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Abstract 
In order to conserve natural resources and prevent waste generation, effective utilization of industrial wastes and/or by-
products for beneficial engineering applications becomes inevitable. In order to accomplish this, extensive research studies, 
exploring properties and new applications of waste materials in a sustainable and environmentally friendly manner, have been 
initiated worldwide. Red mud (RM, also known as bauxite residue) is one of the wastes generated by the aluminium industry 
and its disposal and utilization have been traditionally hindered due to the extreme alkalinity (pH about 10.5–13.5). To date, 
no comprehensive review on various properties of RM of different origin and associated challenges in using it as a beneficial 
engineering material has been performed. The objective of this study is first to critically appraise the current understanding 
of properties of RM through a comprehensive literature review and detailed laboratory investigations conducted on Indian 
RM by the authors, to assess and identify the potential engineering applications, and to finally discuss associated challenges 
in using it in practical applications. Physical, chemical, mineralogical and geotechnical properties of RMs of different ori-
gin and production processes are reviewed. Mechanisms behind the pozzolanic reaction of RM under different chemical 
and mineralogical compositional conditions are discussed. Environmental concerns associated with the use of RM are also 
raised. Studies relevant to leachability characteristics reveal that most of the measured chemical concentrations are within the 
permissible regulatory limits. Overall, the review shows that RM disposal and reuse is complicated by its extreme alkalinity, 
which is also noticed to be influencing multiple engineering properties. But with selected pH amendments, the treated RM 
is found to have significant potential to be used as an effective and sustainable geomaterial. The assessment is majorly based 
on the characteristics of Indian RMs; hence the adaptation of the findings to other RMs should be assessed on a case-by-
case basis. Moreover, field studies demonstrating the performance of RM in various engineering applications are warranted.
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Notations
c  Cohesion (kPa)
CBR  California bearing ratio
cc  Compression index
CH  Clay of high plasticity
CL  Clay of low plasticity
Cp  Collapse potential
CVPD  Commercial vehicles per day
d  Diameter of a particle (mm)
e  Void ratio

Gs  Specific gravity
GGBS  Ground granulated blast furnace slag
HRS  Hindalco red sand
k:  Hydraulic conductivity
MH  Silt of high plasticity
ML  Silt of low plasticity
MP  Modified Proctor compaction test
NRS  Nalco red sand
OPC  Ordinary Portland cement
p  Applied pressure (kPa)
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PTE  Potentially toxic elements
qu  Unconfined compressive strength (kPa)
SEM/EDS  Scanning electron microscopy equipped with 

energy-dispersive X-ray spectroscopy
SS1  Standard sand-1
SS2  Standard sand-2
SP  Standard Proctor compaction test
TCA   Tricalcium
TCLP  Toxicity characteristic leaching procedure
UCS  Unconfined compressive strength (kPa)
w  Water content (%)
wL  Liquid limit (%)
wopt  Optimum water content (%)
wP  Plastic limit (%)
wPI  Plasticity index (%)
γd  Dry unit weight (kN/m3)
γdmax:  Maximum dry unit weight (kN/m3)
ϕ  Angle of internal friction
θ  Volumetric water content (%)

Statement of Novelty

Published research studies on characterization and utiliza-
tion of red mud (RM) are very disjointed, and characteriza-
tion of RM for valorization is considered inadequate. To 
date, compilation and detail discussion on physical, chemi-
cal, mineralogical and geotechnical characteristics of RMs 
of different origin in a comprehensive way have not been 
reported in the literature. The present review is a first step 
addressing the potentiality of RM as a geomaterial based 
on critical assessment of each engineering property and 
engineering challenges to be encountered correlating with 
perspective practical applications. The microbial, biopoly-
mer and geopolymer treatments are found beneficial for con-
verting highly alkaline RM into an environmentally benign 
geomaterial. Field studies are needed to demonstrate per-
formance and address practical considerations of RM for 
field applications.

Introduction

Among environmental hot spots all over the world are the 
tailings of RM, generated during the digestion of bauxite ore 
with sodium hydroxide by Bayer process for the extraction of 
alumina. The term ‘red mud’ is used as a synonym for ‘baux-
ite residue’. The residue generated is usually highly alkaline 
with pH about 10.5–13 [1, 2]. Bauxite ore primarily contains 
aluminium hydroxides (gibbsite) and oxy hydroxides (boe-
hmite and diaspore) in the range from 35 to 65% (by weight) 
based on location and nature of its formation [2, 3]. Nearly, 
85 manufacturing plants are in operational worldwide, of 

which 95% of the plants are adopting Bayer’s process and 
the remaining 5% plants are using either sintering process 
or combination of both for the digestion of bauxite ore [4, 
5]. For every ton of produced alumina, approximately 0.4–2 
tons [6] of RM is generated and roughly 2–3 tons of bauxite 
is consumed. The global average of RM is 1.35 t/t alumina 
[7]. It is estimated that a production rate of 0.15 billion tons 
of RM is generated annually across the world [7, 8]. The 
global inventory of RM was forecasted by Power et al. [9] 
to reach 4 billion tons by 2015. Prior to 1980, most of the 
inventory of RM was stored in lagoon-type impoundments. 
Over the decades, management and methods of storage of 
RM have evolved. At some places, thickened RM with 50% 
solids content or cake of vacuum drum filters with 65% sol-
ids content are disposed of. Over the last 10–15 years, more 
and more alumina refineries are resorting to plate and frame 
press filters and the resultant cake produced is disposed of 
[6, 7]. Filter press technology to remove high water content, 
which would address the environmental concerns and meets 
the stricter pollution regulations, followed by dry stacking 
method is the current best practice method adopted by the 
most aluminium refineries [10, 11]. Typical disposal prac-
tices adopted by different aluminum refineries, especially in 
India, are shown in Fig. 1.

The European Union (EU) waste legislation policy 
[12] introduced a five-step waste hierarchy, with a specific 
emphasis that waste is a resource. Moreover, the Construc-
tion Products Regulation No. 305/2011 includes the addi-
tional Basic Requirement No. 7, where the use of environ-
mentally compatible raw materials in construction works, as 
well as secondary materials, is required. Numerous different 
types of industrial residues have been routinely recycled, in 
large quantities, in the construction sector. But in the case of 
RM, such practices are impracticable. Only limited technical 
knowledge is available about RM, which illustrates low recy-
cling potential due to its innate chemical and physical prop-
erties. However, considerable efforts are in progress to find 
the potential applications of the RM [7]. Utilization of resi-
dues, such as RM, produced during the alumina production 
into valuable secondary raw materials can help the waste 
minimization and resource efficiency of both industrial and 
end-consumers (industry producing RM and construction 
sector). This also stimulates re-thinking of the current linear 
economic model to circular approach where the end-of-life 
product (RM) is considered as a resource for another cycle 
[13, 14].

Objectives of this Review

The objective of this review is to present in detail different 
problems with disposal of RM unified with the case stud-
ies, underline the need for beneficial utilization, and then 
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critically review the physical, chemical, and mineralogical 
characteristics and elucidate their influence on different 
geotechnical properties. Additionally, various potential ben-
eficial engineering applications based on the geotechnical 
properties of RM are assessed and discussed. High alkalinity 
is the prime limiting factor, hence a detailed discussion on 
how pH affects various engineering properties is provided. 
Various ways to control pH of RM and resulting changes in 
the important engineering properties of RM are highlighted. 
Comparisons of properties between pre-treated and post-
treated RM samples concurrently identifying its potential 
applications in accordance with the standards or specifica-
tions are also made in the study. A detailed assessment of 
each property with pros and cons linking with utilization 
perspective is delineated and associated challenges are dis-
cussed. Finally, based on the current state-of-the-knowledge, 
future research needs that would maximize the construc-
tive use of RM are highlighted. Overall, this study provides 

comprehensive fundamental and practical information that 
is useful for the researchers, policy makers, and potential 
end-users of RM for employing it in various civil and infra-
structure engineering projects.

Problems with Red Mud Disposal

The physical presence of wastes or by-products in any form 
is a serious threat to land, water, and atmosphere; as they 
have potential to pollute these precious resources. In 2010, 
a tragic industrial accident occurred at the Ajka Alumina 
Plant in Hungary, where the northwestern corner of the 
bauxite residue disposal area No. 10 was collapsed, releas-
ing approximately one million cubic meters of RM waste 
in its slurry form [15]. The pH of the released liquid phase 
was 13 [16]. On 9th April 2019, HINDALCO Plant at Muri, 
Jharkhand, India, experienced a failure of one of the dikes 
of bauxite residue disposal area, leading to spillage of RM 
slurry spreading across more than 35 acres of land. The 
environmental impact assessment shows no damage to the 
surrounding environment. Another such dike failure incident 
occurred at Xiangjiang Wanji Aluminium Plant in Luoyang, 
Henan Province of China (August 2016). Approximately, 2 
million  m3 of slurry tailings was released, which has traveled 
over 1.5 km length causing evacuation of an entire village 
with over 300 people and killing many domestic and farm 
animals in the en route.

Several major issues were raised aftermath of the afore-
mentioned tragic incidents including contamination of plant 
environment, increase in caustic nature of native soils with 
deposition of fine particles, release of potentially toxic ele-
ments (PTEs, viz., As, Ba, Ni, Zn, Cu, Zr, Pb, Cr, V, Hg 
etc.), and arouse of fine dust upon drying up of surface [17, 
18]. In connection with these problems, Mayes et al. [17] 
reported the superior levels, beyond the permissible levels 
stipulated by regulatory bodies, of trace metals (As and V) 
in water bodies up to a distance of 2 km from the spillage 
area of bauxite residue disposal area at Ajka. In similar lines, 
Ruyters et al. [15] have reported based on their extensive 
field studies at Ajka Site, in particular, on plants affected 
by spillage that the toxicity induced in plants was below 
the toxic levels with no considerable effect on plant growth, 
which was, however, noticed to be harshly affected by exces-
sive presence of Na retention in the soil. Gelencsér et al. 
[19] investigated the risk of dusting on post spillage of RM 
at Ajka Site on human health and confirmed that the effect 
is less on human health in comparison to the urban dusting 
problem. Apart from the above mentioned problems, arise 
of issues related to contamination of water bodies by rising 
the turbidity levels [20, 21], alkalinity of groundwater [22], 
overflow of materials during the rainy season and costly 
maintenance of large bauxite residue disposal areas due to 

Fig. 1  Disposal of RM a slurry form with settled particles, b dry 
stacking, and c dry disposal by conveyor belt
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the physical presence of RM cannot be undermined. The 
aforementioned incidents and problems emphasize the need 
for proper management of RM disposal facility, especially, 
if it is in slurry state to prevent failures that can cause cata-
strophic impacts on surrounding public and the environment.

Beneficial Uses of Red Mud

In the context of potentially serious consequences of RM 
on the environment and also on the necessity for saving and 
conserving precious natural resources, it becomes indispen-
sable to explore its efficient utilization. With a continuous 
increase in the generation of RM, augmented by sophistica-
tion in the Bayer process technology and evolution of dry 
mud stacking, exploring newer application schemes became 
a global priority; as it requires extensive cost-intensive 
research, demonstration tasks and promotional schemes 
to use RM as a sustainable material. Numerous previous 
studies emphasize that waste materials can successfully be 
employed for beneficial utilization in infrastructure projects 
[23–25].

It is prudent to mention here the pilot project from 
Greece, the results of which are published by Kehagia 
[4], who successfully built road embankment (composed 
of three sections, section I: natural soil; section II: natural 
soil (60%) and RM (40%); and section III: mixture of RM 
and 4% fly ash) using RM and illustrated its geotechnical 
performance. The study demonstrated no signs of disin-
tegration of the surface and no excessive settlements with 
time (a mere 10 mm after a period of 5 years) on section 
II, indicating practical viability of RM for constructing the 
embankments. In situ penetration tests on the embankment 
further confirmed increase in strength and California bearing 
ratio (CBR) parameters within the section II. In another field 
study performed by Qi [26] at Shandong Province of China, 
it is reported that RM is a suitable material for subgrade 
course in a highway (15 m wide and 4 km long). The study 
concludes that RM could be a potential resource material for 
pavement construction.

Based on the in situ standard penetration test (SPT) val-
ues, which measured in the range from 1 to 5 directly over 
the bauxite residue disposal area, Sundaram and Gupta [27] 
demonstrated that RM behaves similar to soft soils. Authors 
attributed this phenomenon to high water retention capacity 
and low permeability [28–30]. Additionally, efforts are also 
devoted to evaluate the feasibility of RM to be employed for 
constructing earthen structures (viz., embankments, levees, 
fills, etc.) and roads [1, 31–33]. Trails carried out of using 
RM for capping municipal landfills are reported, where RM 
was found to have advantages over natural clay. Further, neu-
tralized RM (its coarse sandy fraction) was also successfully 
used for sub-grade and top dressing in the construction of 

roads [7]. Other potential uses of RM include: acid land 
reclamation, balancing the fertility of agricultural land, 
scrubbing of flue gas [34], adsorbent to remove  H2S from 
industrial sludge, raw material in buildings, catalyst for 
eliminating toxic elements from wastewater, amendment 
for remediation of contaminated soil [35] and preparation 
of anti-corrosive material [36].

The above field case studies, prima facie, demonstrate 
that it is necessary to stabilize or neutralize or perform both, 
in tandem, on RM using suitable amendments in order to 
foster its effective utilization. Study by Sundaram and Gupta 
[27] accentuate an inherent influence of high alkalinity on 
in situ tests and thus, on the strength and other engineering 
properties. While numerous laboratory studies heighten a 
gap in linking physical, chemical and mineralogical proper-
ties with the geotechnical properties, understanding of which 
are critical for evolving potential newer practical applica-
tions. More importantly, all the studies highlight that RM 
exhibits good geotechnical properties, which ascertain that 
it is practicable to use it in geotechnical engineering applica-
tions. But, the high caustic nature poorly endorses RM as a 
recyclable material or renders it not a substitute to natural 
resource materials. The aforementioned issues ardently lay 
emphasis on the necessity to develop holistic approaches and 
sustainable technologies that would encourage large scale 
utilization of RM, which in turn echoes in the prevention of 
growing adversities associated with disposal practices and 
consumption of valuable natural resources [2].

Review of Red Mud Characterization 
Methods

Physical, chemical, and mineralogical characteristics of RMs 
are mainly dependent on the nature of bauxite ore used in 
the process. Further, they are also strongly influenced by ore 
treatment process (e.g.: beneficiation), alumina extraction 
method, treatment of the RM, disposal and storage methods, 
depth and representative sampling, and age of the bauxite 
residue disposal area [37]. Various sample collection and 
testing methods are reported for characterization of RM.

The authors have performed extensive laboratory inves-
tigations on RM continuously for several years. The RM 
tested in these investigations was collected from the baux-
ite residue disposal area of National Aluminium Company 
Limited (NALCO), Damanjodi, Koraput, Odisha, which is 
located in the eastern part of India. Large quantity of RM 
samples were collected from different locations within the 
disposal area in accordance with ASTM D 6907 [38]. As 
such, the samples collected can be considered disturbed in 
nature. The wet collected samples were oven-dried at a tem-
perature of 105 ± 5 °C for a period of 24 h. The samples were 
pulverized for separation of agglomerated particles prior to 
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testing for physical, chemical and mineralogical properties. 
The detailed testing procedures and the results are presented 
and discussed by Reddy and Rao [28, 39–42], Reddy et al. 
[2, 43], Rao and Reddy [44] and Mishra et al. [45]. The 
reader should consult these publications for the detailed test-
ing procedures. The results obtained from these studies are 
combined with the results from various other published stud-
ies by different investigators worldwide and then assessed 
to ascertain the range and variability of the RM properties.

Review of Physical, Chemical, Mineralogical 
and Morphological Characteristics

Specific Gravity

Table 1 summarizes the specific gravity  (Gs) value of RMs 
of different origin across the world reported by various 
researchers. It is seen that  Gs of RMs are consistently high, 
varying in the range from 2.7 to 3.7, reflecting the different 
origin of the investigated RMs. For natural soils,  Gs com-
monly fall in the range from 2.65 to 2.75 [46, 47]. In com-
parison to the  Gs of natural soils, it is obvious that  Gs of 
RMs are relatively greater. RM predominantly comprises 
of metallic, in particular, iron rich phases, which may be a 
reason for higher values of  Gs [20, 29, 48].

Particle Size Distribution

Particle size distribution is one of the key properties of any 
material since they intrinsically govern the overall behav-
ior of each material [46]. The properties are quite useful to 
infer information regarding the percentage fraction of par-
ticle sizes along with the dominance of a specific size frac-
tion. The median particle size of RM is reported to be in the 
range of 5–10 µm; however, the size and range of particles 
are broad, ranging from coarse sandy grains down to sub-
micron particles varying from different alumina plants and 
different bauxites. The amount of sandy fraction can range 
from less than 1% to more than 50%. Some alumina refiner-
ies separate the sandy fractions during the processing while 
others do not [6, 7].

The grain size distribution curves of RMs (including RM 
sand) belonging to diverse origin across the globe are shown 
in Fig. 2. While, typical percent fraction range derived from 
the same figure are listed in Table 1. It can be seen that 
majority of particle fractions are silt to clay size with 90% 
of fractions passing 75 μm and an average particle size 
diameter of 10 μm [2, 20, 34, 48–51]. On the other hand, 
some of the studies reported that the RM contains clay size 
fractions in the quantity greater than 50% [6, 52, 53]. The 
prevalence of finer fractions may be linked to the dissolu-
tion of minerals and grinding process [54, 55]. However, 

grinding in Bayer plant is not extensive enough to produce 
very fine fraction of particles smaller than 10 μm. Dissolu-
tion of one mineral can liberate fine particles of other with a 
size smaller than 10 μm. The overwhelming majority of fines 
fraction is largely associated with the intimate mineral asso-
ciations in the parent bauxite. As such, the statement related 
to dissolution process well corroborates with the results of 
Newson et al. [29], who have reported reduction in particles 
size resulting from the dissolution of fine particles when 
washed in acidic media. Pradhan et al. [56] reported varia-
tions in particle fractions in the range from 0.01 to 200 µm 
and attributed the reason for variance to the quality of ore 
and the separation technique employed by the refinery. Wang 
and Liu [57] reported that the grain sizes of RM produced 
by Bayer process are smaller in comparison to that produced 
by sintering process, wherein the grain sizes range from 0.8 
to 50 µm with an average grain size of 14.8 µm. The pres-
ence of greater quantity of fine particles in a material may 
not be favorable, as the fine fractions show susceptibility to 
dispersion under extreme pH conditions [20]. Conversely, 
Newson et al. [29] pointed out that the presence of sizable 
amount of fine fractions in RM did not accelerate the con-
solidation settlement, rather caused long-term environmen-
tal degradation with possible contamination of surrounding 
environment [29].

On the other hand, the presence of fine fraction fetches an 
advantage of rendering the material suitable for constructing 
compacted clay liner systems as a hydraulic barrier mate-
rial. The design of barrier accords prime importance to the 
hydraulic conductivity (k) [58, 59]. In this context, Benson 
and Othman [60] highlighted that the presence of finer frac-
tion can reduce the permeability characteristics by blocking 
the pores and filling the voids concurrently. This effect goes 
well along with the study performed by Rubinos et al. [49], 
who explored the potential of RM as a liner material and 
reported that it shows significantly lesser hydraulic conduc-
tivity on account of its constituent finer fractions, which is 
similar to the CH soil.

Grinding of the RM also affects other physical properties 
such as angularity and frictional resistance, where the former 
property can further affect the shear modulus [61] and com-
pression behavior of granular materials [62]. The results of 
Alam et al. [54] validate this observation. The study showed 
that the quantity of angular shaped particles in RM varies 
from 71.65 to 91.23%. A larger fraction of angular particles 
seems to be favorable, as it can contribute for considerable 
frictional resistance with simultaneous providence of coun-
teract to the applied loads. The presence of angular particles 
further enhances the angle of internal friction [54], result-
ing in better shear strength. Angularity is the characteristics 
of the particles with sharp edges and corners (as shown in 
Fig. 3), and is much sought when the RM is meant to be used 
as a resource material for various geotechnical applications 
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Table 1  Physical and geotechnical properties of RMs originated in India and other than India

Property Indian red mud UK red  mudb Guinea red 
 mudd

Spain red 
 mude

Chinaf Jamaica red 
 mudg

Nalco red 
 muda

Hindalco, 
 Renukootc

Hindalco 
 Muric

Locations of 
the refinery

 Location Damanjodi, 
Odisha, 
India

Renukoot, 
Uttar 
Pradesh, 
India

Muri, 
Jharkhand, 
India

Not defined 
(site in 
the United 
Kingdom)

Not defined 
(refinery in 
the USA)

Lugo, north-
west Spain

Henan China, 
Guangxi, 
China Liu-
lin, Shanxi, 
China

Various 
alumina 
industries 
in Jamaica 
(Alcan, 
Alpart, 
Aloca, 
Revere) 
Kirkvine, 
Arvida

Physical 
property

 Specific 
gravity,  Gs

2.85 − 3.45 2.85 − 2.97 3.27 3.05 3.2 − 3.7 3.44 2.77 2.7 − 3.7

 pH 10.7 − 11.5 10.2 − 11.0 11.53 11.6 13.1 − 13.5 10.2 – 11.25 − 12.5
 Surface area 

 (m2/g)
20.4 − 47.2 – – – – 23.7 – –

Consistency 
limits

 Wl 21 − 45 40 − 45 39.89 54 44–66 39 ± 2 64 45
 Wp 16 − 36 30 − 35 36.08 40 33–36 31 ± 2 42 36
 WPI 5 − 7 5 − 14 3.81 14 11–26 8 22 9

% Fraction
 Gravel 0 0 0 0 0 0 0 0
 Sand 5 − 15 10 − 14 17 0 36 12 5 20–30
 Silt 43 − 76 43 − 57 51 80 44 50 75 50
 Clay 22 − 35 29 − 39 32 20 20 38 20 20–30
 USCS ML MI MI MH MI–CI MI MH MI

Compaction 
character-
istics

 γdmax (kN/
m3)

12.5 − 17.0 14.5 − 16.4 15.2 − 15.9 17.5 15.5 16.9 17.0 –

 wopt (%) 22 − 34 33 – – 30 7–35 50.15 –
Consolidation 

properties
 cv  (cm2/s) 3 − 50 × 10−3 – – – – – – 7.5 × 10−4 to 

3 × 10−2

 cc 0.0933 – – 0.41 0.28 − 0.38 – – 0.268
Shear strength
 ϕ (°) 34 − 42 26 − 28 – 38 − 42 30–35 – 28 − 33 37 − 45
 Cohesion 

(kPa)
7 − 28 10 − 20 – 10 − 20 – – 11 − 35 –

 qu (kPa) 102 − 136 143 – 130 – – – 20 − 175
Hydraulic 

conductivity
 k (cm/s) 5.832 × 10−4 

to .13 × 10−8
2 − 30 × 10−6 5.3 × 10−4 to 

8.7 × 10−5
2–10 × 10−7 1.4 − 6.7 × 10−6 – 4.5 × 10−6 10−5 to  10−7

Swelling 
property
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[63]. As a result of RMs finer composition, its specific sur-
face area is measured significantly high from 15 to 58  m2/g, 
which is almost comparable with many clay soils such as 
kaolin [64–66].

The role of gradational properties in enhancing the set-
tling characteristics of particles under different aqueous 
environmental conditions is highlighted by several research-
ers [41, 67]. Whereas in the case of RM, the presence of 
finer fraction, possibly mainly composed of goethite and 
sodalite mineral phases (with high specific surface area and 
lower density), seems influencing the settling characteristics 
[41, 68]. This is why various synthetic flocculants are used 
to make flocs with much higher sizes than the individual par-
ticles. When the RM is disposed, particle segregation occurs 
soon after discharging the slurry [37]. Especially from dis-
posal perspective, it is important to know the characteristics 
of the particle size distribution as it immensely contribute 

to understanding the settling behavior of a material, which 
would aid in storing enhanced quantity of RM in a given 
volume [41, 67].

Mineralogical and Chemical Compositions

A brief insight into the conventional Bayer bauxite diges-
tion process demonstrates that during the low temperature 
digestion, gibbsite and clay minerals of bauxite gets dis-
solved, with formation of sodalite as one of the end reac-
tion product. While the high temperature digestion results 
in boehmite and diaspore solubilisation that starts forming 
cancrinite preferably with sodium–aluminium-hydrosilicate 
(DSP). Lime is added to the digestion for different purposes: 
facilitates the dissolution of diaspore, enhances transforma-
tion of aluminogoethite to hematite, forms hydrogarnet, etc.
[69]. Although, mineralogical compositions of RM produced 
at different refineries primarily reflect the composition of 
parental bauxite ore and at the same time, it is defined also 
by the processing technology such as digestion technology 
and compounds formed and/or introduced during the Bayer 
process [29, 70].

Detailed knowledge of mineralogical and chemical com-
positions of RM is crucial in order to define their distinct 
influence on various engineering properties, which in turn 
can aid in devising the newer application schemes of the 
RM. The further acquaintance on these properties gives 
a concept for identification of the most suitable additive, 
which would not only be chemically compatible but also 
environmental friendly, for stabilization and/or solidifica-
tion of the RM. The detail knowledge of the mineralogical 
composition enables determination of the buffering capacity 
during the dissolution of mineral phases in acidic media as 
well [66].

Different accompanying constituents of RM are defined 
to be: brookite (anatase), ilmenite, carnegieite, dolo-
mite, hydrogarnet, various hydroxycancrinite, katoite-Si, 

Table 1  (continued)

Property Indian red mud UK red  mudb Guinea red 
 mudd

Spain red 
 mude

Chinaf Jamaica red 
 mudg

Nalco red 
 muda

Hindalco, 
 Renukootc

Hindalco 
 Muric

 Free swell 
index (%)

No swell No swell No swell No swell No swell Very low – –

a References [1, 28, 54, 141]
b Reference [29]
c References [27, 54, 103]
d Reference [104]
e Reference [49]
f Reference [130]
g References [52, 66, 136]
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Fig. 2  Particle size distribution curves of red muds of different origin
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lawsonite, nepheline, nosean, portlandite, schaeferite, 
sodium titanate, zircon and also whewellite [50, 54, 71], 
hydrocalumite, dawsonite, hydrohematite, aluminogoe-
thite, ferrihydrite, natrodavyne, plazolite, sodium carbonate 
hydrate, chantalite, imogolite, sodalite, boehmite, perovs-
kite, rutile, magnetite [7, 28, 72–75]. The sandy fraction of 
RM may contain much of quartz, but not necessarily [6]. 
Evans [7] reported typical phase composition of RMs as: 
Al-goethite (1–55 wt%), cancrinite (0–50 wt%), sodalite 
(4–40 wt%), hematite (10–30 wt%) followed by crystalline 
and amorphous silica (3–20 wt%), calcium aluminate (2–20 
wt%), calcite (2–20 wt%), boehmite (0–20 wt%), anatase 
with rutile (2–15 wt%), muscovite (0–15 wt%), perovskite 
(0–12 wt%) and, in lesser quantities also magnetite (0–8 
wt%), kaolinite (0–5 wt%), gibbsite (0–5 wt%) and dia-
spore (0–5 wt%). Goethite, hematite and boehmite are the 

most abundant minerals present in RM in quantities up to 
24%, 29%, and 10% respectively in RM from Australia 
[76]. In some cases gibbsite, quartz and sodalite are also 
reported as the major phases in RM [76]. Perovskite and 
calcite mineral formation occurs in RM as a result of the 
addition of lime during the extraction process [77]. CSIRO 
[78] reported that the RM generated from Eurallumina Plant 
(Sardinia, Italy), which used Weipa bauxite from Australia, 
contains 16–24% of sodalite [79] and up to 29–51% of can-
crinite [79, 80]. Sodalite and cancrinite are members of 
feldspathoid mineral groups whose structure consists of an 
alumino-silicate framework of cavities. They have a cage-
like structure reflected in many of the properties, such as 
high ion-exchange capacity and water retention capabilities, 
which are characteristic of zeolite minerals [29]. Further, the 
sodalite under alkaline environment may react with available 

Fig. 3  Optical microscopic 
image of NRS, HRS, SS1 and 
SS2 samples
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anions (viz.,  Cl−,  OH−, etc.) to form hydroxy sodalite [81]. 
The hydroxy sodalite phase of the RM is important because 
it is the primary component accountable for the aggrega-
tion of particle and as hydroxy sodalite bonds are so strong 
they offer considerable resistance during compressive load-
ing due to particle rearrangement [29]. The shape, size and 
electric charge characteristics of hydroxy sodalite, with fea-
tures consistent with clay and sand reported to be causing 
mechanical behavior to the RM [29]. However, the bonding 
becomes weak or gets dissociated (i.e. dissolves) when RM 
is admixed with acidic solutions [29].

The major bulk chemical compositions of RM commonly 
reported by Evans [7] are:  Fe2O3 (5–60 wt%),  SiO2 (3–50 
wt%),  Al2O3 (5–30 wt%), followed by  TiO2 (≤ 15 wt%), CaO 
(≤ 14 wt%) and  Na2O (≤ 10 wt%) [7]. Trace elements such 
as V, K, Pb, Ga, Zn, Cr, P, Mn, Cu, F, Cd, As, Ni, U, Th etc., 
were also identified [82]. Chemical compositions of RMs 
produced by different alumina refineries across India and 
globally are summarized and presented in Tables 2 and 3, 
and also shown in Fig. 4. Literature review (Fig. 4; Tables 2, 
3) show that RMs produced by different aluminum industries 
are primarily constitute of Fe oxide. Besides  Fe2O3, other 
major components are  Al2O3,  SiO2, and CaO. Additionally, 
oxide components such as  Na2O,  TiO2, CaO etc., are also 
present in various amounts. It is obvious from Tables 2 and 
3 that there is a significant variation in the oxides composi-
tion when RMs generated in India are compared to those 
generated elsewhere. Evidently, there is a close match in 
the proportions of different oxides composition among dif-
ferent Indian RMs can be noticed, even though their sources 
within India are distinct. On the contrary, a clear disparity 
in the chemical compositions can be witnessed when the 
RMs from different countries are compared. Gräfe et al. [66] 
reported that the RM generated by Bayer process is rich in 
iron oxide, accounting for more than 30% with a maximum 
of 60%. When CaO is dominant in the residue, it is obtained 
by the sintering process or the combined Bayer-sintering 
process, while these residues are sometime called brown 
mud. The major mineral in the residue from the sintering or 
combined Bayer-sintering is β-dicalcium-silicate. The domi-
nance of Ca in the sintering process is assigned to the exces-
sive addition of lime. Depending upon the refining process 
adopted by the refinery,  Al2O3 found to vary from 10 to 20%.

In contrast to conventional soils which usually compose 
predominantly of aluminum-silicate (i.e.,  Al2O3 and  SiO2), 
RM constitutes with  Fe2O3 as the dominant chemical oxide 
component. Furthermore, it is obvious to note from miner-
alogical compositions that minerals which belong to iron 
oxides/hydroxides family are rich in RM. Thus, it would be 
prudent to make a logical conclusion that the behavior of 
RM might largely be influenced by quantity of iron oxides/
hydroxides [37, 83, 84]. To the best of authors’ knowledge, 
no cases of investigation of the influence of oxides quantity Ta
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or bulk chemical composition or major oxides composition 
on the engineering behavior of the RM are attempted in the 
literature. In the future works, this interdependence will need 
to be defined in order to recycle the RM more efficiently.

The high content of iron and aluminium in RM, was 
reported to be beneficial for utilizing it as a raw material in 
cement production. It is suggested to be used as raw meal in 
the ordinary Portland cement (OPC) making (participating 
in the production of cement aluminium hydraulic crystal 
phases and in accelerating the clinkering process) and also 
as a substitute to slag as a source of  Fe2O3 in cement indus-
try. As such, Pontikes and Angelopoulos [85] suggested an 
optimum content of 30 kg of RM addition per ton of OPC 
cement clinker.

Pozzolanic Properties

The characteristic of hydraulic (cementitious) materials 
is that they harden upon hydration due to the formation of 
reaction products, typically similar to cement hydration. In 
contrast to hydraulic material, pozzolans commonly itself 
possesses little or no cementitious property. But, in their 
finely divided form and in the presence of moisture, they 
chemically react with calcium hydroxide to form cementi-
tious compounds, resembling that of cement hydration (poz-
zolanic activity) [86]. For any waste to be utilized in practi-
cal applications, the presence of pozzolanic active phase(s) 
introduces a positive perspective [87].

Most of the crystalline phases (hematite, quartz, rutile and 
anatase) in RMs are reported to be inert, while the poorly 
crystalline (aluminosilicates such as sodalite or cancrinite) 
and/or amorphous phases are reported to be pozzolanically 
active. In the Bayer process, the amorphous phase is formed 
during the so called desilication process, before the forma-
tion/crystallization of sodalite and cancrinite [88, 89]. Con-
tradictory data regarding the presence of amorphous phase 
in the RMs can be noticed in the literature. Some research-
ers have reported that amorphous phase does not present 
a constituent component of RM, while others stated that 
RM composes of almost 48 wt% of amorphous phase [66, 
90, 91]. Pascual et al. [73] identified the amorphous phase 

Table 3  Major oxides composition of some Indian red muds [40, 54, 74, 129, 185–187]

Company % Composition (by dry weight)

Al2O3 Fe2O3 SiO2 TiO2 Na2O CaO LOI

BALCO, Korba 18.10–21.0 35.0–37.0 6.0–6.84 17.0–22.50 5.2–5.5 1.7–2.2 11.8–14.0
HINDALCO, Renukoot 17.5–20.10 35.5–36.2 7.0–8.50 16.3–14.5 5.0–6.0 3.2–4.5 10.7–12.0
HINDALCO, Muri 16.80–20.5 35.34–46.0 5.5–15.63 17.0–18.9 3.3–13.56 1.24–2.0 12.0–14.0
HINDALCO, Belgaum 17.8–20.1 44.0–47.0 7.5–8.5 8.2–10.4 3.5–4.6 1.0–3.0 10.8–14.0
MALCO, Metturdam 18.0–27.0 40.0–45.17 5.70–16.0 2.5–5.15 3.64–4.5 1.5–2.5 11.0–15.0
NALCO, Damanjodi 3.38–30 33.80–60 1.21–20 1.20–3.30 1.35–10 0.03–8 10.8–13.5

(a) 

(b) 

Fig. 4  Average chemical compositions of red mud generated by alu-
minium industries a across the globe and b across India



1196 Waste and Biomass Valorization (2021) 12:1185–1217

1 3

as an important constituent of Spanish RM. The quantity 
of 20 mass% was reported for the RM from Italy [79], 22 
mass% for the RM from China [77, 92], while RM from UK 
documented to contain 38 mass% of amorphous phase and 
the highest quantity 48 mass% was reported for Australian 
RM [66]. Newson et al. [29] has reported the amorphous 
phase also as component of the sandy fraction of RM in the 
quantity of 34 mass% [29]. On the contrary, fully crystalline 
nature was reported for RM samples from Monte Negro, 
Italy and Ireland [35, 93, 94].

Kumar and Prasad [82] have reported the gain in strength 
of RM–lime mix, on account of formation of hydration prod-
ucts such as cementitious gel like phase. Pera et al. [95] 
have investigated heat treated (calcinated) RM, to which 
pozzolanic properties were assigned on account to reactions 
between alumina phase from RM and the addition of an acti-
vator—lime. Hydration products calcium-silicate–hydrate 
(C-S–H) and mono-carboaluminate phases are generally 
formed as a result of pozzolanic reaction. Liu and Zhang 
[96] and Pera et al. [95] have defined the pozzolanic activity 
of calcinated RM on the basis of lime/portlandite consump-
tion. The reactivity of RM was attributed to the conversion 
of goethite and boehmite into the pozzolanic active phases, 
during the calcination process [95, 96]. Ribeiro et al. [97] 
investigated the pozzolanic activity index of RM in cemen-
titious composites. The results showed that RM cannot be 
considered as a purely pozzolanic material since some of the 
requirements were not satisfied. But the study concludes that 
the amount of cementitious composites in RM are very close 
to the limit of standards, and thus, can be considered satis-
factorily for the partial replacement of cement in secondary 
construction applications.

Findings discussed herein bear very practical significance 
in the perspective of RM utilization, as it possesses partial 
pozzolanic characteristics and, thereby, induces the desired 
strength to the matrix with which RM is admixed. On the 
other hand, the presence of pozzolanically active phases can 
fetch an advantage as RM can react with the admixing agents 
during the stabilization or solidification. More importantly, 
defining the extent of pozzolanic activity of RM helps in 
identifying the appropriate stabilizer(s) and calculating its 
optimum dosage.

Morphology

Morphological characteristics, which reveal features such as 
surface topography, particle size, shape and their variations, 
agglomeration of particles, and discrimination/identification 
of phases can be derived from scanning electron microscope 
(SEM) and energy dispersive spectroscopy (EDS) analysis 
[98]. It is well known that the flocculated structure offers 
good compressive strength characteristics on account of its 
interlocking capability of the particles.

For the alkaline waste like RM, stabilization and/or solid-
ification is essential in order to improve its engineering prop-
erties. Morphological characteristics are an effective tool to 
assess the efficiency and ascertain the compatibility of a sta-
bilizing agent. Furthermore, aggregation of particles by poz-
zolanic reaction or particles interlocking or bonding before 
and after stabilization or solidification can be visualized 
only from the morphological studies [98]. Shear strength is 
another important property of constructional materials and 
it highly depends on the internal friction, which in turn is 
greatly affected by the shape and size of granules [99, 100]. 
In this context, Jerves et al. [101] investigated the effect of 
morphology on the critical internal friction angle of RM 
particles and reported that it decreases with an increase in 
particle angularity.

Figure 5 depicts SEM images at different magnifica-
tion factors to disclose morphological features of RM of 
NALCO, Damanjodi, Koraput. It is seen from the images 
that the RM composes of particles with different shape 
(roundness and sphericity)—from well-rounded to very 
angular and from highly spherical to highly elongated. It 
is known fact that shapes of the particles have a definite 
influence on strength properties. In line with the above 
statements, Das et al. [48] reported that particles in the RM 
(NALCO, Damanjodi, Koraput) are irregular in shape with 
different sizes, and Jitsangiam and Nikraz [63] reported that 
the red sand isolated (separated sandy fraction) from RM 
originating from Alcoa, Perth, Australia, composes of sharp 
edged particles. Perth RM was reported to have very high 
contents of quartz, which gives rise to angularity to particles. 
Larger quantity of sharper edged particles with rough sur-
face can be related to the mineralogical composition (quartz 
presence in the sample). Figure 5 reveals a fact that RM par-
ticles have mixed morphology, with no prevailing particular 
shape form. Contrarily, the majority of natural sand particles 
will usually be prevalent with sharp edged form [54].

pH

pH of material is a principal parameter which drives the 
reaction forward or backward [66]. The incomplete washing 
of residue after digestion with caustic soda (NaOH) leads to 
the retention of  Na2CO3 and NaAl(OH4) in the liquid phase 
or on the surface of the RM before its disposal, resulting in 
high alkalinity [102]. Different studies report that pH ranges 
from 10 to 13.5 regardless of the origin of RM [1, 27, 29, 
41, 49, 54, 96, 103, 104] (Table 1). It is to be noted that pH 
of RM is substantially greater than any other waste materi-
als like fly ash (pH 5.5), but comparable to steel slag (pH 
10.6–12.9) [105] or other wastes [106].

In the context of neutralization of alkaline wastes, it is 
indispensable to take into consideration the buffering capac-
ity and thus, reduce the alkalinity levels to such an extent 
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to comply with different standards [107, 108]. It is manda-
tory to lower the alkalinity levels of the RM because it can 
affect the mobility of elements or conversely, it may impede 
the chemical reaction of RM particles when amended with 
stabilizers. Babu [109] emphasized that pH should be main-
tained at about 8 to obtain the elemental equilibrium as well 
as to eliminate the negative environmental impact. A study 
by Kutle et al. [110] showed that in the RM from Obrovac, 
a former alumina refinery in Croatia, negligible amount of 
mobile Cr at pH of 7 was identified, but its quantity rose by 
48.4% when the pH was lowered to 3.5 due to the speciation 

mechanism of Cr. Similar results were obtained by Bartha 
[111] with the RM of the Ajka Alumina Refinery [112]. 
Hua et al. [113], who have admixed RM with natural soil, 
showed that the risk of elemental mobilization has been 
reduced in comparison to the RM alone. Further, Alam 
et al. [54] pointed out the threat of leaching of metal ions 
with a change in pH, in particular when the RM is used 
for the preparation of cement mortar. As such, the above 
studies clearly demonstrate variability in the mobilization 
of PTEs with a change in pH of the RM. Rubinos and Bar-
ral [84] has conducted leaching tests at different pH. They 

Fig. 5  SEM micrographs obtained at different magnification factors of untreated RM depicting different morphology [54]
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have concluded that a significant fraction of the metals was 
mobilised from RM only under very strong acid conditions, 
whereas Al is released in considerable amounts at pH below 
5.3 [84]. However, studies pertaining to establishment of the 
relationship between pH and leaching of PTEs from RMs 
are relatively scarce.

Literature data reveal that the pH of RM can successfully 
be mitigated by amending with sea water [114–116],  CO2 
[117], gypsum [118–120], fly ash [116], cow dung [74], etc. 
Treatment of RM with  Ca2+ or  Mg2+ brine solutions, which 
reduces the active Al and, thereby, inhibits the dissolution 
of tricalcium (TCA) in a soluble alkali, can also regulate its 
pH [121]. The soluble alkali present in the RM may lead to 
an increase in pH of the leached solution [2].

Studies also illustrate that pH is an important parameter 
that has a direct effect on the settling behavior of waste, 
as the particle surfaces commonly carry different electrical 
charge. In general, pH variation either retards or accelerates 
the settling phenomenon depending upon the concentration 
and chemistry of the suspension. The acidic treatment of RM 
leads to an increase in fines content and dispersion, which 
in turn increases the duration of settling. This observation 
confirms the study by Reddy and Rao [41], who investi-
gated the settling characteristics of RM with different aque-
ous solutions (i.e. HCl and NaCl). The study reported that 
the settling duration of particles increased in HCl solution 
due to dissolution/dissipation and decreased in NaCl solu-
tion due to aggregation of particles. From these results, it 
can be inferred that the settling behaviour of particle in RM 
is influenced by the type of aqueous solution and its pH. 
Further, high pH causes negatively charged particles to repel 
from each other, resulting in dispersion of the RM particles 
[122, 123].

Leachability of Potentially Toxic Elements

One of the most important concerns raised regarding the use 
of RM is the environmental acceptability due to the possible 
release of PTEs (viz., As, Ba, Ni, Zn, Cu, Zr, Pb, Cr, V, Hg 
etc.). Concentrations of these elements can vary with the 
chemical compositions of the bauxite ore, extraction method 
adopted by the refinery and type of method employed for 
analysis (refer to Table 4). The leaching of different PTEs 
may be dictated by different environmental and climatic con-
ditions. Studies pertaining to leaching of PTEs from RM 
with change of pH in the literature are scarce [84]. With 
this in mind, an effort is made to compile the data on PTEs 
reported by different researchers on RMs of diverse origin, 
as listed in Table 4. Further, the maximum permissible con-
centration of species given by USEPA guidelines [124–126] 
is also superimposed in order to check the hazardous nature 
of the RM as well as to compare the measured values with 
legislative limits. It can be noted that the results shown in 

Table 4 are pertinent to elements determined by resorting 
to toxicity characteristic leaching procedure (TCLP) only.

Though, most of the PTEs concentrations (Table 4) are 
found to be within the acceptable limits as per USEPA, 
concentration of a few of them are exceeded the prescribed 
limits: As [57], Ni [57, 127], Ba [128, 129], Zr [128–130] 
and V [128]. This observation obligates the requirement of 
stabilizing the RM for immobilizing the release of PTEs. 
On similar lines, Chandra and Krishnaiah [131], Urík et al. 
[132], Ghosh et al. [133], Zhang et al. [134], and Kim et al. 
[135] report leaching of PTEs at lower concentrations and 
stated that RM can be used as a nonhazardous material with-
out impacting the surrounding environment.

Review of Geotechnical Properties

The ideal sector for practical and fruitful use of RM is the 
construction industry, especially geotechnical engineering. 
In such applications, synergetic benefits such as consump-
tion of bulk quantity of industrial waste materials (residues 
and/or by-products) can be achieved. However, variability in 
geotechnical properties, from marginal to significant extent, 
is a big impeding factor for any waste, although it might have 
been picked up from the same source/location (i.e. disposal 
area). An important fact about the RM is that many of its 
mechanical and physical properties resemble that of clay and 
sandy soils, and also maintain similarities with clayey tail-
ings [136]. In this context, it is crucial to establish detailed 
knowledge about the geotechnical properties of RM in order 
to recognise avenues for newer application schemes. A detail 
summary on various properties of RMs produced in India 
and by other countries is given in Tables 1 and 5. A detailed 
discussion on the geotechnical properties of the RM is pre-
sented in the subsequent sections.

Consistency Limits

A very general understanding about consistency limits is that 
soils which constitute with clay minerals can exhibit plas-
ticity behavior, while degree of consistency depends on the 
type and amount of clay minerals present in it. For example, 
soils rich in montmorillonite type mineral phase commonly 
exhibit considerably high consistency indices such as liq-
uid limit  (wL), plastic limit  (wP), and plasticity index  (wPI). 
Consistency indices, prima facie, provide basic information 
about the likely behavior of a soil with change in water con-
tent [137]. The plasticity index, in particular, reflects water 
holding capacity of a soil. Data presented in Table 1 shows 
the marked variability in consistency indices of RMs belong 
to different provinces.

It should be highlighted that the presence of clay min-
erals such as kaolinite, illite, and montmorillonite (that 
are commonly found and abundantly available minerals in 
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clayey soils) in the RM was not documented, as clay min-
erals (especially kaolinite) react with the Bayer liquor and 
DSPs (mainly sodalite and cancrinite form) even at the low 
temperature digestion circumstances. Usually sands are 
non-plastic materials, whereas clayey soils exhibit plastic 
behavior due to the presence of clay minerals as aforemen-
tioned. Even though, clay mineral phases are not constituents 
of RMs, it still exhibits plasticity characteristics (Table 1). 
Studies attribute it to the constituent particle sizes, which 
range from clay to silt size, along with electrical charge par-
ticles of hydroxy sodalite, cancrinite, goethite, and hematite 
minerals [29, 68].

It is seen from Table 1 that almost all the studies available 
in the literature document that the RM can exhibit plasticity 
behavior. Figure 6 shows the review of RM classification by 
different authors. By most of the studies, RM is classified as 
‘inorganic silts of low to high plasticity type material (i.e. 
ML or MH)’, as shown in Fig. 6. From Table 1, it can be 
observed that the values of liquid limit  (wL) and plasticity 
index  (wPI) fall in the range of 38 − 64%, and 5 − 22% respec-
tively. Depending upon the location and origin of the RM, 
a distinct variability in the values of  wL and  wPI is clearly 
visible. The variability may be attributed to grade of bauxite 
ore, its chemical and mineralogical compositions, the pro-
cess technology and dissimilarity in proportions of electri-
cally charged particles. Moreover, variability in  wL and  wPI 
may also be linked to the proportions of oxides composition. 
As such, RMs belong to China and Jamaican showed higher 

consistency limits, while those originated from India and 
USA manifested moderate to low consistency limits [138, 
139]. These findings are in good agreement with the results 
of Villar et al. [37], who reported how the extraction process 
and grade of bauxite ore influence the consistency limits 
of RM originated from Brazilian rain forest. On the other 
hand, Rubinos et al. [49] showed that there is no influence of 
temperature on the consistency limits of RM (ALCOA-San 
Cibrao Bauxite Refinery, Lugo, Northwest Spain). However, 

Table 5  Summary on properties of red muds belonging different parts of the world

Reference Materials Property Remark

Kalkan [30] Red mud, clay, 
cemented red 
mud

UCS, hydraulic conductivity and swell 
percentage

Decreases in hydraulic conductivity, swelling 
percentage and increases in compressive 
strength. plasticity of soil reduced from 
high (CH) to low (MH)

Parekh and Goldberger [194] Red mud Basic characterization Chemical, particle size, and mineralogy of 
red mud changes with origin of bauxite ore

Somogyi and Gray [156] Red mud Consolidation, physical properties Reported that RM waste shows geotechnical 
properties similar to clayey tailings

Newson et al. [29] Red mud Physical, chemical and geotechnical proper-
ties

Reported no clay or quartz minerals in RM, 
the mechanical behaviour of red mud is 
similar to clay and sand due to electrically 
charged properties of the hematite, goethite 
and hydroxysodalite

Nikraz et al. [157] Red mud, bitterns Properties of red mud after neutralization Studied the strength and compaction proper-
ties of raw and treated RM with carbonation 
and bitterns (NaCl)

Found decrease in bulk density and increase 
in void ratio of treated waste and marginal 
changes in -value

Khaitan et al. [116] Red mud (RM) Red mud (RM) neutralized by carbon 
dioxide  (CO2)

Red mud pH reduced to 7.7

Rai et al. [2] Red mud, sea water Neutralization of red mud by sea water pH value of slurry reached to 8.0 (disposable 
limits)
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Fig. 6  Plasticity index of different red mud’s around the world
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it is not clear which oxide(s)/mineral phase(s) induce such 
greater plasticity behavior to the RMs.

Linear and Volumetric Shrinkage

Linear shrinkage is an indicative of expansion by a clay 
soil under varying moisture conditions. Plasticity is directly 
proportional to the shrinkage, as the plasticity is high so 
does the linear shrinkage [140]. Parameters like percent frac-
tion, mineralogy, and type of exchangeable cations present 
also can have an influence on shrinkage characteristics. A 
material tends to undergo significant shrinkage if it contains 
lower concentration of  Na+ ions, finer particles, and minerals 
of low crystalline degree [49]. On the contrary, researchers 
have reported low values of linear (< 6%) and volumetric 
shrinkage (< 2%) for the case of RM, although it constituted 
with a substantial amount of  Na+ ions and that the quantity 
of finer particles was more than 90% [49, 54, 141, 142]. 
The reason for RM exhibiting lower linear and volumetric 
shrinkage may be due to the low plasticity characteristics, in 
addition to comprising of low degree of crystalline minerals 
such as goethite [76, 141]. It also depends whether the Na is 
bound in DSPs or is in the porewater. If a given soil exhibits 
the shrinkage limit of below 10 and the linear shrinkage of 
above 8, it is defined to be a critical degree of expansion 
[143]. The linear and volumetric shrinkage values of RM are 
significantly low and thus, it falls into the category of non-
critical (low degree of expansiveness) [144]. The properties 
of linear and volumetric shrinkage stem their importance 
on the compressive strength of RM blocks and also in the 
formation of surface cracks upon drying [145, 146].

Compaction or Moisture–Dry Unit Weight 
Relationship

Establishment of dry unit weight versus water content rela-
tionship for a given material is vital in construction projects 
as it influences the mechanical behavior [147, 148]. Deter-
mination of compaction parameters gains more attention 
in the case of RM in light of alkali content (Table 1) and 
dominance of iron oxide, in particular, (refer to Tables 2, 
3) [28]. Therefore, the effect of these parameters on com-
paction parameters (dry unit weight, γdmax, and optimum 
water content,  wopt) need to be understood critically. Stud-
ies related to evaluating the influence of iron oxide, specifi-
cally when its content exceeds that in natural soils, on the 
compaction characteristics are not reported. On the other 
hand, several studies Panda et al. [1], Reddy and Rao [28, 
39] postulated variability in the values of γdmax and  wopt for 
the investigated RMs of similar origin. For the sake of clar-
ity, compaction curves established for different compaction 
energy [standard Proctor (SP) and modified Proctor (MP) 
tests] are reproduced and presented in Fig. 7. The curves 

clearly demonstrate that RM is sensitive to moisture con-
tent and the same is reflected in greater compaction energy 
requirement to obtain reproducible results. For clarification, 
dry unit weight versus water content relationship established 
on RMs of diverse origin are compiled and reproduced in 
Fig. 8. Additionally, typical compaction characteristics of a 
variety of wastes and by-products were also assimilated and 
reproduced, as shown in Fig. 9.

As depicted in Fig. 8, an inherent variability in nature 
of compaction curve is clearly distinguishable. A disparity 
in peaks of the curves varying from very broad to sharp, 
resembling that of clay to silt to fine sandy soils [46], with 
variability in the values of γdmax and  wopt can be noticed. 
Further, it is seen from Fig. 9 that compaction character-
istics of RM resemble to other waste types, except that of 
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Fig. 7  Dry unit weight versus water content relationship on identical 
samples of untreated RMs [16]
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non-ferrous slags, whose dry unit weights are extremely high 
with significantly low water contents.

RM comprises of various mineral phases in different pro-
portions, which in turn can bear significance on its compac-
tion characteristics. Moreover, the proportions might vary 
with the type of bauxite ore, place of origin, and process 
technology, including method of extraction. Therefore, it 
is expected that RMs of different origin will exhibit their 
unique compaction characteristics. Evidently, the same is 
reflected from the compaction curves presented in Fig. 8, 
wherein, it is seen that the nature of compaction curves dif-
fer from source to source with diverse γdmax and  wopt values. 
Furthermore, Fig. 8 also substantiates a fact that RMs of 
same origin also produce dissimilar nature of compaction 
curves. As such, it can be inferred from the results presented 
in Figs. 7, 8 and 9 that the influences of alkali content and 
oxides composition on the compaction characteristics are 
impending.

In order to avoid the necessity of applying higher compac-
tion energy needed for obtaining maximum dry unit weight 
and optimum water content, Reddy and Rao [28] have sug-
gested treating of the RM by chemical solutions (e.g. HCl 
and NaCl) or waste materials (e.g. fly ash and GGBS).

Shear Strength

For proposing any soil or waste or by-product as a geoma-
terial for practical applications, it must exhibit adequate 
shear strength, complying to guidelines of standards [108, 
149]. Many studies highlight that the RM has a capability of 
yielding reasonably good compressive strength, in spite of 
extreme alkalinity [48, 57, 150], and the strength behavior 
is quite similar to clayey or sandy soils [29]. As discussed in 

the context of gradational characteristics, the RM comprises 
of significant fines fraction, which has a tendency to adsorb 
large amount of water, which in turn causes poor contacts 
between the grains leading to reduction of resistance against 
applied stresses.

Jain [151] and Panda et al. [1] measured the unconfined 
compressive strength (UCS) of untreated RM in the range 
of 150–250 kPa, which is appreciably low matching with 
clayey soil of low to high plasticity (i.e. CL/CH). Sundaram 
and Gupta [27] based on in situ penetration tests categorized 
that RM behaves similar to soft soils. The dry RM seems to 
yield reasonably high shear strength due to the change in 
particle morphology [49]. Vogt [152] reported that the und-
rained shear strength of RM is higher than the uncemented 
clay. Authors attribute this to high frictional resistance 
offered by the particle fraction and particle morphology. In 
this context, it is worth to mention here that very high quartz 
content was found in the bauxite ore from Darling Range, 
Perth (Australia) and resulting RM. The quartz in these 
materials exists as angular particles, which is advantageous 
for RM to exhibiting greater shear strength properties [63]. 
Morphological characteristics shown in Fig. 5 confirm these 
observations. Additionally, shear strength parameters such 
as cohesion and friction angle of RMs of different origin 
were compiled and listed in Table 1. Apparently, very high 
frictional angle in the range of 26° − 45° can be noticed. 
Although, RMs are categorized as material exhibiting low 
to high plasticity characteristics (Table 1), yet they exhibit 
significantly high friction angle, matching with that of fine 
to coarse sand (27°−45°) [153]. On the other hand, the cohe-
sion, as reported by many researchers, appears to be less 
in the range of 7−20 kPa (Table 1). Based on the results 
presented in Table 1 and Fig. 3, dependency of the high 
friction angle on the larger particles replicating that of sand 
size and their morphology can be inferred. These findings 
further validate the studies performed by Alam et al. [54], 
who evaluated the sphericity of RM particles (coarse sandy 
fraction of RM) and postulated that the frictional resistance 
increases with decrease in sphericity, and Srivastava [154], 
who measured cohesion and shear strength of the RM in 
the range from 1.77−7.7 kPa and 29−131 kPa respectively. 
Nikraz et al. [29] determined the drying characteristics and 
strength properties of untreated, carbonated and bittern RMs 
and compared the properties with seasonal variations (sum-
mer and winter). The carbonated RM showed low strength 
of 20 kPa after 37 days of stacking, whereas the strength 
of untreated RM measured during the summer season was 
even lower. Studies also show that the loss of shear strength 
can occur when the RM is exposed to an acidic environment 
[28, 29, 39].

The observations made herein have been further validated 
by a series of UCS and unconsolidated undrained (UU) tests 
performed on RM samples of Indian origin. A set of samples 
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were prepared at different compaction states: dry unit weight 
from 13.6 to 14.8 kN/m3 and optimum water content from 
32 to 37%. Results obtained are presented in Figs. 10, 11, 
12 and 13. From Fig. 11, it can be observed that with an 
increase in water content, strength decreased drastically 

from 270 to 80 kPa, almost to one third of the original value. 
Further, the increase in density led to increase in strength of 
the RM. The maximum and minimum strength values meas-
ured are as: 900 kPa and 80 kPa, respectively. Variability in 
the stress–strain response is evident from the graphs. This 

Fig. 10  Influence of compaction state on stress–strain response of RM obtained from UCS tests

Fig. 11  Stress versus strain response obtained on untreated RM at different confining pressures by conducting (UU) tests
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variability is pronounced with change in density rather than 
water content. To have a better understanding on the strength 
properties, the compressive strength is plotted against volu-
metric water content, which is a product of water content 
and dry unit weight, as depicted in Fig. 12. It is obvious 
from the results that the relationship between compressive 
strength and volumetric water content is non-linear, while 
compressive strength became constant when volumetric 
water content (θ) exceeded 50%. It can be concluded that 
desired high compressive strength can be attained, only if 
RM is compacted to a relatively denser state.

In Fig. 11, the results of UU tests conducted on samples 
compacted at  wopt (31%) and γdmax (15.4 kN/m3) at a confin-
ing pressure of 50, 100, and 150 kPa are shown. It can be 

observed that as confining pressure increases so does the 
ultimate stress. Using the data of Fig. 11, Mohr–Coulomb 
failure envelop was developed to determine shear strength 
parameters such as cohesion and friction angle, as depicted 
in Fig. 13. The failure envelopes distinctly demonstrate 
a very high friction angle of 26°. Conversely, the results 
show reasonably high undrained cohesion of about 206 kPa, 
which is substantially greater than that reported by several 
researchers (refer to Table 1). Interestingly, the friction angle 
is comparable with normally compacted clays (20°−26°) 
and fine sands. Higher friction angle (37–45° and 38°) has 
been reported by Newson et al. [29] and Rubinos et al. [49] 
based on triaxial and direct shear test results. The high fric-
tion angle was also reported by Alam et al. [54] based on the 
tests on coarse sand fraction of RM.

Hydraulic Conductivity and Compressibility

Permeability is one of the important properties for the selec-
tion of a geomaterial for waste containment liner or cover 
systems [49], whose performance has a strong interrelation 
with it. Generally, the compaction and hydraulic conductiv-
ity, k, are interrelated. The low hydraulic conductivity can be 
obtained by compacting the soil to a greater dry unit weight 
[146] or alternatively by filling the pores with fine materi-
als [30, 49]. The void ratio is the major parameter which 
influences the hydraulic conductivity. RM has more than 
90% of particles in the form of fine fraction (< 0.075 mm). 
These fine particles can drastically decrease the hydraulic 
conductivity of the RM by acting as filler in the pore spaces. 
Gore et al. [104] determined k value of the RM by rigid and 
flexible wall permeameter methods with and without back 
pressure and reported it as  10−6 cm/s. The RM practically 
allows low flow rates to be suitable it as a resource material 
for a levee application. Similarly, Kalkan [30] has demon-
strated based on the permeability studies that the RM can 
be used for the modification of clay liner system, which in 
turn reduces the cost of stabilization as the RM is a freely 
and abundantly available waste material. The RM k value 
is comparable to natural clay samples  (10−9 to  10−6 cm/s) 
[153], and it can further be reduced by resorting to stabili-
zation in order to comply the required value (i.e. less than 
 10−7 cm/s) defined by the guidelines of USEPA to be used 
as clay liner material [155].

The compressibility of RM is an important property to 
classify it as ML (silt of low plasticity), even though the 
behavior resembles that of CH (clay of high plasticity) soils 
[104]. The consolidation characteristics of RM have not 
been widely researched [28, 156, 157]. Studies pertaining 
to RM specifically highlight that its compression behavior is 
quite similar to the clayey soil. Studies report the compres-
sion index for RM in the range of 0.202−0.56 [28, 49, 104, 
136]. It is also important to note that the plasticity behavior 

Fig. 12  Variation of compressive strength  (qu) with volumetric water 
content (θ)

Fig. 13  Mohr–Coulomb failure envelopes from triaxial unconsoli-
dated undrained (UU) test results
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of the RM is low to medium, but its compressibility values 
are yet low. In fact, for the same value of plasticity index 
 (wPI) between natural clay and RM, the latter material 
exhibited low compression index than the former one. The 
coefficient of consolidation, which represents the capability 
of a material to undergo consolidation with an increase in 
pressure, for RM is measured in the range from 3.64 × 10−2 
to 4.75 × 10−2  cm2/s [49]. The low compressibility is advan-
tageous in terms of selecting RM as a substitute to natural 
soils, which can solve disposal and storage problems associ-
ated with it, perpetually.

California Bearing Ratio

CBR is widely used parameter for determining the thickness 
of a subgrade, an important integral part of the pavement 
structure. The presence of weak soil in the subgrade leads 
to poor performance of pavement with possible cracking, 
rutting, and pothole formation. Therefore, it is essential to 
ensure the subgrade material possesses high enough CBR 
value in accordance with the respective standards. Jitsan-
giam and Nikraz [63] have highlighted that the soaked CBR 
of stabilized RM is greater than that of unsoaked one. Based 
on the CBR value, RM after stabilizing with fly ash was used 
successfully to build 200−300 mm thick subbase layer for a 
road in Western Australia.

In view of data scarcity on Indian RMs, CBR of Indian 
RM before and after amending with granulated blast furnace 
slag (GBS) in varying percentages and curing periods is 
measured and the results are presented in Fig. 14. The results 
show a considerable increase in CBR value with the addi-
tion of GBS. The increase is continued up to 20% of GBS 
addition and thereafter, it stagnated under both soaked and 
unsoaked conditions. Apparently, the CBR under unsoaked 
condition is superior to the soaked condition, and there is 
a significant improvement in the values from 0 to 7th day 

curing period. The increment in CBR value accounts for the 
arrangement of particles and its close packing. Generally, 
CBR test is referred to as a penetration test and therefore, 
bonding is not the main criterion in this test. The addition 
of coarser material to RM enhances the resistance to pen-
etration and, thereby, improves the CBR value. The results 
presented in Fig. 14 correlates excellent with the findings 
reported by Deelwal et al. [158], who observed an increase 
in CBR with the addition of 8 wt% hydrated lime and 1% 
gypsum. Similarly, Mukiza et al. [159] have observed that 
RM can be used as a stabilizer for strengthening the weak 
subgrade soils. It has been found from other studies that the 
enhancement in CBR can also occur due to the pozzolanic 
reaction [103, 160]. As such, utilization of RM in road and 
pavements can consume huge quantity, possibly aiding in 
mitigating disposal and environmental issues [28, 159].

Dispersion Behavior

The conventional geotechnical tests fail to portray the dis-
persion behavior of a material. In most practical scenarios, 
wastes or by-products may well satisfy all the suitability 
requirements for a particular application, but often not meet 
the dispersivity aspect. Hence, separate experimentation 
becomes necessary to assess dispersivity of wastes or by-
products, especially when they have to be used as a substi-
tute for natural geomaterial or in the construction of dikes, 
embankments, and other geotechnical structures, which are 
frequently exposed to flooding [161].

The absence of clay minerals and the presence of signifi-
cant sodium content apparently found to exacerbate disper-
sion behavior in the RM [20, 41, 43]. Many studies based 
on results of crumb, sodium absorption ratio, cylindrical 
dispersion, and pinhole tests confirm the dispersion behavior 
of RM from high to very high [20, 31, 40, 48, 67]. The pres-
ence of highly exchangeable sodium ions, which commonly 

Fig. 14  Variation of CBR val-
ues of RM stabilized with GBS 
at different percentages and 
curing periods



1206 Waste and Biomass Valorization (2021) 12:1185–1217

1 3

led to the formation of single grained particles, coupled with 
silt in a significant amount can affect the dispersion and ero-
sion characteristics [161].

Materials which exhibit dispersive nature are commonly 
not selected for constructing earthen structures, unless they 
are adequately stabilized or treated with chemical additives. 
Erosion resulting from dispersion can be remediated by sta-
bilizing the RM with suitable additives such as lime, cement, 
and gypsum. Addition of these agents increases the electro-
lyte concentration and replaces  Na+ with  Ca2+, leading to 
flocculation effect which in turn obviates the dispersivity 
[82, 103, 162]. Studies conducted by Reddy et al. [20] and 
Alam et al. [67] demonstrate that 0.5−1% of biopolymers 
such as guar gum and xanthan gum can effectively control 
the dispersive nature of RM. The addition of biopolymer 
by forming hydrogen and ionic bonding prevents the RM 
exhibiting the dispersion behavior [20, 163]. Ding et al. [22] 
studied Lignosulfonate’s (LS) as a stabilizer and found that 
it is effective in the prevention of erosion in coarse RM. 
Alternatively, Rout et al. [164] and Gore [139] have rec-
ommended covering the RM with locally available soils to 
avoid dispersion.

Collapse Potential

Generally, collapsible behavior is associated with an open 
structure formed by coarse shaped grains, low initial den-
sity, low natural water content, low plasticity, relatively high 
stiffness and strength in the dry state, and often by parti-
cle size in the silt to fine sand range and fabric [165, 166]. 
Natural soil deposits and engineered compacted fills may 
exhibit volume-moisture sensitivity if compaction specifica-
tions and quality control measures are not met appropriately. 

Compaction to lower dry density reflects in the greatest 
susceptibility to collapse upon wetting. The major volume 
change in a practical situation is always triggered by sud-
den contact with water, which can be anticipated over the 
waste storage facilities possibly during the torrential rains. 
RM also comprises of angular particles with considerable 
finer fractions, apart from showing low plasticity, and thus, 
it may tend to exhibit collapse potential. Unfortunately, pre-
vious studies in the literature that deals with estimating the 
collapse potential of the RM are nil. Hence, attempts are 
made to measure the collapse potential of RM with the help 
of oedometer tests. Figure 15 shows the void ratio versus 
applied load relationship established on RM samples com-
pacted to two different compaction efforts (SP and MP). The 
qualitative assessment of soil collapse potential proposed 
by ASTM D5333 [167] is also given in Table 6. From the 
results presented in Fig. 15, it is seen that the measured 
collapse index,  Ie, varies from 0.06 to 0.25%. As per the 
Table 6, the degree of collapse potential for RM can be des-
ignated as ‘none to slight’, indicating that RM may not have 
a tendency to exhibit collapse potential.

Fig. 15  Determination of col-
lapse potential of red mud at 
a standard Proctor (SP) and b 
modified Proctor (MP) compac-
tion efforts

Table 6  Qualitative assessment of soil collapse potential (US Depart-
ment of Transportation and ASTM D5333 [167])

Degree of specimen collapse Collapse index,  Ie (%)

None 0
Slight 0.1 to 2.0
Moderate 2.1 to 6.0
Moderately severe 6.1 to 10.0
Severe  > 10
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Assessment of Geotechnical Engineering 
Applications

As discussed in the context of mineralogical and chemi-
cal compositions, in addition to the hydroxy sodalite, 
electrical charge nature of goethite and hematite miner-
als do also contribute for the mechanical behavior of RM 
[29]. Studies of Reddy and Rao [40] and Alam et al. [67] 
confirm the same fact by comprehensively measuring the 
zeta potential under variable pH conditions. It is seldom, 
a waste is selected for a particular geotechnical applica-
tion based on a single engineering property, rather it must 
meet requirement of multiple engineering properties. A 
critical summary on the suitability of RM for a particular 
field application based solely on (a) code specification(s) 
and (b) standard with engineering property, in tandem, 
is shown in Tables 7 and 8. It is obvious from the data 
presented in these tables that the RM complies with sev-
eral standard specifications, rendering its suitability as a 
potential geomaterial in diverse field applications. A closer 
observation of Table 8 reveals a narrow scope for accept-
ability of untreated RM and, evidently, wider applicability 
of treated RM.

Generally, soils having a specific gravity up to 2.7 can 
be used for constructing the embankments, as it is desir-
able that the minimal stresses are transmitted safely to 
the underlying soil layers. As per the values of  Gs listed 
in Table 1, almost all RMs are found to comply with this 
property. On the other hand, IRC 37 [149] and IRC SP 20 
[107] standards recommend  wL and  wPI of less than 25% 
and 6% respectively, while Western Australia 501 [168] 
(Tables 7, 8) standard suggests the same not exceeding 

30% and 10% respectively for selecting geomaterial as a 
resource material in pavement layers. As such, the consist-
ently greater  wL values shown in Table 1 manifest that RM 
does not satisfy any of these code specifications. Inciden-
tally, low to high  wPI values meet almost every standard 
specification. Thus, it is prudent to affirm based on the 
index properties that appropriate stabilization is warranted 
prior to utilization of RM. A study by Panda et al. [1] 
proves this fact, where in the study the values of  wL and 
 wPI of sugarcane molasses and microbes treated RM were 
measured as 10.96% and 0.66%, which very well comply 
with the guidelines of the above standards. It is important 
to note that the low values of  wPI are beneficial for the RM 
when it is to be endorsed for constructing subgrade layer 
of a pavement [164].

Soils exhibiting greater  wPI undergo significant compres-
sion or settlement [153]. Though  wPI values of RMs vary 
from low (5%) to high range (22%), the compression index 
vary in the range of 0.0933–0.41 [49, 104, 156]. In fact, the 
consolidation characteristics of RM were studied only by 
a few researchers: Somogyi and Gray [156], Nikraz et al. 
[157], Reddy and Rao [28], limiting the scope to interpret 
the data in a broader spectrum. Similarly, the coefficient of 
consolidation is also measured low, ranging from 3.5 × 10−2 
to 10.3 × 10−2  cm2/s. These low compressibility character-
istics render the RM as a resource material for constructing 
embankments, clay liners, foundations, and structural fills 
(refer to Table 8).

Despite the different origin of RMs, they all commonly 
consisted of fines (silt and clay size particles) as a major 
fraction, as evident from Table 1. It can also be reasoned out 
that the large fraction of fines can significantly contribute 
for low hydraulic conductivity characteristics. This validates 

Table 7  Suitability of RM for different field applications as per the code specifications

Relevant code Potential application

Subgrade Sub-base Embankment Earthen cover Low 
volume 
road

High 
volume 
road

Structural fill Clay liner Building 
material

IS 1498 [195] ✓ ✓
IRC SP 20 [107] ✓ ✓ ✓ ✓
IRC SP 72 [196] ✓ ✓
MoRTH [174] ✓ ✓
IS 1498 [197] ✓ ✓ ✓
MoRD [198] ✓ ✓
IRC 37 [149] ✓
BS 3921 [175] ✓
IRC 36 [199] ✓ ✓ ✓ ✓
Main Roads Western 

Australia 501 [168]
✓

USEPA [124] ✓
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the data reported by Taha and Kabir [169], who concluded 
based on the gradation properties that RM can be chosen 
as a liner material in landfill disposal systems and that the 
fines could effectively prevent the migration of pollutants 
into the environment. Hydraulic conductivity is one of the 
deciding parameters for characterizing the material to be 
selected as a liner material. Although, soils with high swell-
ing potential show apparently low-hydraulic conductivity, 
these soils crack upon drying and show susceptibility to 
chemical attack, resulting in permeation of liquids released 
from storage unit into the surrounding environment. In this 
regard, use of RM as a clay liner material gains merit. Fur-
ther, significantly high iron content, which is active and 

offers remarkable resistance against chemical attack [170], 
and low k property qualify the RM to be selected for storage 
units and compacted liner systems. These observations are in 
good agreement with the results of Rubinos et al. [49], who 
have measured low k of RM and, thereby, demonstrated its 
usability as a clay liner material. Above all, it is seen from 
Table 1 that the permeability of RM delineated to be low, 
highlighting a fact that the leaching of toxic metals from it 
will take a longer time and will be trivial [127]. It is also 
described that RM possess good sorption properties, with 
hydroxide phases demonstrably excellent adsorbents [171]. 
Because of this meritorious trait, RM has been explored for 
immobilizing a particular contaminant or treating acid drains 

Table 8  Assessment of potential applications of the pre- and post-treated RM based on different geotechnical properties

a References [107, 167, 174, 196, 198, 199]
b Reference [168]
c References [107, 174, 195, 198, 199]
d Reference [107]
e References [107, 196, 199]
f References [149, 195, 199]
g Reference [195]
h Reference [124]

Property Potential application

Sugradea Sub-baseb Embankmentc Earthen  coverd Low 
volume 
 roade

High 
volume 
 roadf

Foundationg Clay  linerh Structural fill

Dry unit weight (kN/m3)
 Pre ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
 Post ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Permeability (cm/s)
 Pre ✓ ✓ ✓
 Post ✓ ✓ ✓ ✓

Index properties
 Pre ✓
 Post ✓ ✓ ✓ ✓ ✓ ✓ ✓

qu (kPa)
 Pre
 Post ✓ ✓ ✓ ✓

CBR (%)
 Pre ✓
 Post ✓ ✓ ✓

Compressibility
 Pre ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
 Post ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Dispersion
 Pre No No No Yes No No No No No
 Post ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Collapse potential
 Pre Slight Slight Slight Slight Slight Slight Slight Slight
 Post Nil Nil Nil Nil Nil Nil Nil Nil Nil
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and contaminated sites [113, 170]. As such, untreated RM is 
documented excellent for treating of acid drains, contami-
nated soils, or sewages in comparison to gypsum amended 
one. RM also exhibits cation exchange capacity in the range 
of 43.2 −75 mEq/100 g, which apparently close to clayey 
soils [66, 136, 156].

Besides fulfilling the requirements of low k, the material 
should be compactable and show adequate strength to resist 
the applied loads, in all practical scenarios. The compac-
tion state is such that permeability at the densest state shall 
be less than the regulatory levels (i.e. 1 × 10−7 cm/s as per 
USEPA). Generally, low k can be achieved by compacting 
the material to γdmax at  wopt (2–4%) [146, 172]. Such low k 
(≤ 1 × 10−7 cm/s) value for RM can be attained by compact-
ing to dense homogeneous mass with moderate compaction 
effort at 0.4–4% of optimum water. However, the presence 
of iron oxide (above 55%) and abnormally high alkalinity 
seems to cause contrariety of the density characteristics. To 
overcome this, Reddy and Rao [28] suggested to applying 
relatively high compaction energy equivalent to MP com-
paction energy or alternatively, amending the RM with a 
suitable additive.

Materials possessing good compaction and strength prop-
erties are not only useful for clay liner systems, but they can 
also be chosen in a wide range of other applications. As 
evident from Table 8, the suitability of pre- (raw) and post-
treated RM (amended) on the basis of dry unit weight found 
to have versatile applicability. Literature data presented in 
Table 1 demonstrate that the dry unit weight varies from 
12.5 to 17.5 kN/m3. As such, IRC 36 [173] specifies γdmax 
in the range from 15.2 to 20.8 kN/m3 and  wopt from 10 to 
20% for ML (i.e. silt of low plasticity) type soils. Similarly, 
IRC SP 20 [107] (Rural roads) suggests γdmax of not less than 
14.4 kN/m3 for constructing embankments up to a height 
3 m and 15.2 kN/m3 of embankments exceeding this height. 
The same standard also recommends γdmax of not less than 
16.5 kN/m3 of a material to be selected for sub-grade layer 
or earthen shoulder. As per MoRTH [174] guidelines, γdmax 
shall not be < 15.1 kN/m3 and 17.2 kN/m3 for ascertaining 
the suitability of material for an embankment or a sub-grade. 
From Table 1, it is apparent that the values of γdmax are a 
bit higher than the minimum density requirement of IRC 
36 [173], but conform to IRC SP 20 standard [107]. Based 
on the compaction characteristics, it can be concluded that 
RM qualifies to be used for rural road construction, even 
without resorting to pre-treatment or amendment. In such 
cases where it does not meet the prescribed specifications, it 
is indispensable that RM is amended with suitable additives 
like fly ash, GGBS, OPC, gypsum, or lime.

High shear strength (i.e. friction angle and cohesion) is 
also one of the prerequisites for RM as it needs to resist 
the shear failure against slope instability if used in land-
fills or embankments [49]. From Fig. 10, it is seen that as 

the strength varies so does the compaction state of RM. 
A point is clear from the stress–strain response (Fig. 10) 
that the untreated RM, in general, seems to exhibit low 
strength in the range from 102 to 175 kPa (refer to Table 1). 
Understandably, the strength requirement shall not remain 
same for all practical scenarios. It is obvious from Table 
that low strength does not meet the requirements of IRC 37 
[149], which specifies 1.5–3.0 MPa for untreated soils and 
0.75–1.5 MPa for chemically stabilized soils to be used for 
granular sub-base course in flexible pavements. Conversely, 
low strength also marks RM unsuitable as a base course 
material, for which strength specified is 4.5–7 MPa. This 
emphasizes that stabilization or solidification of the RM is 
essential. An important point to be kept in mind pertaining 
to RM is uncertainty on the formation of reaction products 
during the stabilization or solidification under extreme alka-
line conditions. The alkalinity originating from the associ-
ated liquid phase can greatly be reduced with the up-to-date 
dewatering methods (Bánvölgyi 2015). As such, limited 
efforts were devoted to stabilize or solidify the RM or per 
se identify a suitable additive(s) which would develop hydra-
tion products under acute pH conditions and thereby, impart 
desired strength. Additional fundamental studies are needed 
to investigate these issues.

The large quantity of fine fraction together with low lin-
ear and volumetric shrinkage gives the RM to be preferred 
for building material such as composite brick made of RM 
and clay [145]. But, interpretation of strength results discard 
RM suitability as a composite building block because of low 
strength below 7 MPa as stipulated by BS 3291 standard 
[175]. These observations further substantiate a fact that sta-
bilization or solidification deemed necessary for RM even to 
be utilized as a building material.

In addition to the strength, reasonably high CBR is also 
another prerequisite for a material to be chosen for subgrade 
layer of a pavement or a road. The prescribed values are 
15% under soaked condition as per IRC SP 20 [107] and 
8% for roads with traffic ≥ 450 CVPD (commercial vehicles 
per day) as per IRC 37 [149]. The recorded CBR values of 
untreated RM (< 3% under soaked condition) obviously did 
not comply the specifications and thereby, render RM as not 
acceptable material for subgrade layer. This further stresses 
the need of prior treatment to the RM. Sahoo and Mohanty 
[176] and Rao et al. [177] have measured CBR values of 
RM after treating with 10% and 25% ground granulated blast 
furnace slag (GGBS) and found that there is a remarkable 
improvement in CBR values, well above 20% under soaked 
condition. Similarly, the results presented in Fig. 14 also 
endorse that 7th day CBR values conform to IRC 37 [150] 
recommendations for subgrade layer. The performance of 
subgrade depends not only on CBR value, but also on other 
properties like swelling. Swelling, which associates with 
cracking or unpredictable volume change, is other major 
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parameter that affects the performance of geotechnical struc-
tures. Generally, swelling potential of a material should be 
either none or low. As provided in Table 1, RMs of different 
origin did not exhibit any swelling behavior, giving leverage 
for their suitability in earthen structures, roads, and landfill 
cover applications.

The extreme alkalinity of RM might cause induced dis-
persion, besides accentuating or diminishing the release of 
ions from the particle surfaces. In this context, Reddy et al. 
[20] have proposed an economical way of mitigating disper-
sion behavior by treating with the biopolymers such as guar 
gum and xanthan gum. As per the results of Reddy et al. 
[20, 150], biopolymer treatment not only alleviates disper-
sion successfully, but also causes significant improvement in 
strength characteristics satisfying the code requirements in 
all aspects. Besides the dispersion, collapse potential is also 
a major parameter attracts the attention, especially in materi-
als dominant with silt fractions. Even though, silt fraction 
(refer to Table 1) is notable amount in RM, yet it is exhib-
ited none to slight collapse potential and thus, making it 
an appropriate material for civil and infrastructure projects.

As such, the results in Tables 7 and 8 prove that RM is 
ideally potential material for geotechnical engineering appli-
cations. It can be seen from these tables that pre-treated RM 
found to satisfy only dry unit weight and compressibility cri-
terion, but the post-treated RM apparently makes coherence 
for almost all geotechnical requirements as per the relevant 
standards.

Conclusions and Research Needs

The various physical, chemical, mineralogical, leaching and 
geotechnical properties of RMs, derived from bauxite ores 
of diverse origin and production processes, were critically 
reviewed. The review clearly substantiates that concerted 
efforts for deciding newer applications with a strong focus 
on circular approach, which is swayed from current linear 
economic approach, where the end-of-life product is consid-
ered to be a feedstock resource for another cycle, would be 
needed. Most of the studies identify RM possibly after some 
kind of treatment as a potential geomaterial, specifically to 
be used in geotechnical engineering applications, without 
causing negative impacts to the environment.

Conclusions

The following main conclusions have been derived from the 
comprehensive review of the current literature on various 
properties of RM:

• To date, there is no comprehensive review on physical, 
chemical, mineralogical, and leaching characteristics 
and their affect on geotechnical properties of the RM 
that would facilitate the research fraternity in identify-
ing perspective geotechnical applications.

• The critical review reveals that the alkalinity of asso-
ciated liquid phase can substantially be reduced by 
resorting to improved washing and effective de-water-
ing techniques, possibly by plate and frame pressure 
filter or hyper-baric filters.

• Presence of poorly crystalline and/or amorphous phases 
endorse that RM can be considered as a partially poz-
zolanic material. Presence of such phases is beneficial 
in exploring its novel applications as a stabilizing agent 
or building material or partial replacement to cement.

• The comprehensive and critical review reveals that 
strength and alkalinity are major restrictive factors to 
accentuate the use of RM.

• The critical review of strength properties, in particular, 
emphasize that it is imperative to go for stabilization or 
neutralization or their combination, in tandem, of the 
RM to enlarge its positive engineering applications.

• It has been noticed that RM exhibits low shrinkage 
behavior (low critical degree of expansion) when com-
pared to natural soils and other waste materials.

• Distinct mineralogical and chemical compositions iden-
tified in RMs of different origin underline the necessity 
for deeper understanding of these properties and their 
connotation on engineering behavior.

• Pertinent to gradational characteristics of RMs belong-
ing to diverse origin, it is noticed that percent fractions 
in them are largely indistinguishable. Thus, the RM, in 
general, can be characterized as waste containing very 
fine particles.

• The comparison of compaction curves of RM vis-à-vis 
with other wastes discloses that RM relatively requires 
high compaction energy or alternatively amend-
ment with a suitable additive for achieving better or 
improved engineering properties.

• The interpretation of shear strength data substantiates 
a fact that RM possesses friction angle very close to 
sand and that morphology, frictional angle, angularity, 
alkalinity, age of the deposit etc., are a few major fac-
tors seem to be affecting it.

• It has been noticed that biopolymer treatment fetches 
multiple advantages in terms of mitigating dispersion 
and collapse behavior, to which RM is susceptible, and 
concurrently improving the strength properties.

• All reported studies showed that that the concentrations 
of most of the leachable PTEs are within the permis-
sible limits of USEPA, pointing that usage of the RM 
causes no harm to the environment.
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Research Needs

The physical, chemical, strength, and leaching character-
istics of RM samples reviewed in this study are primarily 
reported by conducting extensive laboratory tests. It can be 
noted that laboratory scale studies, in general, are executed 
at controlled environmental conditions, which in many 
instances do not replicate the field scenarios. Contrarily, 
RM in the field might be subjected to extreme environmen-
tal and climatic conditions, which may or may not possible 
to be imbibed to laboratory scale tests. It is appreciated, 
however, that the large scale data compilation and its inter-
pretation as is done in the present study can certainly help 
for decision making by the waste management authority, 
developing holistic solutions by researchers or anticipat-
ing unforeseen problems to be encountered in the future. 
Complexities such as high alkalinity and regulations on 
transportation and storage of alkaline material are found as 
major compelling reasons for limited studies in the field, 
in particular on/using the RM. Considering these issues, 
a small/appropriate quantity of the sample collected from 
the bauxite residue disposal area as per the guidelines will 
serves as the representative sample and to make recom-
mendations for field implications.

From the extensive review of literature data, the fol-
lowing ideas have been envisioned to be considered as 
potential future research works:

• Studies pertaining to understanding the solid alkalin-
ity chemistry or measures to mitigate it are scarce. An 
opulent scope for mitigating the alkalinity levels either 
by employing chemical or microbial treatment methods 
lies exist.

• Contrary to conventional soils, RM demands neutrali-
zation followed by stabilization. This can be achieved 
by resorting to integrated approach wherein neutrali-
zation and stabilization will be done together, or in 
sequential wherein one precedes another method. This 
can enable high volume utilization of RM in spectrum 
of civil engineering applications.

• Use of chemical additives for neutralization or stabi-
lization, no doubt, leaves pollution foot-print on the 
environment or generates secondary reaction products. 
At this juncture, microbial treatment methods found to 
be promising as they can able to convert the RM into 
environmentally benign by simultaneously imparting 
other beneficial properties.

• Hydraulic conductivity of raw RM and that amended 
with different additives need to be studied in detail con-
sidering different practical scenarios such as RM–liner 
interaction which would help in assessing the feasibil-
ity of RM to be selected in clay liners and hydraulic 

barrier applications or selection of suitable clay liner 
systems which would withstand extreme alkaline envi-
ronments normally encountered in wastes like the RM.

• Previous studies demonstrate variability in mobiliza-
tion of PTE with a change in pH of the RM. However, 
studies corroborating the relationship between pH (and 
amendments) and leaching potential of PTEs are rela-
tively scarce. Such studies bear practical significance 
in terms of utilizing RM as adsorbent, immobilizing 
agent, building material, reactive ingredient etc.

• Performance including short-term stability and long-
term durability of RM in synergy with various addi-
tives are rarely explored.

• Studies investigating the influence of phase composi-
tion on the geotechnical and geoenvironmental behav-
ior of the RM addressed in the literature are almost 
nil. The future works pertinent to the interdependence 
would need to be defined in order to recycle the RM 
more efficiently.

• Limited studies explored the effect of alkalinity or neu-
tralization on geotechnical (compaction, consolidation, 
hydraulic conductivity, shear strength, collapse potential 
etc.) and geoenvironmental (leaching, pH rebound, set-
tling etc.) properties of RM.

• Studies also highlight the possibility of pH rebound after 
amending with different additives. Hence, a detailed 
investigation on physical and geotechnical properties 
need more emphasis for better implications in practical 
utilization.

• The high pH and  Na+ content in RM are major challenges 
in terms of its environment pollution or utilization. More 
research on fundamental understanding is indeed essen-
tial for the amendment of RM with other chemicals or 
pozzolanic materials in stabilization point of view for the 
development of a cost-effective technique.

• Long-term leachability of undesirable chemical constitu-
ents from RM used in engineering applications under 
variable environmental and climate impacts in the field 
need further evaluation.

• New and innovative large-scale engineering applications 
for RM should be explored and their sustainability should 
be assessed based on triple bottom line (environmental, 
economic and social) sustainability considerations.
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