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A B S T R A C T 

The use of industrial by-products such as red mud in cementitious materials ad-

dresses sustainability by reducing environmental impact and improving perfor-

mance. As a hazardous waste from aluminium production, red mud offers a promis-

ing solution for waste management and improves the mechanical and durability 

properties of mortar when used as a partial cement replacement. This study investi-

gates the long-term mechanical and durability properties of cement mortars modi-

fied with red mud, a by-product of alumina production. Red mud was incorporated 

at substitution percentages of 5%, 10%, 15%, 20%, 25%, 30% and 35% by weight of 

cement. The mortars were subjected to harsh environmental conditions such as high 

temperatures (200°C to 600°C), freeze-thaw cycles (50 and 100 cycles), and normal 

curing conditions at 365 days of age. The study showed that partial replacement of 

cement with red mud significantly affected the mechanical and durability properties 

of the mortars. The optimum red mud replacement level of 10% showed that micro-

structural compactness and hardness were improved by increasing the ultrasonic 

pulse velocity, dynamic modulus of elasticity and flexural strength. Durability tests 

showed improved thermal resistance at moderate levels of red mud content, while 

higher levels adversely affected freeze-thaw performance. These findings confirm 

that a 10% red mud substitution offers the best balance between strength, durability, 

and sustainability. 
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1. Introduction 

Cement has been increasingly consumed worldwide 
every year since 1970 (Vedaiyan and Govindarajalu 
2023; Verma et al. 2023). Especially in recent years, it 
has been emphasized that some limitations should be 
brought in the amount of production and use of cement 
in terms of both environmental and energy consumption 
(Alameri and Oltulu 2020; Oltulu and Alameri 2019).  

Optimum use of industrial by-products in the con-
crete (Bergonzoni et al. 2023; Neves et al. 2023), brick 
(Kostrzewa-Demczuk et al. 2023; Sruthi and Gayathri 

2023), tile manufacturing (Pei et al. 2023) and ceramic 
industries (Liang et al. 2023(reduces the environmental 
impact of these materials by minimizing the damage 
from the disposal of residues as well as conserving avail-
able resources (Venkatesh et al. 2019, 2020).  

Growing social and environmental concerns have 
driven the increased use of recycled waste materials as 
partial replacements for natural resources in construc-
tion applications (Yavuz 2024; Aboalella and Elmalky 
2023). Red mud is a popular industrial waste, which is 
an alkaline residue (pH value 10–13.5) formed during 
alumina production. One ton of alumina production usu-
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ally yields 0.8 to 1.8 tons of red mud (Hou et al. 2021; 
Tang et al. 2019). The main recycling method for red clay 
is landfilling, which pollutes the surrounding soil and 
groundwater, posing serious threats to human health, 
food safety and ecosystem sustainability (Hou et al. 
2021; Wang et al. 2020). 

Red mud is usually discharged as a slurry with a solids 
content of 15-40% (Yuan et al. 2020). Its chemical and 
mineralogical composition depends on the source and 
processing method of bauxite ores, with the main oxides 
in typical red mud are CaO, SiO2, Al2O3, Fe2O3, TiO2 and 
Na2O (Gao et al. 2023; Yuan et al. 2020). Red mud exhib-
its the properties of porous materials and offers ad-
vantages such as high specific surface area, significant 
reactivity, cost-effectiveness, and significant solid waste 
utilization potential. Consequently, it can be used as a 
partial replacement in the production of cement-based 
materials (Liu et al. 2019).  

In the last decade, red mud has been used as a partial 
substitute of cement and fine aggregates in concrete 
(Gou et al. 2023; Zhu et al. 2023). The fine particle size of 
red mud contributes to the densification of the concrete 
matrix, reducing microcrack formation and increasing 
durability. Its inclusion reduces workability while in-
creasing both flexural and compressive strength, espe-
cially in the later stages of curing. The higher content of 
red mud-based concretes resulted in a reduction in 
strength but a lower rate of corrosion (Venkatesh et al. 
2019, 2020). Most studies have limited the incorpora-
tion of red mud in cement composites to a maximum of 
30% (Anirudh et al. 2021; Díaz et al. 2015; Kang and 
Kwon 2017; Liu et al. 2019; Nikbin et al. 2018; Ortega et 
al. 2019; Ribeiro et al. 2013; Venkatesh et al. 2019), How-
ever, a few researchers have investigated higher replace-
ment levels, exceeding 50% (Krivenko et al. 2017; Tang 
et al. 2018, 2019; Yuan et al. 2020).  

Venkatesh et al. (2019) and Ortega et al. (2019) found 
that a denser microstructure formation was observed 
with the red mud substitution and the chloride-ion pas-
sage decreased as the red mud substitution increased. 
Díaz et al. (2015) concluded that additions of red mud 
delayed both chloride diffusion and carbonation of ce-
ment paste samples. Hou et al. (2021) found that the ad-
dition of red mud to ultra-high performance concrete re-
duces workability and mechanical properties while in-
creasing early age (7d) durability due to the accelerated 
hydration process.  

In addition, research has shown that red mud en-
hances the mechanical properties and durability of ce-
ment-based materials. Tang et al. (2019) reported that 
replacing fly ash with red mud in self-compacting con-
crete improves strength and corrosion resistance. Yuan 
et al. (2020) highlighted its micro-filler effect, reducing 
harmful pores in binary binders. Hyeok-Jung et al. 
(2018) found it suitable for pavement applications at re-
placement rates up to 10%, while Li et al. (2019) noted 
its role in minimizing surface cracks. Tang et al. (2018) 
observed slight improvements in the interfacial transi-
tion zone of red clay concrete. 

In contrast to the above studies that emphasized the 
mechanical performance, durability, and microstruc-
tural improvements of red mud in cement-based materi-

als, Nikbin et al. (2018) investigated its environmental 
impacts. Their research evaluated the sustainability ben-
efits of red mud in concrete, showing that adding 25% 
red mud to lightweight concrete can significantly reduce 
environmental impacts, including cumulative energy de-
mand, global warming potential, and emissions of key air 
pollutants such as CO, NOx, Pb, and SO2. 

Although previous studies have investigated the use 
of red mud in cement composites, the focus has largely 
been on its effect on strength and a limited range of du-
rability properties. However, there is a significant gap in 
understanding its long-term performance, especially un-
der critical environmental conditions. The present study 
aims to comprehensively investigate the long-term 
physico-mechanical properties of red mud cement mor-
tars and their durability under freeze-thaw cycles and 
high-temperature exposure. Moreover, this research 
provides valuable insights into the applicability of red 
mud as a sustainable alternative in cement-based mate-
rials. 
 

2. Materials and Method 

2.1. Materials and sample preparation 

In this study, ordinary portland cement (CEM II 42.5 
R) was used in accordance with TS EN 196-1 (2016) and 
TS EN 197-1 (2016) standards. Additionally, red mud, 
characterized by its specific chemical composition and 
index properties specified in Table 1, was included as a 
filler material. 

Table 1. Chemical composition and index properties of 
red mud (RM) and portland cement (PC). 

Chemical composition (%) RM PC 

SiO2 18.95 17.6 

Al2O3 25.65 4.45 

Fe2O3 36.94 3.08 

CaO 3.30 60.02 

MgO - 2.29 

SO3 - 2.67 

Loss on ignition 17.75 8.49 

Na2O 7.04 0.22 

K2O - 0.63 

Na2O+0.658K2O - 0.63 

Cl - 0.0144 

Unmeasured - 0.54 

Free CaO - 0.69 

Total additives - 19.9 

TiO2 5.62 - 

Others 2.51 - 

index properties   

Specific gravity 3.05 3.01 

Specific surface (cm2/g) - 4403 

Compressive strength (MPa) - 51.03 

pH 12‒13 - 
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The mortar mix design was made according to the TS 
EN 206 (2014) standard and a water/binder ratio of 0.32 
was used. A total of 288 cube specimens (50×50×50 mm) 
and 32 prism specimens (40×40×160 mm) were pre-
pared, divided into eight groups of cement mortars in-
corporating red mud at replacement levels of 0%, 5%, 

10%, 15%, 20%, 25%, 30%, and 35% by weight of ce-
ment. To assess the workability of the fresh concrete, a 
flow table test was conducted to determine the spread-
ing diameter. Following casting, all samples were cured 
in water at 25 ± 2°C for 28 days. Mortar mix proportions 
are detailed in Table 2.

Table 2. Mortar mix proportions. 

Materials  
used 

Cement 
(%) 

Red mud 
(%) 

SPZ 
(%) 

w/b 
Spread diameter 

(cm) 

RM0 100 - 0.3 0.32 17.5 

RM05 95 5 0.3 0.32 19.5 

RM10 90 10 0.3 0.32 17.0 

RM15 85 15 0.3 0.32 17.5 

RM20 80 20 0.3 0.32 18.0 

RM25 75 25 0.3 0.32 17.0 

RM30 70 30 0.3 0.32 17.0 

RM35 65 35 0.3 0.32 17.0 

RM: Red mud, along with its corresponding addition percentage. 

SPZ: Superplasticizer.

2.2. Experiments 

The impact of reducing cement content through the 
partial replacement of red mud waste was examined by 
evaluating the long-term physico-mechanical and dura-
bility properties of the specimens. Physico-mechanical 
properties were assessed based on density, ultrasonic 
pulse velocity (UPV), dynamic modulus of elasticity (Ed), 
and compressive strength at 30, 90, and 365 days, as well 
as flexural strength and modulus of elasticity. Durability 
performance was analysed by measuring the residual 
compressive strength after exposure to high tempera-
tures and freeze-thaw cycles. 

2.2.1. Density 

In this study, the samples were removed from the wa-
ter pool after 28 days of curing and dried at room condi-
tions (25 °C) for two days. The density of the samples 
was then calculated by dividing the mass of each sample 
to the measured volume. The mean value of three sam-
ples was calculated for each group to increase the accu-
racy of the test results. 

2.2.2. Ultrasound pulse velocity (UPV) 

This test was conducted to evaluate the UPV in cement 
mortar specimens with and without red mud. A digital 
ultrasonic testing machine operating at 54 kHz was used. 
Wave propagation time through the mortar samples was 
determined following the ASTM E494 (2017) standard, 
and wave velocity was then calculated by dividing the 
sample length by the recorded time. 

The obtained UPV was then used to determine the dy-
namic modulus of elasticity (Ed) using Eq. (1), where ρ 
represents density, Vlong denotes longitudinal wave ve-
locity, and ν is Poisson’s ratio. In this study, the Poisson’s 
ratio for cement mortars was assumed to be 0.2.  

𝐸𝑑 =
𝑉long

2 ∙𝜌∙(1+𝜈)∙(1−2𝜈)

1−𝜈
 (1) 

2.2.3. Evaluation of compressive and flexural strength: 
Testing methods 

The compressive and flexural tensile strength tests 
were carried out following TS EN 12390-3 (2019) and TS 
EN 12390-6 (2010) standards, respectively, which align 
with European standards. A 3000 kN capacity testing 
machine with a position sensor providing 0.001 mm ac-
curacy was used. The load was applied at a constant 
speed of 0.4 MPa/s for the compressive strength test and 
0.04 MPa/s for the flexural tensile strength test. To eval-
uate the short- and long-term effects of red mud on ce-
ment mortar, compression tests were conducted at 30, 
90, and 365 days, while flexural strength tests were per-
formed at 365 days. In addition, the modulus of elasticity 
was determined using the stress-strain curves obtained 
from 365-day compression tests in accordance with the 
TS 12390-2 (2019) standard. 

2.2.4. High temperature resistance 

This study investigated the residual compressive 
strength of the mortar after exposure to high tempera-
tures. The samples were stored at 25 °C under labora-
tory conditions and the test was carried out on the 
365th day. To prevent explosive spalling caused by 
steam formation, the samples were pre-dried at 100 °C 
for 24 h before exposure to high temperatures (Alameri 
and Oltulu 2020). Heating was carried out in an electric 
furnace with a maximum capacity of 1000°C following 
the heating and cooling protocol shown in Fig. 1. The 
samples were exposed to temperatures of 200 °C, 400 
°C, and 600 °C, with a dwell time of 2 hours at each tem-
perature.  
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Fig. 1. Heating and cooling regime.

2.2.5. Freeze-thaw resistance 

In cold climates such as Erzurum Province, where this 
experimental study was conducted, cement mortars ex-
posed to freeze-thaw cycles inevitably undergo a certain 
degree of damage. In this study, 365-day-old cement 
mortars with and without red mud were subjected to 
freeze-thaw testing following ASTM C666/C666M 
(2015) (Procedure A). The samples were subjected to 50 
and 100 freeze-thaw cycles, each covering a temperature 
range of -18 °C to +4 °C for 240 min. After completion of 
the cycles, the samples were visually inspected and their 
residual compressive strength was evaluated. 

3. Results and Discussion 

3.1. Physico-mechanical properties 

3.1.1. Density 

Density results are summarized in Table 3 and shown 
in Fig. 2. The density of the mortar mixes showed signif-

icant differences depending on the red mud (RM) con-
tent, ranging from 1.96 g/cm³ (RM05) to 2.28 g/cm³ 
(RM10). Compared to the control mix (RM0) with a den-
sity of 1.98 g/cm³, RM10 showed the highest increase, 
reflecting an increase of 15.15%. This improvement can 
be attributed to the filler effect of red mud, where the 
fine particles increased the packing density and contrib-
uted to a more compact microstructure. The increased 
density in RM10 suggests that moderate replacement of 
cement with red mud increased the overall matrix cohe-
sion, leading to better densification. However, beyond 
this optimum level, the density showed a downward 
trend, indicating a decline in structural compactness. 

The decrease in density at higher substitution levels, 
particularly for RM30 (2.04 g/cm³) and RM35 (2.19 
g/cm³), indicate an increase in porosity. Excessive red 
mud content can lead to insufficient cementitious bond-
ing and void formation, which collectively reduces the 
overall compactness of the mortars.

Table 3. Physico-mechanical properties. 

Group 
Density 
(g/cm3) 

UPV 
(m/s) 

Ed 
(GPa) 

30-day compressive 
strength (MPa) 

90-day compressive 
strength (MPa) 

365-day compressive 
strength (MPa) 

Flexural 
strength (MPa) 

E 
(GPa) 

RM0 1.98 3361 20.13 71.01 84.60 87.90 4.93 9.4 

RM05 1.96 3252 18.66 76.75 79.10 86.30 5.26 8.6 

RM10 2.28 3333 22.80 71.21 75.73 78.70 5.87 8.5 

RM15 2.04 3175 18.50 62.31 67.79 72.20 5.76 8.1 

RM20 1.98 3200 18.25 58.49 63.40 63.40 5.26 7.5 

RM25 2.25 3175 20.41 57.62 60.64 60.70 5.00 7.5 

RM30 2.04 3101 17.65 50.85 54.17 61.00 4.73 6.4 

RM35 2.19 3175 19.86 46.16 48.75 60.80 4.23 6.5 
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Fig. 2. Density results of the tested groups.

3.1.2. Ultrasonic pulse velocity (UPV) 

The UPV results are summarized in Table 3 and 
shown in Fig. 3. The control group (RM0) showed the 
highest UPV value of 3361 m/s. Among the groups con-
taining red mud, RM10 achieved a UPV of 3333 m/s, 
which was only a 0.83% decrease compared to the con-
trol, indicating that up to 10% red mud content did not 
significantly compromise the density or homogeneity of 

the mortar. A consistent decrease in UPV was observed 
with the increase in red mud content, and RM30 showed 
the lowest speed of 3101 m/s (-7.73%). The observed 
decrease in UPV at higher red clay ratios can be at-
tributed to increased porosity and potential microcrack 
formation, which hinders wave propagation, as con-
firmed by other studies linking high additive content to 
lower pulse speeds due to poor bonding and incomplete 
hydration (Qureshi et al. 2022).
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Fig. 3. UPV results of the tested groups.

3.1.3. Dynamic modulus of elasticity (Ed) 

The average dynamic modulus of elasticity values of 
mortars are summarized in Table 3 and shown in Fig. 4. 

The dynamic modulus of elasticity (Ed) results showed a 
strong correlation with both density and ultrasound 
pulse wave (UPV) velocity, reflecting the stiffness and in-
ternal compactness of the mortars. The RM10 group 
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showed the highest Ed value of 22.80 GPa, representing a 
13.2% increase compared to the control group (RM0). 
RM05 and RM15 showed Ed values of 18.66 GPa and 
18.50 GPa, respectively, indicating decreases of approxi-
mately 7.3% and 8.0%. Further increases in RM content 
led to varying effects; RM20 experienced a slight de-
crease in Ed to 18.25 GPa (-9.5%), while RM25 increased 
to 20.41 GPa (+1.4%). However, higher RM contents, 
such as RM30 and RM35, resulted in a decrease in Ed val-

ues of 17.65 GPa (-12.2%) and 19.86 GPa (1.3%), respec-
tively. The variations in Ed values can be attributed to the 
interplay between UPV and density, both of which affect 
the Ed. The RM10 group exhibited the highest UPV, 
which, together with its optimal density, contributed to 
its superior Ed value. Adding red mud up to a 10% re-
placement ratio appears to optimize these properties, in-
creasing the stiffness and structural performance of the 
material.
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Fig. 4. Dynamic modulus of elasticity results of the tested groups.

3.1.4. Compressive strength  

The compressive strength results at different ages 
showed significant variations depending on the red mud 
(RM) content (Table 3 and Fig. 5). At 30 days, the RM05 
group achieved the highest compressive strength of 
76.75 MPa, surpassing the control group (RM0) by ap-
proximately 8.1%. This improvement is primarily at-
tributed to the filler effect of the red mud particles, which 
occupy voids within the cement matrix, leading to a 
denser microstructure and improved early-age strength. 
Additionally, the pozzolanic activity of the red mud con-
tributes to the formation of calcium silicate hydrate (C-
S-H) gel, further increasing the strength. However, a 
gradual decrease in compressive strength was observed 
as the red mud content increased beyond 5%. The RM15 
group showed a decrease to 62.31 MPa (-12.3%). This 
decrease can be attributed to several factors, including 
that excessive RM can reduce strength by increasing to-
tal porosity. Replacing cement with RM reduces the 
overall amount of cementitious material, potentially 
weakening the bond strength between the cement paste 
and the aggregates (Ai et al. 2021; Wang and Zhen 2024). 

At 90 days, the control group (RM0) showed the larg-
est increase in compressive strength, increasing by ap-
proximately 19.1%, from 71.01 MPa at 28 days to 84.60 
MPa at 90 days. This improvement is due to the continu-
ous hydration of the cement particles, which allows the 

matrix to gain strength over time. In contrast, groups 
with red mud content showed more modest increases in 
strength or relatively smaller changes. Compared to 30-
day strength, the RM05 group increased (+3.0%), RM10 
(+6.3%), RM15 (+8.8%), RM20 (+8.5%), RM25 (+5.2%), 
RM30 (+6.3%), and RM35 (+5.5%). These results sug-
gest that the incorporation of red mud (up to 20%) leads 
to an increase in compressive strength at 90 days com-
pared to the 28-day strength. However, when the red 
mud content exceeds 20%, the strength gain begins to 
decrease. Adding up to 20% red mud to cementitious 
materials increases compressive strength gain over 
time, which is attributed to its pozzolanic activity that 
contributes to cement hydration and forms additional C-
S-H gel, improving the microstructure and strength of 
the mortar. Beyond this threshold, the introduction of 
impurities such as sodium, iron, and other alkaline com-
pounds can interfere with the hydration process, inhib-
iting C-S-H gel formation and weakening the bond be-
tween cement particles and aggregates. In addition, 
higher red mud content can increase porosity, resulting 
in a less dense microstructure and reduced strength. 

At 365 days, the control group (RM0) exhibits a 
strength increase of approximately 3.9%, rising from 
84.60 MPa at 90 days to 87.90 MPa at 365 days. Similarly, 
the RM10 group shows a 3.92% increase, with strengths 
increasing from 75.73 MPa at 90 days to 78.70 MPa at 
365 days. In contrast, the RM35 group experiences a 
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more substantial gain of 24.72%, with compressive 
strength increasing from 48.75 MPa at 90 days to 60.80 
MPa at 365 days. These observations suggest that higher 

red mud content may contribute to long-term strength 
development, potentially due to ongoing pozzolanic re-
actions and microstructural improvements over time.

 

Fig. 5. 30-day, 90-day and 365-day compressive strength results.

As shown in the stress-strain curve (Fig. 6), the stress-
strain response in red mud-containing mortars re-
mained more stable beyond the ultimate strength, while 
the reference group (RM0) showed a sharp decrease. 

This behaviour may be due to the densification effect of 
red mud at optimal levels, which enhances post-peak 
structural integrity by improving the pore structure and 
load redistribution mechanisms.

 

Fig. 6. 28-day stress-strain curves.

3.1.5. Modulus of elasticity  

The modulus of elasticity (E) results are summarized 
in Table 3 and shown in Fig. 7. The results showed a 
clear dependence on the red mud (RM) content, reflect-
ing the changes in stiffness and material deformation 

behaviour. The RM0 (control) group exhibits the highest 
E at 9.4 GPa. The RM05 group shows a decrease of ap-
proximately 8.51% compared to the control. The modu-
lus of elasticity continues to decrease as the red mud 
content increases, with the RM30 group experiencing a 
significant decrease of approximately 31.91%. The 
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RM35 group also shows a significant decrease in E of ap-
proximately 30.85% compared to the control. The de-
crease in E can be attributed to the deterioration of the 

uniformity and compactness of the microstructure, re-
sulting in a less rigid network and hence a lower modu-
lus.

 

Fig. 7. Modulus of elasticity results of the tested groups.

3.1.6. Flexural tensile strength  

In this study, the long term (365-day) flexural tensile 
strength was examined and the results are summarized 
in Table 3 and shown in Fig. 8. This improvement in flex-
ural strength continues up to the 10% replacement level, 
after which strength begins to decrease. The RM10 
group exhibits the highest flexural strength at 5.87 MPa, 
an increase of approximately 19.1% compared to the 
control group. The RM15 group exhibits a slight de-
crease to 5.76 MPa (approximately 16.8% higher than 
the control group), and the RM35 group exhibits the low-

est flexural strength at 4.23 MPa, a decrease of approxi-
mately 14.2% compared to the control group. A similar 
trend was observed for compressive strength, where ex-
cessive red mud resulted in reduced strength due to in-
creased porosity and weaker cementitious bonding. This 
correlation indicates that beyond 10% red mud content, 
red mud impairs matrix integrity, adversely affecting 
both tensile and compressive performance. These find-
ings confirm that moderate red mud inclusion enhances 
strength, while excessive amounts negatively affect the 
mechanical properties, highlighting the importance of 
optimized replacement levels for structural reliability.
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Fig. 8. Flexural strength results of the tested groups.  
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3.1.7. Durability properties  

3.1.7.a. Effect of exposure temperature on compressive 
strength 

Residual compressive strength results are summa-
rized in Table 4 and shown in Fig. 9. After 365 days of nor-
mal curing, the control mixture (RM0) exhibited a com-
pressive strength of 87.9 MPa, which increased to 95.5 
MPa, reflecting an 8.6% strength gain after exposure to 
200°C. This improvement is attributed to the continuous 
hydration of unreacted cement particles and the reduc-
tion of free water, which increases matrix densification. 
Similarly, RM15 and RM20 showed the highest strength 
increases, rising by 10.2% and 13.9%, respectively.  

In contrast, RM10 and RM05 showed reductions of 
8.9% and 7.5%, respectively, indicating that certain RM 
levels may cause internal shrinkage stresses or in-
creased microcracks under thermal exposure. Although 
RM15 and RM20 outperformed RM0 in relative strength 
gain, higher RM contents exhibited decreasing thermal 
efficiency. RM30 and RM35 only retained 65.5 MPa and 
62.0 MPa, respectively, which are 31.4% and 35.1% 
lower than RM0 at 200°C. Although these groups showed 
minor strength improvements compared to their normal 
case values (7.4% and 2.0%, respectively), their overall 
performance remained significantly weaker than the 
control. This suggests that excessive RM replacement in-
creased porosity and weakened cementitious bonding, 
leading to lower thermal resistance. 

At 400 °C, the control group (RM0) experienced a sig-
nificant strength reduction, decreasing from 87.9 MPa to 
68.7 MPa (21.9% reduction), indicating thermal-induced 
microcracking and dehydration effects. RM05, RM10, and 
RM15 showed similar reductions of 22.8%, 14.1%, and 
13.5%, respectively, indicating that moderate RM incor-
poration slightly improved the thermal resistance. How-
ever, higher RM contents (RM20–RM35) experienced 
larger reductions, with RM35 decreasing by 30.6%. 

Compared with RM0 at 400 °C, RM10 and RM15 re-
tained higher strength (67.6 MPa and 62.4 MPa, respec-

tively) with less than 15% loss, indicating improved 
thermal stability. However, RM30 and RM35 exhibited 
17.0% and 38.7% lower strength than RM0, respectively, 
confirming that excessive RM incorporation leads to 
thermal degradation. 

After exposure to 600 °C, the control mix (RM0) expe-
rienced a significant strength reduction, from 87.9 MPa 
to 62.9 MPa, representing a 28.5% loss. RM05 and RM10 
showed a strength reduction of 35.1% and 32.8%, re-
spectively. Although moderate red mud incorporation 
slightly alleviated thermal degradation, strength losses 
remained significant. In contrast, RM15 showed a slight 
strength increase of 3.9%. 

3.1.7.b. Effect of freeze-thaw on compressive strength 

Residual compressive strength results are summa-
rized in Table 4 and shown in Fig. 10. After 50 freeze-
thaw cycles, the control group (RM0) showed a decrease 
in compressive strength from 87.9 MPa to 81.6 MPa, a 
decrease of 6.3%, indicating the effect of freeze-thaw cy-
cles on the cementitious matrix, leading to microcracks 
and pore expansion. RM05, RM10, RM15, RM20, and 
RM25 showed similar decreases of 12.4%, 17.6%, 
16.2%, 26.4%, and 14.5%, respectively, indicating that 
RM incorporation experienced more significant strength 
losses due to freeze-thaw damage by weakening the mi-
crostructure and increasing water absorption during the 
cycles. 

After 100 freeze-thaw cycles, the control group (RM0) 
deteriorated further and decreased to 76.0 MPa (13.5% 
decrease from the original 87.9 MPa). This decrease is 
attributed to extensive internal damage due to repeated 
freezing and thawing, which increased pore connectivity 
and promoted cracking. Similarly, RM05, RM10, and 
RM15 showed decreases of 14.9%, 15.2%, and 30.2%, 
respectively. In particular, RM30 and RM35 showed 
larger decreases of 39.5% and 40.0%; indicating that 
higher red mud contents significantly reduce freeze-
thaw durability, probably due to weaker microstructural 
cohesion and increased porosity.

Table 4. Compressive strength test results after exposure to high temperatures and freeze-thaw cycles. 

Group 
365-day avg. comp. strength after high temp. (MPa) 365-day avg. comp. after freeze thaw cycles (MPa) 

200°C 400°C 600°C 50 cycles 100 cycles 

RM0 95.5 68.7 62.9 81.6 76.0 

RM5 79.8 66.6 56.1 75.5 73.5 

RM10 71.7 67.6 53.3 61.9 50.0 

RM15 79.6 62.4 65.0 60.5 50.1 

RM20 72.2 52.4 52.4 43.6 41.0 

RM25 65.9 61.4 44.0 52.0 47.9 

RM30 65.5 57.0 50.0 43.3 37.0 

RM35 62.0 42.1 46.1 44.4 36.0 
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Fig. 9. 365-day average compressive strength results of the tested groups after exposure to elevated temperatures. 

 

Fig. 10. Compressive strength results of the tested groups after exposure to freeze-thaw.

SEM-EDX analysis was conducted on sample RM5 to 
examine its microstructure and confirm the uniform dis-
tribution of red mud. Additionally, EDX results revealed 
the chemical composition present in the sample (Fig. 11). 

 

4. Conclusions 

This study investigated the effects of red mud (RM) 
incorporation on the mechanical properties of cement 
mortars, with particular emphasis on compressive 
strength, durability under thermal and freeze-thaw con-
ditions, and long-term effects after 365 days. The results 
revealed that: 
 Incorporating red mud at a 10% replacement ratio pro-

vided optimal enhancement of mortar performance, 
significantly improving density, dynamic modulus of 
elasticity, and flexural strength due to better particle 
packing and refined microstructural compactness. 

 Compressive strength results showed that red mud 
content up to 10% increased early and long-term 
strength, while higher replacement levels (above 
20%) led to strength reduction due to increased po-
rosity and decreased cementitious bonding. 

 Durability assessments revealed that moderate red 
mud incorporation improved thermal resistance up to 
400 °C, while higher contents significantly reduced 
freeze-thaw resistance, primarily due to poor micro-
structural integrity. 
 
The following recommendations are provided for fu-

ture studies: 
 Examination of the changes in properties with differ-

ent curing methods. 
 Detailed pore structure and microstructural studies 

are recommended on the subject. 
 Examination the other durability properties such as 

acidic and sulphate attack.   
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Element Weight (%) Atomic (%) 

O 47.3 67.54 

Na 0.72 0.71 

Al 2.42 2.05 

Si 7.48 6.09 

K 0.61 0.36 

Ca 39.08 22.27 

Fe 2.40 0.98 
 

Fig. 11. SEM-EDX analysis of sample RM5.
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