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Abstract
This paper presents the strength, durability and microstructural characteristics of fly ash based geopolymer concrete in addi-
tion to red mud. The study explores the influence of other parameters on the compressive strength of GC such as  Na2SiO3 
to NaOH ratio (liquid-to-liquid), and alkaline solution to binder ratio. The presence of high alkalinity in the red mud was 
enough to dissolve FA, thus ensuing the formation of aluminosilicate gels. The X-ray diffraction analysis showed the 
geopolymerization process and confirmed the composition of end products. Based on the experimental results, it could be 
recognized that GC with 10% replacement of FA with RM has shown better strength and durability properties. The results 
depicted that the GC mix M8 attained enhanced compressive strength i.e., 47.6 MPa indicating that the GC can be used as 
materials for load-bearing members in structures. The SEM images showed that a huge quantity of geopolymeric products 
was generated in a geopolymer by the reaction of  OH− with the aluminosilicate components in FA and RM in a strong alka-
line nature. Due to minor porosity, good pore structure and lower chloride ion permeability, GC can be significantly better 
than conventional cement concrete.
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Introduction

As a point of environmental concern, there is a need to 
develop world infrastructure with industrial wastes, which 
reduces the natural and mineral resources scarcity and envi-
ronmental pollution [1–3]. Fly ash (FA) is a by-product 
of a coal-based thermal power station; it contains major 

quantities of ‘Al’ and ‘Si’ [4]. Red mud (RM) is a by-product 
from bauxite processing, contains ‘Al,’ ‘Fe,’ and a smaller 
concentration of ‘Si’ [3]. Geopolymer technology is gain-
ing recognition due to its several advantages such as sus-
tainable concrete, higher building life, lower  CO2 release, 
recycled industrial waste, greater strength, and higher dura-
bility [5–7]. Geopolymer binders are produced by activat-
ing aluminosilicate source materials such as FA, Ground 
Granulated Blast Furnace Slag (GGBFS), RM. [8–10]. 
The geopolymer technology was introduced in the 1970s 
[11], then onward most of the experimental and research 
studies explained that geopolymers are the best alternative 
to cement-based products. Some of the studies have been 
conducted on certain parameters on geopolymers like the 
ratio of Si/Al, binder/solution ratio, specific surface area, 
NaOH concentration, type of binder, curing temperature, 
etc. [12–17]. At present, some of the research works are 
doing on RM-based geopolymer concrete (GC) [18, 19]. A 
huge quantity of geopolymeric products was produced in a 
geopolymer by the reaction of OH − with N–A–S–H com-
ponents in FA-RM or rice husk ash-red mud in a strong 
alkaline nature [20, 21].
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The latest studies reported the influence of RM in GC in 
different ways (RM under thermal pretreatment), combined 
with FA or rice husk ash, etc. [22–25]. Zhang et al. [26] 
investigated the geopolymers produced with FA (class F) 
and RM using sodium-based alkaline solutions  (Na2SiO3 and 
NaOH) and cured at ambient temperature. Reported that the 
FA-RM-based geopolymers shown an unconfined compres-
sive strength of 6.19 MPa for FA8 under 28 days of ambient 
curing (without NaOH solution). Pridobivanje et al. [27] 
used RM in their study as an exceptional aluminosilicate 
material in the form of sustainable geopolymer products. 
In another study, to produce geopolymers, two industrial 
wastes are used (RM and rice husk ash). The experimental 
study reported that the compressive strength ranges from 
3.2 to 20.5 MPa with nominal Si/Al ratios of 1.68–3.35. In 
their study, the microstructural images show that the end 
products are majorly composed of amorphous geopolymer 
resins with crystalline phases as gap fillers [20]. On the other 
hand, the available literature has reported some consider-
able limitations. First, most of the papers adopted an oven 
curing condition, typically between 55 to 80 °C, which may 
obstruct the consumption of GC for infrastructural develop-
ment. Next, the mechanical properties found from RM-based 
geopolymer binders are still not comparable with the proper-
ties obtained in OPC binders in the majority of cases [28].

In this paper, geopolymers are produced with FA, and 
RM sources to (i) study the effect of physical and chemi-
cal properties of raw materials; (ii) identify better material 
mix proportions for FA-RM-based GC. This will help to 
obtain geopolymers with outstanding strength and micro-
structural properties. The curing temperature and curing age 
were investigated further to recognize the type of curing 
and micro-mechanical relationships. Furthermore, (iii) the 
mineralogical and microstructural characteristics of the GC 
were characterized by X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) to compare the relation between 
the chemical composition of geopolymer gels and their com-
pressive strength. This paper will make possible the practical 
application of FA-RM-based GC as a construction material 
as a final point.

Materials, mix proportions and methods

Materials

FA used in the present study was procured from a locally 
available coal-based thermal power corporation, conforming 
to ASTM C 618–19 [29]. The specific gravity and specific 
surface area of FA are 2.37 and 386  m2/kg. The RM was used 
as gap-filling secondary binding materials and taken from 
the Nalco refinery plant, Orissa, India. RM was pre-calcined 
at 600 ˚C in 2 h to convert the aluminates and silicates into 
alumina and silica. The RM’s specific surface area and spe-
cific gravities are 22,200  m2/kg and 2.43, respectively. The 
OPC (43 grade) was used to produce a control mix conform-
ing to ASTM C 150–2019 [30], purchased from JSW cement, 
Guntur, India. Table 1 presents the oxide composition of 
FA, RM, and cement. Figure 1 describes the mineralogi-
cal phases of FA and RM; quartz (2Ɵ = 26.634, 36.58,39.49 
and 59.99; d-spacing:3.344[Aͦ], 2.456[Aͦ],2.281[Aͦ]
and1.541[Aͦ]), boehmite (2Ɵ = 14;d-spacing:2.873[Aͦ], 
hematite (2Ɵ = 33;d-spacing:5.0329[Aͦ]), sodalite (2Ɵ = 24; 
d-spacing:8.8800[A]ͦ), rutile (2Ɵ = 54;d-spacing:4.5955[A]ͦ) 
and mullite (2Ɵ = 17; d-spacing:2.895[A ͦ]) were presented.

The 99% pure sodium hydroxide flakes were supplied by 
local traders of Andhra Pradesh state, India. Sodium hydrox-
ide solution was prepared by dissolving the NaOH flakes 
in the required quantity of water to produce an 8 molar-
ity NaOH solution. The sodium silicate in the liquid form 

Table 1  Oxide composition of 
OPC, FA and RM

Material Al2O3 Fe2O3 SiO2 CaO MgO Na2O K2O MnO P2O5 SO3 TiO2 LOI

Cement (OPC) 4.18 3.10 21.47 65.15 1.97 0.63 1.01 – – 1.96 – 0.37
Fly ash 25.08 4.56 58.23 2.87 1.21 0.41 0.87 2.94 0.2 1.16 0.83 1.59
Red mud 22.62 21.79 21.92 10.5 0.65 3.87 1.89 2.05 – – 5.50 2.43

Fig. 1  X-ray diffractogram for FA and RM
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was obtained from chemical traders of Chennai, India. The 
combination of  Na2SiO3 and NaOH solutions was used 
as an alkaline solution. The sodium silicate solution used 
in this study was consists of  SiO2 = 27.6,  Na2O = 7.5, and 
 H2O = 64.9 (Wt. %). For the geopolymer mixes  Na2SiO3 to 
NaOH ratio (liquid-to-liquid) considered as 2.5:1 and 2:1. 
Locally obtainable river sand and crushed granite stone 
particles were used as fine and coarse aggregates as per 
ASTM C 33–2008 [31] and Figure 2 shows aggregate size 
distribution.

In this study, eleven mixes were prepared, including a 
cement-based control mix. The variables considered for geo-
polymer mixes were the replacement of RM and  Na2SiO3 to 
NaOH ratios (liquid-to-liquid). RM replaced the FA in 5, 10, 
15, and 20% by the binder’s weight. Table 2 shows the mix 
proportioning of GC.

To  de t e r mine  t he  compres s ive  s t r eng t h , 
150 × 150 × 150 mm cube molds are used according to BS 
EN 12,390–3 [32] standards. All the FA-RM-based geopoly-
mer concrete samples are cured under 7, 14, 21, and 28 days 

of ambient curing. The control mix, OPC concrete samples 
were cured under water for 7, 14, 21, and 28 days. To find 
the influence of microstructure and oxide composition of 
the FA-RM-based GC on its strength; the XRD and SEM 
were performed. An XRD analysis was conducted for the 
mineral categorization of GC. The XRD peaks were identi-
fied through the “X’ Pert High Score” software.

To find the chloride ion permeability resistance of FA-
RM-based geopolymer samples, rapid chloride permeabil-
ity test (RCPT) was conducted according to ASTM C 1202 
[39]. The experimental setup for RCPT was shown in Fig. 3. 
Generally, the RCPT setup consists of 2 reservoirs, in 1st 
reservoir 0.3 molarity of NaOH liquid, and in 2nd reservoir, 
3% NaCl liquid was filled. Finally, the chloride ion perme-
ability results were noted for every 30 min in 6 h duration of 
time. The GC samples with 100 mm dia and 50 mm height 
were used for RCPT.

To determine the corrosion resistance of geopolymer 
samples acceleratory corrosion test (ACT) was conducted 
according to ASTM G109-07 [40]. The GC samples with 

Fig. 2  Aggregate size distribu-
tion
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Table 2  Mix proportioning of 
FA-RM-based GC in kg/m3 Mix Id Label Binder Aggregates Alkaline solution/water Na2SiO3/

NaOH
Fly ash Red mud Cement Fine Coarse Na2SiO3 NaOH water

M1 F100 337.5 – – 506.25 1012.5 90 45 – 2
M2 F95R5 320.63 16.88 – 506.25 1012.5 90 45 – 2
M3 F90R10 303.75 33.75 – 506.25 1012.5 90 45 – 2
M4 F85R15 286.88 50.63 – 506.25 1012.5 90 45 – 2
M5 F80R20 270 67.5 – 506.25 1012.5 90 45 – 2
M6 F100 337.5 - – 506.25 1012.5 96.43 38.57 – 2.5
M7 F95R5 320.63 16.88 – 506.25 1012.5 96.43 38.57 – 2.5
M8 F90R10 303.75 33.75 – 506.25 1012.5 96.43 38.57 – 2.5
M9 F85R15 286.88 50.63 – 506.25 1012.5 96.43 38.57 – 2.5
M10 F80R20 270 67.5 – 506.25 1012.5 96.43 38.57 – 2.5
M11 M25 – – 337.5 506.25 1012.5 – – 140.37 –
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100 mm dia and 200 mm height were used for the ACT. An 
8-mm-dia steel bar was inserted at the center of the geo-
polymer specimen. The experimental setup for ACT was 
shown in Fig. 4.

Results and discussion

Compressive strength

Figure 5 shows compressive strength values of GC with two 
alkaline ratios Viz 2.0, 2.5, and various replacement levels 
of FA with RM. However, the replacement of RM up to 10% 
has shown better performance compared to other replace-
ment levels. RM contains a higher percentage of alumina 
and silica, iron oxides, which accelerate geopolymerization 
when reacting with alkaline solutions; this might be the 
reason for strength enrichment with 10% RM replacement. 
Figure 5 depicts strength achievement with the age of cur-
ing; RM replaced mixes have shown high strength growth 
compared to 100% FA-based geopolymer concrete and the 
control mix M11. However, the mix M8 has shown higher 
compressive strength, i.e., 24, 32.3, 41, and 47.6 MPa at 
7, 14, 21, and 28 days of ambient temperature. The speci-
mens containing RM have attained superior strength related 
to their greater Al-Si contents and higher specific surface 
area, and extra geopolymeric gel was formed to improve 
the compressive strength [19]. The finer particles in RM are 
smoother for  Al3+ and  Si4+ leaching and acted as a filling 
material to improve the compressive strength.

The base for the higher strength attainment is the pres-
ence of silica and free lime in the RM, which enriches 
C-A-S–H gel formation. But, the strength development was 

Fig. 3  Rapid chloride permeability test setup

Fig. 4  Accelerated corrosion test setup
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observed only at 10% replacement of FA with RM. While, a 
further increment of RM replacement, the strength was sub-
sequently decreasing [33, 34]. An incomplete geopolymeric 
reaction was found with a high level of RM replacement; 
due to inadequate alkaline content, it caused a reduction in 
the geopolymer concrete strength. The mixes contain RM 
has shown better microstructural characteristics because the 
presence of dissolved ‘Si’ and ‘Al’ formed additional sodium 
aluminosilicate gel lead to attaining enhanced compressive 
strength values. Figure 5 was evident that the compres-
sive strength increases with the ratio of  Na2SiO3 to NaOH 
value as 2.5. An increase in strength was majorly due to the 
microstructure change, which is subjected to the quantity of 
 Na2SiO3 [35, 36, 44].

Rapid chloride penetration test

In the present study, the chloride ions permeability test was 
conducted on geopolymer concrete with two alkaline ratios 
(2, 2.5) and various FA and RM replacement levels. The 
chloride ions passage was reduced with increases in the RM 
replacement in GC, as represented in Table 3. The RM par-
ticles are very much finer (average particle size = 8 µm) than 
FA, which filled the pore structure of GC; it is the reason 
for low chloride ion permeability observed in FA-RM-based 
GC samples. The GC mixes M5 and M10 have shown better 
chloride ions resistance i.e., 1502C and 1456C, respectively, 
which comes under low permeability as per ASTMC1202-
2016. Red-mud in GC considerably decreases the mobility 
of chloride ions; the reason might be effective reactivity of 
alkaline solution with FA and RM [41]. Red-mud particles 
are very finer, which reduces the depth of carbonation and 
penetration of chloride ions into the GC. The presence of 
alumina in RM accelerates the hardening process and also 
enriches the geopolymerization process. The addition of red 
mud in concrete accelerated the early geopolymerization, 
which enhanced the durability of its filling effect [42].

Accelerated corrosion test

Figure 6 shows rebar mass loss (%) due to corrosion of 
geopolymer reinforced concrete with various proportional 
levels of RM and FA. The rebar mass loss was reduced 
with increases in the RM replacement in FA. The rebar 
mass loss was reduced from 19 (M1) to 8.44% (M5) and 
17.5 (M6) to 8.1% (M10) in alkaline ratios of 2 and 2.5, 
respectively. In the present study, corrosion resistivity of 
GC was followed by M10 > M5 > M9 > M4 > M8 > M3 > 
M7 > M2 > M11 > M6 > M1. The reason might be RM has 
high alkaline nature (pH greater than 12). The alkalinity 
of red mud stabilizes the passivating layer on the rein-
forcement bar surface. So that red mud presence in con-
crete retards the corrosion initiation process. Belen et al. 
[43] found an extreme reduction of chloride ions and  CO2 
passage in red mud-based concrete than normal concrete. 
Red mud having a higher percentage of alumina, which 
traps the chlorides. Another reason, red mud particles are 
very finer (average 8 µm), which does not allow any ions 
(water, air, chloride ion, etc.) into the GC samples which 
reduces the corrosion attack.

SEM

The micrographs of the GC samples with the addition of 
different percentages of RM under ambient conditions were 
analyzed by SEM. Figure 7(a),(b) depicts that most of the 
FA fractions were spherical in shape and RM particles 
have poorly crystallized formation. When comparing the 
GC activated with 100% FA, the GC derived with the RM 
has shown a denser structure. Most of the un-reacted and 
semi-reacted particles were observed in 100%-FA-based GC 
samples (Fig. 7(c)–(h)). When comparing the geopolymers 
derived from various FA and RM proportions, the GC pro-
duced from 10% RM and 90% FA with  Na2SiO3 to NaOH 
ratio 2.5 (M8) observed to have a more compact structure. 
The reasonable explanation was that ‘Al’ and ‘Si’ presence 

Table 3  RCPT results of GC Mix Id Coulombs

M1 2450 Moderate

M2 1942 Low
M3 1767
M4 1640
M5 1502
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Fig. 6  Rebar mass loss due to corrosion
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in RM forms additional C-A-S-H gel and compassionate in 
forming a denser structure. The C-A-S-H gel formations 
were observed in both SEM and XRD analyses.

It can be found that the microstructure of RM-FA-based 
geopolymer becomes compact with increasing the RM 
content from 5 to 10%, which may contribute to the higher 

Fig. 7  SEM images a raw FA, b raw RM, c M1, d M2, e M3, f M4, g M5, h M6, i M7, j M8, k M9, i M10
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compressive strength. It could be noted that the beyond 10% 
RM content has affected the structural compactability of 
GC by hindering the development of a denser geopolymer 
matrix. The more leaching of  Al3+ and  Si4+ ions in FA-RM-
based GC samples was the key reason for the dense micro-
structure. To stabilize the charge in  [AlO4] – ions in finer 
particles, there are additional  Na+ ions. From Fig. 7, it was 
observed that the 10% RM-based mixes have fewer pores, 
for the reason that its inferior temperature liberation rate in 
the early hours (0–2).

Interfacial transition zone

The present study has been evaluated the interfacial transi-
tion zone (ITZ) in ordered to understand the bond between 
the GC paste and aggregates. Figure 8 shows the SEM 
image related to ITZ of RM-based GC (M8) and reference 
mix (M1). The RM-based GC has a strong bond between 
the aggregates and GC paste, as represented in Fig. 8(a), 
which might be the reason for achieving better mechanical 
properties than reference mixes. A weak bond was observed 
between the cement paste and aggregates in the reference 
mix due to porous cracks, which causes separation of cement 
paste and aggregates, as shown in Fig. 8(b).

XRD

XRD analysis is performed to understand the changes in 
the mechanical behavior of GC. Whereas Rigaku 600 mini 
flux is used as a diffractogram, the patterns are measured 
within the scanning range of 10˚–70˚ (2Ɵ). Figure 9 illus-
trates the XRD patterns of GC mixes Viz., M1 to M10. 
Hatrurite and larnites are identified at 32.193 with d-spac-
ing of 2.778[A ͦ] and 32.169 with d-spacing of 2.780[A ͦ]. 
The aluminates and silicates in the RM react with an 
alkaline solution and developing hatrurite and larnite 

formation. Meanwhile, Quartz, mullite, katoite, and cal-
cite are detected in geopolymer mixes; these are majorly 
responsible for mechanical performance. In contrast, the 
portlandite is detected at 2Ɵ = 18 with a d-spacing of 
3.395357[A ͦ]. Portlandite holds the alkaline solution in the 
pore structure, which is necessary to improve the leaching 
of  Si4+,  Al3+, and  Ca2+ ions; these enrich the geopolymeric 
gel production [37, 44].

The geopolymerization process enriches with increases 
the replacement level of RM in FA-based geopolymer con-
crete. Most of the peaks appeared in between 20˚ to 40˚ 
are poorly crystallized and these are the clear evidence of 
the presence of strong geopolymerization gel. C–A–S–H 
is detected in M8 mix, but in the further mixes the inten-
sity has reduced due to presence of  Na2SO3 [38, 45]. This 
might reason for achieved better mechanical performance 
in M8 than others.

Fig. 8  SEM images a ITZ of 
mix M8, b ITZ of mix M1

Fig. 9  XRD analysis of geopolymer concrete
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Conclusions

In this paper, the influence of RM on strength and micro-
structural characteristics on FA-based geopolymers was 
systematically investigated. The RM and FA were mixed 
at various combinations to produce GC. Binding materials 
were activated using sodium-based alkaline solutions and 
cured at ambient temperature. The compressive strength 
of FA-RM-based GC was examined in the laboratory and 
XRD, and SEM was used to analyze the microstructure. 
From the systematic analysis of FA-RM-based geopoly-
mers, the following conclusions are drawn,

• The GC produced from the FA and RM with  Na2SiO3 to 
NaOH ratio (liquid-to-liquid) as 2.5 showed better per-
formance over the GC derived with  Na2SiO3 to NaOH 
ratio as 2.0.

• Geopolymers with 10% RM and 2.5 solution ratio 
mixes (M8) attained a higher compressive strength 
of 47.6 MPa during 28 days of ambient temperature. 
At higher replacement levels of RM, the formation of 
C–A–S–H gel was minimized, which decreased the 
compressive strength.

• 10% RM-based geopolymer concrete samples shown 
better resistance to chloride ion penetration and corro-
sion compared to all other replacement levels of RM.

• The SEM images are evidence that the FA-RM-based 
GC prepared using M8 had a very dense microstruc-
ture. The presence of hatrurite and larnite in the RM 
GC shown enhanced compressive strength at an early 
curing age and indication for additional C–A–S–H gel 
formation.

• The microstructure of RM-FA-based GC with differ-
ent RM replacement levels was analyzed by XRD and 
SEM. The microstructural results depicted the forma-
tion of the main geopolymerization product of RM-
FA-based GC is C–A–S–H gel. It is evident through 
SEM images that the presence of RM in geopolymers 
not only acts as a reactant in a geopolymeric reaction, 
but also served as a filling material providing denser 
microstructure.

The experimental results revealed promising applica-
tions of FA-RM-based GC for infrastructural development 
with suitable mix proportions.
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