstructure formation.

Excessive RM content (10%) resulted in lower compressive strength (15.17 MPa) due to matrix integrity
issues. Strength gains were rapid during the first 14 days but stabilized thereafter, aligning with hydration
product accumulation and densification [23]. The 6% RM mix achieved a compressive strength of 46.74 MPa
after 7 days under oven curing highlighting its suitability for applications requiring rapid strength development
and consistent performance.

3.3 Thermal Conductivity

Thermal conductivity testing was conducted on 36 geopolymer mortar samples cured for 7, 28 and 56 days
using room temperature and oven curing (65°C) methods at the Building Service Laboratory, UTHM. The study
aimed to develop geopolymer mortar with low thermal conductivity for enhanced thermal insulation,
supporting energy-efficient building design and durability. Achieving lower thermal conductivity aligns with
SDG 11 by promoting sustainable building materials with reduced environmental impact. The results of thermal
conductivity of geopolymer mortar cured at different temperatures demonstrated in Fig.7.
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Fig. 7: Thermal conductivity of geopolymer mortar cured at (a) Room temperature; (b) Oven (65 °C)

The results show a consistent increase in thermal conductivity with red mud (RM) addition up to 8% RM
followed by a decrease at 10% RM due to unreacted particles and voids disrupting heat transfer. The highest
thermal conductivity values were recorded at 8% RM (0.271 W/m°C at room temperature, 0.270 W/m°C in oven
curing). In contrast, the control mix (0% RM) exhibited the lowest thermal conductivity (0.228 W/m°C at room
temperature). Oven curing produced more uniform and slightly higher conductivity values due to improved
densification and particle bonding compared to room temperature curing.
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Fig. 8: Thermal Resistance of Geopolymer Mortar Cured at Room Temperature and Oven (65 °C)

Thermal resistance in Fig.8 showed an inverse relationship with RM content with the control mix having the
highest resistance (0.221 °C/W) and 8% RM showing the lowest (0.185 °C/W). Despite its lower thermal
resistance, the 8% RM mix proved optimal for insulation due to efficient geopolymerization and consistent
thermal performance. This mix is particularly suitable for energy-efficient applications in Malaysia's hot and
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humid climate such as roofs and walls while the 10% RM mix demonstrated stable performance for
environments requiring consistent thermal behaviour.

3.4 Correlation Between Compressive Strength and Density

Fig.9 illustrates the correlation between compressive strength and density among all the mixed proportions
cured at room temperature and oven (65 °C). The correlation between compressive strength and density for
geopolymer mortar samples yielded a notably strong relationship with a good correlation (R2=0.7997) which is
nearly one. This indicates that density serves as a reliable predictor of compressive strength demonstrating a
direct positive trend. The dataset showed increasing compressive strength values from 26.163 MPa to 41.497
MPa as density increased from 1910.4 kg/m? to 2281.44 kg/m?3. These findings suggest that optimizing density
can significantly enhance the mechanical performance of geopolymer mortar underscoring its potential for
structural applications requiring high strength and durability.
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Fig. 9: Correlation between compressive strength and density cured at room temperature and oven (65 °C)

3.5 Correlation Between Thermal Resistance and Density

The correlation between density and thermal resistance at 28 days featured in Fig.10 that provide insights into
the performance of geopolymer mortar with (a) 10% and (b) 4% RM content. Among the varying red mud (RM)
content, the 10% RM mix exhibited the strongest correlation between density and thermal resistance (R* =
0.970), indicating that a higher RM content improves thermal resistance by reducing porosity. This makes it
ideal for applications requiring high thermal insulation properties such as building envelopes in tropical
climates like Malaysia.

In contrast, the 4% RM mix showed the weakest correlation (R? = 0.497) suggesting inconsistent thermal
performance due to poor particle distribution of RM. This irregularity in the material matrix results in
unpredictable thermal behaviour making it less suitable for reliable thermal insulation applications.

e
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Fig. 10: Correlation between Thermal Resistance and Density cured at Room Temperature and Oven (65 °C) (a)
10% RM; (b) 4% RM

4. Conclusion

Based on this study's experimental results and data analysis, it can be concluded that red mud significantly
contributes to geopolymer concrete strength development. This study focused on evaluating the effects of red
mud proportions and curing temperatures on the compressive strength of geopolymer mortar and identifying
the optimum red mud proportions for enhanced performance. The results demonstrated that red mud
significantly impacts compressive strength with varying proportions (2%, 4%, 6%, 8% and 10%) exhibiting a
non-linear relationship. The compressive strength initially increased at 6% and 8% red mud (with oven curing)
before decreasing at higher proportions. Elevated curing temperatures (65°C) proved to be more effective than
room temperature in enhancing geopolymerization, leading to higher compressive strength.

The optimum red mud proportion was found to be 6% RM with oven curing offering the best balance
between strength and sustainable construction practices. Beyond this proportion, excess red mud disrupted the
microstructure and reduced strength. The findings contribute to a more consistent and reliable approach for

high-performance, fast-strength development in construction ensuring sustainable and efficient use of industrial
by-products.

5. Recommendations

Based on the findings of this study, several recommendations are made to enhance the performance of red mud-
based geopolymer mortar. First, refining the mix proportions of red mud and other supplementary materials,
particularly at higher red mud contents (>8%) should be considered to improve compressive strength and
durability. SEM and XRD analyses are suggested for further investigation of material behavior at these higher
proportions. Second, exploring alternative curing methods, such as steam curing or ambient curing with
additives, could improve the feasibility of large-scale applications, as elevated temperatures (65°C) were shown
to positively affect strength development. Lastly, the addition of superplasticizers, nano-silica or other
performance-enhancing additives is recommended to improve the workability, strength and thermal resistance
of geopolymer mortar containing red mud.
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