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Abstract

Recent trends in the construction industry involve the use of industrial by-products as building materials to improve waste
management and reduce excessive CO, emissions from the cement industry. Red mud (RM) is a by-product of alumina
refinery plants. When improperly disposed, red mud harms the surrounding area, owing to its highly alkaline nature. In the
current work, up to 15% of the cement in concrete was replaced with red mud, in increments of 2.5%. In addition, to enhance
the pozzolanic reaction, metakaolin was used as a ternary mineral; it replaces 10% of the cement. A slump cone test was
conducted to evaluate the workability. Compressive, flexural, and split tensile strength tests were conducted to observe the
mechanical properties. A rapid chloride penetration test and water absorption tests were conducted to determine the durability
properties of the concrete. X-ray fluorescence analysis was conducted to determine the chemical composition of both the red
mud and the metakaolin. A scanning electron microscope analysis was conducted to characterize the microstructure of the
RM concrete. The 12.5% red-mud replacement mix showed the greatest improvement in mechanical properties among all
the mixes. As the red-mud replacement increased, the chloride-ion passage was reduced. Moreover, a denser microstructure

formation was observed with the red-mud replacement, as compared to standard concrete.

Keywords Scanning electron microscope - Mechanical properties - Metakaolin - Rapid chloride penetration test - Red
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1 Introduction

The utilization of industrial by-products as replacements
for construction materials has recently attracted attention,
as this reduces the environmental impact of these materi-
als and processes. By-product disposal itself is a major task
for production industries. Red mud (RM) is a by-product
of alumina refinery plants and comes in the form of slurry
(more than 55% solid). Approximately, one ton of alumina
produces more than one ton of RM [1-5]. When a large
quantity of RM is disposed, it contaminates groundwater
bodies, air, and land in the surrounding areas [6—8]. The
presence of sodium hydroxide in RM makes it highly alka-
line, with a pH of about 13 [9]. The high alkalinity kills veg-
etation and organic bodies in the red-mud disposal areas and
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surrounding areas. The following red-mud disposal methods
are used throughout the world: dry disposal, marine dis-
posal, wet disposal, and red-mud lagooning [10].

The chemical and physical properties of RM drastically
change with its point of origin and depend on the production
process (Bayer or sintering) as well [11]. RM is a very fine
material with a specific surface area of about 10 m?%/g. It is
primarily composed of iron, sodium, calcium, aluminum,
titanium, and silicon oxides. The iron and aluminum oxides
are the most dominant compounds. A few minor elements
present in RM include Pb, Zn, Cu, Cr, Ni, V, Ba, and Mn
[12].

Over the last three decades, many researchers have tried
to find solutions for the proper utilization of RM. Based on
their research work, RM has been utilized in brick-manufac-
turing industries, ceramic-tile preparation, metal absorbents,
chemical industries, cement-manufacturing industries, and
as a partial replacement for cement and fine aggregates in
concrete [13—-19]. RM-based mortar accelerates the harden-
ing period, when compared to standard cement mortar [20].
Increasing the quantity of RM in concrete has resulted in a
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reduction in strength [21]. Red-mud particles are very fine,
which makes the concrete mix very dense and helps control
the formation of micro-cracks and enhance the durability
properties.

Metakaolin (MK) is a clay pozzolana obtained from
calcined kaolin clay. Aluminum and silicon oxides are
abundantly present in MK, which enhance the strength and
impermeability of the concrete. Many investigations have
reported MK as a commonly used mineral admixture [22,
23]. The current research work promotes using RM as a par-
tial replacement for cement, as an example of sustainable
construction and to reduce the environmental pollution due
to red-mud disposal. MK was used as a ternary compound
and replaced 10% of the cement. RM partially replaced the
cement from O to 15%, in 2.5% increments. All mixes were
investigated to observe the mechanical and durability prop-
erties, as well as the microstructure behavior.

2 Materials and methods

In the current work, 53 N/mmz-strength cement was
used, conforming to IS 12269-1987 [24].Various tests
were conducted to determine the physical properties of
the cement (the specific gravity is 3.12 and the fineness
is <90 pm),according to IS 4031-1 (1996) [25].Natural
river sand was used as a fine aggregate (FA); it conforms to
Zone-II and is between 0.15 and 4.75 mm, according to IS
383-2016 [26].Crushed stones were used as coarse aggre-
gates (CA),conforming to IS 383-2016 [26]; their nominal
size was 20 mm. All the physical properties of the fine and
coarse aggregates were within the limits of IS 2386-1963
[27]. A sulphonated-naphthalene polymer-based high-water
reducer was used as a chemical admixture (Admixture) in
the concrete, as per ASTM C-494 [28].

2.1 Red mud

The RM utilized in the current work was procured from the
red-mud pond at the Nalco refinery plant, Damanjodi, Odi-
sha, India. It is in the form of slurry, which contains more
than 55% solids. Its specific gravity is 2.42, density is 3.3 g/
cc, specific surface area is 13 m%/g, and average particle
size is < 10 pm. The RM was thermally treated in a muf-
fle furnace at a temperature of 600 °C before replacing the
cement. Aluminum and iron oxides were the most dominant
constituents. The chemical composition of the RM used in
the current research work is shown in Table 1.

2.2 Metakaolin

The physical properties of MK conform to ASTM C 618N.
The specific gravity of MK is 2.6, its specific surface
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Table 1 Chemical composition of the red mud (RM) and metakaolin
(MK) used in the current research work, obtained by X-ray fluores-
cence (XRF) analysis

Chemical composi- OPC (%) RM (%) MK (%)
tion

Al Oy 4.73 28.24 44.63
CaO 63.29 2.90 0.08
Fe,0; 3.95 23.79 0.61
SiO, 20.93 17.90 51.26
TiO, - 7.50 0.66
Na,O 0.22 10.83 0.12
K,0 - 2.49 0.04
LOI 2 5.96 1

area is 2.2 m?/g, and the average particle size is <40 pm.
Table 1 shows the chemical composition of the MK used
in the current work.

2.3 Mix calculations

In the current work, the concrete-mix proportions
(35 MPa) were prepared according to IS 10262-2019 [29]
to determine the mechanical and durability properties and
microstructure behavior of concrete. For the compressive
strength test, 150 150 x 150 mm?® samples were prepared.
The applied loading rate was 140 kg/cm?*/min, conform-
ing to IS 516-2013 [30].The experimental setup is shown
in Fig. 1.

For the flexural strength test, 150 x 150 x 700 mm?> sam-
ples were prepared. The applied loading rate was 400 kg/
min, according to IS 516-1959 [31]. For the split tensile
strength test, all of the samples were cast with a 150-mm
diameter and 300-mm height, conforming to IS 5816-1999
[32]. The water-absorption test was conducted according to
IS1124 (1974) [33]. All concrete mixes used a 0.4 water-
binding ratio and were cured in regular water, up to life
spans of 28 days and 56 days, conforming to IS 9013-1978
[34]. Table 2 shows mix calculations of current work.

2.4 Rapid chloride penetration test

The rapid chloride penetration test (RCPT) is a permeability
test that was conducted for all the mix samples to observe
the chloride ions’ movement inside the concrete. Specimens
with a 100-mm diameter and 50-mm height were cast for
the RCPT. NaCl and NaOH solutions were poured into the
reservoirs of the RCPT apparatus; they are present on two
sides of the concrete sample shown in Fig. 2. The chloride-
ion penetration was measured in terms of coulombs, as per
ASTM C 1202 [35].
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Fig. 1 Compressive-testing machine setup

3 Results and discussion
3.1 Slump cone test

As per IS1199-1959, a slump test was conducted to assess
the workability of the RM concrete. Figure 3 indicates
that the concrete workability decreases with RM replace-
ment because the water is absorbed by the red-mud par-
ticles. Cheng [36] mentioned a similar reason for work-
ability reduction.

3.2 Compressive strength

All concrete samples were tested in a compressive strength
test machine to find out their compressive strength. For the
28 days’ strength, the RM replacement of cement in concrete
from 0 to 15% in 2.5% increments showed 0.57%, 1.25%,
2.70%, 3.89%, 4.46%, and 0.96% strength enhancements, as
compared to standard concrete; see Fig. 4. For the 56 days’
strength, the RM replacement of cement in concrete showed
1.13%, 2.6%, 4.79%, 6.67%, 8.25%, and 4.63% strength
enhancements, as compared to standard concrete.

Based on an analysis of the results, increasing strength
enhancements were observed up to the 12.5% replacement;
the strength was later reduced, but not to less than normal
concrete. An insufficient pozzolanic reaction occurred
between the RM and the other minerals in the concrete. It led
to reduced calcium silicate hydrate (C—S—H) gel formation,
as was observed in the microstructure analysis of the RM-
based concrete. This is the cause of the drastic reduction of
all mechanical properties after the 12.5% mix. All samples
were tested in triplicate and the results reported were the
average of three samples.

3.3 Split tensile strength

A split tensile strength test was conducted for all the concrete
samples to evaluate their tensile strength. For the 28 days’
strength, the RM replacement of cement in concrete from 0
to 15% in 2.5% increments showed 5.99%, 12.6%, 15.80%,
28.61%, 37.6%, and 33.24% strength increases, compared
to standard concrete, as shown in Fig. 5. For the 56 days’
strength, the RM replacement of cement in concrete showed
5%, 15.95%, 28.19%, 35.37%, 40.42%, and 34.30% strength
increases, compared to standard concrete.

The finer sizes of the RM and MK particles minimized
the formation of micro-cracks, which, in turn, increased
the split tensile strength. Tang et al. [37] provided a similar
reason for the tensile strength enhancement. In the current
work, RM 12.5% showed a greater split tensile strength
than the other mix samples. Figure 6 represents the rela-
tion between the split tensile strength and the compressive
strength using a linear regression analysis. Equation (1)

Table 2 Mix calculations of the

” . Mix (%) Cement RM MK FA CA ‘Water Admixture
current work, in kg per cubic
meter 0 383.16 0 0 709.9 1262.08 153.264 3.8316
2.5 336.222 8.621 38.316 709.9 1262.08 153.264 3.8316
5 327.597 17.242 38.316 709.9 1262.08 153.264 3.8316
7.5 318.980 25.863 38.316 709.9 1262.08 153.264 3.8316
10 310.359 34.484 38.316 709.9 1262.08 153.264 3.8316
12.5 301.738 43.105 38.316 709.9 1262.08 153.264 3.8316
15 293.117 51.726 38.316 709.9 1262.08 153.264 3.8316
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Fig.2 RCPT test setup
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Fig.3 Slump values

shows the relation between the split tensile strength and the
compressive strength.

ST = 0.595CS —22.27, 1)

where ST is the split tensile strength and CS is the compres-
sive strength.

3.4 Flexural strength

A flexural strength test was performed on the red-mud con-
crete samples using the flexural-strength testing machine.
For the 28 days’ strength, the RM replacement of cement in
concrete from 0 to 15% in 2.5% increments showed 0.64%,
1.29%, 1.72%, 2.58%, 3.66%, and 1.077% strength incre-
ments, as shown in Fig. 7. For the 56 days’ strength, the RM
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Fig.5 Split tensile strength

replacement of cement in concrete showed 0.64%, 1.28%,
2.35%,2.77%, 4.05%, and 1.70% strength increments when
compared to normal concrete.

The reason for the strength increment is the alkaline
nature of RM, which enhances the pozzolanic reactivity. The
alkalinity of the RM accelerates the C—S—H gel formation,
which is significant for strength enhancement, as observed
by other researchers [38]. Figure 8 represents the relation
between the flexural strength and compressive strength by
a linear regression analysis. Equation (2) shows the relation
between flexural strength and compressive strength.
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Fig. 7 Flexural strength

FS = 0.706 x 1/CS, )

where FS is flexural strength and CS is compressive strength.

3.5 Rapid chloride penetration test

A rapid chloride penetration test was conducted for all the con-
crete mixes used in the current work. Increases in the quantity
of RM as a replacement of cement in concrete caused more
resistance to chloride-ion penetration, as shown in Fig. 9. The
improved resistance to the chloride penetration was due to the
minimized micro-cracks. The micro-cracks were filled by RM
and MK particles, which are finer than cement. In addition,
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Fig.8 Compressive strength vs. flexural strength
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Fig. 9 Passage of coulombs vs. the red-mud replacement in cement

the RM concrete had a denser microstructure formation than
standard concrete.

3.6 Water absorption

As per IS1124-1974, a water absorption test was conducted to
assess the durability of RM-based concrete. Figure 10 shows
that increases in the RM replacement reduce the water absorp-
tion, because the finer RM and MK particles have filled the
micro-pores present in concrete.
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Fig. 10 Water absorption test

4 Microstructure analysis
4.1 Scanning electron microscope analysis

In the current work, a micro-structural analysis
was conducted to identify the RM concrete mor-
phology. A broken RM concrete sample measuring
10 mm x 10 mm X 0.50 mm? was taken after conducting
the compressive strength test. Carbon coating was applied
to the sample before performing scanning electron micros-
copy (SEM). Secondary electronic (SE) images revealed
the formation of a dense microstructure in the RM-based
concrete, as compared to standard concrete, as shown in
Figs. 11 and 12.

4.2 Energy-dispersive X-ray spectroscopy analysis

To assess the elemental compounds present in the RM
concrete, an energy-dispersive X-ray spectroscopy (EDS)
analysis was conducted. The results are shown in Table 3.
A lower Ca/Si ratio indicates an effective C—S—H gel forma-
tion. Generally, the presence of C—S—H gel in concrete varies
from Ca/Si 8.0 to 2.4 [13]. The Ca/Si for the 12.5% mix is
0.94; this is the reason for the higher mechanical properties
obtained in RM concrete.

5 Conclusions
The current work used RM and MK as partial replace-

ments for cement. The samples were tested to determine the
mechanical and durability properties of concrete. Based on
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an analysis of the results, the following conclusions were
drawn.

¢ The workability of RM concrete decreased with the red-
mud replacement level because the water was absorbed
by the red-mud particles.

e The highly alkaline nature of RM enhanced the poz-
zolanic reactivity in RM-based concrete, which in turn,
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Table 3 Results of the EDS At% elements 0% 2.5% 5% 7.5% 10% 12.5% 15%
analysis
(0] 60.00 61.66 61.42 60.20 60.78 58.77 62.78
Ca 23.01 19.93 19.05 20.36 20.52 18.08 17.87
Si 12.89 13.06 12.41 14.42 14.19 19.06 10.91
Fe 1.04 1.26 1.39 1.46 1.19 1.04 2.51
Al 3.06 4.09 5.73 3.56 3.32 3.05 5.93
increased the strength of the concrete. This pattern was 8. D.V. Ribeiro, J.A. Labrincha, M.R. Morelli, Effect of red mud

observed in all the mechanical properties of concrete.

e An insufficient pozzolanic reaction between RM and
other minerals in concrete led to a lower C—S—H gel for-
mation. This is the reason for the drastic reduction of all
the mechanical properties after the 12.5% mix.

e The finer RM particles minimized the micro-cracks
in concrete, which helped to enhance the split tensile
strength.

e The RM-based concrete offered more resistance to chlo-
ride-ion penetration and water absorption into the con-
crete because the RM’s finer particles filled in the pores
present in concrete.
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