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Chemical stabilization involves the use of chemical agents for initiating reactions within the soil for modi	cation of its geotechnical
properties. Cement and lime stabilization have been the most common stabilization methods adopted for soil treatment. Cement
stabilization results in good compressive strengths and is preferred for cohesionless to moderately cohesive soil but loses
e
ectiveness when the soil is highly plastic. Lime stabilization is the most preferred method for plastic clays; however, it proves
to be ine
ective in sulphate rich clays and performs poorly under extreme conditions. With such drawbacks, lots of researches
have been undertaken to address the issues faced with each stabilization method, in particular, the use of solid wastes for soil
stabilization. Solid waste reuse has gained high momentum for achieving sustainable waste management in recent times. Research
has shown that the use of solid wastes as additives with and replacement for conventional stabilizers has resulted in better results
than the performance of either individually. �is review provides insight into some of the works done by earlier researchers on
lime/cement stabilization with industrial wastes as additives and helps to form a sound platform for further research on industrial
wastes as additives to conventional stabilizers.

1. Introduction

Industrial revolution was a major milestone in the history
of human civilization. Since the dawn of machines and
industrialization of various manufacturing processes, there
has been a rapid boom in development and urbanization
surrounding industrial centers. �e standard of living of the
society started to rise but the standard of the living environ-
ment started to decline. It was not noticed until it started
a
ecting humans directly. Today, industrial waste manage-
ment is an area of concern with tons of waste being generated
each day. To cite an example, according to central electricity
authority of India, the �y ash (FA) production in the year
2014-2015 was 184.14 million tons [1]. But, with mounting
waste management problems, there have been a lot of e
orts
to convert this area of concern into an area of opportunity by
reutilizing the industrial wastes for various purposes. Citing
the same example, the utilization of FA in various avenues
due to conscious e
orts by various agencies including the
government of India resulted in reuse of 102.54million tons of

FA in the year 2014-2015 [1]. �ough the utilization of 102.54
million tons of FA in 2014-2015 is only 55.69% of the total
generation, it is higher than the utilization of 100.37 million
tons of FA (against a generation of 163.56 million tons) in
the year 2012-2013 [2]. �e various modes of utilization of
FA shown in Figure 1 reveal that FA utilization in roads and
�yover and reclamation of low lying areas account for about
14% in total reutilization.

�e reutilization of FA in the area of soil modi	cation
including reclamation, roads, and embankment works is
depicted in Figure 2 and it can be understood that the
utilization of the waste has steadily increased over the years,
especially in the construction of roads and embankments.
�us, it can be observed that reutilization of solid wastes in
the modi	cation of soil characteristics is a potential avenue
for sustainable management of solid wastes generated. �e
example cited deals only with FA, whereas there are several
other industrial solid wastes being generated in India. �e
major solid wastes generated in India are tabulated in Table 1.
From Table 1, it can be concluded that FA is one of the single
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Figure 1: Modes of utilization of FA in the year 2014-15 [1].
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Figure 2: Utilization of FA in areas of soil engineering [1–5].

largest industrial solid wastes produced in India followed by
steel slag, phosphogypsum (PG), and blast furnace slag. �e
	gure for mine rejects is the combined waste produced from
various sources and types of mines.

�us, industrial wastes reuse in soil stabilization is a rel-
atively new avenue for e
ective utilization and management
of solid wastes. Along with soil stabilization, use of industrial
solid wastes in geotechnical 	ll applications can be an
e
ective avenue for waste management purposes. However,
utilization of solid wastes in geotechnical 	ll applications
is a di
erent aspect of soil engineering which is not going
to be dealt with in this paper. A few earlier authors have
reviewed the use of solid wastes in soil improvement [6–8].
However, these treat application of solid wastes as a whole in
all combinations and have not di
erentiated between solid
wastes as a standalone stabilizer and as auxiliary additives
to primary stabilizers. In this paper, only the utilization of
solid wastes as auxiliary additives has been dealt with. �e
reason for this approach is the di
erence in stabilization

Table 1: Major industrial solid wastes generated in India.

Name of the solid waste Annual production (million tons)

FA 184.14 [1]

Blast furnace slags 10 [9]

Steel slag 12 [10]

Red mud 4.71 [11]

Lime sludge 4.5 [12]

Lead-zinc slag 0.5 [12]

Phosphorus furnace slag 0.5 [12]

PG 11 [13]

Jarosite 0.6 [12]

Kimberlite 0.6 [12]

Mine rejects 750 [12]

performance achieved by solid wastes as stabilizers and solid
wastes as additives to primary stabilizers.

2. Industrial Wastes as Additives to
Lime/Cement in Soil Stabilization

Chemical stabilization is a major category of soil stabilization
involving the use of chemical agents for initiating reactions
within the soil for modi	cation of its geotechnical properties.
Cement and lime stabilization have been the most common
stabilization methods adopted for soil treatment. Cement
stabilization results in good compressive strength and is
preferred for cohesionless to moderately cohesive soil but
loses e
ectiveness in the case of highly plastic soil. Lime
stabilization is the preferred method of treatment for plastic
clays; however, it is ine
ective in sulphate-rich clays and
performs poorly under extreme conditions. In the light of
such drawbacks, a lot of research has been undertaken to
address the issues faced with each stabilization method,
particularly the use of solid wastes. Reuse of solid wastes
has gained a lot of priority for achieving sustainable waste
management and, hence, they have been adopted in soil
stabilization as standalone stabilizers as well as additives to
augment the performance of conventional stabilizers like lime
and cement. Sabat and Pati [6] classi	ed solid wastes into four
major categories based on their source of generation as (i)
industrial, (ii) agricultural, (iii) domestic, and (iv) mineral
solid wastes. In the present review, however, the authors have
not tried to classify based on source but have tried to discuss
most frequently adopted and researched solid wastematerials
in soil stabilization.

2.1. Lime/Cement Stabilization Reactions. Before going into
the e
ect of additives on lime and cement stabilization,
an understanding of the chemical reactions resulting upon
addition of additives to the soil is inevitable. �e addition of
lime to soil initiates several reactions. Lime soil reactions can
be broadly classi	ed into short term and long term reactions.
�e short term reactions include ion exchange, �occula-
tion [14], and carbonation [15]. �e long term pozzolanic
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reactions include formation of reaction products which
a
ects the strength and compressibility of clays [16].

Lime treatment of soil results in immediate ion exchange
inwhich divalent calcium ions ionized from lime (1) normally
replace univalent cations (M+) on the clay surface (2) and
ions in high concentration will replace those in a lower
concentration [17]:

Ca(OH)2 �→ Ca2+ + 2(OH)− (1)

Ca2+ + Clay Mineral-M+

�→ Clay Mineral-Ca2+ +M+
(2)

�e short term reactions improve soil plasticity, making it
easier to work with, and improve uncured strength and load-
deformation properties.

Long term pozzolanic reactions involve reactions
between lime, water, soil silica, and soil alumina. High
alkaline soil pH during lime treatment stimulates dissolution
of siliceous and aluminous compounds from the clay mineral
structure. �ese dissolved compounds react with calcium
ions in pore water to form calcium silicate hydrate (CSH)
and calcium aluminate hydrate (CAH) gels, which cover
the soil particles and later crystallize to link them [18]. �e
basic form of the pozzolanic equations is given as follows
[17, 19, 20]:

Ca2+ +OH− + SiO2 (soluble clay silica) �→ CSH (3)

Ca2+ +OH− + Al2O3 (soluble clay alumina)

�→ CAH
(4)

�e long term pozzolanic reactions are time dependent and
curing is essential for developing strength and durability.

Portland cement is composed of calcium silicates and
calcium aluminates that, when combined with water, hydrate
to form the cementing compounds of CSH and CAH, as well
as excess calcium hydroxide. Pozzolanic reaction between
calcium hydroxide released during hydration and silica and
alumina of soil occurs in 	ne-grained clay soils and is an
important aspect of stabilization of these soils [21]. �us, it
can be noted that cement-soil reactions are similar to that of
pozzolanic reactions of lime with soil.

2.2. FA. FA is a waste that is obtained as a result of power
generation from coal/lignite based thermal power plants. For
a country like India, such thermal power plants form the
backbone of capacity addition [1, 2, 4]. Indian coal is of
low grade and has an ash content of 30–45%. �us, huge
quantities of FA are produced resulting in pollution of air
and water. �e utilization of FA in soil modi	cation can
prove to be a useful avenue to augment the areas of FA waste
management.

Ji-ru and Xing [22] studied the e
ects of stabilizing
expansive soils with lime and FA. Expansive soils are the
soils which swell signi	cantly when they come in contact
with water and shrink when the water squeezes out [23–
25]. Lime and FA were added to an expansive soil in the
range of 4–6% and 40–60% by dry weight of soil, respectively.

�e stabilized soil specimens were then tested for their
chemical composition, grain size distribution, consistency
limits, compaction, California Bearing Ratio (CBR), free
swell, and swell capacity. �e authors concluded that the
addition of lime resulted in increase in plastic limit, whereas
addition of FA resulted in decrease in liquid limit, thereby
reducing the plasticity index of the expansive soil sample.
�e CBR values of FA-lime stabilized soil were higher than
both only lime stabilized and only FA stabilized soils. �e
combination also resulted in the least plasticity index of the
soil. It was concluded that 4–6% of lime and 40–50% of FA
were optimal for stabilization of the expansive soil.

Sharma et al. [26] carried out a micro level investigation
of stabilization of clayey soil with lime and FA.�e optimum
dosage of FA was found out by conducting uncon	ned
compression (UCC) strength tests, CBR, free swell index, and
Atterberg limits. �e minimum lime content was found out
using the Eades and Grim pH test. Micro level investigation
was performed by scanning electron microscopy (SEM), X-
ray di
raction (XRD) analysis, thermogravimetric analysis
(TGA), energy dispersive spectroscopy (EDS), and zeta
potential. �e optimum FA content was identi	ed as 20%
and minimum lime content was found as 8.5%. It was found
that 20% FA was not enough for improving the strength of
the soil to be used as a good foundation material; hence,
the soil was stabilized with the combination of 20% FA and
8.5% lime which produced better strength. XRD and SEM
analysis con	rmed the formation of new reaction products,
calcium silicate hydrate, and calciumaluminate hydrate in the
stabilized soil due to the progression of pozzolanic reactions.

Mishra [27] attempted to improve the strength of clayey
soil by means of adopting locally available FA as additive to
lime in soil stabilization. �e soil was stabilized using FA in
increments of 10% up to a maximum of 30% with 2% and 3%
lime combinations. It was found that the CBR of soil-FA-lime
combinations of 70 : 30 : 3 was as high as 55% against the CBR
of virgin soil at 2.3%. �e author recommended the use of
this combination for stabilization of subgrades as it involved
the maximum utilization of FA while producing signi	cantly
high CBR value.

Mccarthy et al. [28] studied the engineering and durabil-
ity properties of FA treated lime stabilized sulphate bearing
soils. Two clay soils were stabilized with lime, two types of
FA, and Ground Granulated Blast furnace Slag (GGBS) for
studying the control of swell associatedwith lime stabilization
of sulphate bearing soils.�e stabilized soil consisted of quick
lime up to 3%, FA up to 24%, and GGBS up to 9% by weight.
�e stabilized soils were tested for immediate bearing index,
UCC strength, indirect tensile strength, frost heave, andwater
permeability. �e study concluded that addition of FA and
GGBS to lime stabilized clayey soils increased its immediate
bearing index, UCC strength, and indirect tensile strength
and GGBS to lime stabilized soils improved the performance
of the stabilized soils based on the optimal dosage of the
industrial wastes.

Kolay et al. [29] investigated the e
ect of addition of
quick lime, cement, and FA on the stabilization of peat
soil from Sarawak region of Indonesia. Soil samples were
collected from six di
erent locations of Sarawak and were
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stabilized using the aforementioned stabilizers in the range
of 5–20%, except for FA which was adopted in the range of
2–8%. �e authors also studied the combination of FA and
quicklime to investigate the combined e
ect of the stabilizers.
SEM was used to perform a microstructural analysis to
understand the changes in stabilized soil structure. �e
samples were cured for periods of 7, 14, and 28 days. �e
study concluded that the combination of quick lime and
FA produced higher strengths of stabilized peat soil when
compared to stabilization with either quick lime or FA as
standalone stabilizer. It was observed that cement produced
the best results in stabilization of peat soil but 80% of the
strength produced by 20% Portland cement was achieved
by a combination of 15% FA and 6% quick lime, thereby
indicating the e
ectiveness of combining industrial wastes
with conventional stabilizers. Microstructural analysis using
SEM clearly indicated structural changes in the stabilized soil
samples. �e stabilized soil samples exhibited a denser soil
structure.

Shah et al. [30] examined the adverse e
ects of fuel oil
contamination on the geotechnical properties of soil and
its stabilization with lime, cement, and FA and also their
combinations. Contaminated soil samples were collected
from 16 di
erent locations in a petrochemical industrial area
in Vadodara district of Gujarat, India. �e contamination
levels of fuel oil were found to be in the range of 7 to
10%. Additional contaminated soils were developed in the
laboratory by adding 10% fuel oil to uncontaminated soil and
mixing it thoroughly using a mixer and curing it in a closed
container at ambient temperature for a period of 7 days.
�e naturally contaminated soils as well as the arti	cially
generated contaminated soils were tested for their Atterberg
limits and compaction characteristics and classi	ed.�e con-
taminated soils were then stabilized with lime, cement, and
FA in proportions of 5, 10, and 20% as well as combinations
of the three with the maximum binder content not exceeding
20%. It was observed that addition of lime produced the best
stabilization among individual stabilizers with a strength gain
of 315% over virgin soil. However, the blends of 10% lime
and 10% FA and 10% lime, 5% FA, and 5% cement produced
strength gains of 328% and 371%, respectively. �e latter
combination also produced the best reduction in plasticity
index of the contaminated soils. It was concluded that the
combinations of lime, FA, and cement result in the dispersion
of fuel oil, cation exchange, and pozzolanic reactions between
the three results in strength gain.

Wang et al. [31] explored the strength and deformation
behavior of Dunkirk marine sediments with cement, lime,
and FA. �e study mainly emphasized on the deformation
characteristics ofmarine sediments. A series of UCC strength
tests were performed a�er curing periods of 14, 28, 60, and
90 days to study the e
ect of binder content. �e binders
were mixed with wet soil and mechanically mixed with an
agitator for a minimum period of 3 minutes. �e blended
soil samples were cast into cylindrical specimens, moulded at
their optimum moisture content (OMC) and maximum dry
density (MDD) for various combinations of binders by static
compaction. �e dimensions of the samples were 50mm
× 100mm, which were demoulded. �e samples were then

immediately stored in sealed plastic containers for curing to
avoid moisture changes. �e microstructural changes were
analyzed using SEM. It was noticed that addition of binders
resulted in increase in strength of the stabilized sediments.
�e addition of FA to lime stabilization further enhanced its
strength; however, for the present soil sediment, addition of
FA to cement stabilization resulted in a drop in the strength of
the sediment.�emicrostructure analysis was used to explain
the behavior in lime and cement stabilization of sediments
admixed with FA. In the case of lime stabilization with
FA, the destruction of the structure of FA was observed in
SEM resulting in its e
ective participation in the pozzolanic
reactions, whereas, in cement stabilization, no evidence of the
destruction of FA structure could be witnessed. �us, it was
concluded that only small amount of FA participates in the
stabilization reaction resulting in strength reduction.

Bhuvaneshwari et al. [32] investigated the capability of
lime and combinations of lime and FA in improving the prop-
erties of a dispersive clay. Soils that are dislodged easily and
rapidly in �owing water of low salt concentration are called
dispersive soils.�e experimental investigations involved free
swell tests, double hydrometer tests, pinhole tests, crumb
tests, and chemical tests. A microstructural analysis was also
carried out using SEM for investigating changes taking place
at themicro level. It was seen that the addition of 5% lime and
combination of 2% lime and 15% FA was capable of reducing
the free swell from 1000% for virgin soil to 400%. Addition
of 5% lime and 2% lime with 15% FA reduced the dispersion
from 71% to 9.5% and 1%, respectively. Addition of lime and
FA resulted in the change in classi	cation of the dispersive
clay. Microstructural investigation clearly revealed a change
in the fabric of the clay.

2.3. Rice Husk Ash (RHA). RHA is generated due to the
burning/incineration of rice husk generated in paddy farms
as a waste material. RHA contains very high amounts of silica
and can be used as a pozzolan in lime and cement mixtures
[33]. �us, utilization of RHA in combination with lime and
cement is a foregone conclusion.�is section describes some
works related to utilization of RHA in soil stabilization.

Bagheri et al. [33] studied the strength and mechanical
behavior of soil stabilized with cement, lime, and RHA. Con-
solidated undrained triaxial and UCC tests were performed
to estimate the potential of mixtures of cement-lime and
cement-lime-RHA. �e study investigates the in�uence of
the combined amount of stabilizer, main e
ective stress, and
curing days on soil strength, deformation, postpeak behavior,
and brittleness. �e combined stabilizer dosage was varied
from 2.5 to 12.5% by dry weight of soil and cured for periods
of 3, 7, 28, and 60 days. It was noticed that the addition
of the stabilizer combination resulted in an increase in the
peak strength and postpeak strength of the stabilized soil.
�e results showed that RHA increased the strength of the
stabilized soil signi	cantly and reduced the environmental
impact of cement and lime additives.

Basha et al. [34] explored the utilization of RHA along
with cement for stabilization of a residual soil. �e exper-
imental programme involved the determination of consis-
tency limits, compaction characteristics, UCC strength, and
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CBRvalues.Microstructural changeswere studied using SEM
and XRD analysis. �e results of the investigation revealed
that theUCC strength of cement stabilized soil increasedwith
addition of RHA. �ere was also an increased resistance to
immersion of the stabilized soil with RHA addition.�e CBR
value of the stabilized soil multiplied with the addition of
RHA. It was concluded that a combination of 6–8% cement
and 15–20% RHA was su�cient for optimal improvement in
soil properties.

James et al. [35] investigated the e
ect of addition of lime
on the index properties of RHA stabilized soil. Soil stabilized
with 3 di
erent RHA contents was admixed with increasing
lime content and Atterberg limits and free swell of the soil
were tested. It was found that the addition of lime to RHA
resulted in improvement of soil properties when compared
to pure RHA stabilization. It was concluded that 12% RHA
with 6% lime gave the best results in improving the index
properties of the soil.

Jha and Gill [36] delved into the e
ect of RHA on
lime stabilization of soil. �e soil sample was crushed using
mallet and sieved through IS 2.36mm sieve and dried in
the oven at a temperature of 105∘C. RHA was also prepared
in a similar manner. �e soil, RHA, and lime slurry, in the
required quantities, were mixed together in a mechanical
mixer thoroughly. �e test specimens were all prepared as
per Indian Standards for various tests. �e stabilized soil
samples were tested for their compaction characteristics,
strength, CBR, and durability characteristics. �e test results
concluded that the addition of RHA to lime stabilization
enhanced the development of UCC strength of the soil. �e
strength development depended on the curing period and
temperature of curing. Addition of RHA also enhanced the
durability of lime stabilized soil in addition to increased
soaked as well as unsoaked CBR of the soil.

Choobbasti et al. [37] investigated the e
ect of addition of
RHA to lime stabilization of soil. An extensive experimental
programme was conducted to determine various properties
of lime stabilized soil including Atterberg limits, compaction
characteristics, CBR, and direct shear strength. �ey con-
cluded that addition of RHA to lime stabilization of soil
resulted in a reduction in plasticity of the soil and increase
in the shear strength and CBR of the soil.

Muntohar et al. [38] researched the stabilization of silty
clay with lime and RHA reinforced with waste plastic 	bres.
�e soil was mixed with lime and RHA along with 50% of
OMC to obtain a uniformlymixed hydrated soil sample in the
	rst stage. In the second stage, waste plastic 	bres were added
and mixed carefully so that the 	bres did not get lumped up
in order to ensure uniform distribution of 	bres throughout
the stabilized soil. UCC strength specimens were prepared
in a constant volume mould of 50mm × 100mm whereas
triaxial test specimens were prepared in a mould of 76mm
× 38mm at their OMC and MDD. CBR and durability tests
were also performed on the stabilized soil specimens. �e
results of the investigation revealed that addition of lime and
RHA to soil increased its compressive and tensile strength by
4 and 5 times, respectively.�eCBRvalue of the soil increased
3.6 times due to addition of lime and RHA. �e addition of
plastic 	bres to this mixture further improved the strength

and durability of the stabilized soil samples, with CBR values
increasing by 8.7 times.

Sharma et al. [39] explored the behavior of remoulded
clays blended with lime, calcium chloride, and RHA. �e
e
ect of addition of RHA on lime and calcium chloride
stabilization of clayey soil was studied throughUCC andCBR
tests. �e samples were prepared at a water content of 24%
a�er thoroughly mixing the soil with the requisite quantities
of lime and RHA/calcium chloride and RHA combinations
and curing the blend for a period of 28 days in an incubator.
A�er curing, the stabilized samples were compacted in a
Harvard mould of dimensions of 40mm × 80mm in four
layers of 20mm each. It was found that the addition of RHA
to lime stabilized soil increased the UCC strength of the
stabilized soil by 127% and the CBR increased by 191% when
12% RHA was added to 4% lime stabilization, which was
found to be the optimal blend. In the case of calcium chloride
stabilization, an addition of 12% RHA to 1% calcium chloride
stabilized soil resulted in an increase in the UCC strength by
56% and CBR by 23%.

Roy [40] tested the e
ect of combining RHA and cement
in stabilization of clay of high plasticity. �e investigation
involved studying the e
ect of RHA on 6% cement stabilized
soil. �e MDD, OMC, CBR, and UCC strength of the stabi-
lized soil were determined. �e results of the investigation
revealed an increase in MDD and reduction in OMC with
increase in RHA content. �e results of the UCC test and
CBR test revealed that 10% RHA was optimal to increase the
strength and CBR of the soil.

Olgun [41] investigated the performance of soil stabilized
with lime and RHA reinforced with 	bres subject to freeze-
thaw conditions. �e lime content was varied between 2%
and 8%, RHA content between 0 and 15%, and 	bre content
between 0 and 0.8%. �e samples were cured for a period of
28 days and subjected to 7 freeze-thaw cycles. At the end of
the curing period, the samples were subject to UCC strength
tests and swelling tests. It was inferred that lime was the
most in�uential parameter in determining the strength of
non-freeze-thaw subjected samples whereas RHA was the
most in�uential parameter in the case of samples subjected
to freeze-thaw. Lime and 	bre content both were e
ective on
the axial strain. In the case of swelling test, lime was e
ective
for non-freeze-thaw samples whereas RHA was e
ective in
the case of samples subjected to freeze-thaw. From the study,
it was concluded that, for samples subjected to freeze-thaw,
the optimal lime content reduced whereas the optimal RHA
content increased.

2.4. Blast Furnace Slag. Blast furnace slag is nonmetallic by-
product of iron ore smelting. It is formed when iron ore,
coke, and �ux are melted together in a blast furnace. At
the completion of the metallurgical smelting process, the
lime in the �ux chemically combines with the silicates and
aluminates in the ore and coke ash to form slag. During
the period of cooling and hardening, depending on the
cooling method, blast furnace slag can form several products
including granulated slag, air-cooled slag, expanded slag, air-
cooled blast furnace slag, air-cooled blast furnace slag rip rap,
and slag cement [42].
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Wild et al. [43] tried to extend the bene	cial applications
of GGBS, namely, enhanced durability, chloride penetration
resistance, sulphate attack resistance, and protection against
alkali silica reaction to pavement, and other foundation soil
applications by partial replacement of lime in soil stabi-
lization with GGBS. Samples were prepared at mean MDD
and OMC by thoroughly mixing soil, lime, and GGBS in a
mixer and compacting them in constant volume mould of
dimensions of 50mm × 100mm and cured in plastic bags
placed in chambers maintained at 30∘C and 100% relative
humidity.�e samples were cured for periods of 7 days and 28
days and were tested for their UCC strength. A few selected
samples were used for mineralogical study through XRD
analysis. It was deduced that partial substitution of lime with
GGBS resulted in enhanced strength at 7 days as well as 28
days of curing. �e development of strength was observed
in both high lime low slag with gypsum and low lime high
slag without gypsum trials. In the former, gypsum played a
role in acceleration of strength development due to formation
of crystalline ettringite, whereas, in the latter, the strength
development was due to lime activated hydration of slag.

Celik andNalbantoglu [44] studied the e
ect of GGBS on
the control of swell associated with lime stabilized sulphate
bearing soils. In order to study the e
ect of swelling associated
with lime stabilization of sulphate-rich soils, three di
erent
concentrations of sulphate were chosen, namely, 2000, 5000,
and 10,000 ppm. �e compaction characteristics, Atterberg
limits, linear shrinkage, and swell potential of sulphate dosed
5% lime stabilized soil were then investigated. �e same tests
were repeated on the combinations but with 6% GGBS as an
additive.�e test results revealed that the presence of sulphate
in soil resulted in abnormal plasticity and swell potential
of the soil. At 10,000 ppm sulphate concentration, the swell
potential of the lime stabilized soil was three times higher
than the natural soil. However, on addition of 6% GGBS,
the swell potential of lime stabilized soil drops to 1% from
8% for 10,000 ppm sulphate concentration. In contrast, there
was no swelling at all for 5000 ppm sulphate concentration.
Hence, this suggested that addition of GGBS to lime results in
e
ective control of swell associated with ettringite formation
in sulphate bearing soils.

Obuzor et al. [45] evaluated the performance of lime acti-
vated GGBS in stabilizing road pavements and embankments
constructed in �ood plains that are prone to submerged
conditions due to �ooding. Laboratory simulated �ooding
conditions were used to gauge the performance of stabilized
soil specimens of size of 50mm × 100mm.�e samples were
immersed in water for periods of 4 and 10 days a�er periods
of 7, 14, 28, 56, and 90 days of curing. �e specimens were
subjected to durability index and UCC strength tests. �e
samples were prepared with a maximum stabilizer dosage of
16% and 	ve di
erent combinations of lime and GGBS were
adopted with GGBS replacing lime in increments of 4% in
each successive combination. �e samples were moulded at
three di
erent moisture contents at their MDD to study the
e
ect of placement water content. �e investigation revealed
that 4% lime with 12% GGBS produced the highest strength
and durability out of all the combinations.�e strength of the
stabilized soil increased with decrease in lime content and

increase in GGBS content in the mix, thereby giving a clear
indication of better performance of lime-industrial waste
combinations when compared to pure lime or pure industrial
waste stabilization. It is evident that strength of lime-clay
systems was hugely dependent on the GGBS component
which increases the density and permeability of the system
by forming cementitious gels.

Obuzor et al. [46] investigated the durability of �ooded
low capacity soil by treating it with lime andGGBS.�e inves-
tigation involved preparation of test specimens of 50mm
diameter and 100mm height, statically compacted to their
MDD and OMC, followed by moist curing and simulated
�ooding of the samples. Water absorption during �ooding
was measured followed by testing of UCC strength of the
samples. It was found that higher lime content resulted in
greater water absorption. �e addition of GGBS, however,
resulted in a reduction in moisture absorption and increase
in the strength of the �ooded samples. It was determined that
the addition of GGBS resulted in the reduction in resource
consumption and improved robustness of the roads.

Kogbara and Al-Tabbaa [47] investigated the poten-
tial of cement and lime activated GGBS in solidi	ca-
tion/containment of leaching of heavy chemicals. �e inves-
tigation involved preparation of an arti	cial heavy metals
spiked soil and treating it with combinations of 1 : 4 lime
to GGBS and 1 : 9 cement to GGBS. �ree binder dosages
of 5, 10, and 15% were adopted and stabilized samples were
compacted to their maximum dry densities. �e assessment
of the stabilization process was done by conducting UCC
strength, permeability, and acid neutralization capacity tests.
Leachability test for determining contaminants at di
erent
acid concentrations was also performed.�e study suggested
that the combinations of cement-GGBS and lime-GGBSwere
capable of not only increasing the strength of the stabilized
soil but also reducing the permeability and leachability
to within prescribed standards. It was seen that cement-
GGBS performed better than lime-GGBS combination in
controlling leaching of contaminants.

Vijayaraghavan et al. [48] investigated the performance
of alternate bricks made of cement stabilized mud with slag
as additive. �e investigation consisted of determination of
compressive strength, water absorption, and e�orescence.
It was found that addition of optimal dosage of cement to
mud inmanufacture of bricks producedhigher strengthwhen
compared to conventional burnt brick. �e water absorption
of optimal cement stabilized brick was also lesser than that
of burnt clay brick. However, it was observed that addition of
slag to the composition of cement stabilized brick produced
even better compressive strength and lesser water absorption.
All combinations of cement as well as cement-slag stabilized
mud bricks showed no signs of e�orescence. �us, at end
of the study, the authors recommended the use of alternate
bricks as a cost-e
ective material for low cost housing.

2.5. PG. PG is a waste by-product from the processing of
phosphate rock by the wet acid method of fertilizer pro-
duction that currently accounts for over 90% of phosphoric
acid production [49, 50]. �e worldwide production of PG
is estimated to be in the range of 100–280 million tons per
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year [50, 51], based on the general rule that 4.5–5 tons of
PG is generated for every ton of phosphoric acid produced
[13, 50, 52]. However, the utilization of PG in construction
materials is lowbecause of the presence of naturally occurring
radioactive materials including Ra-226 [49, 50, 53, 54].
Shweikani et al. [55] found that radiation dose due to addition
of PG in cement was within the prescribed international
standards for construction materials.

Degirmenci et al. [49] studied the use of PG with FA and
PG with cement in stabilization of two di
erent types of soil.
�e investigation involved the determination of e
ect of PG
with cement and PG with FA on the plasticity, compaction
characteristics and strength of the stabilized soil. �e results
of the investigation showed that addition of PG and cement
to soil resulted in a reduction in the plasticity of the stabilized
soil. �e addition of PG and cement to one soil type resulted
in an increase in the MDD and reduction in the OMC
whereas a reverse trend was seen for the other soil type. �e
stabilization of the soils with cement and PG resulted in an
increase in UCC strength of the soils. �e strength of soils
stabilized with PG and cement was higher than the strength
achieved by stabilization with PG and FA.

Kumar et al. [56] studied the stabilization of bentonite
clay with a combination of lime and PG. �e content of lime
and PG was varied from 0 to 10%. �e stabilized soil was
tested for its consistency limits, compaction characteristics,
free swell index, percent swell, UCC strength, and CBR
value. �e tests were performed in accordance with relevant
Indian Standard codes. �e authors found that 8% lime was
the optimal lime content for stabilization of bentonite. On
addition of PG to lime stabilized soil, the strength of the soil
increasedwith increase in PG content up to 8%beyondwhich
there was a reduction in strength of the soil. �e addition of
8%PGalso increased theCBR,modulus of subgrade reaction,
and the secant modulus of the stabilized soil. �e addition of
PG also resulted in reduced swelling. It was concluded that
the addition of PG to lime would be a boost to pavement
construction on such poor soils.

Ghosh [57] investigated the stabilization of pond ash
using combination of lime and PG. �e investigation aimed
at improving the geotechnical properties of class F pond ash
for construction of road base and subbase construction by
using lime and PG in proportions of 4, 6, and 10% and 0.5
and 1%, respectively. �e compaction characteristics of pond
ash were determined using standard and modi	ed proctor
compaction tests. �e stabilized soil samples were used to
prepare bearing test samples in moulds of 152mm diameter
and 178mmheight at their OMC andmaximumdry densities
for di
erent combinations. �e samples were covered with
clean wrap and cured for periods of 7, 28, and 45 days in a
humidity chamber. �e results of the bearing test revealed
that addition of small quantities of PG to lime stabilized
pond ash resulted in increase in bearing ratios across all
combinations tested. It was also observed that addition of
PG to lime produced higher bearing for soaked samples than
for unsoaked samples. �e e
ect of PG addition was more
prominent at lower lime content than higher lime contents.
It was opined that lime stabilized pond ash admixed with PG
may 	nd potential applications in road construction.

James and Pandian [58] had investigated the e
ect of
PG on the strength of lime stabilized soil. �ree di
erent
lime contents, namely, initial consumption of lime (ICL),
optimum lime content (OLC), and one trial dose below
ICL, were adopted for stabilization of an expansive soil. �e
strength of lime stabilized soil was determined by preparing
UCC tests samples in a split mould of diameter 38mm and
height 76mm and cured for periods of 2 hours and 3, 7, 14,
and 28 days. �e results of the investigation revealed that the
addition of PG to lime resulted in an increase in the early
as well as delayed strength of lime stabilized soil. It was also
found that optimal PG dosage for achieving strength gain
increased with increase in lime content, which was indicative
of better utilization of PG in the pozzolanic reactions when
su�cient lime was available.

Kumar and Dutta [59] investigated the potential of sisal
	bres in enhancing the UCC strength of PG admixed lime
stabilized bentonite. �e sisal 	bre content was varied from
0.5% to 2%. �e addition of PG resulted in an increase in
the dry density and OMC of the lime-bentonite mix whereas
an opposite trend was noticed on addition of sisal 	bres.
�e results indicated that the addition of PG and sisal 	bres
to lime stabilized bentonite resulted in an increase in the
strength. It was also observed that 8% lime with 8% PG
and 1% sisal 	bres produced the highest UCC strength. �e
addition of sisal 	bres also enhanced the residual strength of
the mix. �e authors concluded that the addition of PG and
sisal 	bres will enhance the performance of temporary roads
constructed on problematic soils.

2.6. Bagasse Ash (BA). India is one of the largest growers
of sugarcane with an annual production of 342.56 million
tons in the year 2011-12 [60]. �e sugar manufacturing
process generates solid wastes which include sugarcane trash,
bagasse, bagasse FA, press mud, and spent wash [61–63].
�e wastes that are of economic importance are bagasse,
molasses, and 	lter press mud [63]. Bagasse is the 	brous
residue remaining a�er the extraction of cane juice from
sugarcane. Sugarcane bagasse consists of approximately 50%
of cellulose, 25% of hemicellulose, and 25% of lignin [64]. In
most of the sugarcane industries, bagasse is used as a fuel,
resulting in its combustion and production of ash as the end
product. �is waste is typically disposed of into pits and also
applied on land as soil amendment in some areas [61]. BA
has applications in the manufacture of low cost adsorbents
and ceramic membrane 	lters and as additives to cement and
concrete [61].

Manikandan andMoganraj [64] evaluated the consolida-
tion and rebound properties of lime stabilized soil admixed
with BA. Expansive soil from Kanchipuram district of Tamil
Nadu was stabilized with 1, 2, and 3% lime with 2, 4, and 6%
BA resulting in 9 combinations which were tested for their
index properties, compaction characteristics, UCC strength,
cation exchange capacity, and consolidation characteristics.
�e results of the investigation revealed that addition of BA
to lime resulted in better stabilization performance when
compared to pure lime or pure BA stabilization.�e strength
of the stabilized soil increased on increasing the BA content.
�e maximum strength was achieved at a combination of 3%



8 Advances in Civil Engineering

lime plus 4% BA at 14 days of curing. �e compressibility
characteristics also reduced greatly due to the addition of
BA to lime stabilization. �e coe�cient of consolidation,
compression index, expansion index, and recompression
index reduced with addition of lime and BA. �e best
reduction was achieved at a combination of 3% lime and 6%
BA. �ey concluded that the addition of BA to lime reduces
the settlement of the stabilized soil by increasing its strength
and reducing its compressible nature.

Alavéz-Ramı́rez et al. [65] adopted sugarcane BA as an
additive to stabilized compressed blocks. �e investigation
comprised of lime and cement stabilized blocks and one
combination of lime stabilized blocks admixed with sug-
arcane BA. �e compressed stabilized block consisted of
10% stabilizer of lime and cement. In the combination with
BA, an additional ash content of 10% was used to study its
e
ect on lime stabilized blocks. �e blocks were prepared
by stabilizing sandy soil by sieving through 4.5mm mesh
and the components were mixed thoroughly in a rotating
mixer for a period of 10 minutes making sure that the
aggregates did not clump together. �is was followed by an
addition of calculated quantity of water and mixing for a
further period of 5 minutes. �e resulting mix was placed
in a motorized hydraulic press and compacted by a 24-
ton load to dimensions of 300mm × 150mm × 120mm.
All blocks were cured in a curing room with 90% relative
humidity until testing. �e cast blocks were tested for their
compressive strength, both soaked and unsoaked, as well as
for their �exural strength. It was seen that cement stabilized
blocks produced the maximum strength of all combinations.
However, it was also noticed that lime stabilized blocks with
BA performed better than plain lime stabilized blocks in both
soaked and unsoaked conditions. SEM and XRD analyses
were performed to determine mineralogical and microstruc-
tural changes in the blocks and to detect deformities at the
micro level. It was concluded that addition of 10% BA to 10%
lime stabilized block signi	cantly improved its mechanical
and durability properties.

Sadeeq et al. [66] probed the e
ect of BA on lime
stabilization of lateritic soil. Lateritic soils are soil types rich
in iron and aluminum formed in wet and hot tropical areas.
Mostly red in color because of iron oxides, they are formed
by intensive and lasting weathering of underlying parent
rocks [67]. �e stabilized soil was tested for its plasticity,
compaction characteristics, UCC strength, and CBR. Addi-
tion of BA to lime resulted in a reduction in its MDD and
increase in OMC. Addition of BA to lime stabilized lateritic
soil increased itsUCC strength andCBR. 8% limewith 6%BA
was found to be the optimal dosage for stabilizing the lateritic
soil under investigation. �e authors concluded that though
the stabilized soil met the requirements for subbase course, it
could not meet the requirements for adequate stabilization as
recommended by Transport and Road Research Laboratory.

Muazu [68] studied the e
ect of up to 8% BA on the
compaction characteristics of lateritic soil stabilized with up
to 4% cement. It was found that addition of BA resulted in
an increase in OMC and reduction in MDD of the stabilized
soil. �e addition of BA resulted in a decrease in cohesion
and an increase in friction angle of the stabilized soil. In

a related study, Muazu [69] evaluated the e
ect of similar
combinations of BA and cement on the plasticity and particle
size distribution of the stabilized soil. It was concluded
that addition of BA to cement stabilized lateritic reduced
liquid limit, increased plastic limit, and consequently reduced
plasticity of the stabilized soil. �e addition of cement and
BA resulted in a reduction in 	nes content of the soil due to
aggregation of particles as a result of stabilization.�e authors
recommended a dosage of 4–6% of BA for stabilization.

Onyelowe [67] studied the e
ect of BA on cement stabi-
lization of lateritic soil.�e study involved cement contents of
4% and 6% whereas BA content varied from 0 to 10% by dry
weight of the soil.�e compaction characteristics and CBR of
the stabilized soil were determined to study the performance
of stabilized soil. It was evident that the two cement contents
gave contrasting results with respect toMDDof the stabilized
soil. MDD increased with increase in BA content for 6%
cement stabilized soil whereas an opposite trend was noticed
for 4% cement stabilized soil. �ere was a general increase in
OMC of the stabilized soil. �e increasing addition of BA to
cement stabilized soil increased the CBR of the stabilized soil
irrespective of the cement content.

Lima et al. [70] adopted sugarcane BA as an additive
to cement in the manufacture of compressed stabilized soil
blocks. Two di
erent cement contents of 6% and 12% were
adopted which were amended with three di
erent BA con-
tents of 2%, 4%, and 8%.�e stabilized blocks were tested for
their compressive strengths as well as water absorption. Addi-
tionally, masonry prisms made from BA admixed cement
stabilized blocks were also prepared and tested. It was found
that addition of BA to the lower cement content increased
the compressive strength whereas, at higher cement content,
it resulted in a slight reduction in compressive strength of
the blocks. It was seen that the performance of BA admixed
soil block prisms performed well in both axial and diagonal
compressive strength tests. �e water absorption test results
produced similar but varying results for the combinations
evaluated. It was concluded that BA can be incorporated in
the manufacture of compressed stabilized soil blocks without
a
ecting its mechanical performance.

2.7. Other Waste Materials. Moayed et al. [71] investigated
the stabilization of saline silty sand using lime and micro
silica. �e primary objective of their investigation was to
improve the load bearing capacity of pavements constructed
on Taleghan saline soils using lime and micro silica. �e
soils were collected and stabilized with combinations of lime
and micro silica ranging from 0 to 6%. �e improvement to
the soil was evaluated using CBR and UCC strength tests.
�e lime required for soil modi	cation was then determined
from plasticity indexmethod. At 6% addition of lime, the soil
became nonplastic and, hence, up to 6% lime was adopted for
stabilization.�e addition of micro silica to lime stabilization
resulted in an increase in the CBR value of the stabilized
soil. �e soaked CBR of 2% lime stabilized saline silty sand
increased from 92% to close to 125% on addition of 3%
micro silica. �e UCC strength of lime and micro silica
stabilized soil also showed similar trends in strength with
the strength increasing with increasing micro silica until 3%
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beyond which it started to reduce. �us 2% lime with 3%
micro silica was found to be the optimal dosage for improving
the strength and deformation characteristics of the soil.

Kalkan [72] experimented on the stabilization of granular
soils with combinations of lime and silica fume and lime and
FA. Both combinations were adopted in the ratio of 1 : 4 with
one part as lime and 4 parts as industrial waste material.
�e stabilizer mixture was added to the crushed granular
soil in increments of 5% up to a maximum of 20% of total
weight. �e stabilized soil samples were tested for their UCC
strength and CBR. It was seen that combinations of lime and
FA produced good compressive strengths and signi	cantly
high values of CBR when compared to lime-silica fume
combination. However, both combinations performed better
when compared to soil stabilization with industrial wastes
alone.

Oza and Gundaliya [73] studied the in�uence of cement
waste dust on the lime stabilization of black cotton soil. A
comparison of cement waste dust, cement waste dust and
lime, and lime stabilization of black cotton soil was performed
by conducting Atterberg limits and UCC strength test. Based
on the consistency limits, lime stabilization gave the least
plasticity characteristics of the stabilized soil whereas cement
waste dust produced the highest strength of the stabilized
soil. �e combination of lime and cement waste dust resulted
in optimal performance with respect to both plasticity char-
acteristics and UCC strength tests. �e performance of the
blend was better than the performance of lime stabilization
of black cotton soil.

Ahmad et al. [74] conducted an investigation on the
stabilization of peat soil using cement and palm oil fuel
ash as a replacement for cement. �e palm oil fuel ash
was sieved through 445-micron sieve to obtain 	ne quality
ash. Four combinations of 30% ordinary Portland cement,
20% cement with 10% palm oil fuel ash, 15% of each, and
10% cement with 20% of palm oil fuel ash combinations
were adopted in stabilization. Liquid limit, speci	c gravity,
particle size distribution, compaction characteristics, organic
content, and moisture content tests were performed. �e
strength of the stabilized soil was determined by conducting
UCC strength tests on samples of 38mmdiameter and 76mm
height, cured for three di
erent periods of 0, 7, and 14 days.
�e results of the study shed light on the fact that palm oil fuel
ash was capable of replacing cement in stabilization of peat
soil.�e combination of 20% cementwith 10%of palmoil fuel
ash was found to produce higher strengths when compared
to even 30% cement stabilization of peat soil a�er 14 days
of curing. However, the authors recommended a detailed
study with higher curing periods of up to 180 days and other
combinations of cement and additives not restricted to 30%.

Seco et al. [75] investigated the treatment of expansive
soils for use in construction. �ey adopted a variety of
additives like lime, magnesium oxide, natural gypsum, rice
husk FA, coal bottom ash, steel FA, and aluminate 	ller. �e
investigation concentrated on improving the swelling nature
and mechanical strength of the soil. �e experimental pro-
gramme adopted di
erent combinations of waste materials
with soil for expansive treatment and formechanical strength
enhancement. One of the combinations used in improving

mechanical strength of the stabilized soil was 4% lime with
5% rice husk FA. Out of all other combinations adopted
for strength improvement, the mentioned combination pro-
duced the highest strength with curing over a period of 28
days. Unlike other research works in soil stabilization, this
work did not have stabilizationwith pure lime to act as control
for determining the e
ectiveness of various combinations.
�is was due to the fact that strengths of all combinations of
treated soil were compared with that of virgin soil. Despite
this fact, the combination of lime and rice husk FA producing
the highest strength is a testimony of the e
ectiveness of the
combination of the industrial waste with lime.

In a similar study, Seco et al. [76] investigated the e
ect
of lime, magnesium oxide, rice husk FA, coal FA, and alu-
minate 	ller onMarl-rich soil. �e experimental programme
involved determination of OLC fromCBR andUCC strength
tests, following which the additives were used in combination
with OLC which was 	xed based on preliminary tests. A
nonconventional additive called consolid system was also
investigated and its performance was compared with additive
based system. �e additive-lime combinations were then
subject to UCC strength and CBR tests. �e results revealed
that combination of 4% lime with 5% rice husk FA produced
the best strength and bearing results at all curing periods.
It was also observed that consolid system was capable of
producing high strengths from7 days of curing at lowdosages
of less than 1%.

Chen and Lin [77] investigated the performance of so�
subgrade stabilized with sewage sludge ash and cement.
�e so� soil was stabilized with a combination of sewage
sludge ash and cement in a 	xed ratio of 4 : 1 in increasing
dosages of 2, 4, 8, and 16% addition of the combination.
�e stabilized soil samples were tested for their Atterberg
limits, compaction characteristics, UCC strength, CBR, tri-
axial compressive strength, and swelling potential. It was
concluded that addition of sewage sludge ash and cement
combinations to soil results in a reduction in their plasticity
characteristics and improvement in their strength and CBR
values resulting in the so� subgrade changing to subgrade
with excellent soil. �e mineralogical analysis revealed the
formation of crystalline ettringite andmonosulphoaluminate
hydrates a�er the treatment with sewage sludge ash and
cement.

Rahmat and Ismail [78] investigated the potential of waste
paper sludge ash (WSA) as a possiblematerial for stabilization
of Lower Oxford Clay in order to conserve natural resources.
�ey adopted WSA in combination with lime, cement, and
GGBS. Quicklime stabilization of the clay with varying
percentage of the stabilizer was taken as control specimen
to determine the performance of blended stabilizers. �e
blends were added in proportions of 10, 15, and 20% by
weight. �e ratios of WSA-lime and WSA-cement adopted
were 80 : 20 and 90 : 10. �e ratios of the third combination
of WSA-GGBS were 70 : 30 and 50 : 50. �e tests performed
included Atterberg limits, compaction characteristics, linear
expansion, andUCC strength.�e investigation revealed that
combinations of WSA-lime performed better than that of
control samples of quicklime stabilized clay in reducing the
plasticity index of the soil. It was noticed that, in sulphate
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bearing clays like Lower Oxford Clay, even 365 days of
curing did not result in signi	cant gain in the strength of
the soil as observed from UCC tests. However, the blends
of WSA-lime and WSA-cement and WSA-GGBS produced
excellent improvement in strength of the soil a�er 365 days
of curing with the last combination producing the highest
strength. �e linear expansion of the blended stabilizers
treated soil was lesser in comparison with plain quicklime
treated samples. It was concluded that blending of WSA with
lime, cement, andGGBS provided a technological, economic,
and environmental advantage in stabilizing poor soils such as
Lower Oxford Clay.

Lisbona et al. [79] researched the performance of calcined
paper sludge (CPS)with cement in stabilization of soil with an
experimental programme in the laboratory as well as a 	eld
investigation to study the in situ behavior of the stabilization
process. �e investigation involved stabilization of soil with
cement and blend of cement and CPS in the ratios of 50 : 50
and 75 : 25 with the total binder content ranging between
3 and 6%. �e soil was blended well with the stabilizers
to ensure uniform mixing and was compacted at its OMC
and MDD without any mellowing period, into specimens of
152.5mmdiameter and 127mmheight, and cured for a period
of 7 days before performing the UCC tests on the samples
prepared. �e 	eld investigation involved stabilizing a 30 cm
deep subgrade layer using the blends that were carefully
blended at plants and taken to site in tanks and applied to
the soil by dry mix methods at site. �e 	eld compaction was
monitored using in situ density measurement using nuclear
methods and falling weight de�ectometer was used to study
the performance of the stabilized subgrade. �e test results
indicated that the blend of cement withCPS performed better
than cement or CPS individually in stabilizing the soil. It
was deduced that 25 : 75 CPS to cement blend produced the
highest UCC strength.

James and Pandian [80], in their study, probed the e
ect
of waste materials press mud from sugar industry as an
additive to lime and ceramic dust from demolition waste as
an additive to cement in the development of early strength
of the stabilized soil. �e work involved the preparation of
UCC strength specimens of dimensions of 38mm × 76mm
with mixtures of soil with lime and press mud and soil with
cement and ceramic dust.�e samples were prepared atOMC
and MDD and cured for periods of 2 hours, 3 and 7 days
to study the development of early strength of the stabilized
soil. �e study concluded that addition of press mud to lime
and ceramic dust to cement resulted in quick development
of strength, thereby increasing the early strength of the
stabilized soil when compared to pure lime stabilized and
cement stabilized soil. In a minor, modi	ed investigation of
an earlier study, James and Pandian [81] studied the e
ect
of ceramic dust on the plasticity and swell-shrink of lime
stabilized soil. Two lime contentswere adopted to stabilize the
soil which was admixed with four di
erent doses of ceramic
dust. It was evident that the addition of ceramic dust to lime
stabilized soil resulted in the reduction in plasticity and swell-
shrink nature of the soil but the e
ect of ceramic dust was
prominent at lower lime content than higher lime content.

Okonkwo et al. [82] investigated the performance of
cement stabilized lateritic soil admixed with eggshell ash
obtained from incineration of fowl egg shells. �e soil was
stabilized with 6% and 8% cement dosage with egg shell ash
admixture in the range of 0 to 10% in increments of 2%.
All percentages of cement and egg shell ash were worked
out by weight of dry soil. �e stabilized soil was tested
for its compaction characteristics, UCC strength, CBR, and
durability characteristics. It was seen that addition of egg shell
ash to cement stabilized lateritic resulted in an increase in
strength of the stabilized soil by up to 35%. �e admixing of
egg shell ash also resulted in the stabilized soil satisfying the
durability characteristics with loss in strength on immersion
not exceeding 20% in any of the cases.

2.8. An Evaluative Discussion. In order to make a compar-
ative evaluation of the performance of various stabilizer-
additive combinations, the results from the literature dis-
cussed in this paper have been summarized in Table 2. �e
table cites the optimal combination and major geotechnical
properties tested and di
erentiates the e
ect of additive on
stabilization performance of the primary stabilizer. Many
of these investigations involved a detailed test programme
that investigated several properties, but only few important
parameters have been listed for ease of compilation and quick
understanding on comparison. However, certain important
factors need to be borne inmind while perusing the details of
the compilation for comparative evaluation.�eperformance
of the wastes as additives depends a lot on the type of
soil, the type of primary stabilizer used in combination, the
quantum of primary stabilizer, the quantum of additive, and
the methodology of the investigation. Since variations in
one or many of the said factors are inevitable, a one-on-
one comparison of two investigative works proves to be very
di�cult. �is can only lead to a broad comparison of the
performance of the combination of the additives and stabi-
lizers rather than the individual stabilizer or additive. �us,
the reliability of any comparative evaluation that concludes
on the e
ectiveness of individual additives from the results of
combination stabilization can be only approximate.

A wide variety of soils have been stabilized using com-
binations of lime/cement and FA and in almost all of them
FA has produced positive results. Amajority of investigations
involving combinations of FA with lime/cement have con-
centrated on the strength and bearing of the stabilized soil.
RHA with cement/lime combination has been investigated
to determine strength and bearing as well as swell potential
of the stabilized soil. Both FA and RHA produce very good
strengths in combination with lime/cement. Stabilization
using GGBS with lime/cement has been the most common
combination adopted with highly plastic, expansive clays. In
such cases, GGBS produces good strength as well as swell
control. PG with cement is a more common combination
when compared to PG with lime. In the case of PG, the
strength of the stabilized soil has been concentrated on.
However, the strengths achieved by PG, in general, seem to
be comparatively lower than FA and RHA. In the case of BA
as well, combination with cement is more frequent compared
to lime. Various other lesser known wastes have also been
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adopted in strength investigations with lime/cement out of
which WSA proves to be a promising waste additive.

�e overall comparison shows that FA has the advantage
of being an universally and frequently adopted additive with
lime/cement, supported by proven results. It is also produced
in huge quantities, thereby leading to ready availability.
However, there is a possibility of reduced performance when
FA is combined with cement as in the case ofWang et al. [31].
RHA on the other hand has shown consistency in producing
good strength results and also produces fairly good swell
control e
ect when combined with lime/cement. GGBS has
the advantage of good swell control when admixed with lime
especially in sulphate-rich soils. PG produces fair strength
results but is known to have small quantities of radioactive
materials. Moreover, there is possibility of PG producing
adverse e
ects with lime stabilization of soil due to presence
of sulphate in PG. BA produces high strength and bearing
with cement in stabilization of lateritic soils. It also produces
good compressive strengths in stabilized soil blocks with
cement/lime.

3. Conclusions and Recommendations

To summarize, generation of industrial wastes on a large scale
began with industrial revolution leading to increasing stan-
dards of living but degrading environment. Alarming propor-
tions of waste generated required a long time to be realized,
leading to waste management as a discipline of concern. But
it soon generated enough involvement founded upon the
concern for environment, resulting in active research in the
	eld. Soil stabilization has recently grown into an area of
e
ective waste management. However, utilization of wastes
in soil stabilization can be either as stabilizers themselves or
as auxiliary additives to conventional primary stabilizers like
lime/cement. �is paper reviews the various works carried
out using di
erent industrial wastes like FA, RHA, PG, BA,
and GGBS and a few other lesser known/adopted wastes
in soil stabilization as additives to lime/cement. Based on
the review of literature on utilization of solid wastes as
additives to lime/cement stabilization of soils, the following
conclusions can be drawn and suitable recommendations are
put forward.

3.1. Conclusions. At the outset, the 	rst inference obtained
from comparison of individual results of stabilization is that
addition of waste materials to lime/cement in soil stabiliza-
tion produced better results than pure lime/cement stabiliza-
tion with only a few exemptions which produced results on
the contrary. �e extent of improvement varies from meagre
to enormous depending upon the combinations. Most of the
researchers have concentrated on stabilization of 	ne-grained
expansive soils/clayey soils, whichmay be predominantly due
to the e
ectiveness of chemical stabilizationwith 	ne-grained
soils. Works involving stabilization of silts and silty sands
are minimal in literature. E
ectiveness of other methods of
ground improvement like grouting may be the reason for
less concentration of literature in the area of stabilization
of coarse grained soils. Dispersive clays have been dealt
with in a number of investigations, but combinations of

lime and industrial wastes in their treatment are meagre. In
the available literature, combinations of cement/lime have
been with pozzolans from natural sources for dispersive clay
improvement.

Index properties like Atterberg limits, compaction char-
acteristics, particle size distribution, and so forth have been
predominantly dealt with bymost of the researchers.Majority
of the researchers have adopted UCC strength test as the
preferred mode of evaluation of strength of the stabilized soil
due to quickness and ease of use of the test. Other modes
of strength evaluation like direct shear and triaxial shear are
very limited. Permeability and compressibility seem to be
least concentrated upon among the engineering properties
in stabilization. Several investigators have started to adopt
advanced investigations like X-ray �uorescence, XRD, EDS,
SEM, transmission electron microscopy, TGA, and mercury
intrusion porosimetry to analyze various properties like
chemical composition,mineralogical composition, elemental
composition, microstructure, thermal stability properties,
pore structure composition, and so forth. However, the use of
XRF, XRD, and SEMhas becomemore common for chemical,
mineralogical, and microstructural investigations of soil and
stabilized soil specimens as an e
ective tool for explaining the
chemical changes taking place and resulting microstructural
modi	cations due to stabilization. Since a lot of stabilization
research is concentrated on mitigation of volume change
behavior of expansive soils, swelling investigations have been
given profound importance to carry out inclusive research.
�ey include calculation of total swell, percentage swell, swell
pressure, and free swell. Nevertheless, the complimentary
character of shrinkage has not been accorded the same degree
of detail. A few authors, though, have evaluated the shrinkage
limit and linear shrinkage of stabilized soils.

Literature indicates that lime stabilization loses e
ec-
tiveness under extreme conditions like alternate cycles of
wetting and drying. �us, there have been research works
to study combinations of industrial wastes with lime/cement
under extreme conditions like alternate wetting and drying,
freeze-thaw cycles, pH variations, presence of compounds
such as sulphates and salts, and cyclic loading. However,
investigations in these areas have been limited with a few
industrial wastes as additives to lime in enhancing its resis-
tance to loss of strength due to wetting-drying and freeze-
thaw cycles. Investigations of cement/lime stabilization in
sulphate-rich soils are also moderate. But here again, only
the potential of a few industrial wastes in mitigating the
disastrous e
ects of sulphate compounds in soil has been
dealt with. Investigations pertaining to the e
ect of loading
rate and cyclic loading on combinations of lime/cement
with industrial wastes are also very 	nite. �e potential
of industrial wastes in combination with lime/cement in
mitigating contaminated soil degradation, improvement of
its geotechnical properties, and containment of contaminant
migration has been touched upon by researchers. Available
literature indicates that such wastes can play an e�cient
role in containment of migration of contaminants and also
improve geotechnical properties of the contaminated soil. But
the geoenvironmental side of soil stabilization in pollutant
control still remains unexplored to its full potential.
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Curing plays an important role in the development of
strength of lime as well as cement stabilized soils. However,
there has been no comparative e
ort on the e
ect of di
erent
methods of curing for stabilized soils. Also, the e
ect of
these curing conditions on combination stabilization of
lime/cement and industrial wastes is limited. When using
industrial wastes as additives, the reactive nature of the
additive plays an important role in the progress of the
chemical reaction and, hence, the stabilization achieved. �e
reactive nature of industrial wastes can be improved by
activating themby either thermal or alkaline activation.�ese
modes of achieving enhanced chemical reactions of additives
by activation in soil stabilization with lime/cement are also
very 	nite. A lot of lesser known industrial wastes can be
e
ective additives to lime or cement by activation.Wastes like
red mud, lead-zinc slag, phosphorus furnace slag, jarosite,
kimberlite, silica fumes, sewage sludge ash, paper sludge and
its ash, press mud, and egg shell ash can be researched further
and activation technique can be used e
ectively to reveal their
potential in soil stabilization with lime/cement.

3.2. Recommendations for Future Work. Lime stabilization
has been and still is one of the preferred methods of soil
stabilization for expansive soils.�e concepts of ICL andOLC
have been well established through detailed investigative
works. However, in works of combinations of lime with
pozzolans, very few researchers have adopted the scienti	-
cally established concepts of ICL and OLC for stabilization.
A lot of researchers still adopt trial and error method for
identifying lime contents for use in soil stabilization with
pozzolans. It is also noticed that investigators adopted either
ICL or OLC while investigating lime stabilization of soils
with pozzolans. Very limited research has been carried out
wherein a comparison of the e
ects of these two scienti	cally
established lime contents has been dealt with. Considering
the case of lime-pozzolan stabilization, work details are
further limited. �us, lime-pozzolan stabilization comparing
the performance at ICL and OLC can be taken up in future
investigations. Combinations of lime and waste materials
as pozzolans have been dealt with in detail; however, the
pozzolan contents adopted in earlier works have generally
been high. E
ect of low pozzolan content can be taken up
for further research. Combinations of lime, cement, and
industrial wastes can also be investigated in detail.

Swell control potential of FA can be probed in order to
further reinforce it as a universal pozzolanic additive in soil
stabilization. Permeability and compressibility performance
of lime/cement stabilized soils with FA, RHA, and GGBS
can be taken up to complement existing literature. BA has
been very e
ectively used in cement concrete as replacement
for binder. It has also been used in stabilized soil blocks in
combination with cement as well as in soil stabilization, both
individually and as an additive to cement/lime. However,
earlier investigations of BA with lime have been limited with
conclusions terming the combination insu�cient. In order
to thoroughly scrutinize the combination, more detailed
investigations with di
erent soils must be carried out. Lastly,
other lesser adopted promising additives like ceramic dust,
conventionally adopted as pozzolan in mortars and concrete,

pressmud, andWSA can be researched for revealing their full
potential in lime/cement stabilization of soils.

Notations Used

FA: Fly ash
PG: Phosphogypsum
Ca(OH)2: Calcium hydroxide

Ca2+: Divalent calcium ion
OH−: Hydroxyl ion
CSH: Calcium silicate hydrate
CAH: Calcium aluminate hydrate
SiO2: Silica
Al2O3: Alumina
mm: Millimetre
CBR: California Bearing Ratio
SEM: Scanning electron microscopy
XRD: X-ray di
raction
GGBS: Ground Granulated Blast furnace Slag
UCC: Uncon	ned compression
OMC: Optimummoisture content
MDD: Maximum dry density
RHA: Rice husk ash
BA: Bagasse ash
WSA: Waste paper sludge ash
CPS: Calcined paper sludge
ICL: Initial consumption of lime
OLC: Optimum lime content.
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