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Abstract

The bauxite residue or red mud (RM) is generated during the production of alumina.
Every year, approximately 120 million tons of RM is generated worldwide. Due to high
alkalinity, red mud is a threat to the environment in terms of land and water pollution.
Though various attempts has been made to utilize other industrial waste like fly ash and
steel slag but the characterization of red mud is very limited and scattered.

The present study aims at the characterization of two Indian red mud from a different type
of disposal system as a geotechnical construction material. A detailed study on different
physical, chemical, morphological, and geotechnical characterizations of the basic and
modified/stabilized red mud were made to correlate the findings. The red mud was found
to be dispersive, which could be controlled through stabilization using biopolymer and
NaCl. The sedimentation properties improved with the addition of NaCl and
phosphogypsum and its impact on red mud pond management is discussed. The
stabilization of red mud using other industrial waste like ground granulated blast furnace
slag was found to be effective in terms of increase in unconfined compressive strength.
But, the durability in terms of alternate wet-dry cycle was found to be depend upon the
chemical reaction of the red mud with the stabilizer. The leachate analysis of the stabilized
red mud showed an increase in heavy metal, due to high alkaline condition, but the value
was within permissible limit. Based on the comparison with Indian standard sand, the
coarse fraction (> 75um) of red mud can be alternate of fine aggregate replacing natural
sand. The findings of the present study can help in proper management and utilization of
red mud, thereby helping in the sustainable development of the aluminum industries.
However, its compatibility with cement in mortar and concrete need further investigation.
The future challenges are in the implementation of the developed methodology as a pilot

project to transfer the technology.

Key Words: Red mud, sedimentation, dispersiveness, coarse fraction, stabilization,

compressive strength, durability
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Chapter 1

1.1 Overview

Introduction

Aluminium is the third most abundant element on the earth behind oxygen and silicon

with total sharing of 8.1%. The growing demand for aluminium in different products and

industries urges to increase the production. Transportation, packaging products,

pharmaceuticals, electronics, and construction are the common industries and products

where aluminium is mostly used. In the aluminium production plant, mostly the bauxite is

used as the raw material throughout the world. The alumina extraction from bauxite ore

may involve either sintered process (Figure 1.1) or leaching process (Figure 1.2).

Sodinm
Carbonate M

Sintering

Precipitation

Residue Disposal

paag

Filtration

W

Evaporation to
drvness

Figure 1.1. Sintered process (Bayer, 1888) (modified from Klauber et al., 2011)
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Sodium hydroxide
and Lime

y

Bauxite

A

L4
I—) Precipitation (Rfsidue Dispos‘al)

I— Filtration

W
Evaporation to Alumina
dryness

Figure 1.2. Leaching process (Bayer, 1892) (modified from Klauber et al., 2011)

’

Pressure Leaching

W
Solid/Liquid
Separation

paag

The sintering process is highly effective in breaking down the bauxite ores which
contains diasporite (a-AIO(OH)) as the main alumina mineral and rendering them into a
soluble form as sodium aluminate but is energy and capital intensive (Klauber et al.,
2009). However, nowadays the sintering process is having limited application due to the
requirement of high-temperature sintering of the bauxite. The leaching process,
commonly known as Bayer’s process, is used by around 95% alumina industries and is
limited to gibbsitic and boehmitic bauxites (Klauber et al., 2009). In the Bayer’s process,
the sodium hydroxide (NaOH) is mixed with the bauxite ore and heated at 110°C to
300°C (based on the mineralogy of bauxite) in a pressure chamber until the alumina is
dissolved. The overflow (aluminate liquor) is pumped for controlled filtration and

underflow containing waste is washed and disposed into the pond.

The waste generated during the process (sintered or leaching process) is called as red mud
owing to red colour because of a high percentage of iron oxide. The quantity of red mud

generation mostly depends on the oxide/hydroxide of aluminium like gibbsite, boehmite
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or diaspore present in the bauxite and the method of extraction. The current methods of
managing the red mud are (1) storing the slurry red mud in pond with 15%-40% solid
content by volume (Yang and Xiao, 2008), (2) storing the red mud in dry form with more
than 65% solid content (Power et al. 2009), or (3) discharging the red mud into the sea
(Power et al., 2011). As the disposal into the sea endangers the aquatic life, it is being
discouraged. Also, the storage of highly alkaline (pH>11) red mud may cause severe
environmental problems due to the presence of several toxic heavy metals (Pb, Cr, Hg,
As etc.). In India, slurry disposal system (used by NALCO, Damanjodi) (Figure 1.3) or
dry disposal system (HINDALCO, Muri) (Figure 1.4) is commonly used.

Figure 1.3. Slurry disposal system of NALCO, Damanjodi (photo by S. Alam)

Figure 1.4. Dry disposal system of HINDALCO, Muri (photo by S. Alam)

1.2 Research Background

Depending on the quality of bauxite ore and method of extraction (sintered or leaching
process) used, around 0.8 — 1.5 tons of red mud (RM) is generated during the production

of every ton of aluminium (Nath et al., 2015). Every year, around 120 million tons of red
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mud is produced globally (Mayes et al. 2011, Nath et al., 2015; Xue et al., 2015). Table
1.1 represents the red mud generated by major Indian aluminium industries based on the
result of Samal et al. (2013). The red mud generation has increased rapidly due to the

rapid growth in alumina production as shown in Figure 1.5.

Table 1.1 Red mud generated by major Indian industries (source: Samal et al., 2013)

Aluminium refinery Red mud generation rate (million tonnes/annum)
NALCO 2.697
HINDALCO 2.062
VEDANTA 1.820
UTKAL 1.950
ADITYA 1.820
60

50

20 - 7
A
7]
A A
= 777 ]

Aluminium production (x 10 metric tonnes)

0 T T T T T T T T I
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Year

Figure 1.5. Yearly alumina production (Source: http://www.world-aluminium.org)

The high alkalinity (pH >11) of red mud is the most significant barrier to its utilization.
Still, various researchers have made studies on low value, medium value and high value

utilization of red mud.

The low value utilization of red mud includes its utilization in road construction
(Kehagia, 2008), embankment construction (Rout et al., 2012), as filling material (Liu
and Wu, 2012), tailing dam construction (Rout et al., 2013). The utilization of red mud
for preparation of clay liner (Kalkan, 2006; Yang et al., 2012; Rubinos et al., 2013),


http://www.world-aluminium.org/
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development of bricks (Dass and Malhotra, 1990; Yang and Xiao, 2008; Liu et al., 2009),
development of paving blocks (Kumar and Kumar, 2013), partial replacement of cement
in concrete (Tsakiridis et al., 2004; Ribeiro et al., 2011; Sawant et al., 2013), preparation
of iron rich cement (Singh et al., 1997), and synthesis of inorganic polymeric materials
(Dimas et al., 2009; He et al., 2013) comes under the medium value utilization. The
utilization volume in high value utilization is very low and includes the making of X-ray
radiation-shielding materials (Amritphale et al., 2007), ceramic tiles (Khan et al., 2012),
glass ceramic (Yalcin and Sevinc, 2000) along with utilization for removal of toxic
metals from aqueous solution (i.e. As, Cr, Pb, Cd) (Pradhan et al., 1998, 1999; Sahu et al.,
2001, 2011; Gupta et al., 2001; Kalkan et al., 2013; Cengeloglu et al., 2002, 2006, 2007),
wastewater treatment (Lopez et al., 1998; Wang and Tade, 2008; Bhatnagar et al., 2011),
catalytic applications (Sushil and Batra, 2008), and extraction of iron (Liu et al., 2009).
But in all the above studies, either several aspects were not studied or the utilization rate
was very low. Due to the low utilization rate, most of the unutilized red mud remains
stored into the pond (Figure 1.3) or at the dump site (Figure 1.4). This stored red mud
creates several environmental problems due to the generation of highly alkaline leachate
which favours the leaching of heavy toxic metals (Quina et al., 2009). Occasional failure
of red mud pond dike as observed in Ajka (Hungary) leaves an adverse impact on greater

vicinity due to spreading of red mud particles over a large area (Mayes et al., 2011).

Figure 1.6. Red mud pond dike failure in Ajka, Hungary

(https://aboutenvironment.files.wordpress.com/2010/10/red-mud-pond-hungary.jpg)
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1.3 Challenges in Utilizing the Red Mud

The basic challenges associated with the utilization of red mud are the variability in the
basic characteristic of red mud as reported by several researchers. The variability in the
characteristics is due to the type of bauxite used, the method adopted for the extraction of
aluminium, and the method of disposal. Wang and Liu (2012) reported that the Bayer’s
process red mud is finer and more dispersive compare to sintered process red mud.
Somogyi and Gray (1977) and Fahey et al. (2002) presented the permeability of Bayer’s
process red mud in between (2-20) x 107 cm/s, whereas, Liu and Wu (2012) reported the
permeability of sintered process red mud in between 10*- 10° cm/s. Miners (1973)
reported that majority of the particle in the red mud is in silt range along with 20-30%
clay-sized particle, whereas, Li (1998) reported around 50% clay-sized particles. Vick
(1990) found that specific gravity (Gs) of red mud lies between 2.8 to 3.3. Fahey et al.
(2002) observed the compression indices of red mud vary from 0.27 to 0.39, while the
coefficient of consolidation was found to lie in between (3-50) x 10~ cm?/s. Newson et
al. (2006) reported the angle of internal friction (@) of 38° - 42° for Bayer’s red mud,
whereas, for sintered process red mud, low angle of internal friction (13.5° — 21°) was
reported by Liu and Wu (2012). The plasticity of the red mud varies with LL 25 - 92.5%
and PI 2.5 — 60%.

The temperature and the pore fluid is another parameter which alters the property of red
mud. Somogyi (1978) and Newson et al. (2006) discussed the effect of temperature
exposure and pore fluid on the behaviour of red mud. Their observation shows that the
samples preparation method and the pH of the fluid used can greatly affect the behaviour
of red mud. Also on the disposal site, the exposer to different weather, the percolation of
water into the sediment, and the different physical and chemical reaction may change the
property of red mud. Pinnock (1992) and Newson et al. (2006) reported that the exposer
to an alternate water and drying leads to cementation in the red mud which is again one of
the challenges in utilizing the red mud. This tendency is also observed on the disposal site
of NALCO during sample collection (Figure 1.7) but at the HINDALCO disposal site, it
was not observed. The hardened layers may be due to the air drying during the short
period of time which is followed by subsequent coverage of new layers of red mud slurry

(Figure 1.7).
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Figure 1.7. Typical photo showing the thin cemented layer (photo by S. Alam)
1.4 Research Gap

Based on the literature survey following observation was made:

1. Several studied are available regarding the high value (making of ceramic tiles,
glass ceramic production, iron extraction etc.) and medium value (making of paving
blocks, partial replacement of cement in concrete etc.) utilization of red mud but in all

these cases, the utilization rate is very low.

2. A few studies on characterization of red mud are available but the study on the
Indian red mud for bulk utilization is limited and available only after stabilizing by
bioremediation. But the study on strength and durability of stabilized red mud is not

available. Also, the study on the utilization of coarse fraction of red mud is not available.

3. As in most of the cases, the red mud is disposed in slurry form and sedimentation
characteristic become important, but research on sedimentation characteristic of red mud

1s limited.
1.5 Aim and Objectives of the Research

The aim of the present study is to develop a better management system for the red mud
by considering its low value utilization. The objectives are to study the basic
characteristic of red mud along with the dispersiveness, sedimentation, and the strength

characteristic of GGBS stabilized red mud.
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The research objectives includes the following aspect:
e Complete physical, chemical, mineralogical and geotechnical characterization of

red mud in the Indian context.

e Study on the dispersiveness characteristic of both NALCO and HINDALCO red
mud and sedimentation characteristics of NALCO red mud using

phosphogypsum, sodium salt (NaCl), and biopolymer (guar gum and xanthan
gum)

e Characterization of coarse fraction (> 75um) of red mud as a civil engineering

construction material

e Strength and durability characteristic of red mud stabilized with GGBS without

and with alkali activation.

1.6 Scope of the Research

The scope of the present study include the chemical, morphological, mineralogical,
physical, and geotechnical properties of red mud in general collected from a different
source and its comparison with other industrial waste or standard geo-materials. The
dispersive nature of the red mud is controlled by using biopolymer and salt solution
(NaCl), while the effect of salt solution (NaCl) and phosphogypsum (fertilizer industry
waste) on sedimentation behaviour are studied. The coarser fraction (>75um) of red mud
is studied separately and the result is compared with the result of Indian standard sand.
The stabilization of red mud using different other industrial waste (ground granulated

blast furnace slag) to improve its strength and durability characteristics.

1.7 Thesis Outline

The Chapter 1 discusses the generation of red mud, variability in the geotechnical
characteristics, challenges in utilizing the red mud along with the motivation, scope and
research approach. The previously published work on the characterization of red mud for
its utilization is discussed in Chapter 2. The research gaps found in the previous studies
are also discussed in Chapter 2 as a critical review. The basic material characterizations
by considering the physical, chemical, mineralogical, morphological, and geotechnical
characteristics are discussed in Chapter 3. Chapter 4 discusses the dispersiveness and

sedimentation characteristic of red mud and its remediation using the phosphogypsum,
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sodium salt (NaCl), and biopolymer. The morphological and chemical changes in red
mud due to the treatment are also discussed using SEM, Zeta potential, and concentration
of heavy metal in supernatant liquid. The possible utilization of coarser fraction (75um)
of red mud as civil engineering construction materials are discussed by considering the
morphology, mineralogy, chemistry, and thermal resistivity and are presented in Chapter
5. The effect of stabilization of red mud using GGBS in term of unconfined compressive
strength, durability characteristic and morphology is discussed in Chapter 6. Chapter 6
also discusses the effect of alkali (Na;SiO4) activation on the strength, durability,
mineralogy, and morphology of stabilized red mud. In the same chapter, the leachate
analysis of the stabilized red mud is discussed for environmental friendly utilization as a
structural fill and embankment material. In Chapter 7, the summarized observations and
conclusions of the present work are presented. Outline of the thesis is shown in Figure

1.8.

Chapter 1- Introduction

Chapter 2- Literature Review

Chapter 3- Basic Material Characterization

Chapter 4- Dispersive and Sedimentation Characteristic

Chapter 5- Characterization of Coarse Fraction of Eed Mud

Chapter 6- Strength Characteristic of Stabilized Red Mud

Chapter 7- Conclusions

Figure 1.8. Outline of the thesis



Chapter 2

Literature Review

2.1 Introduction

The red mud is disposed off in the slurry form with solid content between 15%-40% by
volume in the pond for storage or stored in dry form with solid content >65%. Storage of
red mud in either form takes a vast tract of usable land and creates geo-environmental
problems like soil contamination, ground and surface water pollution due to high
alkalinity and the presence of trace metal. So, to avoid the threat due to storage, it is
required to utilize this waste in bulk as an alternate value-added material. There is a large
scope of utilizing the red mud in the field of geotechnology. However, deep
understanding of its chemical, mineralogical, morphological, physical, and geotechnical

properties are needed.

Various efforts have been made regarding the generation and utilization of red mud in
different branches of science and engineering. The literature presenting the basic
properties and its utilization in different industries and infrastructure development are
discussed in the present thesis. As high alkalinity of the red mud is an important issue for

bulk utilization of red mud, efforts made in this direction are also discussed.
2.2 Chemistry of Red Mud

The chemical composition of the red mud depends upon several factors like the
composition of the raw material, the extraction process, and the additives used during the
extraction process. However, irrespective of the source and additives, Fe,O3 (12-60%) has
been found as major constituent of Bayer process red mud by several researchers (Pratt et
al., 1981; Vachon et al., 1994; Kumar et al., 1998; Sglavo et al., 2000; Gupta et al., 2004;
Bertocchi et al., 2006; Tsamo et al., 2014). The red mud from NALCO, Koraput, Odisha
was also found rich in Fe,O; (51-57%) by Meher (2014), which is also a Bayer’s
processed red mud. On the other hand, CaO (22-46%) has been found as a major
constituent in sintered process red mud (Zhihua et al., 2003; Zhang et al., 2009; Yue et
al., 2010; Wang and Liu, 2012). It is observed that the CaO and SiO; content in sintered
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process red mud are higher than that of Bayer’s process red mud (Liu and Wu, 2012). It is
also observed that the red mud rich in Fe,O3 contain a lower percentage of CaO and vice
versa. The AL,O; (7.74-51.07%) has been found as a second major constituent in both
(Bayer process and sintered process) red mud (Apak et al., 1998; Cengeloglu et al., 2002;
Paramguru et al., 2005). The Bayer process red mud found to have a higher concentration
of Na,0 (0.2-23.98%) as compared to sintered process red mud (Kehagia, 2008; Samal et
al., 2013). Due to the higher concentration of Na,O, in general red mud is highly alkaline
with pH value ranging from 9.00 to 13.94 (Lopez et al., 1998; Pradhan et al., 1998;
Koulikourdis et al., 2005; Gherardi and Rengel, 2001; Sahu et al., 2001; Park et al., 2002;
Lombi et al., 2003; Fois et al., 2007; Grafe et al., 2011). The pH of the red mud depends
upon the source of origin and the process. The red mud from Birac Alumina Industry,
Serbia has a pH value of 12.2 (Cablik, 2007) whereas the pH value of red mud from
Konya (Turkey) varies from 12 to 13 (Kalkan et al., 2006; Cengeloglu et al., 2007;
Nadaroglu et al., 2010). However, Gok et al. (2007) reported the pH value of red mud
from the same source as 10.34. The pH value of red mud from China and USA was
reported as 11.00 (Zhang et al., 2008; Zhao et al., 2009; He et al., 2013). Mayes et al.
(2011) reported very high pH value (13.10) of red mud from Ajka, Hungary. Yadav et al.
(2010) presented very low pH value (7.00-8.00) of Indian red mud from HINDALCO
(Renukoot). However, Dubey and Dubey (2011) reported the pH value of 10.5 to 13.00
from the same source. Similarly, the pH value of red mud from NALCO (Damanjodi,
Odisha) was found to vary as 11.40 (Rout et al., 2012) and 12-13 (Satayanarayana et al.,
2012). The large variations in the pH value of red mud from the same source may be due

to the different collection location in the storage pond.
2.3 Mineralogy and Morphology of Red Mud

The alkalinity is highly dependent on the quality and quantity of the chemical/mineral
phase present in the red mud (Grafe et al., 2011). Generally, the red mud produced from
the raw material with similar chemical composition may have different mineralogical
composition depending upon the process of extraction of aluminium (i.e. Bayer or
sintering process) and the age of disposal of red mud. Castaldi et al. (2011) studied the
mineralogy of the red mud collected from Eurallumina, Italy and found hematite,
sodalite, and boehmite as major chemical phase along with cancrinite, anatase, andradite,

gibbsite, and quartz. Manfroi et al. (2014) also found chantalite, gibbsite, hematite,
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quartz, and calcite in the red mud collected from the state of Minas, Gerais. Similar phase
has been observed by Lopez et al. (1998) along with magnetite, and ilmenite in the red
mud collected from Alumina-Aluminio of San Ciprian, Spain. Chemical phase like
perovskite has also been observed by Dodoo-Arhin et al. (2013), Pontikes et al. (2007),
and Zhang et al. (2009) in the red mud collected from the western region of Ghana,
Aluminium of Greece and Shandong alumina refinery respectively. Silicates of sodium
and calcium along with calcium alumina silicate have been observed in red mud by
Yalcin and Sevinc (2000), and Atasoy (2005). Clay mineral like kaolinite has also been
observed in the Brazilian red mud (Antunes et al., 2012; Hildebrando et al., 2013). The
similar mineralogical composition is found in the Indian red mud collected from
Hindalco, Renukoot (Gupta et al., 2001; Yadav et al., 2010) and Nalco, Damanjodi (Sahu
et al., 2011; Rout et al. 2013). Several other researchers (Pera et al., 1997; Tsakiridis et
al., 2004; Srikanth et al., 2005; Paradis et al., 2007; Ribeiro et al., 2010; Smiljanic et al.,
2010; Hai et al., 2014) has also observed the similar mineralogical phase in the red mud

from different sources.

The morphology of the red mud was also studied by several researchers and most of the
researchers found the poorly crystallized porous and irregular shaped particles in the red
mud (Liu et al., 2007; Agatzini-Leonardous et al., 2008; Wang et al., 2008). However,
few researchers also reported the spherical and smooth particles in red mud (Gok et al.,
2007; Huang et al., 2008). Meher (2014) also found the poorly crystallized hexagonal
plate-like particles in Indian red mud collected from Nalco, Damanjodi. But most of the
researchers reported the spherical, rounded, cubic, and angular to subangular particles in

the Indian red mud (Rai et al., 2013; Rout et al., 2013).

2.4 Neutralization of Red Mud

The high pH value of red mud as found in the previous section may favour the leaching
of several toxic heavy metals present in the red mud. Quina et al. (2009) found in their
study that the leaching of toxic metals like Zn, Pb, and Cr increases at the acidic and
alkaline pH but the leaching of Cd, Ni, and Cu was found to decrease with increase in pH.
Komonweeraket et al. (2015) also found the similar result for Al, and Fe while leaching
of Mn was found to decrease with increase in pH. The leaching of soluble salt like K, Ca,
and Na was found to be independent of pH (Quina et al., 2009). Above studies show that

the leaching of most of the heavy toxic metal increases on both acidic and alkaline side.
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So, it is required to neutralize the red mud to control the leaching and possible reuse. The
following sections deal with the literature regarding the different technique of red mud

neutralization.
2.4.1 Sea water neutralization

The neutralization of red mud using sea water was found effective in reducing the pH up
to 8.6 (Menzies et al., 2004). The reduction in pH value was due to the precipitation of
hydroxide of Mg, Ca, and Al. Hanahan et al. (2004) also found a similar effect of

seawater on pH but an increase in settling rate was also reported.

Palmer and Frost (2009) studied the mineralogical changes in red mud due to
neutralization by sea water. Slightly reduction in the intensity of hematite peak was
observed while a significant change in the peak of gibbsite was observed. The peak of

new mineral like hydrotalcite was found after treatment.
2.4.2 Neutralization using gypsum

Several types of research have been reported by researchers to neutralize the red mud
using the gypsum. Barrow (1982) found the gypsum was effective in improving the
chemical properties of red mud in term of plant growth by reducing the alkalinity. In the
recent years, many other researchers (Wong and Ho, 1991; Courtney and Timpson, 2004;
Xenidis et al., 2005) also found a similar effect of gypsum on chemical property of red
mud. Wong and Ho (1991) found that the gypsum is also effective in replacing the Ca"
and Na', which leads to the flocculation and increases the permeability. Glenister and
Thornber (1985) reported an optimum value of gypsum utilization as 50 to 60 g per
kilogram of wet red mud as an effective dose of neutralization. Wong and Ho (1993)
studied the effectiveness of 2, 5, and 8% (w/w) gypsum as a neutralizing agent of red
mud. The gypsum was found effective in reducing the pH and electrical conductivity of
red mud. The Na and Al were also found to reduce in red mud while a continuous supply
of Ca™ was observed which causes lowering the exchangeable sodium percentage.
Woodard et al. (2008) perform a similar study using 7.5% gypsum and found that the pH
value of treated red mud dropped below 9.5 while the electrical conductivity was
observed to decrease below 10 dS/m. Chauhan and Silori (2011) studied the Indian red
mud from Hindalco, Karnataka and found 15% gypsum along with farmyard manure,
vegetative dry dust, and bacteria was effective in reducing the pH up to 7.00 and

electrical conductivity up to 2.20 dS/m. Other researchers (Courtney et al., 2005; Ippolito

13



Chapter 2 Literature Review

et al., 2005; Xenidis et al., 2005) also reported the similar effect of gypsum on the
electrical conductivity and soluble calcium. However, Ho et al. (1989) studied the quality
of leachate generated from gypsum neutralized red mud collected from Western Australia
alumina refinery. Sodium sulfate was found to release as a major salt. The retention of
superphosphate was found over 99% while the Al, Fe, and Cd were found negligible in

leachate.
2.4.3 Neutralization using CO,

Shi et al. (2000) made an attempt to neutralize the red mud slurry by mixing it with liquid
CO; and found that the pH can be reduced in between 9.0 — 9.5 from 12.5 within 5-15
minute. Sahu et al. (2010) performed a similar study on NALCO red mud collected from
Koraput, Odisha and found that the pH of the red mud can be lower down to 8.45 from
11.80 by sequestration of CO, thereby reducing the alkalinity from 10789 mg/L to 178
mg/L. Johnston et al. (2010) found that the CO, sequestration was effective also in

increasing the grain size of the red mud along with reducing the alkalinity.

Further, Rai et al. (2017) reviewed different neutralization techniques of red mud. The
study shows that the neutralization of 10g red mud required 100 ml of 0.1M concentrated
inorganic acid like HCI and HNOs, while the quantity of acid can be reduced to half by
using H,SO4. The calcium was found to dissolve completely along with 35-40%
reduction of sodium due to acid treatment, while the iron and titanium remain unchanged.
A small quantity (6 ml) of pickling liquor was found effective to neutralize the 100 ml of
slurry with 40% solid content and it lowered the pH value to 7.0, while the alkalinity was
found to reduce by 80-85%. The pickling liquor was also found to reduce the viscosity of
red mud slurry. The sintering of red mud at 1100°C after mixing it with silicate material
in the range of 25-50% to 50-75% was found effective in lowering the pH to 8.9. It was
also found that the sintering temperature plays an important role in lowering the
alkalinity. The sea water was not found effective in eliminating the hydroxide but it was
able to convert the strongly alkaline waste into less soluble and weekly alkaline solid.
Patel et al. (2008) carried out a study on neutralization of red mud using mine water to
make pollution free environment. Investigation results showed that pH of red mud was
decreased to the standard environmental level using mine water and also the red mud was
neutralized. The neutralized red mud can be used for other socio-economic and

environmental benefits.
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2.5 Sedimentation and Dispersiveness of Red Mud

The sedimentation behaviour of soil slurry become important during land reclamation and
governed by the gravitational force. Several researchers have studied the sedimentation
behaviour of the different type of soil slurry. Based on the theoretical study, Kynch
(1952) found that the sedimentation of the particles greatly affected by the nearby particle
density. McRoberts and Nixon (1976) made a sedimentation study on the different type of
soil like Fort Norman silt, Devon silt, Devon sand, Grit, Bromborough mud and bentonite
clay and suggested the maximum water content in the slurry at which hindered
sedimentation is not possible. Imai (1980) studied the settling of clay and found that the
salt concentration and liquid to solid ratio greatly affect the sedimentation behaviour of
clay. Imai (1981) based on the experimental study on clay, found that the sedimentation
process generally consists of three stages (flocculation stage, settling stage, and
consolidation stage). He et al. (2017) studied the effect of flocculent (polyacrylamide) on
the sedimentation characteristic of marine clay. But, the study on bauxite residue (red
mud) is limited (Hirosue et al., 1988; Li 2001). However, Hirosue et al. (1988) presented
only the effect of concentration of ferric chloride on the pH and Zeta potential of
suspension but the rate of sedimentation has not been presented. Although, Li (2001)
presented the effect of solid concentration on the settling velocity but the study was made
at the elevated temperature of 135, 240, and 250° C. The dispersive characteristic of red
mud was found to be limited (Rout et al., 2013; Das et al., 2015) and only based on the

crumb test.

2.6 Stabilization of Red Mud

Several studies are conducted on the stabilization of soil without or with alkali activation
of industrial waste. Cristelo et al. (2012) studied the effect of alkali (NaOH) activated
class C and class F fly ash on the strength of fly ash stabilized soft soil. The soil
stabilized with activated class C fly ash was found to show higher strength than class F
fly ash. The effect of the type of alkali activator has also been reported by several
researchers. Cristelo et al. (2012) stabilized the residual granitic soil by activated fly ash
and found that Na,O is more effective as compared to NaCl. Yi et al. (2015) investigated
the unconfined compressive strength and microstructural changes of the marine soft clay

stabilized with alkali activated (NaOH, Na,CO;) GGBS. Liu et al. (2016) made a
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comparative study of the strength of Loess stabilized with KOH and NaOH activated fly
ash and reported that KOH is more efficient activator compare to NaOH. Alsafi et al.
(2017) observed the similar difference between the KOH and NaOH activated fly ash
used to stabilize the gypseous soil. The KOH was also found more effective compare to
Ca(OH); to activate the volcanic ash for stabilizing the expensive black cotton soil (Miao

et al. 2017).

But the study on the stabilization of red mud is found limited. Duchesne and Doye (2005)
studied the possibilities of cement kiln dust stabilized red mud as a cover and liner
materials for acid mine drainage. Panda et al. (2016) studied the geotechnical

characteristics of biopolymer stabilized red mud.

2.7 Application of Red Mud

A number of efforts have been made for effectively utilize the red mud in different
industries along with few types of research in geotechnical utilization to reduce the
storage. Pera et al. (1977) calcined the red mud in the temperature range of 600 to 800°C
to prepare the pozzolanic pigment. The high temperature was found effective in
transforming the aluminium hydroxide (goethite and boehmite) and clay minerals into
pozzolanic admixtures. The pozzolanic pigment developed from red mud was found to
effectively replace 20% ordinary Portland cement (OPC). Now a days, the red mud is
being used to manufacture the bricks, tiles, cement etc. and also used as a metal removal
agent, and to develop the geopolymer. This section includes the literature review related

to the use of red mud for the above purpose and various efforts made in this direction.
2.7.1 Application in construction industry

Various researches are available on the use of red mud as alternate construction materials
like bricks, building blocks, cementing materials and as substitute of aggregate in the

mortar and concrete.

Dass and Malhotra (1990) studied the development of red mud brick by mixing different
percentage of lime (5% and 8%) into Bayer’s process red mud. A compressive strength of 3.75
MN/m? and 4.22 MN/m” was observed after 28 days by stabilizing the red mud by 5% and 8%
lime, respectively.

Sglavo et al. (2000) utilized the Bayer’s process red mud to make clay-based ceramic and

study the effect of red mud content. The addition of red mud was found to cause more
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deflocculated soil-water system and an increase in moisture content. It was also observed
that below 900°C, red mud can be considered an inert component in mixtures with
carbonate-rich clays. Conversely, red mud represents a reactive phase above 950 —
1000°C when mixed with Kaolin. Yalcin and Sevinc (2000) conducted a research to
utilize the Bayer’s process red mud in ceramic glazes. The chemical strength of glaze in

3% HCI and 3% NaOH was studied.

Zhihua et al. (2003) utilized the sintered process red mud to prepare the red mud-slag base
cementitious materials and studied the ultimate strength and resistance towards a chemical
attack on the newly developed materials. It was observed that the alkali-activated red mud-
slag cement shows a compressive strength of 56 MPa and flexural strength of 8.4 MPa
after 28 days which further increases up to 66.5 MPa and 9.9 MPa after 180 days. The
alkali-activated red mud-slag cement shows better resistant towards Na,SO4, MgSO,,

NaCl, simulated seawater, and diluted HCI.

Tsakiridis et al. (2004) studied the effect of red mud addition in raw metal Portland
cement clinker production based on the unreacted lime after exposer of 1350, 1400, and
1450°C. The properties like setting time, compressive strength, and expansibility were
also presented. The free lime value in the red mud mix was observed to decrease from
2.27% to 1.94% after the exposure to 1450°C temperature. The compressive strength of
mortar prepared using Bayer’s process red mud was found to increase after 28 days of

curing.

Cablik (2007) investigated calcinated Bayer’s process red mud as a pigment for use in the
building material industry. The test blocks varied in colour depending on the mix and the
amount of red mud added. The blocks were tested for compressive strength after having
cured for 7, 14 or 28 days at the room temperature (18 to 23°C). Compressive strengths
from 14.83 to 27.77 MPa of the blocks that contained red mud from 1 to 32% were

observed.

Yang and Xiao (2008) performed a research on the development of bricks using sintered
process red mud along with fly ash, sand, lime, gypsum, and cement. Based on the
experimental work, an optimum mix proportion (25-40% red mud, 18-28% fly ash, 30-
35% sand, 8-10% lime, 1-3% gypsum, and 1% cement) was suggested for red mud brick.
The compressive strength of the bricks developed using the optimum mix was found as
19.43 MPa while the flexural strength was found as 5.05 MPa. The bulk density of brick
was found as 1620 kg/m’ and the water absorption capacity was 22.93%.
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Zhang et al. (2009) studied the possibilities of utilizing the sintered process red mud
along with coal gangue (a solid waste left after process of coal mining) to develop
cementitious material. The flexural and compressive strength of cementitious material
developed by red mud (RGC) was compared with OPC. The 28 days strength of RGC
was found 2 MPa higher than that of OPC. However, a large difference in initial setting
time (160 min) and final setting time (225 min) of RGC was observed as compare to

OPC.

Desai and Herkal (2010) effectively utilized the Bayer’s process red mud in making burnt
and unburnt bricks in pressed and unpressed conditions. Red mud bricks with additives
like lime, sand, fibers of 6 mm and 12 mm length were prepared and tested. Unpressed
bricks with recron fibers give good strength but just pressing the bricks to proctor density,
almost doubles the strength. The result showed that the 4.5% red mud in the brick

increases the compressive strength by 12.9%.

Ribeiro et al. (2010) studied on the replacement of cement in mortar by Bayer’s process
red mud. It was observed that the increase in red mud content lowers down the
compressive strength from 20.1 MPa at zero percentage of red mud to 12.75 MPa at 50 %

red mud.

Khan et al. (2012) utilized the Bayer’s process red mud in the production of ceramic tiles.
Pyrophyllite mineral was added to the red mud to improve the strength properties. The
tiles were produced at a lower temperature (950-1000°C) than the conventional process of
making ceramic tiles and without the addition of phosphatic binders. The structural
features of red mud was studied using scanning electron microscope, exhibiting the
presence of calcium aluminum silicate crystal which provide reinforcement to the ceramic

tiles matrix.

Dodoo-Arhin et al. (2013) studied the effect of clay content (20%, 30%, 40%, and 50%)
in Bayer’s process red mud bricks. Based on the experimental work, the clay content of
50% was suggested as optimum which gave the flexural strength of about 16.67 MPa
after burning it at 1100°C.

He et al. (2013) utilized the Bayer’s process red mud to develop the rice husk ash based
geopolymer composites and reported the mechanical property in term of compressive
strength. It was found that the longtime curing increases the compressive strength and

Young’s modulus with a decrease in ductility. The high ratio of rice husk ash to red mud
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ratio gave higher strength. The influence of composition, like rice husk ash to red mud
ratio and concertation of NaOH was studied. The Si/Al ratio of the end product was
varied from 0.3, 0.4, 0.5, to 0.6 while the concentration of NaOH was varied from 2 M to
6 M. The rice husk ash to red mud ratio of 0.5 was found to give maximum compressive

strength (20.46MPa) along with maximum Young’s modulus (1.89GPa).

Kumar and Kumar (2013) studied the possibilities of making a paving block using
Bayer’s process red mud and fly ash by geopolymerization technique. It was found that
the introduction of red mud upto 10% increased the compressive strength and further
increase in red mud content caused the reduction in strength. The red mud upto 25%
showed higher 3 days strength as compared to 100% fly ash but 28 days strength with
25% red mud was found less than that of 100% fly ash.

Pontikes and Angelopoulos (2013) conducted a review on the utilization of Bayer’s
process red mud as raw material for OPC, calcium sulfoaluminate based cement, and

calcium, iron-rich cement.

The red mud is also being used for the manufacturing of cement and cementitious
materials. Yao et al. (2013) conducted a study on the possibilities of partial replacement
of cement by 15% coal refuse, 15% red mud, 15% fly ash, and 2% gypsum based on
mechanical property, durability property, and the leachate property of reinforced concrete
cement (RCC). The compressive and flexural strength was observed to decrease initially
but after 90 days of curing, it was observed to increase. After 180 and 360 days of curing,
the compressive strength was found as 47.5MPa and 48.7MPa, respectively. The freeze-
thaw resistance of newly develops cementing material was observed higher than that of
OPC. The RCC showed strong binding ability on heavy toxic metal like Pb, Zn, Cr, Mn,
and As.

Liu and Poon (2016) studied the effect of fly ash replacement by different percentage of
Bayer’s process red mud in self-compacting concrete. The study was made by
incorporating 25%, 50%, 75% and 100% red mud by weight and the result were
compared with the concrete made with 100% fly ash. The fluidity and the hardened
density of concrete were found to decrease with increase in the percentage of red mud
with an increase of water absorption and permeable voids. An improvement in
compressive and flexural strength was observed for the sample prepared with red mud at
50% of replacement ratio. The dry shrinkage value was found to increase with an increase

in red mud content.
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Krivenko et al. (2017) made an investigation on alkali-activated cement and concrete
using the Bayer’s process red mud. The possibilities of using up to 90% red mud in

concrete road base observed a compressive strength of 30-60MPa.

Lemougna et al (2017) studied the effect of 25, 50 and 75% replacement of slag by
Bayer’s process red mud in the mortar and light-weight materials. The test specimens
were prepared using sodium silicate solutions from 1.6 to 2.2 mole and then cured at 25,
40 and 60°C. A 7 days compressive strength of 54 MPa was observed for a mixture of
50% red mud with 50% slag.

Yang et al. (2017) studied the mechanical property of mortar prepared by replacing the
cement by Bayer’s process red mud (3%, 6%, and 9%). The fresh mortars with red mud
showed 25% higher plastic viscosity and increase in flow time but reduce the slump flow.
The mortar with red mud was observed to have higher air content but it is eligible to
adjust the decorative mortar colour. The 6% red mud was found as optimum value based

on the 28 days compressive strength.

Nikbin et al. (2018) studied the effect of 25% replacement of cement in lightweight
concrete by Bayer’s process red mud in terms of mechanical properties, global warming
potential, cumulative energy demand, and major criteria for air pollutants (CO, NOx, Pb,
SO;). The density of the newly developed materials was found to vary in between 1685—
1789 kg/m’. It was also observed that incorporating 25% red mud reduces CO, NOx, Pb
and SO, in the air.

The impact of utilizing red mud as building materials on human health has also been
investigated by few researchers. Based on which, it was suggested the maximum
percentage of red mud which can be used to replace the conventional building materials.
Gu et al. (2012) studied the effect of using red mud as main building materials on human
health. The internal and external exposure index was calculated and was found to lie
between 1.1-2.4 and 2.3-3.5, respectively. Less than 28-44% red mud was suggested to
use as main building materials. Croymans et al. (2017) studied the radiological effect of
utilizing the red mud in concrete. The concrete with 30, 40, 50, 60, 75, 85, and 95% red
mud was studied for activity concentrations of radionuclides from the >**U, **Th decay
series and *°K using gamma-ray spectrometry with an HPGE detector. Based on the
experimental result, less than 75% (by mass) red mud was suggested to use. Table 2.1

summarizes observation on the application of red mud as a construction material.

20



Chapter 2

Literature Review

Table 2.1. Summary of previous work on medium value utilization of red mud

Researchers

Major finding

Pera et al. (1977)

Production of Portland cement clinker with the addition

of alkaline leaching waste.

Dass and Malhotra (1990)

Development of red mud brick by mixing 5% and 8%

lime into red mud

Yalcin and Sevinc (2000)

Red mud can be used to produce the ceramic glaze.

Sglavo et al. (2000)

Red mud can be used to manufacture of clay-based

ceramic.

Zhihua et al. (2003)

Develop the red mud-slag cementitious material.

Tsakiridis et al. (2004)

Preparation of Portland cement clinker using red mud.

Cablik (2007)

Characterization of pigment building blocks.

Patel et al. (2008)

Neutralization of red mud using mine water.

Yang and Xiao (2008)

Development of brick using the red mud along with fly

ash, sand, lime, gypsum, and cement.

Zhang et al. (2009)

Development of cementitious material using red mud

along with coal gangue.

Desai and Herkal (2010)

Manufacturing of bricks.

Ribeiro et al. (2010)

Replaced the cement with red mud in a mortar.

Guetal. (2012)

Based on the calculated exposure index, less than 28-
44% red mud was suggested to use as main building

materials based on exposure index.

Dodoo-Arhin et al. (2013)

Development of red mud-clay brick.

He et al. (2013)

Developed red mud-rice husk ash based geopolymer.

Kumar and Kumar (2013)

Developed paving block using red mud- fly ash based
geopolymer.

Yao et al. (2013)

Cement can be replaced by 15% red mud along with

coal refuse, fly ash, and gypsum.

Liu and Poon (2016)

Replacement of fly ash by red mud in self-compacting

mortar.

Croymans et al. (2017)

Less than 75% red mud was suggested to use in

building construction material based on the radiological

21



Chapter 2 Literature Review

study.

Krivenko et al. (2017) A large volume of red mud can be used in concrete road
base.

Lemougna et al. (2017) Effectively replaced the 50% slag by red mud in a
mortar and light-weight materials.

Yang et al. (2017) Feasibility of replacing the cement with red mud in a
mortar.

Nikbin et al. (2018) Replacement of cement in lightweight concrete by 25%
red mud.

2.7.2 Characterization and Application as Geotechnical Materials

In order to use red mud (RM) in bulk quantity, several attempts have been made for
geotechnical characterization of red mud. Miners (1973) found that majority of the
particle in RM is in silt range along with 20-30% clay-sized particle. However, Li (1998)
observed that some RM contains around 50% clay-sized particles. Wang and Liu (2012)
found that Bayer’s process red mud is finer and more dispersive as compare to sintered
process red mud. Vick (1990) found that specific gravity (G;) of RM lies between 2.8 to
3.3 and has a low liquid limit (LL = 45%) and plasticity index (PL = 10%). Somogyi and
Gray (1977) and Fahey et al. (2002) studied the permeability characteristics of remolded
RM sample and found that Bayer’s process red mud has very low permeability (k)
ranging between (2-20) x 107 cm/s, whereas, the remolded sintered RM has higher
permeability with k value of 10™*- 10 cm/s (Liu and Wu, 2012). The compression indices
(C.) of red mud lies in between 0.27 — 0.39 and coefficient of consolidation (c,) in
between (3-50) x 10~ cm?/s (Fahey et al., 2002). Vogt (1974) and Newson et al. (2006)
found that the RM has a high angle of internal frictional (¢) of 38°-42°, which is very
similar to sandy soil, though its particle size corresponds to a fine fraction. But Liu and
Wu (2012) found that the sintered process RM has a low angle of internal friction (13.5° -
21.0°%), while it contains 65% particles in the range of 0.1-0.02mm. Kehagia (2008)

studied the feasibility of red mud as an embankment material by mixing with local soil.

Mymrin and Vazauez-Vaamonde (2001) studied the possible use of red mud in the road,
airfield base, levee core, dumps, foundation etc. based on its strength. It was observed
that the addition of 4% ferrous slag in red mud causes an increase in the strength up to

almost 9 MPa after 360 days of curing. The addition of a small amount (< 2%) of
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traditional binders like CaO or Portland cement increases the strength further by 1.5 to 4

times.

Duchesne and Doye (2005) studied the possibilities of cement kiln dust stabilized red
mud for cover or liner materials for acid mine waste based on the leachate analysis.
Kalkan (2006) studied the suitability of Bayer’s process red mud as a stabilizer material
for clay liner and reported an increase in compressive strength and a decrease in
permeability of the stabilized material. Rout et al. (2013) found the red mud suitable as
embankment material but with a soil cover at the top is required to protect the red mud

from erosion based on their finite element analysis.

Kalkan (2006) examined the effects of red mud on the unconfined compressive strength,
hydraulic conductivity, and swelling percentage of compacted clay liners as a hydraulic
barrier. The test results showed that compacted clay samples containing red mud and
cement-red mud additives had a high compressive strength with decreases in the
hydraulic conductivity and swelling percentage as compared to natural clay samples. The
addition of these additives changed the soil groups from high-plasticity soil group (CH)
to low-plasticity soil group (MH). Consequently, it was concluded that red mud and
cement-red mud materials can be successfully used as a clay liner in geotechnical

applications.

Sundaram and Gupta (2010) found that red mud slurry behaves like soft clay and
conducted an in-situ investigation after stabilizing it by stone column. The investigation
on red mud showed that it is highly alkaline (9.3-10.2) with a liquid limit of 39-45 %,
plastic limit of 27-29% and shrinkage limit of 19-22%. The undrained shear strength was
observed to lie in between 39.22 to 137.29 kN/m?, specific gravity in between 2.85-2.97,
and cohesion in between 9.8 to 19.61 kN/m?. The angle of internal friction was observed

to vary from 26-28°.

Yang et al. (2012) used red mud in different percentage with fly ash and bentonite for the
preparation of liner material. The result was presented in term of permeability of red
mud-bentonite mixture and red mud-fly ash-bentonite mixture. The addition of 5%
bentonite decreases the permeability of red mud from 10° cm/s to 107 cm/s. The
hydraulic conductivity of 65% red mud, 20% fly ash, and 15% tailings mixture was

observed as 1.76 x 10 cm/s which is less than the desired value (107 cm/s)

Satayanarayana et al. (2012) studied the possible use of lime stabilized red mud in road
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construction. The lime (2, 4, 6, 8, 10, and 12%) was mixed with red mud and after 1, 3, 7,
and 28 days of curing, the unconfined compressive strength, split tensile strength, and
CBR were studied. An optimum percentage of lime as 10% was found to show maximum

strength.

Rubinos et al. (2013) studied the suitability of RM as a liner material for the waste

disposal facility in term of permeability.

Rubinos et al. (2016) studied the chemical and environmental compatibility of using the
red mud as liner materials for hazardous waste and presented the result in term of
permeability and effluent characteristic. The red mud was found to show good resistance
towards the flow of chemicals like methanol, acetic acid, n-heptane, trichloroethylene,
and calcium chloride. The permeability was also found to reduce from 1.18 x 107 cm/s in
case of deionized water to 1.00 x 107 cm/s in case of seawater. The concentration of Si
and Fe in the leachate was found to increase, while the concentration of Al, and Cr was

found to reduce when acetic acid was used as permeant.

Panda et al. (2017) characterize the Indian red mud as a geotechnical material using
bioremediation and found that the bioremediation is effective in lowering the pH value
along with increasing the unconfined compressive strength. A decrease in the
permeability was reported along with the decrease in specific gravity after bioremediation
of red mud. The liquid limit was found to decrease after bioremediation but the negligible
change in plasticity index was observed. Table 2.2 summarizes observation on the

geotechnical engineering application of the red mud.

Table 2.2. Summary of previous work on geotechnical engineering application of red

mud

Researchers Major finding

Miners (1973) | Found that the red mud contains around 20-30% clay-sized particles
along with the majority of silt-sized particles

Vogt (1974) The friction angle was found to vary from 38°-42°.

Somogyi and Observed that the Bayer’s process RM has a very low permeability (k)
Gray (1977) ranging between (2-20) x 10”7 cm/s.

Vick (1990) The specific gravity (Gs) of red mud was found to lies in between 2.8 to
3.3. The red mud shows a liquid limit of 45% with plasticity index value
of 10%.

Li (1998) The red mud was found to contain 3.71% to 8.88% sand-sized particle
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along with 8.90% to 18.58% silt-sized particles. The specific gravity of
the red mud was found to vary from 2.91 to 4.22 and the surface was

found to vary from 19.2 - 51.7 m%/g.

Mymrin and It was found that the red mud content increases the strength up to 9 MPa
Vazauez- after 360 days. Further introduction of a small amount of CaO or
Vaamonde Portland cement increases the strength by 1.5 to 4 times.

(2001)

Fahey et al. The compression indices (Cc ) was found to lie in between 0.27-0.39
(2002) and the coefficient of consolidation ( Cv) in between 3 — 50 x10~ cm?/s.

Duchesne and

The pH value of the leachate was measured as 7 and the concentration

Doye (2005) of Fe, SO4, Cu, and Zn in leachate was observed to decrease.
Kalkan et al. Addition of 20% red mud was found to improve the UCS value by
(2006) 79.10% and it decreases the permeability up to 1.58 x107 cm/s.

Newson et al.

Observed that the red mud showed very high friction angle (42°) and a

(2006) cohesion value of 10-20kPa.
Kehagia An increase in CBR value by 25% was observed by mixing 40% red
(2008) mud in the soil while the modulus of deformation was observed to

increase by 8%.

Sundaram and

Gupta (2010)

pH value of red mud was found to vary from 9.3-10.2 with a liquid limit
in between 39-45 %, and plastic limit in between 27-29%. The
shrinkage limit of 19-22% was observed. The undrained shear strength
was found to vary from 39.22 to 137.29 kN/m? specific gravity in
between 2.85-2.97, cohesion from 9.8 to 19.61 kN/m’, and angle of

internal friction from 26-28°.

Liu and Wu
(2012)

It was found that the sintered process red mud has a low angle of
internal friction (13.5° - 21.0°), although it contains 65% particles in the

range of 0.1-0.02 mm

Satayanarayan

aetal. (2012)

10% lime was found to give maximum unconfined compressive

strength, split tensile strength and CBR value.

Wang and Liu
(2012)

Found that the sintered red mud shows higher cohesion (287 kPa) as
compared to Bayer’s process red mud (14.60 kPa). Although, the
particles of Bayer’s red mud was found finer than sintered red mud,

negligible difference in the friction angle was observed. For the same
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water content, hydraulic conductivity of Bayer’s red mud was found
lower than that of sintered red mud.

Rout et al. Perform finite element analysis on the embankment made up of red
(2013) mud. The minimum factor of safety of 1.49 was observed during

vibratory loading. However, a soil cover is required at the top to protect

the embankment from erosion.

Rubinos et al.

Studied the permeability characteristic of red mud and achieved the

(2013) minimum value as 9 x10® cm/s at 1.3% higher moisture content then
optimum moisture content.

Yang et al. The permeability of red mud decreases to 10~ cm/s from 10° cm/s after

(2012) addition of 5% bentonite.

Rubinos et al.

The effectiveness of red mud as liner material based on permeability and

(2016) leachate characteristic.
Panda et al. The unconfined compressive strength was observed to increase by
(2017) 1.18% and pH was also found to get reduced to 7.5 from 10.06.

2.8 Summary of Critical Review

Based on literature survey the following observations were made:

1. Several studies are available regarding the high value (making of ceramic tiles,

glass ceramic production, iron extraction etc.) and medium value (making of

paving blocks, partial replacement of cement in concrete etc.) utilization of red

mud but in all these cases, the utilization rate is very low.

2. A few studies on characterization of red mud are available but the study on the

Indian red mud for bulk utilization is limited and available only after stabilizing

by bioremediation. But the study on strength and durability of stabilized red mud

is not available. Also, the study on the utilization of coarse fraction of red mud is

not available.

3. As in most of the cases, the red mud is disposed in slurry form and sedimentation

characteristic become important, but research on sedimentation characteristic of

red mud is scarce.

26



Chapter 3

Material Characterization

3.1 Introduction

It is observed during the literature survey that the red mud is highly alkaline and is stored
in the pond. Various attempts have been made worldwide to characterize the red mud for
bulk utilization. However, large variability in the physical, chemical and geotechnical
properties is observed based on the source of generation. These variations in the property
show need of characterizations of red mud from different sources for getting confidence
in the utilization of red mud. In this chapter, oven dried Indian red mud from two
different sources (NALCO, Odisha and HINDALCO, Jharkhand) are studied for their

chemical, mineralogical, morphological, physical and geotechnical property.

3.2 Material Collection

The raw materials like red mud (RM), ground granulated blast furnace slag (GGBS), red
sand (RS), and standard sand (SS) was used in the present research. The materials were
dried in the oven at 100° — 110°C to evaporate the natural moisture content. The raw
materials were considered as dry when no evaporable water remains in the material at the
temperature 100° — 110°C. The RM was grounded to make it finer than 425um, while the
GGBS finer than 150 um was used in the present study. The characteristic of RS and SS
are discussed in Chapter 5 while the detail about GGBS is discussed in Chapter 6.

3.3 Red Mud

Red mud (RM) for the present research was collected from two different Indian
aluminium industries (i.e NALCO and HINDALCO). The NALCO RM (NRM) was
collected from the Damanjodi in the state of Odisha (Figure 3.1), while the HINDALCO
RM (HRM) collected from the Muri in the state of Jharkhand (Figure 3.2). Type of RM
(Bayer or sintered type) is discussed in Section 3.4.2 based on their chemical

composition.
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India Political Map
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Figure 3.2. HRM disposal site, Muri, Jharkhand (Source: google image)

The NRM is disposed of in a slurry form with 40% (by volume) solid content using a
pipeline as shown in Figure 3.3. The water available in the RM gets descended over a
period of time and the RM starts drying. The descended liquid is used back in the
aluminium refinery for different purposes but the solid part (RM) remains unutilized.
During the drying period, the unstable Ca(OH), comes at the surface and react with CO,
to form stable calcium carbonate (CaCOs). This stable calcium carbonate deposited at the
surface of RM is transported to the nearby area by the wind in the form of dust. To avoid
the stable CaCO; in the RM sample used for present research, the top layer was removed
before the collection of RM.

The HRM is subjected to a filter press to make the RM cake with solid content more than
65% before disposal (Figure 3.4). Due to the low water content during the disposal, the

trace of formation of calcium carbonate was not observed at the surface of HRM dump.
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The fresh HRM was collected just after the unloading from the truck to avoid any

physical and chemical alteration due to storage.

CaCOs; dust

Figure 3.3. Slurry disposal of RM in NALCO, Damanjodi, Odisha

Disposal of HINDALCO red mud
in form of cake after filter press

Figure 3.4. RM disposal area of HINDALCO, Muri, Jharkhand

3.4 Characterization of Red Mud

3.4.1 Morphology and Mineralogy

Particles morphology and chemistry were studied using scanning electron microscope
(SEM) (JEOL-JSM-6480 LV model) fitted with energy-dispersive X-ray (EDX) micro
analyzer at 20 kV acceleration voltage and spot size of 60. The platinum coating was
applied on RM at 30 mA for 90 seconds before loading the sample for analysis. The
mineralogical composition of the RM studied using the X-ray diffraction (XRD) analysis
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which performed using Rigaku Japan/Ultima-IV model with Cu Ka radiation at 40 kV
and 40 mA over the range of 10° to 60° at a scanning rate of 4°/minute with step size of

0.05°.

The SEM micrographs of NRM and HRM showing microstructure presented in Figures
3.5 (a) and (b). The SEM image shows that RM contains some spherical particle along

with the majority of angular to a subangular agglomerated particle of different sizes.

(b)
Figure 3.5. SEM image of (a) NRM (b) HRM
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It can be seen that HRM contains more agglomerated particles than NRM. Rout et al.
(2013) also reported that the NALCO RM contains angular to sub-angular particles,
however, Meher (2014) reported poorly crystallized, hexagonal plate like structure for the
same RM. But the tetragonal, hexagonal, spherical, and orthorhombic particles were
observed in the RM collected from HINDALCO, Renukoot (Amritphale et. al. 2007). The
difference in particle morphology of RM from HINDALCO, Renukoot ((Amritphale et.
al. 2007) and HINDALCO, Muri (present study) may be due to the difference in source of

bauxite and production process.
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Figure 3.6. XRD graph of NRM and HRM

The XRD graph of both the RM (NRM and HRM) are presented in Figure 3.6. Both RM
show the major peak corresponding to iron compound like hematite (Fe,O3), goethite
(FeO(OH)) and aluminium compound like gibbsite (Al;03.3H,0) along with kaolinite
(Al,S1,05(0OH)4), sodalite (Nag(AlgSi024)Cly) and rutile (TiO,). Duchesne and Doye

(2005) also found similar mineral phases present in Bayer’s RM. Along with the iron and
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aluminium bearing minerals as the major minerals, RM also contains clay minerals like
kaolinite which is responsible for the cohesive property of RM (Alhassan et al., 2012).

The XRD pattern (Figure 3.6) shows several humps at a 26 value of 25° and 35° in HRM
and at 15° 25° and 35° in NRM which shows the existence of amorphous phases.
Diamond (1983) and Das and Yudhbir (2006) have discussed glassy content in term of
hump position (20) for fly ash. Yalcin and Sevine (2000), Sglavo et al. (2000) also found
similar XRD pattern of RM with several humps. Castaldi et al. (2008) found similar XRD
pattern for RM and also found that 15-20% by weight of the RM consists of amorphous
oxides. Kani et al. (2012) observed a similar pattern of XRD with humps position (20)

between 25°-30° for natural pozzolanic material.

3.4.2 Chemical Characteristics

The particles chemistry plays an important role in the pozzolanic activity of the materials.
Chemical reactions depend on the overall chemistry along with the surface chemistry. In
the present research, the chemistry of the raw materials is presented in term of chemical
composition and pH value of the materials.

The relative quantitative element concentration at the surface of both RMs (NRM and
HRM) were studied using EDX (JEOL-JSM-6480 LV model) at a 20 kV acceleration
voltage and spot size of 60. The analysis was performed at five spots and the average
concentration of element with their standard deviation (SD) is presented in Table 3.1.
However, it is to be noted the EDX was limited to element heavier than the carbon (C), so
the element lighter than carbon could not be detected. The result shows that the surface of
NRM is abundant in sodium and iron while the surface of HRM contains a trace amount of
sodium which may be due to the difference in disposal system. As mentioned earlier,
NRM is disposed in slurry form but HRM is disposed through dry disposal system. In dry
disposal system, RM passes through filter press system to reduce water content and it is
also washed for caustic recovery (Power et al., 2009), which may reduce the concentration
of Na,O at the surface of HRM. EDX only describes the surface chemistry of the particles.
Hence, the total chemistry of both RM was studied using X-ray fluorescence (XRF). The
quantification of chemicals in NRM and HRM was done using X-ray fluorescence (XRF)
analysis using Axios PANalytical with scintillation type detector at 20 kV and 10 mA
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available at Indian Institute of Technology, Kharagpur. The chemical composition of

NRM and HRM is presented in Table 3.2.

Table 3.1. Surface chemistry of RM (% by weight)

Element NALCO HINDALCO
% weight of chemicals SD % weight of chemicals SD

O 46.70 3.08 51.78 13.29
Na 23.98 0.95 7.33 2.90
Al 7.74 1.33 7.38 0.85
Si 3.65 1.03 3.96 2.00
Ti 1.07 0.11 4.84 4.68
Fe 16.86 4.24 13.57 12.84
Ca - - 0.96 0.78
Total 100 100

Table 3.2. Chemical composition of NRM, and HRA

Weight percentage (%)

Chemicals NRM HRM Typical range (based on literature review)
Fe; O3 51.04 35.54 7.15-65
Al O3 17.57 16.80 7.74-51.07
Si0, 8.65 15.63 1.2-33.44
Na,O 8.03 13.56 0.2-23.98
TiO, 3.24 7.73 1.07-28
CaO 1.64 1.24 0.06-26.63
MgO 0.21 0.10 0.01-4.31
K,O 0.19 0.06 0.01-2.57
P,0s 0.20 0.34 -

SO; 0.29 0.23 -

Both the RMs are rich in Fe,Os, however, NRM (51.04%) contains a higher percentage of
Fe;Os as compare to HRM (35.54). Meher (2014) found that the NRM contains 53.75%
of Fe;0s. Li (1998) also found Fe,O3 (24.34% - 64.21%) as a major constituent of
Bayer’s process RM. Along with Fe;O3, NRM contains Al,O3 (17.57%) as the second

major constituent while HRM contains 16.80% Al,O;. The HRM found to have a higher
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Na,O percentage (13.56%) compare to NRM (8.03%). However, the CaO percentage is
almost same in both NRM (1.64%) and HRM (1.24%).

A graph has been plotted by considering maximum and minimum limit Fe,O;, Al,O3,
Si0,, Ca0, and Na,O based on the chemical composition data collected from the

literature for Bayer’s process (Figure 3.7) and sintered process (Figure 3.8) RM.
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Figure 3.7. Variation of the major chemical in Bayer’s process RM

70
| Range of major chemicals in —5— NRM
60 sinter process red mud —O— HRM
£50- .
hud >0 Red mud used in
=
o present study
2 40
>
O
£ 30 -
=
S
8 20
(=W
10
0 T T |

T
Fe203 A12O3 SiO2 CaO Na O

Figure 3.8. Variation of the major chemical in sintered process RM

On the same plot, the chemical composition of the NRM and HRM has also been plotted.
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It can be seen that the percentage of the chemicals like Fe,O;, Al,O3, Si0,, CaO, and
Na,O falls within the maximum and minimum limits of Bayer’s process RM (Figure 3.7).
But the above chemicals falls beyond either maximum or minimum limit of sintered
process RM (Figure 3.8). NRM and HRM found to have an approximately similar
percentage of Al,O3; and CaO (Figure 3.7).

A triangular plot by considering the percentage of Fe,Os, CaO, and Al,Os in the Bayer’s
process and sintered process RM along with the percentage available in NRM and HRM
is plotted (Figure 3.9). It is found that the plot can be divided into two different zones for
Bayer’s process RM (with high Fe,O3 and low CaO percentage) and sintered process RM
(with low Fe,Os3 and high CaO percentage). It is found that the NRM and HRM fall
within the Bayer’s process RM zone. It can be seen in Figure 3.9 that the Bayer’s process

RM contains relatively higher percentage of Fe,O; and relatively lower percentage of

CaO which can also be observed in Table 3.2
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Figure 3.9. Triangular plot to differentiate the Bayer’s and sintered process RM

As the main difference between Bayer’s and sintered process is lime content, an attempt
has also been made to differentiate the Bayer’s process and sintered process RM based on
the lime index. The lime index for each data collected from the literature has been
calculated using the Equation 3.1 and is plotted against CaO (%) as shown in Figure 3.10.
It has been divided into two zones i.e. zone I and zone II base on the CaO percentage and

lime index.
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CaO (%)
Fe,O, (%) + Al,0, (%) + SiO, (%)

Lime index =

(3.1)

The RM having more than 25% CaO and lime index greater than 0.5 has been identified
as sintered process RM. But the Bayer’s process RM is found to have less than 25% CaO
and lime index less than 0.5. Figures 3.9 and 3.10 can be used to differentiate the Bayer’s

process and sintered process RM based on the Fe,O3, Al,0O3, CaO and SiO; percentage.
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Figure 3.10. Variation of the lime index with CaO percentage

To demonstrate the overall chemistry of RM, pH test was performed using the HACH
HQ40D pH meter and it was found that pH value of NRM and HRM are 11.40 and 11.53,
respectively. Grafe et al. (2011) also found that the pH of RM lies within the range of 9.2-
12.8. Sutar et al. (2014) reported that the pH value of NALCO (Damanjodi) RM varies
from 10.00 to 12.50. But the pH value of HINDALCO (Renukoot) was found to vary
from 10.50 to 13.00 (Dubey and Dubey, 2011). The high pH value shows that the RM is
highly alkaline in nature. The pH of RM varies with alkalinity, CaO and Na,O, Figure
3.11 shows the variation of pH with CaO and Na,O for the present study and data
available in the literature. Based on the CaO and Na,O content, the pH of RM can be

estimated from the presented diagram.
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Figure 3.11. Variation of pH value corresponding to Na,O and CaO

As the RM found highly alkaline with pH value greater than 11 which may be due to the
addition of NaOH during the Bayer’s process, the alkalinity in the RM due to the
concentration of hydroxyl ion (OH") was also studied. The descended water was collected
from the NALCO RM pond (Figure 3.12) for the chemical analysis in terms of the

concentration of hydroxyl ions.

Figure 3.12. Collection of descended water from NALCO RM pond

The water collected was titrated with a strong acid (HCl) in the presence of

phenolphthalein and methyl orange indication (Figure 3.13). It was found that the
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alkalinity present in the water was due to the presence of hydroxyl and carbonate ions in
which the concentration of hydroxyl found as 5.47 g/l. By considering that all hydroxyl
ions present are associated with either Na" or K, the molarity of NaOH/ KOH in the
descended water was calculated as 0.32 moles. However, further in-depth study is
required to find out the exact molarity of NaOH and KOH as the descended liquid
contains both K and Na. The presence of alkalinity in form of OH" in the RM can be used

to activate the pozzolanic material.

Figure 3.13. Typical photo showing the titration of descended water

3.4.3 Fourier-Transform Infrared Spectroscopy

As the X-ray diffraction is limited to the crystalline materials, the Fourier-Transform
Infrared (FTIR) spectroscopy is performed to identify the functional group and hence the
possible chemical composition. The FTIR sample prepared by grounding RM with
potassium bromide (KBr) and the mixture pressed at 10 ton load to get about 1 mm thick
pallet with 13 mm diameter. FTIR spectrum of empty KBr pallet was subtracted from the
spectrum of the mixture to get the RM spectrum. The FTIR spectra of NRM and HRM

are shown in Figure 3.14.

In both RMs, the strong broadband is present in the range of 3400-3500 cm™ due to the
stretching of OH group, H,O molecule is indicated by the deformation vibration at
1639.35 cm™ and 1637.09 cm™ in NRM and HRM, respectively. The peak at 1478.10 cm™
"in NRM and 1453.25cm™ in HRM indicates the presence of Ca-O, which signifies the
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presence of CaCOs. The stretching vibration of Si-O-Si is indicated by the band at 994.85
cm” and 995.27 cm™ in NRM and HRM, respectively. The peak between 500 and 600
cm” indicates the vibration of SiO4 or AlOy tetrahedral while peak ranging 400-500 cm’™
indicates the Si-O or Al-O bend. The peak at 474.64 cm™ in NRM and peak at 460.24
cm™ in HRM show the stretching vibration of the Fe-O bond which confirms the presence
of iron oxide in RM as observed in XRF and XRD analysis. Similar result has been
reported by previous researchers (Ruan et al., 2001; Alp and Goral, 2003; Gok et al.,
2007; Castaldi et al., 2010; Luo et al., 2010; Liu et al., 2011; Bernal et al., 2012; Kaya
and Soyer-Uzun, 2016; Ye et al. 2016).

Transmittance (%)

N 4
SiO, or AlIO
\ R N
4000 3600 3200 2800 2400 2000 1600 1200 800 400 0
Wave number (cm'l)

Figure 3.14. FTIR spectra of RM

3.4.4 Particle Size Analysis, Atterberg’s Limits and Specific Gravity

Grain size distribution, consistency test (Atterberg’s limits) and specific gravity tests were
performed as per Indian Standard (SP-36 (1) - 1987). Grain size distribution curve of RM
obtained by combining the result of sieve analysis (for particle greater than 0.075mm) and
hydrometer method (for particle smaller than 0.075mm) is shown in Figure 3.15. It can be

seen that the majority of the particle (around 60%) in NRM having a size ranging 50-
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75um with 5% fine sand size particle. On the other hand, HRM contains 17% fine sand-
sized particle. It can also be observed that NRM contains around 81% silt-sized particle
while the percentage of silt-sized particle in HRM is around 51%. HRM contains a higher
percentage of the clay-sized particle (32%) than NRM which contains 14 % clay-sized
particle. Miners (1973) also observed 20-30% clay-sized particle in RM. Li (1998)
observed up to 50% clay-sized particle in some RM. It may also be noted from Figure 3.15
that the fine percentage in the RM is varying from 83-95%. He et al. (2013) also found the
similar result (76%). A sudden jump can also be observed in NRM at 0.075 mm which

indicate that the NRM is gap graded.
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Figure 3.15. Grain size distribution of RM

Atterberg’s limits test was conducted using the Casagrande device. Liquid limit (LL) of
NRM is 30.75% while the plastic limit (PL) is 27.56% along with the plasticity index (PI)
value of 3.19%. The LL and PI of NRM found in the present study are slightly different
from the value (LL=24.75%, PI=7.25%) reported by Rout et al. (2012). The difference in
the result may be due to the different collection location in the disposal pond. The LL of
HRM found as 39.89% while the PI 3.81%. Figure 3.16 shows the plasticity chart drawn
as per the IS1498 (1970). It can be seen that both NRM and HRM and mud fall below the
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A-Line because RM shows high LL in relation to its PI. The high LL may be due to
ineffective water within the RM, which raises the LL and PL but the PI remains
ineffective (Dumbleton and West, 1966). NRM has low plasticity, which may be due to
the presence of kaolin group like kaolinite (Bain, 1971; Alhassan et al., 2012). Higher LL
and PI value of HRM as compared to NRM may be due to higher clay content and mineral
type. It has been found that both NRM and mud are inorganic silt with low plasticity (ML)
while HRM and mud both are inorganic silt with medium plasticity (MI). It can also be
seen that other RM in the literature (Vick, 1990; Rout et al., 2013) are also either ML or
ML
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Figure 3.16. Plasticity chart (Modified from IS1498, 1970)

Specific gravity (G;) of NRM and HRM were found to be 3.33 and 3.27, respectively. The
higher specific gravity of RM is due to the presence of iron rich mineral. A large variation
in the specific gravity of the RM was found in the literature. Kehagia (2008) reported a
higher G; of RM (3.95) from Aluminum of Greece, whereas, Wang and Liu (2012)
reported a lower G, value (2.47) of the RM from China. Vick (1990) also observed a wide
variation in specific gravity of RM (2.8 - 3.3) due to the particle heterogeneity. Variation
of the specific gravity of RM and fly ash with Fe,O3 has been shown in Figure 3.17. As
both geotechnical and chemical studies on RM are limited, a few data represented in the

literature was used. It can be seen that in comparison to fly ash, with the same iron
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content, Gy value is more for RM. This may be due to fact that fly ash contains hollow
spheres like cenospheres and plerospheres (Das and Yudhbir, 2005), but RM contains

solid and angular/subangular particles.
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Figure 3.17. Variation of specific gravity with Fe,O;

3.4.5 Compaction Characteristic

The compaction characteristics under light and heavy compaction test as per Indian
standard (SP-36 (1) - 1987) of the NRM and HRM are presented in Figure 3.18. It can be
seen that NRM shows the higher maximum dry unit weight (MDD) (16.5 kN/m?) than
HRM (15.2 kN/m?). The MDD values of NRM and HRM under heavy compaction are
17.7 kKN/m’ and 15.9 kN/m”, respectively. Rout et al. (2012) also reported the MDD value
of NRM (Damanjodi) as 19.84 kN/m® and 13.93 kN/m’ respectively. Desai and Herkal
(2010) found the MDD value of HRM (Renukoot) as 14.00 kN/m’. However, this type of
result on HRM (Muri) is not found. It may be due to the fact that NRM has higher
specific gravity due to higher iron content. The optimum moisture content (OMC) of

NRM is lower than the HRM under both light and heavy compaction.
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Figure 3.19. Variation of MDD with OMC

Figure 3.19 shows the variation of MDD with OMC, where MDD decreases with increase
in OMC value. The variation of MDD with OMC of present study RM along with other
RM (from literature), fly ash (Das and Yudhbir, 2005) and soil (Toth et al., 1988) is
shown here. It can be seen that similar trend was observed for all the materials. But, the
quantitative difference in the trend is due to the variation in Gy values. Higher G, value

has higher MDD value corresponding to same OMC value.
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3.4.6 Hydraulic Characteristics

The hydraulic characteristic of both the RM (NRM and HRM) has been presented in term
of permeability characteristic and soil-water characteristic curve. The permeability
characteristics of both RM (NRM and HRM) with distilled water at different confining
stress (100kPa, 300kPa, and 500kPa) are conducted using the flexible wall permeameter
(Figure 3.20).

Toxic Interface Unit Pressure Cell Toxic Interface Unit
- £ i

Figure 3.20. Photo of flexible wall permeameter

The remoulded samples with an aspect ratio of 2 are prepared at different moisture
content to study the effect of moulding moisture content on the permeability. The effect
of salt solution on the permeability characteristics of RM samples compacted at OMC
was also studied at above mentioned confining stress. For all confining stresses, the
permeability was found to decrease with the increase in moisture content and reached its
minimum value at OMC in case of NRM (Figure 3.21a), while HRM shows its minimum
permeability at the moisture content approximately 3% higher than OMC (Figure 3.1ba).
The permeability of both NRM (Figure 3.21a) and HRM (Figure 3.21b) was found to
decrease with the increase in confining stress, which may be due to the decrease in voids
at higher confining stress. However, negligible difference in minimum achieved
permeability was observed at any confining stresses. In order to study the effect of a
different permeant, the permeability of RM with salt solution (10% NaCl) was also
studied and the result is presented in Figure 3.21.
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It is observed that both the RM (NRM and HRM) compacted at OMC shows higher
permeability towards the distilled water as compared to the salt solution. The lower
permeability towards the salt solution may be due to the change in soil structure.
Although Na" is poor flocculater, it changes the disperse structure into flocculated one
and offer the resistant towards the flow of permeant (Spagnoli et al., 2010). Rubinos et al.
(2016) reported similar permeability characteristic of ALCOA-San Cibrao bauxite
refinery RM in case of CaCl, and seawater as permeant fluids. The low permeability is
having an advantage of ex-situ utilization as liner/barrier materials but the strength
requirement must be studied before using the RM. However, the low permeability of RM

lowers the dewatering rate of the RM slurry in the pond.

The soil-water characteristics curve (SWCC) plays a significant role in understanding the
characteristics of unsaturated soil (Fredlund and Xing, 1994). SWCC can be used to
determine the hydraulic permeability, shear parameters, chemical diffusivity etc.
(Fredlund et al., 1998). In the present study, the pressure plate apparatus fabricated in the
laboratory (Figure 3.22) was used to measure the matric suction in the range of 0.05 MPa

to 1.5 MPa, while the Dewpoint Potentiometer was used for the matric suction beyond

1.5 MPa (Campbell et al., 2007).

Figure 3.22. Typical photo of pressure plate apparatus with a pressure cell

A graph of matric suction and volumetric water content using the experimental data is
shown in Figure 3.23. The different theoretical models like Brooks and Corey (1964), van
Genuchten (1980), Fredlund and Xing (1994), and Kosugi (1996) were used to draw
SWCC and it was found that the Fredlund and Xing (1994) model gave the best fit line
and has been shown in Figure 3.23. On the same figure (Figure 3.23), a typical SWCC for

clayey, silty and sandy soils are also plotted by extracting data from the literature
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(Fredlund and Xing, 1994). When comparing the SWCC of NRM and HRM with the
typical SWCC of different soil, it can be seen that the SWCC of the RM is very similar to
that of silty soil. The SWCC of NRM and HRM lies in between silty soil and clayey soil.
It is observed that the SWCC of HRM behave similar to that of clayey soil as HRM
contains higher percentage of clay (32%) compare to 14% in NRM (Figure 3.15). It need

to be pointed out here that the RM contains less amount of clay minerals.
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Figure 3.23. SWCC of NRM and HRM along with clayey, silty and sandy soil

3.4.7 Free swell index and dispersion characteristic

As the RM contain mostly fine particles along with the considerable amount of clay
fraction, it also becomes important to study the swell behaviour of RM. In the present
study, differential free swell (DFS) was considered to find the swell index of RM as per
the method described by Sivapullaiah et al. (1987). It was observed that RM is non-
expansive with negative DFS value of -26.67% and -14.71% for NRM and HRM,
respectively. Sivapullaiah et al. (1987) studied several clay soils and found that the
dispersive soil shows the negative DFS. Hence, negative DFS value of RM indicates that it
may be dispersive in nature. The NRM is classified as highly dispersive (D1) while HRM
is classified as dispersive (D2) based on the pinhole test result. The detail of the dispersive

nature of the RM is discussed in Chapter 4.
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3.4.8 Unconfined Compressive Strength

The unconfined compressive strength (UCS) tests on both, NRM and HRM were
performed as per ASTM D2166. The remoulded samples (5 cm x 10 cm) were prepared at
different moisture content. The variation of UCS with different moisture contents is shown
in Figure 3.24. It can be seen that the UCS increases with the increase in moisture content
up to a maximum value of 564.08 kPa (NRM) and 441.45 kPa (HRM) at their OMC and
then decreases.
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Figure 3.24. Variation of unconfined compressive strength of RM

3.4.9 Laboratory Shear Test

The direct shear test was performed on both the RM (NRM and HRM) as per Indian
standard (SP -36 (1), 1987) at their OMC to study the shear strength of RM. It was found
that HRM possesses a higher angle of internal friction (¢) (37.96°) than NRM (31.11°),
which may be due to the higher percentage of angular particles in a coarse fraction of
HRM. Nikraz et al. (2007) have also found higher ¢ value of Bayer’s process RM varying
from 37° to 45°. The higher friction angle of HRM may be due to the presence of a higher
percentage of the sand-sized particle (17%) as compared to NRM (5%) as shown in Figure
3.15. On the other hand, cohesion value of NRM (35.93 kPa) is much higher than HRM
(5.57 kPa) as the total fine content is more in NRM (95%) though HRM contains a higher
percentage of clay (32%) than NRM (14%). In overall, it may be also mentioned here that
the ¢ value of both RMs is comparatively high, though, they contain mostly clay-sized
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particle. Similar observations have been made by Newson et al. (2006) for Bayer’s process

RM.
3.4.10California Bearing Ratio

California bearing ratio (CBR) test is very commonly used for the design of flexible
pavements. To characterize the RM as a subgrade material, un-soaked and soaked CBR
test of both the RM (NRM and HRM) at OMC were performed according to ASTM
D1883-16. It was observed that the unsoaked and soaked CBR value of RM is 15.53%
and 2.00%, respectively. As the CBR value of the RM is very low, the RM may be
treated before its use as subgrade material to improve its CBR value in order to reduce the

thickness of pavement (IRC: 37-2001).

3.4.11Consolidation

The consolidation behaviour of both the RM (NRM and HRM) was studied as per Indian
standard (IS 2720:15 2002). The slurry sample of NRM and HRM was filled into the
mould with an initial void ratio of 0.91 and 1.13, respectively. The RM slurry was
prepared by adding an arbitrary amount of water which was 29.35% and 37.30% for
NRM and HRM, respectively. The consolidation curve for NRM and HRM are shown in
Figure 3.25 and Figure 3.26, respectively.
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Figure 3.25. Consolidation characteristic of NRM
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Figure 3.26. Consolidation characteristic of HRM

3.4.12Collapse Behaviour

One of the important geotechnical problem associated with partially saturated compacted
soil is their collapse behaviour under inundation pressure. The unsaturated collapsible soil
may withstand relatively higher vertical stress with a small settlement, but large
settlement takes place at the same vertical stress when it is flooded. For the construction
of infrastructure on abandoned RM pond, collapse potential is important. Collapse
behaviour of the RM investigated as per ASTM D5333-03. Three number of the
unsaturated samples with same initial moisture content and dry density were prepared in
oedometer test apparatus and studied for the collapse behaviour. The vertical stress
applied to the soil sample. The first sample flooded at the vertical stress of 160 kPa, the
second sample flooded at the vertical stress of 320 kPa and the third sample flooded at the
vertical stresses of 640 kPa. The pressure vs void ratio curve of all three soil samples are
shown in Figure 3.27 and Figure 3.28 for NRM and HRM, respectively. It is observed
that NRM is moderately to severe collapsible with collapse potential (I;) value of 7.8 at
lower inundation pressure, while, at higher inundation pressure, it is moderately
collapsible with I, value of 2.73. Similarly, HRM is moderately collapsible (I, = 3.46) at
lower inundation pressure and slightly collapsible (I = 1.97) at higher inundation

pressure. It may be due to the fact that low pressure is not effective in compaction of
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unsaturated RM; hence large settlement was observed after inundation. But, high
compaction pressure was found to be effective and reduced the collapsibility of RM as
small settlement observed after inundation. Further, for the same inundation pressure,

NRM is more collapsible than HRM.
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Figure 3.28. Collapse behaviour of HRM

51



Chapter 3 Material Characterization

3.4.13Leachate Analysis

The samples for leachate analysis were prepared as per EPA test method 1311. The
leachate separated from solution using 0.45um filter paper was analyzed using atomic
absorption spectroscopy and the concentration (average of three replicas) of different

heavy toxic metal in leachate is presented in Table 3.3.

Table 3.3 The concentration of heavy metal in RM detected using AAS.

Heavy Concentration (ppm)

metals NRM HRM  Regulatory level for toxicity Acceptable limit in

characteristic as per EPA, drinking water as per
United State WHO
As 0.002 0.032 5.00 0.010
Cr 1.832 2.590 5.00 0.050
Pb - - 5.00 0.010
Hg 0.004 0.002 0.20 0.006
Ni 0.019 0.009 - 0.070
Cu 0.004 - - 2.000
Zn 0.005 0.007 - 0.01-0.05

It 1s observed that the concentration of toxic heavy metals as identified by United State
EPA (As, Cr, Pb and Hg) is at a regulatory level in both NRM and HRM. The
concentration of Cr in NRM and HRM is found as 1.832 ppm and 2.59 ppm respectively,
which is very similar to Cr (3.97 ppm) concentration as observed in RM from Spain
(Rubinos et al. 2016). Yao et al. (2013) found higher Cr (11.89 ppm) concentration along
with Zn (0.019 ppm), and Pb (0.002 ppm) in the RM from Texas. It may also be
mentioned here that the chromium present in the RM is in the form of Cr™ (Burke et al.
2012). The leachate from HRM is found to have As (0.032 ppm) similar to the value
reported by Yao et al. (2013) (0.034 ppm), while NRM shows the lower concentration of
As (0.002 ppm). The Pb was not detected in the leachate of either RM. Although the
concentration of heavy metals As, Cr, and Hg in leachate are within the EPA toxicity
regulatory limits, but it is above the regulatory limit in drinking water as suggested by
WHO. So the chemical analysis of drinking water is required as the ex-situ utilization of

RM may contaminate the nearby drinking water sources.
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3.5 Conclusion

Laboratory investigations have been performed for geotechnical characterization of two

Indian RM and based on that, following conclusions can be drawn.

1. Based on the morphological study, it was found that RM contains the majority of
angular to a subangular agglomerated particle of different sizes. The XRF analysis
reveals that the RM contains Fe,O3 as the major constituent. Based on the hump
position in XRD plot, the RM was also found to contain the amorphous oxides.

2. The RM was found highly alkaline and the pH value depends upon the percentage
of CaO and Na,O. The Bayer’s process RM was identified with lime index < 0.5
and CaO < 25%.

3. The HRM contains higher clay fraction (~32%) as compared to NRM (~14%). The
liquid limit of HRM (39.89%) also found higher than that of NRM (30.75%),
which may be due to the higher clay content and low LL due to the presence of
low clay minerals.

4. The permeability of both the RM show higher resistant to the flow of salt solution
as compared to distilled water due to change in soil structure.

5. The RM is found to have negative DFS value which shows that RM is dispersive
in nature. Based on pinhole test NRM is found highly dispersive and HRM is
found dispersive in nature.

6. Based on AAS result, the heavy toxic metals as identified by United State EPA
were found within toxicity level in leachate generated from RM.

7. Though the angle of internal friction of both the RM was found very near to each
other, the remarkable difference in the cohesion was observed. This may be due to

the difference in fine content.

As very few studies are available regarding the geotechnical characterization and
application of Indian RM and the international status showed a large variability in
properties of RM depending upon the source, this chapter discussed mainly the basic
geotechnical characteristic of Indian RM from two different sources. As the RM shows the
negative differential free swelling index, which indicates that the RM may be dispersive in
nature. Also, high pH of RM may hinder the sedimentation, the dispersive and

sedimentation characteristic of RM are discussed in Chapter 4.
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Chapter 4

Dispersive and Sedimentation

Characteristic

4.1 Introduction

Various attempts have been made to characterize and utilize the RM but due to the low
utilization rate, a large volume of unutilized RM remains in the pond. Also, the occasional
collapse of RM reservoir dam like Ajka (Hungary) left an adverse impact on the nearby
area by flooding (Mayes et al., 2016). As the RM is dispersive (Rout et al., 2013), so, on-
site stabilization/management of RM is one of the important aspects to prevent its
spreading into the nearby area due to erosion and during occasional failure of the dam.
Hence, this chapter covers the dispersiveness and sedimentation characteristics of Indian
RM, from two different sources with different types of the disposal system. The pin-hole
test and cylindrical dispersive test along with morphology, chemistry, and mineralogy are
investigated to correlate the dispersive properties of RM with its basic properties. Another
aspect of RM management is accelerating the sedimentation rate of the RM slurry to
reduce the sedimentation time. So an attempt has also been made to study the
sedimentation behaviour of bauxite residue at the ambient condition and the effect of

different additives (phosphogypsum and salt solution) on the rate of sedimentation.
4.2 Stabilizing Materials and Methodology

The phosphogypsum used in the present study were collected from the Paradeep
Phosphates Limited, Odisha while the NaCl powder was supplied by Merck Life Science
Private Limited. The biopolymer (Guar gum and Xanthan gum) were supplied by

HiMedia Laboratories Private Limited.

The laboratory investigation on dispersive and sedimentation properties along with
morphology, chemistry, and mineralogy of the RM is presented. The RM was stabilized
using biopolymer (Guar gum and Xanthan gum) and salt (NaCl) to control the

dispersiveness. Phosphogypsum and salt solution (NaCl) were used to accelerate the rate
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of sedimentation of NRM slurry. The dispersiveness and sedimentation tests were
performed according to relevant Indian standards (SP-36(1), 1987) and ASTM standards
(D4647). Dispersive characteristics were studied using pin-hole test and cylindrical
dispersive test with different fluids (i.e., distilled water and salt solution). To simulate the
field condition, the column sedimentation test of RM slurry was conducted with 40%
solid content. The X-ray fluorescence (XRF) analysis was performed using Axios
PANalytical with scintillation type detector at 20kV and 10mA for detailed chemical
analysis. The particle morphology and chemistry were studied using scanning electron
microscope (SEM) (JEOL-JSM-6480 LV model) fitted with energy-dispersive X-ray
(EDX) micro analyzer at 20kV acceleration voltage and spot size of 60. The platinum
coating was applied on RM at 30mA for 90 seconds before loading the sample for
analysis. The chemical analysis of supernatant liquid was performed using atomic
absorption spectroscopy (AAS) along with pH, Zeta potential, total dissolved solids
(TDS), and electrical conductivity (EC) measurement for its possible reuse. The pH was
measured using HACH HQ40d model pH meter and TDS, EC and Zeta potential were

measured through Nano Zetasizer.
4.3 Result and Discussion

4.3.1 Chemistry of Stabilizing Agent

The chemistry of the phosphogypsum was studied using the XRF and was found that the
phosphogypsum is rich in SO3; (54.38%) and CaO (35.77%) along with 7.15% SiO;
(Table 4.1).

Table 4.1. Chemical composition of phosphogypsum

Chemicals NaZO MgO A1203 SIOQ ons SOg KZO CaO F€203

Conc. (%) 005 0.02 023 715 079 5438 0.26 3577 047

4.3.2 Dispersive Test

During the sample collection from NRM pond, channel formation at the surface of dry
RM (Figure 4.1) due to the flow of water was observed. This channel formation indicates
the susceptibility of RM towards water erosion due to dispersive nature. The dispersive
nature is also confirmed by negative differential free swelling of RM as discussed in

Chapter 3. The RM due to its high alkalinity can be favourable for leachate transport
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(Dijkstra et al., 2004) and may pollute the groundwater and the nearby aquatic lives,
hence, it is important to know and control the dispersiveness. In the present study double
hydrometer test, crumb test, turbidity test, sodium absorption ratio (SAR) (Rout et al.,
2013), pinhole test (ASTM D 4647-13 2006), and cylindrical dispersive (Atkinson et al.,
1990) test were conducted to know the extent of dispersiveness. As true cohesion is the
governing factor that affects the internal erosion (Atkinson et al., 1990), which in turn is
affected by pore pressure. During crumb and pinhole test, the sample may not be

saturated, and negative pore pressure may generate, which may affect the result.

Figure 4.1. A typical picture showing the susceptibility of RM towards water
erosion in a RM pond
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Figure 4.2. Typical photo of pinhole test setup
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Hence, in the present study, pinhole test as per the ASTM D 4647-13 and the cylindrical
dispersive test as per method reported by Atkinson et al. (1990) has been performed.
Based on the pin-hole test (Figure 4.2) with collected water quality (Figure 4.3) and the
enlarged diameter of the hole (Figure 4.4) during the test, NRM is classified as highly
dispersive (D1) while HRM is classified as dispersive (D2) as per the ASTM D4647-13
(2013). Rout et al. (2013) also found the NRM as highly to extremely dispersive based on
double hydrometer test, crumb test and turbidity test.

Figure 4.3. Water collected during pinhole test

Figure 4.4. Specimen showing the enlargement of hole diameter inside RM sample after

pinhole test.
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There are different stabilization methods to control the dispersiveness of soil; alum
(Ouhadi and Goodarzi, 2006), pozzolana (Vakili et al., 2013) and ZELIAC (a mixture of
zeolite, activated carbon, limestone, rice husk and Portland cement) (Vakili et al., 2017).
However, chemical stabilization methods have their limitation in terms of environmental
sustainability. Hence in the present study, an attempt has been made to control the
dispersiveness of the RM using two natural gums (biopolymer); guar gum (GG) and
xanthan gum (XGQ) and also using salt solution (NaCl). Recently, Chen et al. (2013) used
the GG and XG to stabilize the mine tailings. The results of the cylindrical dispersive test
of un-stabilized RM conducted according to the method reported by Atkinson et al.
(1990) is shown in Figure 4.5. It can be seen that the surrounding water become muddy
after submerging the un-stabilized sample into it (Figure 4.5). After getting submerged
into the water, the highly negatively charged RM particles from un-stabilized sample
starts detaching from each other and remains suspended due to strong intraparticle

repulsive force (Abel and Stangle, 1994; Martinez, 2012).

Figure 4.5. Cylindrical dispersive test of un-stabilized NRM (present study)

The Figure 4.6 shows the cylindrical dispersive test (Atkinson et al., 1990) of 0.5% GG
and XG stabilized RM. It is observed that the 0.5% biopolymer as a pore fluid is effective
in binding together the RM particles by overcoming the intraparticle repulsive force;
thereby controlling the dispersiveness (Figure 4.6). The binding action of biopolymers

arises due to the formation of hydrogen bond in case of GG (naturally charged
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polysaccharide) and ionic bond in case of XG (anionic polysaccharide) (Chen et al.,

2013).

Figure 4.6. Cylindrical dispersive test of GG and XG stabilized RM

The SEM images of NRM stabilized with 0.5% GG and 0.5% XG solution is shown in
Figure 4.7 (a) and (b) respectively. It is found that the XG (Figure 4.7b) causes a higher
level of aggregation as compared to GG (Figure 4.7a).

> 1?,, BEE 1 52

59



Chapter 4 Dispersive and Sedimentation Characteristic

Partic!
A::,revaﬁon
A_."""é' dueto X(} ““““( ﬁ

(b)
Figure 4.7. SEM image of (a) GG stabilized RM (b) XG stabilized RM

The higher level of aggregation is due to the formation of the ionic bond during the
reaction of XG with cations (Fe%, Cu2+, Na”) present in the RM. In contrast,
stabilization of RM using GG solution induce less aggregation due to the formation of
hydrogen bonding between the GG and RM particles (Chen et al., 2013) with randomly
oriented particles (Figure 4.7a). Along with the high level of aggregation, it is also found
that the stabilization with XG makes a denser matrix (Figure 4.7b) with low void space as
compared to the RM stabilized with GG (Figure 4.7a). In field condition, biopolymer can
be applied at the discharge point of RM when it is disposed of in slurry form, whereas in
case of dry disposal, biopolymer can be mixed in RM before filter press. The mixing of
biopolymer will reduce the surface erosion of stored RM due to the flow of water;
thereby reducing the leachate effect of RM. However, a system for the proper mixing of

the biopolymer with RM needs to be explored further.

The effect of the salt solution with varying NaCl concentration (1% to 9%) as a pore or as
surrounding fluid on the dispersive characteristic of RM was also studied. The salt
solution was prepared in the laboratory by mixing the different percentage of NaCl in
distilled water. Two samples, one with salt solution and other with distilled water was
prepared. The former is submerged into the distilled water while the latter is submerged
into the salt solution. It was found that the salt solution with 7% or higher NaCl
concentration is effective in controlling the dispersiveness when used as pore fluid.

However, when used as surrounding fluid, a salt solution with 3% or more NaCl
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concentration is found effective (Figure 4.8).

Figure 4.8. Cylindrical dispersive test of NaCl stabilized RM

Based on the above result, a salt solution with 3% or more NaCl concentration can be
suggested to sprinkle on abandoned RM pond which will have another advantage of
controlling the water erosion. The sea water can also be used to sprinkle as it contains
high NaCl concentration but the present study is based on the solution prepared by
mixing 99% pure NaCl into distilled water.

4.3.3 Column Sedimentation Test

The disposal of RM in slurry form contains low solid content (15%-40% by volume)
(Yang and Xiao, 2008). Due to the dispersive nature of the RM as discussed in the
previous section with high pH value, the sedimentation rate is very low. In the present
research, phosphogypsum, a fertilizer industry waste, and commercially available NaCl
are used to treat the RM; thereby accelerate the rate of sedimentation. The RM slurry
with 40% solid content was prepared in the laboratory and treated with different
percentages (5%, 10%, and 15 % by weight of RM) of phosphogypsum powder or with
1%, 3% and 5% (by volume of solvent) NaCl solution. In the column sedimentation test
as described by Jaditager and Sivakugan (2017), the treated RM slurry is poured into the
transparent glass cylinder up to a height of 24cm and allowed to settle under gravity. The
height of RM-water interface was measured at different time interval with the help of
ruler as shown in Figure 4.9. Sedimentation characteristic observed during column
sedimentation test is presented in terms of changes in interface height with times in
Figure 4.9 for untreated RM (UTRM). It should be mentioned here that the interface
height refers the height of supernatant liquid. It is found that the particles in the untreated

RM slurry do not flocculate and settles freely without any mutual interaction. So the
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settling behaviour of the RM slurry can be designated as dispersed free settling (settling
type I) as discussed by Imai (1980). The sedimentation curve can be divided into three
different zones, i.e., flocculation zone, settling zone, and consolidation zone (Imai, 1981).
The sedimentation process of the RM slurry (Figure 4.10) consists of all the three zones.
After the disposal of untreated RM (UTRM) slurry, the particles remain in flocculation

stage for the long duration as denoted by flocculation zone in Figure 4.10.
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Figure 4.9. Column sedimentation test setup of untreated RM (UTRM) slurry
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Figure 4.10. Sedimentation characteristics of untreated RM (UTRM) slurry
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At the end of flocculation stage, settling of heavier particles, mostly iron oxide, which is in
majority (Chapter 3), start under gravity and it also takes long duration before going into the
consolidation stage. In overall, it can be said that the sedimentation process of RM slurry is very
slow. The stable suspension of RM slurry is due to the high magnitude of Zeta potential (37.1 mV)
of negatively charged particles (Table 4.2) at the corresponding pH value of 11.4 (Abel and
Stangle, 1994). The Zeta potential and corresponding pH value along with electrical conductivity
(EC) and total dissolved solids (TDS) of untreated and treated RM slurry are presented in Table
4.2. Hirosue et al. (1988) reported that fine particles of RM can be coagulated by lowering the
magnitude of Zeta potential below 13 mV, which can be achieved by maintaining the pH in

between 7 to 8.

Table 4.2. Zeta Potential, pH, EC, and TDS value of untreated and treated RM slurry

Basic Percentage of additives =~ Zeta potential ~ pH EC TDS

material Phosphogypsum  Salt (mV) (mS/cm) (ppm)
0 0 -37.10 11.40 1.50 757.96
5 0 -7.32 7.61 7.64 3860.54
10 0 -9.93 7.64 7.41 3744.32

Red Mud 15 0 -9.81 7.42 7.39 3734.21
0 1 -10.96 8.44 88.77 44854.30
0 2 -13.87 8.68 36.03 18207.85
0 3 -21.27 8.24 10.12 5112.01

Hence, in the present study, phosphogypsum and salt solution (NaCl) was used to reduce
the Zeta potential () of RM slurry by reducing the pH and thereby accelerating the rate
of sedimentation by agglomeration of the particles. It was found that the treatment of RM
slurry with phosphogypsum reduces the magnitude of Zeta potential to 7 mV (5%
phosphogypsum) to 10 mV (15% phosphogypsum) from 37.1 mV but the particles
remain negatively charged. Similarly, the pH value reduces to 7.42 (5% phosphogypsum)
- 7.61 (15% phosphogypsum) from 11.4. The treatment of RM slurry using salt (NaCl)
solution is also found effective in lowering the magnitude of Zeta potential from 37.1 mV
to in between 10.96 mV (1% NaCl) and 21.27 mV (5% NaCl) while the pH gets reduced
to in between 8.24 (1% NaCl) and 8.44 (5% NaCl). The lower magnitude of Zeta
potential lowers down the repulsive force between the adjacent particles causing
coagulation, thereby accelerating the sedimentation rate (Yukselen and Kaya, 2003). The
column sedimentation test setup (Jaditager and Sivakugan, 2017) of RM slurry treated
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with phosphogypsum and NaCl is shown in Figure 4.11 and Figure 4.12 respectively.
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Figure 4.11. Column sedimentation test setup of phosphogypsum treated RM (P-TRM)
slurry
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The sedimentation characteristics of the RM treated with phosphogypsum and NaCl is
compared in Figures 4.14a and 4.14b respectively. The shape of settling curve of treated
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RM is found similar trend without flocculation zone but different settling rate (Jaditager
and Sivakugan, 2017). The final sediment thickness decreases with the increase in the

percentage of phosphogypsum or NaCl concentration, but still higher than that of UTRM.

1 —O— Red mud treated with 5% phosphogypsum
29 —O— Red mud treated with 10% phosphogypsum
—— Red mud treated with 15% phosphogypsum
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Figure 4.13. Sedimentation characteristics of (a) P-TRM (b) N-TRM

It was observed that the RM slurry treated with phosphogypsum or NaCl solution

undergoes flocculation and settles with the strong mutual interaction between them. Imai
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(1980) described this settling behaviour as zone settling (settling type III). The thickness
of final sediment depends upon the formation of flocculates in the suspension, which in
turn depends on the Zeta potential. It can be seen in Figures 4.14a and 4.14b that the RM
treated with 5% phosphogypsum and 1% NaCl makes thicker sediment as compared to
higher concentration as flocculated fabric occupies the higher volume and makes thicker
sediment (Mitchell 1956; Salehi 2009). The magnitude of the Zeta potential of RM
treated with 5% phosphogypsum is found as 7.32 mV, which is less than that of 10%
(9.93 mV) and 15% (9.81 mV) phosphogypsum (Table 4.2). Also, the magnitude of Zeta
potential of RM treated with 1% NaCl is 10.96 mV which is less than that of 3% NaCl
(13.87 mV) and 5% NaCl (21.27 mV). As more flocculated fabrics are formed at the low
magnitude of Zeta potential, the slurry occupies larger volume (Mitchell, 1956; Salehi,
2009). But the formation of thicker sediment for the same volume of solid content in the
slurry may make the sediment collapsible, and further study is required in this regard.
But, untreated RM slurry takes longer duration for sedimentation and makes denser
sediment as compared to the treated RM slurry. The sediment formation line is drawn to
separate the settling zone and consolidation zone as described by Imai (1981). The zone
above the sediment formation line is called as settling zone while the zone below the
sediment formation line is termed as consolidation zone. Initially, the volume change is
governed only by settling, but as the time passes, the combined effect of settling and
consolidation causes the volume change. The settling process is complete when the
sediment formation line touches the time vs. interface height curve. After that, the volume
change is fully governed by consolidation process. It was found that unlike untreated RM
slurry, the RM treated with phosphogypsum or salt shows only two zones (Figure 4.13)
due to the simultaneous occurrence of flocculation and settling process. Comparing
Figures 4.13 (a) and 4.13 (b), it can be noticed that the settling process of NaCl treated
RM (N-TRM) slurry takes longer than that of the phosphogypsum treated RM (P-TRM)
slurry. It is due to the low magnitude of the Zeta potential of the phosphogypsum treated
RM slurry as compared to the NaCl treated RM slurry which flocculates the particle
rapidly, and hence settlement takes place quickly. Droppo and Ongley (1989) in their
study on the suspended solids (mostly silt and clay) from Ontario rivers found the degree
of flocculation as a major parameter for the rate of sedimentation. It was also found that
the settling process of RM slurry treated with a lower concentration of phosphogypsum
(Figure 4.13a) or NaCl (Figure 4.13b) completed earlier than that of higher concentration
of phosphogypsum or NaCl due to low magnitude of Zeta potential. However, the rapid

settlement will make the loose sediment and may undergo large volume change under
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external loading, which can be ascertained by volume change behaviour under external

loading.

The microstructure analysis of the treated RM sediment performed and the SEM image is
shown in Figure 4.14. A distinguished difference between the SEM image of
phosphogypsum treated RM (Figure 4.14a) and NaCl treated RM (Figure 4.14b) is

observed.
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Figure 4.14. SEM image of sediment (a) P-TRM (b) N-TRM

It was found that the treatment of RM slurry using phosphogypsum makes the

agglomerates RM particles which control the sedimentation process (Figure 4.14a),
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though few unreacted RM and phosphogypsum particles are also observed along with the
pores and cavity. The pore space is attributed to the loose packing of bigger size
agglomerates (Abdullah et al. 2012). While the SEM image of NaCl treated RM shows a
smooth coating over the RM particle binding a number of particles together (Figure 15b)
with very few pore spaces. Mirzababaei et al. (2009) made a similar observation for the

clay treated with aluminosilicate geopolymer.

As discussed earlier, the sedimentation rate depends on the Zeta potential which is
attributed to the pH value (Hirosue et al., 1988).The variation of pH and Zeta potential
using the present study results for untreated RM (UTRM), phosphogypsum treated RM
(P-TRM) and NaCl treated RM (N-TRM) is presented in Figure 4.15.
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Figure 4.15. Variation of Zeta potential with pH value for RM and red sand

The results of data collected from Hirosue et al. (1988) for FeCl;.6H,O treated RM (F-
TRM) and HCI treated red sand (H-TRS) is also presented. The two separate best fit lines
are drawn for HCI treated red sand and salt (phosphogypsum, NaCl or FeCl;.6H,0)
treated RM. Sharpe change in Zeta potential value is observed between the pH values of 6
to 7 when the red sand is treated with HCI. The quick change in Zeta potential may be
due to the release of H' ions which makes the negatively charged red sand particles
neutral. However, in the case of phosphogypsum, NaCl or FeCl;.6H,O treated RM slurry,
gradual change in Zeta potential is observed between comparatively large ranges of pH

value (5.5 - 9). It was also observed that for the pH value more than 6, at a particular pH,
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phosphogypsum, NaCl and FeCl;.6H,O was more effective in reducing the Zeta potential
as compared to HCI. But, below the pH value of 6, HCl was found more effective. Figure
4.15 also reveals that the Zeta potential of RM is directly dependent on the pH value
irrespective of the salts used for the treatment. So, instead of treating the RM with
commercially available chemicals, phosphogypsum (fertilizer industry waste) can be
used. However, it may also be seen that for a particular pH, the Zeta potential of RM and
red sand is different, which may be due to the difference in surface charge density (Wnek,
1977). As for the rapid coagulation of the particles, the Zeta potential should lie in
between 0 mV to +5 mV (Duman and Tunc, 2009), a region in the Figure 4.15 has been
marked. It can be seen that to achieve the rapid coagulation of the RM, the pH value
needs to lower down in between 7.0 to 7.5. But in the present study, neither
phosphogypsum nor NaCl were able to lower the pH value in between 7-7.5. However,
the suspension remains unstable in between the Zeta potential value of 0 mV to £30 mV
and the particle can coagulate (Duman and Tunc, 2009), which can be achieved in the
wide pH range for the present study. It was observed that both phosphogypsum and NaCl
were able to maintain the pH value required to lower the Zeta potential in between 0 mV
to -30 mV.

4.3.4 Table Flow Test

As discussed in the previous section, during the failure of RM pond dam, the RM
particles spread over a large area due to the dispersive nature of RM. A small-scale flow
test on the untreated and treated RM slurry is performed in the laboratory. The flow test

setup is shown in Figure 4.16.

Figure 4.16. Laboratory flow test setup used in the present study
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The setup consists of one 10 cm diameter PVC pipe fixed on the smooth horizontal plane.
The slurry is poured into the PVC pipe and allowed to settle under gravity for 24 h and

then the supernatant liquid is decanted through suction.

The PVC pipe then lifted up and the slurry is allowed to spread freely over the plane area
as shown in Figure 4.17. It can be seen in the Figure 4.17 (a) that the untreated RM slurry
spread over a large area as compared to phosphogypsum or salt solution treated RM

slurry (Figure 4.17 b).

(b)
Figure 4.17. Top view of RM slurry after flow (a) untreated (b) treated RM

The spreading of treated RM over the relatively smaller area can be attributed to the agglomeration

of particles (Droppo and Ongley, 1989; Mirzababaei et al., 2009). It was found that the treated RM
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slurry spread over an average diameter of 29.5 cm while untreated RM slurry spread over an
average diameter of 60 cm. However, the large-scale flow test is required for the understanding of
actual flow behaviour of RM slurry. A hump at the centre of the spread slurry can be observed

(Figure 4.18), which shows that the coarser particles of RM are not transported by water.

Hump of coarser feaction n treated red mud

Figure 4.18. Side view of untreated and treated RM slurry after flow test showing a hump
of coarser fraction

4.3.5 Chemical Analysis of Supernatant Liquid

The chemical analysis result of the supernatant liquid collected from UTRM, P-TRM, and
N-TRM is presented in term of the concentration of toxic metals (As, Hg, Pb, and Cr) as

identified by EPA, USA and presented in Table 4.3.

Table 4.3. Concentration of toxic heavy metals in untreated and treated RM

Element Concentration (mg/L) Remark

UTRM  P-TRM N-TRM  Acceptable

limit
As 0.002 - - 5.00 Acceptable limit as per
Hg 0.004 - - 0.20 EPA, USA for toxicity
Pb - 0.135 1.039 5.00 characteristic.
Cr 1.707 1.706 1.731 5.00
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It was found that the toxic metals like As, Hg, and Cr are below the threshold limit for
toxicity characteristic in UTRM, however, the trash of Pb was not found in the untreated
RM. The trace of As and Hg were not found in the phosphogypsum or salt (NaCl) treated
RM but a very small increase in the Cr concentration was observed in N-TRM, which is
in the form of Cr” (Burke et al. 2012) and is within permissible limit. Although, the
treatment of RM with the phosphogypsum or NaCl increases the leaching of Pb; it is
within the permissible limit. Hence, the supernatant liquid can be used or disposed of

without any environmental hazards.

4.4 Conclusion

In order to understand and reduce the impact of RM on the environment, laboratory
investigations were conducted on the dispersive and sedimentation characteristics of RM.
Two different type of RM based on the disposal system was considered for the present

study and based on the results and discussion thereof following conclusions can be drawn.

1. Based on the pinhole test and cylindrical dispersive tests, RM was found highly

dispersive, hence another reason for environmental hazard.

2. Addition of 0.5% of biopolymer (GG and XG) was found to be effective in
controlling the dispersiveness of RM, due to the formation of the ionic bond (XG)
and hydrogen bond (GG) with cations of RM particles. The dispersion also reduced

with 3% NaCl solution as a surrounding fluid and 7% as a pore fluid.

3. The sedimentation of NRM was slow due to high magnitude of Zeta potential (37.1
mV) at pH value of 11.4. Phosphogypsum and NaCl found to be effective in
reducing the magnitude of Zeta potential of RM slurry; thereby accelerating the
rate of sedimentation. The pH value reduced to the range of 7.42-7.61 and 8.24-
8.44 due to phosphogypsum and NaCl respectively, with a higher rate of
sedimentation with phosphogypsum. But the high rate of sedimentation may
become susceptible to collapse, which requires further detail study in this regard. It
was also observed that phosphogypsum is more effective in controlling the

leaching of toxic material from RM.

4 The flow test showed that the spreading of RM suspension over a large area can be

controlled by treating the RM slurry using phosphogypsum or NaCl solution. The
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present laboratory study may help in developing a better management system for

smooth and effective disposal and storage of RM.

This chapter discussed the dispersive and sedimentation behaviour of RM and the
remediation of the same to prevent the hazard due to spreading of RM over large vicinity
due to dispersive nature of RM. But the stored RM needs to utilize in bulk to reduce the
storage. So, to reduce the storage by utilizing the RM, the coarse fraction (>75um) of RM

is characterized as a civil engineering construction materials and discussed in Chapter 5.
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Chapter 5

Characterization of Coarse Fraction of

Red Mud

5.1 Introduction

Several studies have been conducted to replace natural sand by manufactured sand
(Goncalves et al., 2007; Cortes et al., 2008), fly ash and blast furnace slag (Ali and Fiaz,
2009) in cement mortar. But, the sole study on red mud as a substitute of natural sand by
Liu and Poon (2016) is limited to physical properties of self- compacting concrete with
red mud as a whole. The detailed studies related to physical, morphological,
mineralogical, chemical and thermal characteristics of coarse fraction (> 75 pum) of red
mud (red sand) as a construction material is not available. Another important parameter
of a construction material is its shear strength, which solely depends on the angle of
internal friction (¢) of granular material (Negussey et al., 1988). The angle of internal
friction (¢) of aggregates is greatly affected by the size and the shape of the particles
(Alias et al., 2014; Stark et al., 2014). Jerves et al. (2016) studied the effect of
morphology on the critical state friction angle and found that critical state friction angle
decreases with increase in angularity. Shape of particle also affects the shear modulus and
damping ratio (Tong and Wang, 2015) and the compression behaviour of granular
materials (Zhuang et al., 2014). Studies have been undertaken on the size, shape and
morphological properties of the aggregates (Janoo, 1998; Mora and Kwan, 2000).
However, all the available studies are for coarse aggregate except Yudhbir and Rahim’s

(1991) in which the particle shape and angularity of river sand were studied.

Hence, the present chapter discusses the characteristic of non-cohesive coarse fraction (>
75 wm) of the red mud (red sand) as a civil engineering construction material. Its
engineering properties such as specific gravity, grain size analysis, zeta potential, shear
strength parameter, thermal conductivity, lime reactivity and leachate analysis are studied
along with morphology, mineralogy and the chemistry of the red sand (RS). The
relationship between these parameters is also discussed and compared with Indian

standard sand of Grade I (size 1| mm — 2 mm) and Grade II (size 0.5 mm — 1 mm) (IS
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650:1991). The effect of the use of red sand on the environment is discussed with the help
of leachate analysis as the high pH of the red sand may cause the leaching of heavy metal
(Chaabane et al., 2016). The characterization of the red sand considering all above

parameters will help the professional engineers to use it as a substitute for natural sand.
5.2 Physical Characteristics

5.2.1 Grain Size Distribution

The grain size distribution curves of the sands used for the present study are shown in
Figure 5.1. In the same figure, grain size distribution curve of other river sand has been
shown by collecting data from the literature. From the grain size distribution curve, it can
be observed that both NRS and HRS are finer than standard sands and also RSs do not
contain coarser sand particle i.e. 4.75 mm passing and 2 mm retaining (ASTM D2487-
11).

100

Percentage finer (%)

] —@— Calcareous Sand (Yudhbir, 1991)

1 [—<— Ganga Sand (Yudhbir, 1991)
1 —+— Kalpi Sand (Yudhbir, 1991)

0.01 0.1 . 1 10 100
Particle diameter (mm)

Figure 5.1. Grain size distribution of red sand

It can also be seen from Figure 5.1 that the NRS contains around 96% fine sand while
HRS contains around 82.5% fine sand (0.075 mm - 0.425 mm) and the remaining
percentage is medium sand (0.425 mm — 2 mm) (ASTM D2487-11). Xue et al. (2016)
also found that particle size of RM lies between 2 um to 2 mm with 80-90% mud and

remaining sand sized particles. Based on the coefficient of uniformity (c,) and coefficient
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of curvature (c.) as listed in Table 5.1, the RSs and standard sands can be classified as
poorly graded sand (SP) (ASTM D2487, 2011). It may be mentioned here that the
grading of RS may vary depending on the grinding of the bauxite during Bayer’s process.
Also, fineness modulus of NRS and HRS are calculated as per IS 383-1970 and found to
as 1.86 and 2.40 respectively.

Table 5.1. Physical characteristics of RSs and SSs

Value
Parameter NRS HRS SS1 SS2
G 3.18 3.21 2.62 2.49
Cmin 0.96 1.05 0.76 0.66
Cmax 1.27 1.46 1.03 0.96
Vamax (KN/m’)  15.89 15.30 14.62 14.72
Yamin (KN/mM’)  13.73 12.85 12.65 12.46
Do (mm) 0.085 0.095 0.950 0.575
D3y (mm) 0.110 0.160 1.250 0.675
Dgp (mm) 0.170 0.275 1.700 0.840
Cu 2.00 2.89 1.79 1.46
Ce 0.84 0.98 0.97 0.94

5.2.2 Specific Gravity

Specific gravity (Gs) of the sand samples was determined as per ASTM standard (D854,
2014). For each sand sample, six tests were conducted and the average of six values is
taken as G;. It was found that the G value of NRS (3.18) and HRS (3.21) is higher than
the SS1 (2.62) and SS2 (2.49) due to the presence of iron compound (Fe, O3 and Fe;04) in
RS. The G; value of HRS (3.21) and NRS (3.18) is comparable as shown in Table 5.1.
Vick (1990) found high G; value of red mud which lies between 2.8 to 3.3.

5.2.3 Void Ratio and Porosity

The maximum dry density (Ygmax) and the minimum dry density (Ygmin) Of the sand
samples are determined as per ASTM standard (D4253, 2016; D4254, 2016). Ten trials
for each sand sample were undertaken and the minimum value was taken as the y4min and
listed in Table 5.1. For the determination of maximum dry density, the sand samples are

poured into the mould and a surcharge weight was applied to the sample and the mould
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was subjected to vibration. The maximum and minimum void ratios (€max and e€min)
corresponding to the minimum and maximum density were calculated and are also
presented in Table 5.1. The maximum variation in void ratio was observed for HRS
(0.41) and least variation for SS1 (0.27). The difference in void ratio determines the
compatibility of the material and also the shear parameter, though as determined earlier,
all four sands are poorly graded sand. Particle shape analysis of RSs was performed as it
greatly affects the packing density, stiffness and the strength of construction materials

(Cho et al., 2006). Hence particle morphological study was made to discuss this aspect.
5.3 Particle Shape Analysis Using Optical Microscope

The shear parameter of red sands is correlated with shape parameters like roundness
index (R1), flakiness ratio (Fr), elongation ratio (Eg), sphericity (y) and shape factor (Sg)
(Yudhbir and Rahim, 1991). The shape analysis of particles was performed with the help
of particles dimensions (largest, intermediate and shortest dimension) and the results are
presented in terms of their angularity, sphericity and shape factor. For measuring the
largest and intermediate dimension of the particles, 2D images of representative particles
as shown in Figure 5.2 were captured with the help of optical microscope fitted with
particle size analyzer. The representative sample from each sand sample was spread on a
glass slide and by tapping the slide, the sand was made to rest on its maximum projected
area. The smallest dimension of each sand particle was measured by focusing alternately
on the glass plate and the top of the grain measuring the differential deviation by using
the Vernier reading of the optical microscope (Yudhbir and Rahim, 1991).

After measuring the dimensions, calculations for different shape parameters were
performed. The angularity of the particle is presented in term of roundness index (Ri),

which was calculated using the Equation (5.1) (Wadell, 1932).

N
i=1

R =N (5.1)

Where,
r; 1s the radius of corners of sand grain, N is the number of the corner, R is the radius of
the inscribed circle as shown in Figure 5.2. It describes the way of measurement of the

radius of the corner and the radius of the inscribed circle.
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Longest Dimension

iate Dimension

Figure 5.2. Measurement of different dimensions

Sphericity (y) and shape factor (Sg) were calculated with the help of particle’s dimension
using the Equation (5.2) and Equation (5.3), respectively (Yudhbir and Rahim, 1991).

ds xd,
P =y S (5.2)
d;
d
S, =—285 (5.3)
" Jd, xd,

Where,

ds 1s the smallest dimension of sand grain, d; is the intermediate dimension of sand grain,
d; 1s the largest dimension of sand grain.

On an average, 75 particles from each sieve fraction were randomly chosen for particle
shape analysis in comparison to 25-30 particles for each sieve fraction by Yudhbir and
Rahim (1991). Persson (1998) performed his study on the total of 400 particles, while
Barksdale et al. (1991) studied a total of 250 particles. However, in the present study, 75
particles from each sieve fraction and a total of 600 particles were studied. The total
number of the particles was also selected based on the statistical analysis with 95%
confidence level. The margin of error (ME) was calculated using the Equation (5.4) as
discussed by Lohr (1999) and was found as 1%.

ME = zx @ (5.4)

Where,
z 1s based on confidence level, p is the percentage of the sample and # is the sample size.

The morphology and surface chemistry of the sand samples are studied using Japan
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Electron Optics Laboratory SEM fitted with EDX at 20 kV acceleration voltage. Before
loading the sample for analysis, the platinum coating was applied at 30 mA current for 90
seconds. X-ray diffraction (XRD) test is performed to investigate the mineralogical
composition of sand samples using Rigaku Japan/Ultima-IV model with C,Kg radiation at
40 kV and 40 mA. The chemical characteristics of the material used are presented in
terms of pH, electrical conductivity, total dissolved solids (TDS), zeta potential, lime
reactivity and leachate analysis. The thermal resistivity (Rt) of red sand was also studied
for its thermal property.

Images of few particles of each RSs and SSs are shown in Figure 5.3 and Figure 5.4,
respectively. It is found that the NRS (Figure 5.3) contains the majority of the particles
with a rounded edge with few angular edged particles while the HRS contain spherical,
elongated particles with a sharper edge and rough surface. Both standard sands (Figure
5.4) are found to contain spherical particles with mostly rounded with few angular edged

particles.

The shape analysis of RS and SS was performed using the Equations 5.1 to 5.3 and the
range of values of each parameter is listed in Table 5.2. The large variation of R; is
observed for NRS (0.12 — 0.72) and HRS (0.12 — 0.55) in comparison to R; of SS1 (0.25 -
0.50) and SS2 (0.16 - 0.50). The R; value greater than 0.7 shows the presence of well-
rounded particles while less than or equal to 0.25 shows the presence of angular particles

(Yudhbir and Rahim, 1991).

Figure 5.3. Optical microscopic image of NRS and HRS used for image analysis
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552

Figure 5.4. Optical microscopic image of SS1 and SS1 used for image analysis

Table 5.2 Particle shape parameters of NRS, HRS, SS1 and SS2

Sand type R; Fr Er W Sk

NRS 0.12-0.72 0.03-0.99 1.00-2.50 026-096 0.06—0.93
HRS 0.12-0.55 0.18-0.99 1.01-2.00 044-097 0.15-0.93
SS1 0.25-0.50 0.13-0.38 1.14-159 047-0.55 0.13-0.32
SS2 0.16 — 0.50 0.12-049 1.03-192 036-0.66 0.09-0.40

Based on the roundness index, percentages of different types of particle present in the
sand sample were calculated and are presented in Figure 5.5. It can be seen that the total
angular particle in NRS is 71.65% along with 28.35% of rounded particles in comparison
to 91.23% of angular particles along with 8.77% of rounded particles in HRS.

The total angular particles of NRS (71.65%) is the sum of 26.87% very angular, 22.39%
of each angular and sub-angular particles, while the total angular particles of HRS
(91.23%) is the sum of 22.80% very angular, 42.11% angular and 26.32% sub-angular
particles. It may be mentioned here that ¢ value of granular soil depends on percentage of
total angular (i.e sum of very angular, angular and sub-angular) particles (Janoo, 1998).
However, there are many more factors which control the angle of internal friction, so the
direct shear test was performed (Section 5.7) to find the angle of internal friction of

different sand.
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Figure 5.5. Percentage of different shaped particle present in NRS, HRS, SS1 and SS2

The average roundness index of RSs was found higher than that of standard sand. Cortes
et al. (2008) studied the effect of roundness index on the flowability of fresh mortar and
found that for the same water to cement ratio and fine aggregate to cement ratio, the
aggregate having a higher value of R; gives higher flowability. The sphericity of the red
sands (NRS and HRS) was found to be higher than that of standard sand (SS1 and SS2)
(Table 2). However, HRS shows the higher value of sphericity as compared to NRS.
Goncalves et al. (2007) studied the effect of particle shape on cement mortar and found

that at lower water to cement ratio (0.4), particles with higher y gives better workability.

Flowability of the mortar prepared using RS and SS with sand to cement ratio of 2 and at
a different water-cement ratio (w/c), was studied. It was found that for a particular water-
cement ratio; the mortar prepared using SS is more flowable compared to RS as shown in
Figure 5.6. The study reveals that along with the angularity of the fine aggregate, there

are some other factors which affect the flowability of mortar.

One of the factors may be the specific surface area of the fine aggregate. So, the surface
area of sands was investigated using ethylene glycol monoethyl ether (EGME) method
(Cerato and Lutenegger, 2002). It was found that the surface area of SS1 and SS2 are
0.847m?/g and 0.866m?/g respectively while the surface area of NRS and HRS are

23.45m%*/g and 20.40m?%/g respectively. For same water-cement ratio, the lower
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flowability of the RS may be due to its higher surface area as compared to standard sand.
However, the effect of water to cement ratio on the strength properties of mortar prepared

using RS needs to be investigated.

wic NRS HRS S5l 852
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Figure 5.6. Flowability of RS and SS at different water-cement (w/c) ratio

Particle shape analysis of sand particles were performed based on their length, width and
thickness. A plot between flatness (dy/d;) and elongation (di/dy) of particles has been
drawn which is known as Zingg diagram (Yudhbir and Rahim, 1991) and is shown in
Figure 5.7. From Zingg diagram, it was found that NRS contains 41.79% disk shaped
particles followed by 31.34% of spherical, 19.40% of roller and 7.46% of blade shaped
particles.
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Figure 5.7. Zingg diagram showing the distribution of particles present in RSs and SSs

The HRS contains the majority of spherical particles (61.40%) along with 19.96% roller,
15.25% disk shaped and 3.39% blade shaped particles. It needs to be mentioned here that
the high frictional angle of the RS may be due to the presence of the majority of disk
shaped particle (Stark et al., 2014). From the Zingg diagram, it can also be seen that most
of the disk shaped particles of NRS are having sphericity value less than 0.6. The HRS
contains the majority of the particles having sphericity value more than 0.7. Higher disk
shaped particle results in a higher crushing value. Janoo (1998) studied the effect of
sphericity on ¢ value and found that the ¢ value increases with the decrease in sphericity.

This aspect has been discussed later in the direct shear test section.

The effect of roundness index (R;) on the void ratio (e) has been studied and the relation
between them is presented in graphical form in Figure 5.8. The graph is plotted between
the average roundness index and the maximum and minimum void ratio of the sand. The
best fit line shows that there is a linear relationship between R; and e. It found that void
ratio increases with a decrease in roundness index. Holubec and Appolonia (1973) also
found a similar pattern for the coarse aggregate. However, the present relationship is
based on limited data points and needs further study. It was also observed that the

increase in the maximum void ratio (emax) 1S more, compared to increase in the minimum
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Figure 5.8. Effect of roundness index on void ratio

5.4 Surface Chemistry

The pozzolanic reaction is significantly controlled by the chemicals present at the surface

of particles, so the chemistry of the surface in this research was studied using EDX

(Yousuf et al., 1995). The EDX spectrum of the sand samples used in the present study
are shown in Figures 5.9 to 5.12 for NRS, HRS, SS1 and SS2 respectively.

1 2 4 5] g 10 12 14 16 18 20
Full Scale 245 ctz Cursaor: 0.000 kel

Figure 5.9. EDX spectrum of NRS showing the surface chemistry
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Figure 5.10. EDX spectrum of HRS showing the surface chemistry
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Figure 5.11. EDX spectrum of SS1 showing the surface chemistry
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Figure 5.12. EDX spectrum of SS2 showing the surface chemistry

The chemical compositions of sand samples are listed in Table 5.3. It can be seen that the
SS1 and SS2 are rich in silica while NRS and HRS contain iron as a major portion with a
trace amount of silica. Nath et al. (2015) found that Fe and Al is a main chemical
constituent in RM. Rubinos et al. (2013) found that 70% of the total constituent of RM is

the oxide of Fe, Al and Ti. It may be mentioned here that all these studies are related to
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red mud, while the present study deals with RS.

Table 5.3 Surface chemistry of the sand sample

Weight (%)

Element NRS HRS SS1 SS2
O 4199 3241 48.61 53.44
Si - 2.87 51.39 46.56
Fe 51.89  52.77 - -

Al 6.12 8.25 - -

Na - 3.70 - -
Total 100 100 100 100

The bright and dark particles of the sand samples were also studied to know the
difference in surface chemistry. It was found that there is no difference in chemical
composition but the difference in the brightness may be due to the different shape and

size of the particles.

5.5 Surface Texture Analysis

The surface texture of the RS and SS studied using the using SEM image. The SEM image
of different sand samples is shown in Figure 5.13. The SEM image of NRS (Figure 5.13a)
shows that it contains spherical particles with rounded to the angular edge and almost
smooth surface while the HRS (Figure 5.13b) contains mostly sharp edged particles with a
rough surface. The SEM image of both the Indian standard sand (SS1 and SS2) shows
mostly rounded to few angular edged particles (Figure 5.13¢c and 5.13d). The SEM
micrograph of sand samples at higher magnification is also shown at the right top corner.
On the higher magnification, the NRS particles (Figure 5.13a) shows smooth surface while
the surface of HRS particles (Figure 5.13b) seems to be rough. The roughness of HRS
surface may also be a reason for high friction angle as discussed later. The surface of
standard sand shows textures like cleavage plates, upturned plates and conchoidal fracture

pattern due to the presence of oxide of silica (Figure 5.13¢ and 5.13d).
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Figure 5.13. SEM image of (a) NRS, (b) HRS, (c¢) SS1, and (SS2)

5.6 Mineralogy

The XRD pattern of RSs and SSs is presented in Figures 5.14 and 5.15 respectively. The
mineral phases of NRS and HRS consist of iron and aluminium compounds like
magnetite (Fe;O4), hematite (Fe,O3), gibbsite, pyrite as shown in Figure 5.14, with quartz
found only in HRS.

| M,G,P H=Hematite, Q=Quartz,
T M, G M=Magnetite, G=Gibbsite,
P=Pyrite
2 H
EINRS
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£ G § i MM
el M M
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Angle (26°)

Figure 5.14. XRD pattern showing the minerals present in NRS and HRS

88



Chapter 5 Characterization of Coarse Fraction of Red Mud

Q

Intensity
N 1

SS1 Q

SS2

10 20 30

40
Angle (26°)

Figure 5.15. XRD pattern showing the minerals present in SS1 and SS2

Nath et al. (2015) and Liu et al. (2014) found the hematite and gibbsite as the main
mineral phase in red mud and Rubinos et al. (2013) also found magnetite along with
hematite as the main mineral phase in red mud. The standard sands (SS1 and SS2)
predominantly contain quartz (Figure 5.15) and a similar result has been presented by
Padmakumar et al. (2012). The glassy phase in NRS and HRS with the help of hump
position has also been identified (Figure 5.14), which shows the existence of glassy

phase. Castaldi et al. (2010) found similar XRD pattern for RM.

5.7 Laboratory Shear Test

The shearing response of the dry sand samples (NRS, HRS, SS1 and SS2) was studied by
performing the direct shear test as per ASTM standard (D3080, 2011). To study the effect
of relative density on the shearing response, tests were conducted at a minimum (0.0%),
average (50%) and maximum (100%) relative densities. The desired relative density of
sand sample was achieved using rainfall technique. The sand was allowed to fall through
a funnel from a particular height which was decided after several trials. The test was
performed by applying four normal stresses (50kPa, 100kPa, 150kPa and 200kPa). A
typical result of NRS at its maximum and minimum relative density under normal stress
of 200 kPa is shown in Figure 5.16 whereas the Figure 5.17 shows the plot between

normal stress and shear stress of NRS at different relative density. From the normal stress
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— shear stress plot, the angle of internal friction of different sand (NRS, HRS, SS1, and

SS2) was calculated.
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Figure 5.17. Normal stress vs shear stress response of NRS

It was found that the ¢ value of NRS varied from 38.19° to 39.91° while for HRS it

varied from 35.38° to 44° at their minimum and maximum relative density respectively.
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Newson et al. (2006) found high ¢ value of the red mud varying from 38° to 42° using
consolidated undrain test. Rubinos et al. (2013), using direct shear test, found high ¢
value of red mud as 38°. It was found that HRS possesses a maximum ¢ value (44°) at its
maximum relative density and a minimum ¢ value 35.38° at its minimum relative density.
The higher ¢ value may be due to the fact that the HRS contains a high amount of angular
particles (Janoo, 1998). However, there are many more factors which may affect the
angle of internal friction and further study is required in this regard. The ¢ values of SS1
and SS2 are varying from 40.04° to 41.57° and 36.36° to 42.78° respectively. Koloski et
al. (1989) found a similar range of angle of internal friction (30°-40°) for poorly graded
medium to coarse outwash. Padmakumar et al. (2012) also found the angle of internal
friction as 40° for Aeolian sand from Indian desert. It was also found that the variation of
friction angle corresponding to maximum and minimum density depends upon the
percentage of angular particles. The maximum variation of friction angle (35.38°- 44°)
for HRS corresponds to 91.23% of angular particles and the least variation (40.04° to
41.57°) for SS1 corresponds 51% of angular particles. However, this relationship is based
on the limited data used in the present study; more data may shed more light in this
regard. The advantage of the high friction angle of RSs is that it can be used as fine
aggregate in cement mortar. The high friction angle increases the yield stress of mortar
and also increases the plastic viscosity (Westerholm et al., 2008; Nanthagopalan and
Santhanam, 2011). The present study deals with red sand of medium to fine grain at their
maximum dry density.

Further study was performed in term of the angle of repose using laboratory developed
box with acrylic glass on the front and a 1 cm wide slot at the bottom of the box. A set
square (protractor) is fixed at the outer surface of the acrylic glass to measure the angle
(Figure 5.18). Initially, the slot was closed and the sand was filled into the box at their
minimum density using rainfall technique. After filing the sand the slot was opened and
the sand was allowed to fall through the slot under self-weight. When the sand reached to
stable condition, the angle of repose (angle of inclination) was measured using the
protractor. An average angle of repose of standard sand was found as 40°, which is very
similar to the angle of internal friction found using direct shear test, while the angle of
repose of NRS and HRS was found to vary from 35° to 40°. However, friction between

the sand and acrylic glass may induce a minor error.
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Figure 5.18. Typical photo showing the angle of repose of different sand

The effect of sphericity on ¢ value was studied and the plot is shown in Figure 5.19. The
¢ value increases with the decrease in sphericity of the particles. Janoo (1998) also
studied the effect on base course materials (100% passing the 75 mm and 65% passing
the 25 mm sieve) and found the similar pattern. Though the trend is similar, the
relationship is different as the present study is based on fine grain aggregate (size < 4.75

mm), RS and Indian SS.
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Figure 5.19. Relation between sphericity and angle of internal friction (¢)

5.8 Chemical Characteristics

5.8.1 pH, Electrical Conductivity, and Total Dissolved Solid

The pH of the sand sample (NRS, HRS, SS1 and SS2) was determined using digital pH
meter (HACH HQA40d). To investigate the effect of liquid to solid ratio (L/S) on pH

92



Chapter 5 Characterization of Coarse Fraction of Red Mud

value, a sample with different L/S, varying between 2 to 10 with an increment of 1 was

prepared using distilled water. The variation of pH with L/S is shown in Figure 5.20.

—a&— HRS
—O0— NRS
—4A— SS1

T
o
7 A
A
6 A
5 — T T T ‘T T T T T " T " T " T T T T
1 2 3 4 5 7 8 9 10 11

6
L/S
Figure 5.20. Variation of pH of NRS, HRS, SS1 and SS2 with liquid to solid ratio (L/S)

It can be seen that there is no regular pattern of pH variation with L/S ratio. Padmakumar
et al. (2012) also found a similar results for Aeolian sand. Figure 5.20 also reveals that
the NRS and HRS are more basic in nature than SS1 and SS2, which make them suitable
for lean concreting work (Padmakumar et al., 2012). However, the high pH value may
cause the leaching of heavy metal (Chaabane et al., 2016), so the leachate generated from

mortar or concrete prepared using RS needs to be investigated.

The electrical conductivity (EC) and total dissolved solids (TDS) of RS were also studied
at different L/S using HACH HQ40d and shown in Figures 5.21 and 5.22, respectively. It
can be seen that both EC and TDS of RSs decrease as the L/S increases. A similar pattern
was also observed for SS. The maximum TDS value of HRS and NRS is 700 ppm and
500 ppm respectively at L/D of 2 and the value decreases with the increase in L/S ratio.
The World Health Organization (WHO) recognizes the water quality as fair if the TDS
value lies between 600-900 ppm and the water is unacceptable if the TDS is higher than
1200 ppm. However, for the same L/S value, red sands show the higher value of EC and
TDS than SSs. As the mineralogical study reveals that the RSs contain the majority of

metallic oxides (iron and aluminium oxide), so the higher EC of the RS as compared to
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SSs may be due to the presence of dissolved metallic ions.
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Figure 5.21. Variation of EC of NRS, HRS, SS1 and SS2 with liquid to solid ratio (L/S)
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Figure 5.22. Variation of TDS of NRS, HRS, SS1 and SS2 with liquid to solid ratio (L/S)

5.8.2 Lime Reactivity

Pozzolanic activity is an important parameter which makes a material suitable as a
construction material. To investigate the pozzolanic activity of the RSs and SSs, its lime

reactivity (LR) was determined using Equation (5.5) (Dalinaidu et al., 2007).
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LR=025xAEC —2.5 (5.5)

Where AEC (mS/m) is the drop in electrical conductivity when the pozzolanic material is

added to the lime solution.

The drop in electrical conductivity of the lime solution is due to the decrease in Ca" ions
in solution as the Ca’ ion get adsorbed at the surface of pozzolanic materials. The
adsorption of Ca" ions at the surface of pozzolanic material forms hydration gel which

results in the development of strength.

The LR of the NRS and HRS was found to be 13.7 MPa and 11.1 MPa respectively.
Similarly, the LR of the SS1 and SS2 was obtained as 13 MPa and 12 MPa respectively.
Hence the LR of RS is similar to that of SS. It may also be mentioned here that as the LR
value of red sands is more than the standard value of 4 MPa (ASTM C593, 2011), the

materials can be used in cement and concrete.
5.8.3 Leachate Analysis

To study the concentration of heavy metal in the leachate generated from RS, leachate
analysis was performed using atomic absorption spectroscopy (AAS). PerkinElmer
AAnalyst 200 atomic absorption spectrometer is used for the leachate analysis. The
sample for the analysis prepared as per the ASTM D4793-09. Reagent water, conforming
ASTM D1193, mixed with RS in 1:1 ratio and the mixture agitated continuously using
magnetic stirrer for 18 h. Then the sample filtered on 0.45um filter paper and analyzed
using AAS. Before measuring the concentration of a particular element, the equipment
calibrated using 1, 2 and 3 ppm standard solution of that element. The concentration of

water leachable heavy metals present in the RS is shown in Table 5.4.

Table 5.4 Concentration of water leachable heavy metals in red sand

Heavy metal Concentration (mg/L)

NRS HRS  Acceptable limit Remark
Cu 0.011 0.011 2.0 Acceptable limit is as per
Fe 3.359 1.832 1.0-3.0 guidelines for drinking
Zn 0.021 0.023 0.01-0.05 water quality, World
Ni 0.002 0.018 0.07 Health Organization.
Ca 0.793 0.364 75.00 Acceptable limit is as per
Mg 2.197 2.217 30.00 IS 10500:2012
Al 12.750  6.555 0.03
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It is found from the analysis that the heavy metals like Cu, Zn, and Ni are within
acceptable limits as suggested by World Health Organization (WHO). The iron content in
HRS is within acceptable limit but in NRS, it is 11.96% higher than that of permissible
limit. There is no acceptable limit for Al is suggested by WHO but the Indian standard
(IS 10500:2012) has fixed the acceptable limit as 0.03 mg/L. The acceptable limit for Ca
and Mg in drinking water is fixed as 75.00 mg/L. and 30.00 mg/L, respectively, by IS
10500:2012. From leachate analysis, it was found that the concentration of Ca and Mg is
within the permissible limit in both RS. It may be mentioned here that in this research,
leachate analysis of only RS was performed. However, the chemical analysis of leachate

generated from mortar prepared using red sand may give different results.

5.9 Thermal Resistivity

Understanding of soil thermal characteristics is important to understand the effect of
change of temperature on the soil. The thickness of soil cover above water drain, warm
oil pipeline, power cable etc. is generally decided based on the thermal characteristics of
soil (Farouki, 1981). Thermal characteristics of sand samples in the present study were
investigated in terms of thermal resistivity (Rr) using the thermal needle probe (ASTM
D5334, 2014), which works on the principle of “Transient heat method” (Naidu and
Singh, 2004). The indigenously developed probe was calibrated by measuring the thermal
conductivity of glycerol solution at different voltages (Naidu and Singh, 2004, Mishra et
al., 2016). The measured value is then compared with the standard thermal conductivity
of glycerol solution (0.287 W/m-°C) and it was found that the developed probe gave the

most accurate result at an applied voltage of 1V.

The Rt (in °C-cm/W) of the sand was measured at its maximum and minimum density.
To measure the RT, sand was poured into the mould which used to calibrate the probe
and then the probe inserted into the sample. The sample with a probe inserted into it was
left for some time to bring the temperature of sand and probe in equilibrium. After that, a
constant voltage of 1V applied with the help of DC power supply unit and temperature (in
°C) of the probe recorded as a function of time (minute). The slope of the linear portion of
the plot is calculated and Equation (5.6) (Krishnaiah and Singh, 2004) was used to

calculate Rry.

R, :sx{g] (5.6)
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Where “s” is the slope of the linear portion of curve and “Q” is the heat input per unit
length (= >.R). Here “I” is the current applied and “R” is the resistance (in Q/cm) of

nichrome wire used in the probe.

The thermal resistivity of sand at their minimum and maximum dry density is shown in
Figure 5.23. From this study, it was found that the thermal resistivity of the NRS at the
dry density of 15.89 kN/m® and 13.73 kN/m’ are 258.25 °C-cm/W and 346.40 °C-cm/W,
respectively which is lower than that of aeolin sand at the same dry density (303 °C-
cm/W and 368 °C-cm/W) (Padmakumar et al., 2012). The thermal resistivity of HRS at
the dry density of 14.32 kN/m® is 135.40 °C-cm/W, which is lower than that of acolian
sand (340 °C-cm/W) at same dry density.

The lower value of thermal resistivity of RS as compared to aeolian sand (Padmakumar et
al., 2012) at same dry density may be due to composition and structure of sand particles
(Farouki, 1981). It can be seen that as the density decreases, Rt increases for all sand
sample. This may be due to the fact that higher density results in higher grain to grain
contact area and less air void within the sand mass. Padmakumar et al. (2012) also found
a similar pattern for aeolian sand deposit from Indian desert. It is found that the HRS
shows lesser RT value as compared to other sand which may be due to the presence of
angular particles (Abdel-Mottal, 2014). Low RT values of RSs reveal that they can
dissipate the heat more efficiently as compared to the SS. So it may be used as a

construction material where the heat dissipation is required like power cable trench.
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Figure 5.23. Variation of thermal resistivity with dry density
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5.10 Conclusions

Based on the laboratory investigation on two Indian red sands, NALCO red sand (NRS)
and HINDALCO red sand (HRS), following conclusions can be drawn.

1.

The average roundness index and sphericity of RSs are found to be higher than that
of SSs. But, for the same water to cement ratio, flowability of red sand is less than
that of SS due to the higher specific surface area of RS. The maximum and
minimum void ratios of the sands are found to depend upon the roundness index. It
was also found that the variation of friction angle corresponding to maximum and
minimum density depends upon the percentage of angular particles.

Though the sphericity of the RS is higher than SS, but for a particular water-
cement ratio, the mortar prepared using SS is more flowable compared to RS. One
of the reasons for the same was found due to the low specific surface area of red
sands.

Both NRS and HRS contain an oxide of iron in form of hematite (Fe,O3;) and
magnetite (Fe;O4) as a major constituent along with SiO, and ALO;. It was also
observed that HRS and NRS contain amorphous phase, which can take part in the
pozzolanic activity.

As the angle of internal friction of RS is higher than that of Indian SS, RS in
mortar will increase its yield stress and plastic viscosity. However, the proper
strength test of the mortar prepared using RS needs to be conducted.

The zeta potential values of RS at high pH values are similar to that of standard
sand, hence, can be used in cement mortar/concrete.

As the LR value of NRS and HRS is more than the standard value (4 MPa), the
material can be used in cement and concrete. However, it is suggested to conduct
necessary strength test on the concrete prepared using RS.

As the RS shows lower thermal resistivity as compared to SS, it can be used as a
construction material where the heat dissipation is required.

Though, the total dissolved solids in both NRS and HRS is more than that of SS

but falls within the acceptable limit as suggested by WHO. However, the chemical

analysis of leachate generated from mortar and concrete prepared using RS may

give different results.

The major difficulty is the recovery of RS from RM as Indian RM contains only

10-20% of RS by weight. Also as the gradation of RS depends on the process of
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grinding of bauxite during Bayer’s process, RS collected from different sources

may have different gradation and particle shape.

In this chapter, the characterization of coarse fraction (>75um) of RM as a civil
engineering construction materials has been discussed. But it is found that the
utilization rate is very low as RM contain less percentage (10-20%) of sand sized
particles. Chapter 6 discusses the stabilization of RM as a whole using ground
granulated blast furnace slag (GGBS) and alkali activated GGBS for its bulk

utilization.
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Chapter 6

Strength and Durability Characteristic of
Stabilized Red Mud

6.1 Introduction

Several studies are available on the stabilization of soil without or with alkali activation
of industrial waste but the study on the stabilization of red mud is limited (Duchesne and
Doye, 2005; Panda et al., 2016) and particularly using geopolymer is not reported. It is

also observed that in most of the cases, KOH or NaOH are used as an activator.

So, in the present study, the Indian red mud collected from two different sources is
stabilized using ground granulated blast furnace slag (GGBS) to improve the strength and
durability characteristic of red mud. The effect of alkali (Na,SiO3) activation of GGBS
blended red mud on strength, durability, and microstructural property have been studied
for its possible use as geotechnical materials. The durability study under alternate wetting
and drying was studied along with the slake durability to understand the effect of flowing
water on particle integrity. Although utilizing the industrial waste helps in the reduction
of storage and minimizing the use of natural resources, however it can have a negative
impact on a human in terms of dusting, leaching, and radiations (Gidley and Sack 1983).
So, the chemical analysis of leachate in term of water-leachable heavy toxic metals (Hg,

As, Pb, and Cr) as identified by EPA were studied in the present research.

6.2 Stabilizing Materials Used

Ground granulated blast furnace slag (GGBS) was used to stabilize the red mud to
improve its strength and durability characteristics. The GGBS collected from Rourkela
steel plant (RSP), Rourkela in the state of Odisha. An extra pure sodium silicate
(Na,Si0O3) was used as an alkali activator in the present research and was purchased from

Loba Chemie Pvt. Ltd.
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6.3 Experimental Result and Discussion

6.3.1 Morphology and Mineralogy of GGBS

The morphology of the GGBS studied using the SEM image (Figure 6.1) and shows that
it contains solid particles of different shapes with a very sharp edge and smooth surface.
The GGBS particles also found to have a few cavities at the surface as can be seen in the

magnified image.
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Figure 6.1. SEM image of GGBS
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Figure 6.2. XRD graph of GGBS

Figure 6.2 shows the XRD micrograph of GGBS used in the present study. It is to be
noted that calcium compound like calcite (CaCO3) and melilite (CagAlgMgSisO,g) are
present in the majority, which was also found by XRF and FTIR (Section 6.3.2 and
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6.3.3). Along with the peak of quartz, the GGBS also shows the peak of haematite
(Fe,0s3), quartz (Si0,), and gehlenite (Ca,Al(AlSi07)). The mineral peak observed in the
XRD micrograph also confirmed by the XRF analysis (Section 6.3.2).

6.3.2 Chemical Characteristic of GGBS

Chemical composition of the GGBS studied using the X-ray fluorescence (XRF) analysis
using Axios PANalytical with scintillation type detector at 20kV and 10mA available at
Indian Institute of Technology, Kharagpur and is presented in Table 6.1. Major portion of
GGBS (95.83%) contains Al,O3, Si0,, CaO, and MgO in which CaO is 34.92% and SiO,
is 32.56%. Along with CaO and SiO; as major chemical, the GGBS also contains
considerable percentage of Al,O3 (17.11%) and MgO (11.24%)).

Table 6.1 Chemical composition of GGBS

Weight percentage (%)

Chemicals GGBS Typical range
Fe,03 0.41 0.00- 5.80
Al,O4 17.11 5.74- 21.60
Si0, 32.56 21.00- 41.86
CaO 34.92 33.50- 56.10
MgO 11.24 0.00- 12.09
Na,O 0.24 0.00- 1.06
TiO, 0.49 0.00- 1.90
K,O 0.94 0.00- 1.47
P,0s 0.01 -

SO; 1.80 -

6.3.3 Fourier Transform Infrared (FTIR) Analysis of GGBS

The FTIR spectra of GGBS are shown in Figure 6.3. The smooth, symmetrical band at
1639 cm™ is due to the water molecule adsorbed at the surface. The sharp band at 1419
cm™ denotes the carbonate ion stretching of anhydrous CaCO; which confirm the
presence of calcite in the GGBS. The band at 981 cm” and 709 cm™ indicate the
stretching of silicate ions which also confirm the presence of quartz in GGBS (Castaldi et

al., 2010).
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Figure 6.3. FTIR spectra of GGBS
6.3.4 Particle Size Analysis and Specific Gravity

The particle size analysis of the raw materials (NRM, HRM, and GGBS) along with
NRM/HRM-GGBS mix is performed using sieve analysis (ASTM D7928) for a fraction
above 75 um and sedimentation method (ASTM D6913) for the particle below 75 pm and
is presented in Figure 6.4. The NRM/HRM-GGBS mixture is prepared by mixing 5%,
15%, and 25% GGBS by weight in NRM and HRM (Table 6.2).
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Figure 6.4. Particle size analysis of RM, GGBS and RM-GGBS mix
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Using the particle size distribution curve, the coefficient of uniformity (c,) and coefficient
of curvature (c;) of NRM, HRM, GGBS, and NRM/HRM-GGBS mixture has been
calculated and presented in Table 6.2.

Table 6.2 Physical characteristic of RM, GGBS, and RM-GGBS mix
Cu Ce Clay Silt Sand G, MDD

fraction fraction fraction kN/m®
(o) (o) (%)
GGBS 10.00 1.11  10.00 82.50 7.50  2.80 -
NRM 2727 334  14.00 81.00 5.00 3.33  16.50
HRM 8.09 0.12 32.00 51.00 17.00 3.27 15.35

95% NRM+5% GGBS  24.05 3.77 13.40 80.80 5.80 3.17 16.70
85%NRM+15%GGBS  23.81 1.60 13.00 80.80 6.20 298 17.15
75%NRM+25%GGBS  23.81 1.05 12.50 81.10 6.40 292 17.55
95% HRM+5% GGBS  7.61 0.13  30.85 51.65 17.50  3.24 15.65
85%HRM+15%GGBS 8.09 0.14  28.60 54.90 16.50 291 16.00
75%HRM+25%GGBS  9.05 0.23  26.50 58.00 15.50 2.87 16.30

The c, value of NRM, HRM, GGBS, and NRM/HRM-GGBS mix are greater than 6.
GGBS is well graded with ¢, and c, value of 10.00 and 1.11 respectively but the NRM and
HRM are poorly graded with c. value of 3.34 and 0.12 respectively. The mixture of 5%
GGBS and 95% NRM remains poorly graded with ¢, value (3.77) greater than 3.
However, a higher percentage of GGBS (15% and 25%) makes the NRM-GGBS mixture
well graded with ¢, value of 1.60 and 1.05 for 15% and 25% GGBS respectively. The
addition of GGBS in HRM increases the ¢, value of HRM-GGBS mixture from 0.12 at
zero percent to 0.23 at 25% GGBS, but the mixture remains poorly graded. GGBS has
82.50% silt fraction followed by 10.00% clay fraction and 7.50% sand fraction. NRM
contains 81.00% silt fraction along with 14.00% clay fraction while HRM contains
51.00% silt fraction along with 32.00% clay fraction. Miners (1973) also observed 20-
30% clay-sized particle in RM. Li (1998) observed up to 50% clay-sized particle in some
red mud. Although both the red mud (NRM and HRM) contain a higher percentage of clay
fractions compare to GGBS; the total fine content in GGBS (92.50%) is very similar to
NRM (95.00%) and higher than that of HRM (83%).
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Specific gravity (Gy) of the GGBS and RM-GGBS mixture studied according to ASTM
D854 and are presented in Table 6.2. The GGBS has G; value of 2.80, which is very
similar to the value (2.79) reported by Li and Zhao (2003). However, the G, of NRM
(3.33) and HRM (3.27) is higher than that of GGBS (2.80). Vick (1990) also reported that
the specific gravity (Gs) of RM lies between 2.8 to 3.3. Higher G; of RM compare to
GGBS may be due to the higher percentage of iron oxide (Fe,Os3) in RM as reported in
Table 6.2. The G, of NRM/HRM mix with 5, 15, and 15% GGBS decreases with increase
in GGBS (Table 6.2).

6.3.5 Compaction Characteristics

Moisture content and dry unit weight obtained under standard effort for the RM and red
mud blended with 5, 15, and 25% GGBS are presented in Figure 6.5. NRM shows higher
maximum dry density (MDD) (16.50 kN/m’) compare to HRM (15.35 kN/m’) which may
be due to the higher G; of NRM (Table 6.2).
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Figure 6.5. Compaction characteristic of red mud and red mud-GGBS mix
As listed in Table 6.2, the addition of 5, 15, and 25% GGBS increases MDD value of
NRM-GGBS mixture by 1.21, 3.93, and 6.36% respectively, whereas MDD value of

HRM-GGBS mixture increases by 1.95, 4.23, and 6.19% due to addition of 5, 15, and
25% GGBS respectively. It is observed that although the specific gravity decreases with
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the increasing percentage of GGBS; the MDD value of the mixture increases till 25%
GGBS. The increase in MDD value may be attributed to the decrease in clay fraction
(Table 6.2) which reduces the resistance towards the particle movement during
compaction (Phanikumar et al., 2007). However, a further increase in GGBS may show
different compaction behaviour and further study is required in this regard. It is worth to
mention here that GGBS used in the present study is finer than 150pum and the effect of

particle size of GGBS on the compaction characteristics needs further study.
6.3.6 Unconfined Compressive Strength

The unconfined compressive strength (UCS) test performed on the cylindrical samples (5
cm diameter and 10 cm height) compacted at their respective optimum moisture content
(OMC). The samples stabilized with different percentage of GGBS (5, 15, and 25%) were
cured at ambient temperature (AT) for 3, 7, and 28 days. The samples were also prepared
using 0.25, 0.50, and 1.00M sodium silicate (Na,SiO3) solution in place of water to study

the effect of alkali activation.

A typical strain-stress curve of NRM and HRM is shown in Figure 6.6. The UCS of the
NRM and HRM is 564.08 kPa and 441.45 kPa respectively. The post peak behaviour of
NRM indicates brittle rupture (Das and Yudhbir, 2005).
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Figure 6.6. Typical strain-stress plot of red mud

106



Chapter 6 Strength and Durability Characteristic of Stabilized Red Mud

The curing period and the percentage of GGBS are found to have a positive effect on the
UCS of both (NRM and HRM) as shown in the Figure 6.7 and 6.8. The stabilization of
either red mud using GGBS increases its unconfined compressive strength and the brittle
failure was observed for both the stabilized red mud. The addition of 5, 15, and 25%
GGBS in NRM increases the UCS by 26.52, 66.42, and 82.99% after 3 days curing period,
while the UCS value increases by 87.60, 172.76, and 290.63% after the curing period of
28 days as presented in Figure 6.7. However, the increase in UCS value after addition of 5,
15, and 25% GGBS in HRM was observed as 1.20, 64.90, and 91.59% after 3 days curing
period, while after 28 days curing period, an increase of 143.72, 179.67, and 241.45% of
UCS value is observed (Figure 6.8). The increase in UCS value may be attributed to the
physical binding of NRM with GGBS during the curing period.

2.4
| 3 days Curing UCsS plOt of NRM-GGBS
7 days curing | mix without activation
2.01 28 days curing —
Fresh sample
1.6
‘<
&
=P
%
Q
-
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0.0 AL, = N SR
0 5 15 25
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Figure 6.7. Effect of curing period and percentage of GGBS on the UCS of NRM
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Figure 6.8. Effect of curing period and percentage of GGBS on the UCS of HRM

Although stabilization with GGBS increases the UCS, the stabilized was not found
durable under alternate wet-dry cycle and also does not show sufficient resistance towards

particle disintegration under flowing water condition.

To improve the durability under alternate wet-dry, GGBS-NRM mixture was stabilized by
using Na,Si03 (0.25, 0.50, and 1.00M) as an alkali activator. The unconfined compressive
strength of NRM and HRM stabilized with activated GGBS is plotted against percentage
GGBS for different molarity of Na,SiOsz are shown in Figures 6.9 and 6.10 respectively.
The very minor difference in the UCS value of NRM stabilized with alkali activated 5%
GGBS is observed while the difference is found to increase with increasing percentage of
GGBS. The difference in UCS of GGBS-NRM activated with 0.25 M and 0.5 M Na,SiO3
is found marginal after 3 days curing and found to increase with curing period. An abrupt
increase in the UCS of NRM stabilized with 25% GGBS activated by 1M Na,SiO3 can be
observed for any curing period (Figure 6.9). The NRM stabilized with 25% GGBS and
activated with 1M Na,SiOs gives the maximum UCS (approximately 11 MPa) after the

curing period of 28 days.
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Figure 6.9. Variation of UCS value of GGBS-NRM with molarity of Na,Si0; after
(a) 3 days curing (b) 7 days curing, and (c) 28 days curing period

The similar effect of alkali activation is observed in the GGBS stabilized HRM (Figure
6.10), however, unlike NRM, the considerable difference in the UCS is observed in case
of activation with 0.25M and 0.5M Na,SiOs for any percentage of GGBS and number of

curing days.
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Figure 6.10. Variation of UCS value of GGBS-HRM with molarity of Na,SiO3 after (a) 3
days curing (b) 7 days curing, and (c) 28 days curing period

Similar to the NRM, the maximum UCS is observed in case of HRM stabilized with 25%
GGBS and activated with 1M Na,Si0;. But the maximum strength observed in case of
HRM (approximately 8 MPa) is lower than that of NRM (approximately 11MPa).
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The effect of curing period on the UCS of alkali activated red mud stabilized with GGBS
is studied and presented in Figure 6.11 for NRM and Figure 6.12 for HRM. An abrupt
increase in UCS of NRM stabilized with 25% GGBS and activated with 0.25M Na,Si0;
is observed after 28 days curing and the same behaviour is observed after 28 days when
the NRM is stabilized with 15% GGBS and activated with 0.5M Na,SiOs.
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Figure 6.11. Variation of UCS with different percentage of activated GGBS-NRM

mixture

However, when 1M Na,SiO; is used for the activation, a gradual increase in the UCS is
observed but it gives the maximum UCS of approximately 11 MPa for NRM-25%GGBS
after 28 days curing. The effect of curing period on the UCS of alkali activated HRM

stabilized with GGBS is presented in Figure 6.12.
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Figure 6.12. Variation of UCS with different percentage of activated GGBS-HRM
mixture

The curing period is found to play an important role in increasing the UCS of alkali
activated HRM-GGBS (Figure 6.12). As the percentage of GGBS is increased, the
difference between the 7 days and 28 days UCS is increased for 0.25M Na,SiOs.
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However, the similar observation is made in case of 0.5M and 1M Na,SiO; but for the

25% GGBS.

A comparative study between the UCS of 1M Na,Si0; activated GGBS stabilized red mud
after different curing period is presented in the Figure 6.13. It is found that the HRM
stabilized with 5% activated GGBS shows the higher value of UCS as compare to NRM
stabilized with 5% GGBS irrespective of the curing period.

12 12
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._
S
1

|—2— 3 days curing
—O— 7 days curing
|—2— 28 days curing

ee}
1

UCS of NRM-GGBS mix (MPa)
[o)}
1
1
(o)}
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Figure 6.13. Comparative representation of UCS of NRM/HRM-GGBS activated with
1M NaZSiO3

However, at the higher percentage of GGBS (15% and 25%) the NRM-GGBS gives the
higher UCS and the difference in UCS increases with the increase in GGBS percentage.
This difference is found to decrease with the increase in curing period for 25% GGBS but

for the 15% GGBS, the difference is maximum after 28 days curing.
6.3.7 Durability Study of Stabilized Red Mud

The stabilized red mud must have the capability to retain its strength and integrity under
service environment. To simulate the real field environment, different test conditions like
freezing and thawing, heating and cooling, and wetting and drying are used. However, for
the tropical area, heating and cooling and wetting and drying conditions are relevant. In
the present research, the durability under alternate wetting and drying (W-D) was studied

along with the slake durability test.
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6.3.7.1 Durability study under alternate wetting and drying

The cylindrical samples of 5 cm diameter and 10 cm height were prepared with GGBS
blended RM by compacting at their OMC. The stabilized compacted samples were used to
perform the durability study according to ASTM D559 (2015). Samples were placed in
humidity chamber and protected from direct contact of free water for seven days. After
that, the samples were submerged in portable water for a period of 5 h followed by 42 h
oven drying at 71°C which completed on cycle of wetting and drying. Figure 6.14 shows

the samples submerged in the water during the durability test.

=

Figure 6.14. Typical photo of stabilized sample for durability test

The samples stabilized with GGBS without activation collapsed when submerged in the

water (Figure 6.14a).
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Figure 6.15. A comparison between the UCS value after 28 days UCS and after 12 wet-

dry cycle
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The effect of alternate wetting and drying on the stabilized RM studied and the results are
presented in term of unconfined compressive strength (UCS) and the mineralogical
changes. The results are also compared with the 28 days strength of the NRM/HRM
stabilized with 5, 15, and 25% activated GGBS (Figure 6.15).

6.3.7.2 Slake durability test

The slake durability test is important to understand the disintegration of the particles due
to alternate drying and wetting with the flow of water. In the present research, the test is
performed on irregular samples of red mud stabilized with 5, 15, and 25% GGBS and
activated with 1.00M sodium silicate (SS) solution as suggested by ASTM D4644 (2016).
Figure 6.16 showing the stabilized red mud samples in the rotating drum. The samples
were subjected to 4 cycles to understand the effect of a number of the cycle on the slake
durability index (Figure 6.17). The test samples before the test and after the fourth cycle
are shown in Table 6.3 which shows the appearance of the samples before slaking and
after the fourth cycle of slaking. It can be observed that the initially the samples were
irregularly shaped but after the fourth cycle, the rounded edge can be observed. It can also
be observed that for any molarity of Na,SiOs, the alkali activated GGBS-HRM samples
shows more rounded edge which shows lower resistant towards the part disintegration as

compared to alkali activated GGBS-NRM samples.

Figure 6.16. Typical photo showing the sample during slake durability test

Also, the GGBS-NRM mixture activated by 1M Na,Si03; shows a very small change in the
shape after the fourth cycle (Table 6.3) which shows the high resistant toward particle
disintegration with SDI value of more than 97% (Figure 6.17).
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Table 6.3 Typical pictorial view of samples before slaking and after four cycles

Molarity (M) of sodium
. Before cycle After four cycle
silicate

NRM+25%
GGBS+0.25M Na,Si0;

NRM+25%
GGBS+0.50M Na,Si0O;

NRM+25% GGBS+1M
Nazsi03

A 2 1M S5

Figure 6.17 shows the variation of slake durability index with the number of cycles. It is
found that the NRM stabilized with 25% GGBS and activated with 1.00M sodium silicate
(NaSiO4) shows the maximum resistance towards the disintegration of particles with
97.86% slake durability index (SDI) after the first cycle and 97.51% after the second cycle
which reduced to 95.85% after the fourth cycle. Similarly, the HRM stabilized with 25%
GGBS and activated with 1.00M sodium silicate (Na,SiO4) shows the SDI value of
96.91% after the first cycle and 94.11% after the second cycle. Based on the Gamble’s
slake durability classification, NRM/HRM stabilized with 15, and 25% GGBS and
activated with 1.00M sodium silicate can be classified as medium-high durable material
(Goodman 1989). Similarly, based on the SDI after the first cycle, the NRM/HRM
stabilized with 5% GGBS and activated with 1M of sodium silicate can be classified as

medium durable. The variation of the SDI with UCS value of the samples cured for 28
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days is presented in Figure 6.18. On the same figure, the UCS vs SDI for different rock
samples are also plotted (Sharma and Singh, 2008).

"W -
e N A A
905 i ,,,,,, l _Medium hee}gh durability = [
90 Medium durability g Very high dé]lrablhty
] T A High durability (98-99) @
T e
J A
. 80 4| M NRM+25% GGBS+IM NazSiO3 %
X 4| ® NRM+15% GGBS+IM Na,SiO,
= ;
= 75| A NRM+5% GGBS+IM Na,SiO,
75} 0 _- 0O HRM+25% GGBS+IM Na SiO,| 1 ow durability
|| © HRM+15% GGBS+IM Na,SiO,
65| & HRM+5% GGBS+IM Na,SiO,
T T R
55 -
- Very low durability (<60)
50 T T T T T T T
1 2 3 4

Cycle (number)

Figure 6.17. Variation of slake durability index with number of cycle

100

UCS is like coal but
{ the SDI is similar to -
sandstone

UCS is like quartz but
the SDI is similar to

/ weathered basalt

SDI (%)

B Sharma and Singh (2008)
O NRM/HRM + activated 5%, 15% and 25% GGBS

u
90 — T T 1 T T T T T T T T T
0 10 20 30 40 50 60 70 80
UCS (MPa)

Figure 6.18. Variation of SDI with UCS
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The similar variation of the SDI with UCS is observed for the stabilized red mud (Figure
6.18) but for the particular UCS value, SDI of the stabilized red mud is observed higher
than that of rock samples. The difference in UCS value may be due to the difference in
material type and samples size (Sharma and Singh, 2008). The difference observed in
Figure 6.18 may also due to the shape of the samples used for slake durability test (Ankara
etal., 2015).

6.3.8 Impact Strength Study

The crushability of rock or other materials is studied in term of impact strength index (ISI)
by several researchers (Lindqvist, 2008; Su et al., 2010; Toraman et al., 2010). However,
this type of study is not available on the stabilized soils in the best knowledge of the
authors. So in the present research, the impact strength of red mud NRM/HRM stabilized
with 1.00M sodium silicate (Na,SiO;) activated GGBS under impact loading was studied
and the result is presented in term of ISI. Based on the test result, the variation of ISI of
RM stabilized with 5, 15, and 25% GGBS activated by 1M Na,SiO; is presented in the
Figure 6.19.

{|—&— HRM
75 4|—&— NRM

Impact strength index (%)
B -Jk W
S W S
1 1 1

W
W
| -

(O8]
(e

=)
W
Lt
o)
—_
(9}
[}
=)
[\S)
(9}

30
GGBS (%)

Figure 6.19. Variation of impact strength index with percentage of GGBS
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It is found that the alkali-activated NRM-25%GGBS mix shows the higher ISI value as
compared to alkali activated HRM-25%GGBS mixture. Further, the ISI of both the
stabilized RM increases with the increase in the molarity of sodium silicate but NRM-
GGBS shows a higher rate of increment as compared to HRM-GGBS. It may be
mentioned here that most of the particles in the consideration are angular in shape (Figure

6.19), however, the effect of particles on ISI needs further investigations.

6.3.9 Microstructure Analysis

The microstructural images of the NRM/HRM-GGBS mix and alkali activated
NRM/HRM-GGBS mixes along with the alkali-activated NRM/HRM-GGBS mix
subjected to 12 wet-dry cycles were obtained using SEM and are shown in Figures 6.20

and 6.21 for NRM and HRM respectively.
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Figure 6.20. SEM image of (a) NRM-25%GGBS mix (b) NRM-25%GGBS mix activate
by IM Na,SiOs (¢) IM Na,SiO; activated NRM-25%GGBS mix after 12 W-D cycle
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Figure 6.21. SEM image of (a) HRM-25%GGBS mix (b) HRM-25%GGBS mix activated
by 1M Na,SiO3 (c) 1M Na,SiOs5 activated HRM-25%GGBS mix after 12 W-D cycle
The SEM image of the NRM-25%GGBS mix is shown in Figure 6.20. The NRM particles
are observed to stick at the surface of GGBS particle but the cementing product is not
observed (Figure 6.20a). However, a dense matrix due to alkali activation of the NRM-
25%GGBS mix can be observed in Figure 6.20b and Figure 6.20c, which indicates the
proper gel formation. It can also be seen that the alkali-activated NRM-25%GGBS
subjected to 12 W-D cycle shows the denser structure (Figure 6.20c) as compared to the
alkali-activated NRM-25%GGBS samples cured for 28 days (Figure 6.20b). The loose
honeycomb structure can be seen in the Figure 6.21b and Figure 6.21c, which reveals the
incomplete gel formation in the HRM-25% GGBS mix activated with 1M Na,SiO; after
28 days and after 12 W-D cycles respectively. The effect of microstructural changes due

to alkali activation on compressive strength is discussed in the next section.

The XRD micrograph of NRM and alkali activated NRM-GGBS mix cured for 28 days at
ambient temperature (AT) and in a humidity chamber (HC) along with the activated
sample undergone through 12 W-D cycles are shown in Figure 6.22. The difference in the
XRD graph can be seen in term of cancrinite, chantalite, sodalite, and zemkornite. The
NRM contains all these minerals but in the micrograph of the alkali-activated NRM-
GGBS mix, these minerals are not observed which may be due to the phase transformation
due to alkali activation. The peak intensity of cancrinite in between 20 value of 20°-25° is

found to increase, which may be due to the transformation of chantalite (CaAl,Si04(OH)4)
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into the sodium alumina silicate compound (cancrinite) due to activation with sodium
silicate (Na;SiOy).

NRM

T T N B B N L B
10 15 20 25 30 35 40 45 50 55 60
Angle (26°)
1=Cancrinite Nagy( Al¢Si;0,, )(OH), (,(H,0), ¢; 2=Gibbsite Al(OH), 3=Hematite Fe,O;
4=Goethite FeO(OH) 5=Chantalite CaAl,SiO,(OH), 6=Calcite CaCO, 7=Sodalite Na,Al,Si,0,,Cl
8=Sodium Hydroxide NaOH 9=Zemkorite Na,Ca(CO3),

Figure 6.22. XRD graph of NRM and alkali activated GGBS stabilized NRM

The XRD micrograph of HRM and alkali activated HRM-GGBS mix with the same curing
condition as NRM-GGBS mix has been shown in Figure 6.23. The difference in the
micrograph can be observed in term of cancrinite, chantalite, calcite, and sodalite. A
decrease in the peak intensity of cancrinite and sodalite (both are sodium aluminosilicate
compound) is observed in-between the 20 value of 10°-15°, however, the peaks of
cancrinite between the 20 value of 25°-30° and 50°-55° are observed to disappear in the
alkali-activated HRM-GGBS mix. The peak intensity of calcite (a calcium-bearing

mineral) is observed to increase in the 20 range of 25°-30°.
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Figure 6.23. XRD graph of HRM and alkali activated GGBS stabilized HRM

The infrared (IR) spectra of the alkali activated GGBS stabilized NRM and HRM after 28
days curing at ambient temperature (AT) and after 12 wet-dry cycle are shown in Figures

6.24 and 6.25 respectively.
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Figure 6.24. FTIR spectrum of alkali activated GGBS stabilized NRM after (a) 28 days
curing (b) 12 wet-dry cycle
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Figure 6.25. FTIR spectrum of alkali activated GGBS stabilized HRM after (a) 28 days
curing (b) 12 wet-dry cycle

The band between 3500-3200 cm™ in Figure 6.24 and Figure 6.25 indicate the O-H
stretching band of Si-OH. The peak at 2926.35 cm’ (Figure 6.24b) and 2900.74cm™
(Figure 6.25b) indicate the formation of silica based polymer which causes the increase in
strength after wet-dry cycle. The band at 1641.78 cm™and 1644.24 cm™ in Figure 6.24
and at 1640.58 cm™ and 1642.47 cm™ in Figure 6.25 indicate the water molecule
incorporated in the lattice structure of the crystalline molecule (Gok et al., 2007). The
stretch between 1500 to 1400 cm™ in Figure 6.24 and Figure 6.25 indicates the presence
of Ca-O which signify the presence of CaCO; (Alp and Goral, 2003; Liu et al., 2011; Ye
et al. 2016). The stretching vibration of Si-O-Si is indicated by the band in between 1000
cm” - 900 cm™! in both the figures (Luo et al., 2010; Bernal et al., 2012; Kaya and Soyer-
Uzun, 2016). The band at 876.04 cm™ and 858.67 cm™ in Figure 6.24 and at 875.12 cm™
and 874.64 cm™ in Figure 6.25 indicate the presence of carbonate (CO3~) ions which may
be in for of sodium or calcium carbonate. The peak at 555.98 cm™, 555.69 cm™ (Figure
6.24), and at 608.01 cm™, 607.97 cm™ (Figure 6.25) indicate the vibration of SiO4 or AlOy4
tetrahedral (Castaldi et al., 2010). The peak at 455.76 cm™ and 451.78 cm™ in Figure 6.24
and at 455.87 cm™ and 450.96 cm™ in Figure 6.25 show the stretching vibration of the

Fe-O bond (Ruan et al., 2001).
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6.3.10Leachate Analysis

The batch leaching procedure as suggested by EPA test method 1311 was used for sample
preparation. The leachate is separated from solution using a 0.45um filter and analyzed
using AAS. The average concertation of three replicas was considered as the actual

concentration and presented in Table 6.4.

Table 6.4 Heavy metal concentration in the leachate of alkali activated GGBS stabilized
red mud

Element NRM NRM+25%GGBS HRM HRM+25%GGBS GGBS  Regulatory

activated with activated with level as per
1.00M Na,SiOs 1.00M Na,SiOs EPA
Ni 0.019 0.092 0.009 0.173 - -
Zn 0.005 0.051 0.007 0.054 0.031 -
Cr 1.832 4.995 2.59 3.418 0.036 5.00
Cu 0.004 0.174 - 0.13 - -
Pb - - - - - 5.00
Hg 0.004 - 0.002 - - 0.20
As 0.002 0.026 0.032 0.059 - 5.00
pH 11.40 12.96 11.53  13.09 -

The toxic heavy metals (As, Cr, Pb and Hg) as identified by EPA for toxicity
characteristics are found within acceptable limits in the leachate. It is found that the
stabilization of either red mud using activated GGBS 1is able to arrest the leaching of Hg.
However, the leaching of other heavy metals is found to increase after stabilization but
remains within the permissible limits. However, Burke et al. (2012) reported that the
chromium in the red mud is present as Cr”> which is not considered as a health hazard.
The increase in the leaching may be attributed to the slight increase in pH due to use of
Na,Si0s as an activator (Quina et al., 2009; Gwiazda, 2014). Although the concertation of
heavy metals is within the permissible limit for toxicity characteristics, it is above the
acceptable limits in the drinking water as suggested by WHO. So, whenever this material
will be used as a geotechnical material, the water quality of nearby drinking water source

needs to study.
6.4 Conclusions

Based on the laboratory findings of stabilized red mud and alkali activated red mud,
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following conclusions can be drawn:

1.

The un-stabilized NRM shows higher unconfined compressive strength with

brittle failure as compare to un-stabilized HRM which shows ductile failure.

The mixing of GGBS in the NRM makes the GGBS-NRM mixture well graded
while the HRM-GGBS mixture remains poorly graded.

The stabilization of either red mud (NRM or HRM) with GGBS increases the
UCS and the NRM-GGBS mix gives comparatively higher strength than HRM-
GGBS but the failure mode become brittle for the both (NRM/HRM-GGBS). The
GGBS stabilized red mud was not found durable under alternate wet-dry cycle
and slake durability test. So, the alkali activator is used to improve the durability

characteristic.

The alkali activation was found effective in increasing the UCS and 1M Na,SiO3
activated NRM-25%GGBS giving a maximum UCS value as 11 MPa after 28
days.

The alkali activation was also found effective in improving the durability under
alternate wet-dry cycle and the NRM/HRM-25% GGBS activated with 1M
Na,SiO3 gives an UCS of more than 13 MPa after 12 wet-dry cycles.

Based on the Gamble’s slake durability classification, NRM/HRM stabilized with
15, and 25% GGBS and activated with 1M Na,Si0; can be classified as medium-
high durable material and the NRM/HRM stabilized with 5% GGBS and activated

with 1M Na,SiO3 can be classified as medium durable.

The alkali-activated NRM-25%GGBS mix was found to have higher ISI value as
compared to alkali activated HRM-25%GGBS mixture. Further, the ISI of both
the stabilized red mud increases with the increase in the molarity of Na,SiO; but

NRM-GGBS shows a higher rate of increment as compared to HRM-GGBS.

The toxic heavy metals (As, Cr, Pb and Hg) as identified by EPA for toxicity
characteristics are found within acceptable limits in the leachate of red mud.
However, the leaching of heavy metals is found to increase after stabilization

except for Hg but falls within the permissible limits.

Although the concertation of heavy metals is within the permissible limit for

toxicity characteristics, it is above the acceptable limits in the drinking water as
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suggested by WHO. So, whenever this material will be used as a geotechnical

material, the water quality of nearby drinking water source needs to study.

The Chapter 6 discussed strength and durability characteristic of GGBS stabilized red
mud along with the alkali activated GGBS stabilized red mud for its bulk utilization as
geo-material. Chapter 7 summarizes the observations based on the laboratory experiments

discussed in Chapter 3, Chapter 4, Chapter 5, and Chapter 6.
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Chapter 7

Conclusions and Scope of Future Work

7.1 Summary

The management of industrial waste is becoming challenging nowadays due to high
generation rate and variability in chemical and physical properties. In most of the cases,
these wastes are stored, which creates a geo-environmental problem in long run. The
bauxite residue (red mud) is one of the major industrial waste generated by an aluminum
industry whose storage is challenging due to its high alkalinity. Several studied has been
made to utilize the industrial waste like fly ash, blast furnace slag, cement kiln dust,
marble dust to reduce the storage but the investigation on red mud has received very less
attention. Although several studies for the high value utilization of red mud has been
performed but due to the low utilization rate, a large volume of the red mud remain stored
in the pond. Though various attempts have also been made for geotechnical
characterization, large variability was observed in the geotechnical characteristics due to
the difference in the mineralogy of bauxite, the difference in the process adopted for
aluminium extraction, and the difference in disposal method. Hence, there is a need to
characterize the Indian red mud to gain confidence in utilization. Hence, the primary
focus of the present study was to characterize the red mud from Indian aluminium
industry (NALCO, Odisha and HINDALCO, Jharkhand) with different disposal method
(slurry disposal and dry disposal) for their physical, chemical, mineralogical and
geotechnical properties. The sedimentation and dispersive characteristic of red mud were
studied by stabilizing it with phosphogypsum (fertilizer industry waste), sodium salt
(NaCl) and biopolymer. The coarse fraction (> 75 um) of the red mud was characterized
for its utilization as construction materials. The red mud is stabilized with Na,SiO; to

improve the durability under alternate wetting-drying and slake durability.
7.2 General Observations and Conclusions

In general, the outcome of the present research was found useful for proper management

of red mud thereby reducing its storage. The main results are outlined here:
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7.2.1 Material Characterization

1.

Based on the morphological study, it was found that red mud contains the majority
of angular to a subangular agglomerated particle of different sizes. The XRF
analysis reveals that the red mud contains Fe,O3 as the major constituent. Based on
the hump position in XRD plot, the red mud is also found to contain the

amorphous oxides.

The red mud is found highly alkaline and the pH value depends upon the
percentage of CaO and Na,O. The Bayer’s process red mud is identified with lime

index < 0.5 and CaO < 25%.

The HRM contains higher clay fraction (~32%) as compared to NRM (~14%). The
liquid limit of HRM (39.89%) is also found higher than that of NRM (30.75%),
which may be due to the higher clay content and low LL is due to the presence of

low clay minerals.

The NRM shows higher maximum dry unit weight (16.5 kN/m?) as compared to
HRM (15.2 kN/m®) under standard Proctor effort. Under the modified Proctor
effort, the maximum dry unit weight of NRM and HRM is found as 17.7 kN/m’
and 15.9 kN/m’, respectively. The higher maximum dry unit weight of NRM is due
to the higher specific gravity of NRM (3.33) as compared to HRM (3.27).

The permeability of both the red mud is found of the order of 10 cm/s and show
higher resistant to the flow of salt solution as compared to distilled water due to
change in soil structure. The soil-water characteristic curve of both the red mud is

found very similar to that of silty soil.

The red mud is found to have negative DFS value which shows that red mud is
dispersive in nature. The unconfined compressive strength is observed to vary with
moulding moisture content and found maximum at OMC for both NRM (564.08
kPa) and HRM (441.45 kPa).

Though the angle of internal friction of both the red mud is found very near to each
other, the remarkable difference in the cohesion is observed. This may be due to

the difference in fine content.

The NRM is found moderately severe collapsible with collapse potential (Ic) value

of 7.8 at lower inundation pressure, while, at higher inundation pressure, it is
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moderately collapsible with Ic value of 2.73. Similarly, HRM is found as
moderately collapsible (Ic = 3.46) at lower inundation pressure and slightly

collapsible (Ic = 1.97) at higher inundation pressure.

Based on AAS result, the heavy toxic metals as identified by United State EPA are

found within toxicity level in leachate generated from red mud.

7.2.2 Dispersive and Sedimentation Characteristic

In this study, an attempt has been made to control the dispersiveness of red mud using

biopolymer and phosphogypsum (fertilizer industry waste). The effect of salt (NaCl)

solution and phosphogypsum on the sedimentation rate have been studied. The

conclusion drawn from this studies are as follow:

1.

Based on the pinhole test and cylindrical dispersive tests, red mud is found highly

dispersive, hence another reason for environmental hazard.

Addition of 0.5% of biopolymer (GG and XG) was found to be effective in
controlling the dispersiveness of red mud, due to the formation of the ionic bond
(XG) and hydrogen bond (GG) with cations of red mud particles. The dispersion

also reduced with 3% NacCl solution as a surrounding fluid and 7% as a pore fluid.

. The sedimentation of NRM slurry is slow due to high magnitude of Zeta potential

(37.1 mV) at pH value of 11.4. Phosphogypsum and NaCl found to be effective in
reducing the magnitude of Zeta potential of red mud slurry; thereby accelerating
the rate of sedimentation. The pH value reduced to the range of 7.42-7.61 and
8.24-8.44 due to phosphogypsum and NaCl respectively, with a higher rate of
sedimentation with phosphogypsum. But the high rate of sedimentation may
become susceptible to collapse, which requires further detail study in this regard.
It was also observed that phosphogypsum is more effective in controlling the

leaching of toxic material from red mud.

The flow test shows that the spreading of red mud suspension over a large area
can be controlled by treating the red mud slurry using phosphogypsum or NaCl
solution. The present laboratory study may help in developing a better

management system for smooth and effective disposal and storage of red mud.

7.2.3 Characterization of Coarse Fraction of Red Mud

In this study, the coarser fraction (75 mm) of red mud (red sand) was characterized for its
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utilization as construction materials and the result is compared with the result of Indian

standard sand. The conclusion drawn from this studies are as follow:

1. The average roundness index and sphericity of red sands are found to be higher
than that of standard sands. But, for the same water to cement ratio, the
flowability of red sand is less than that of standard sand due to the higher specific
surface area of red sand. The maximum and minimum void ratios of the sands are
found to depend upon the roundness index. It was also found that the variation of
friction angle corresponding to maximum and minimum density depends upon the

percentage of angular particles.

2. Though the sphericity of the red sands is higher than standard sand, but for a
particular water-cement ratio, the mortar prepared using standard sand is more
flowable compared to red sand. One of the reasons for the same was found due to

the low specific surface area of red sands.

3. Both NRS and HRS contain an oxide of iron in form of hematite (Fe,Os;) and
magnetite (Fe;O4) as a major constituent along with SiO, and Al,Os. It is also
observed that HRS and NRS contain amorphous phase, which can take part in the

pozzolanic activity.

4. As the angle of internal friction of red sand is higher than that of Indian standard
sand, red sand in mortar will increase its yield stress and plastic viscosity.
However, the proper strength test of the mortar prepared using red sand needs to

be conducted.

5. The zeta potential values of red sands at high pH values are similar to that of

standard sand, hence, can be used in cement mortar/concrete.

6. As the LR value of NRS and HRS is more than the standard value (4 MPa), the
material can be used in cement and concrete. However, it is suggested to conduct

necessary strength test on the concrete prepared using red sand.

7. As the red sand shows lower thermal resistivity as compared to standard sand, it

can be used as a construction material where the heat dissipation is required.

8. Though, the total dissolved solids in both NRS and HRS is more than that of
standard sand but falls within the acceptable limit as suggested by WHO.

However, the chemical analysis of leachate generated from mortar and concrete
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prepared using red sand may give different results.

The major difficulty is the recovery of red sand from red mud as Indian red mud
contains only 10-20% of red sand by weight. Also as the gradation of red sand
depends on the process of grinding of bauxite during Bayer’s process, red sand

collected from different sources may have different gradation and particle shape.

7.2.4 Strength and Durability Characteristic of Stabilized Red Mud

In this study, the strength and durability characteristic of GGBS stabilized red mud was

studied and the alkali activation of GGBS is used to improve the durability characteristic

of stabilized red mud. The conclusion drawn from this studies are as follow:

1.

The un-stabilized NRM shows higher unconfined compressive strength with

brittle failure as compare to un-stabilized HRM which shows ductile failure.

The mixing of GGBS in the NRM makes the GGBS-NRM mixture well graded
while the HRM-GGBS mixture remains poorly graded.

The stabilization of either red mud (NRM or HRM) with GGBS increases the
UCS and the NRM-GGBS mix gives comparatively higher strength than HRM-
GGBS but the failure mode become brittle for the both (NRM/HRM-GGBS). The
GGBS stabilized red mud was not found durable under alternate wet-dry cycle
and slake durability test. So, the alkali activator is used to improve the strength

and durability characteristic.

The alkali activation is found effective in increasing the UCS and 1M Na,SiO;
activated NRM-25%GGBS giving a maximum UCS value as 11 MPa after 28
days.

The alkali activation is also found effective in improving the durability under
alternate wet-dry cycle and the NRM/HRM-25% GGBS activated with 1 M
Na,Si03 gives an UCS of more than 13 MPa after 12 wet-dry cycles.

Based on the Gamble’s slake durability classification, NRM/HRM stabilized with
15, and 25% GGBS and activated with 1 M Na,SiO3 can be classified as medium-
high durable material and the NRM/HRM stabilized with 5% GGBS and activated

with 1M Na,SiOj3 can be classified as medium durable.

The alkali-activated NRM-25%GGBS mix is found to have higher ISI value as
compared to alkali activated HRM-25%GGBS mixture. Further, the ISI of both

the stabilized red mud increases with the increase in the molarity of Na,SiOs but
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NRM-GGBS shows a higher rate of increment as compared to HRM-GGBS.

The toxic heavy metals (As, Cr, Pb and Hg) as identified by EPA for toxicity
characteristics are found within acceptable limits in the leachate of red mud.
However, the leaching of heavy metals is found to increase after stabilization

except for Hg but remains within the permissible limits.

Although the concertation of heavy metals is within the permissible limit for
toxicity characteristics, it is above the acceptable limits in the drinking water as
suggested by WHO. So, whenever this material will be used as a geotechnical

material, the water quality of nearby drinking water source needs to study.

This is the extensive work on characterization for effective utilization and management of

red mud based on which, following points can be suggested:

1.

7.3

The biopolymer like guar gum and xanthan gum can be used to control the
dispersive characteristic of red mud. The phophogypsum can be used to accelerate

the rate of sedimentation of red mud disposed in slurry form.

The coarse fraction of red mud can be an alternate of fine aggregate in mortar and

concrete.

The alkali activated GGBS stabilized red mud can be used as a geotechnical

material by keeping in mind the strength and durability criteria.

Future Scope

The present study is a beginning in the new direction of RM utilization in geotechnical

engineering and a few preliminary problems have been solved. Based on the present

study it was observed that there is a vast scope for application of the red mud to

geotechnical engineering, however following problems are needed to sort out.

1.

The red mud can be used to develop the controlled low strength material with
other industrial waste.

The suitable method is needed to develop for the proper mixing of the additives
before the discharge point to control the dispersiveness and accelerate the
sedimentation rate.

Although the red sand is found suitable for cement concrete based on the
angularity criteria; the strength parameter of the concrete prepared using the red
sand needs to be studied for getting confidence in use.

The strength and durability characteristic of red mud stabilized with other

industrial waste need to be studied.
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