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Abstract

Lime stabilization remains the most commonly adopted method to improve expansive soil; however, lime production has
drawbacks such as depleting natural resources, high energy consumption, and substantial greenhouse gas emissions. To
address these issues, this study introduces a novel approach involving the chemically converted waste marble powder
(CCWMP) treatment of soil. In this process, sodium hydroxide (NaOH) solution is used to convert waste marble pow-
der (WMP), containing calcium carbonate, into lime. This conversion occurs without the emission of greenhouse gases,
ultimately enhancing the performance of expansive soils. Additionally, WMP is blended with expansive soil without the
addition of NaOH, to understand and compare the underlying mechanisms in CCWMP treatment of soil. This approach
is referred to as inactive waste marble powder (IAWMP) treatment of soil. Geotechnical and mineralogical studies were
conducted with varying dosages of WMP (5-20%) in both the IAWMP and CCWMP treated soil. The results indicate that
in the CCWMP treated soil, calcium carbonate is first converted into lime without emitting carbon dioxide, followed by
short- and long-term reactions with expansive soil. It is also inferred that there is a significant enhancement in unconfined
compressive strength (7.26 times that of untreated soil with 15% WMP addition after 28 days of curing) and the com-
plete elimination of swelling, due to the addition of CCWMP as compared to the IAWMP. Therefore, this study strongly
concludes that CCWMP treatment represents a superior alternative for chemically stabilizing the expansive subgrade in
pavement construction. Furthermore, it provides an effective solution for the substantial utilization of WMP.

Keywords Expansive soil-stabilization - Conventional methods - Waste-utilization - Waste marble powder - Sodium
hydroxide

Introduction settlement causes severe stress and even damage to lightly

loaded structures built on them. Such instability or volume

Expansive soils possess an inherent volume change behavior
and higher moisture retention capacity. These soils are sub-
jected to repetitive wetting and drying cycles, which cause
swelling and shrinkage, respectively. In addition to that,
high compressibility, low shear strength, and differential
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change is due to the presence of a smectite group of miner-
als, amount of clay, moisture content, external loading, and
pore water chemistry [1, 2].

Over the years, various techniques have evolved to
inhibit the volume instability of expansive soil, such as
controlled compaction, soil replacement, innovative foun-
dations, and chemical stabilization [3]. Among these
techniques, chemical stabilization attracted many field geo-
technical engineers, due to its effectiveness and versatility.
Lime and cement are the conventional stabilizers to inhibit
volume change and enhance the engineering properties of
the expansive soil [4—10]. However, the production of each
tonne of cement and lime results in 0.95 and 0.79 tonnes of
CO, emission, respectively, and also requires 5000 MJ and
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3200 MJ of energy, respectively [11, 12]. In addition to that,
non-renewable resource mining has increased dramatically
in recent years to fulfill the demands of the construction sec-
tor, which results in the depletion and overexploitation of
natural resources.

Utilizing industrial/agricultural residue, and locally
available materials provides sustainable and economical
solutions to the problems with conventional binders in soil
stabilization [13—-16]. Additionally, the utilization of indus-
trial waste is also required to control environmental pol-
lution from being dumped in landfills [17]. In the context
of industrial waste generation, it is important to note that
India is producing a significant amount of major industrial
by-products. These include pond ash (comprising fly ash
and bottom ash from coal combustion) and GGBS (ground
granulated blast furnace slag) from iron production. Several
researchers have initiated the utilization of these wastes to
enhance the physical and engineering properties of expan-
sive soil while also, controlling its volume change [18-21].
Ladle furnace slag is another byproduct obtained by refin-
ing carbon and low alloy steels in the ladle furnace, in the
steel industry. This slag has been researched for its potential
in stabilizing subgrade and subbase materials in pavement
construction [22-24]. Manso et al. [25] conducted a study
on the solidification impact of ladle furnace slag (LFS) on
clayey soils. Their findings indicated that the incorporation
of LFS into clayey soils resulted in improved bearing capac-
ity compared to that of the natural subgrade soil. Waste dust,
containing calcium, has also been employed for soil stabi-
lization in subbase layers for pavement construction [26].
However, using these wastes alone for soil stabilization
resulted in slow hydration, low early strength, and inade-
quate swelling control [27, 28].

As a result, treating expansive soil with alkali-activated
wastes is one potential approach to address challenges such
as depletion of natural resources, high energy consumption,
and substantial greenhouse gas emissions associated with
the production of conventional additives. [29—33]. Wastes
such as fly ash, slag, silica fume, rice husk ash, bagasse
ash, and palm oil fuel ash (POFA) are precursors for alkali-
activated stabilization, which provide aluminosilicates for
geopolymerization [34]. In alkali-activated stabilization,
sodium hydroxide, potassium hydroxide, and sodium sili-
cate are the activators that facilitate the dissolution of alumi-
nosilicates. Among these, the utilization of sodium silicate
causes environmental issues compared to other activators
[32].

Based on previous research, soils with a plasticity index
exceeding 30% are found to be more suitable for stabiliza-
tion when incorporating calcium-rich additives such as lime
[35]. Typically, calcium-based chemicals are the preferred
materials for stabilizing expansive soil [36]. In that context,
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marble waste, derived from the cutting and subsequent
polishing of marble blocks, is a calcium carbonate-con-
taining waste. Around 200 million tonnes of marble waste
are produced annually worldwide [35]. In particular, India
produces 16 million tonnes of marble waste per year [37].
Water is used for controlling dust and heat during the cut-
ting and polishing of marble stones. This method generates
a large amount of marble slurry. The developing countries
lack proper methods for the disposal of marble waste, and
it is dumped on agricultural lands or discharged into water
bodies [38]. The dumping of marble waste is causing seri-
ous environmental issues [39]. In India, Rajasthan, Gujarat,
Andhra Pradesh, and Madhya Pradesh are the major mar-
ble-producing states. The state of Rajasthan alone produces
95% of marble blocks, creating major air and land pollution
in the nearby villages [40, 41].

Hence, the waste from the marble quarry needs to be
utilized effectively and fully. There are numerous indus-
trial applications, specifically in the construction field, for
the utilization of marble powder due to its non-hazardous
nature [42]. Initially, the marble powder was used along
with cement and also utilized as a constituent of bricks,
a replacement for aggregates, and in the manufacturing
of ceramic tiles [38, 39, 43, 44]. However, there is still
no proper method for the bulk and effective utilization of
marble waste [38, 41]. Various researchers have undertaken
studies on the specialized application of marble waste in soil
stabilization for bulk utilization [45—50]. For the construc-
tion of pavements as a base material, the addition of marble
dust in red tropical soil does not provide adequate strength
[45]. Also, studies suggest that the mixing of marble waste in
expansive soil controls volume change and improves shear
strength [47, 48]. However, marble waste is chemically inert
by nature. As a result, there is no beneficial chemical reac-
tion (cation exchange and pozzolanic reaction) with clayey
soil due to the inactive nature of marble powder.

To address the problems associated with conventional
soil stabilizers, the current study aims to provide a novel
approach: converting the WMP into lime (Ca(OH),) by
using NaOH for the stabilization of expansive soil without
the emission of CO,. The objective of the current study is
to understand the mechanisms involved in the stabilization
of expansive soil with chemically converted waste marble
powder (CCWMP). The short and long-term behavior of
treated expansive soil with 1, 7, 14, and 28 days of curing
is studied by evaluating the index properties, swell poten-
tial, and unconfined compressive strength (UCS). Further,
the presence, conversion, and utilization of CaCOj; in the
stabilized expansive soil with WMP are studied by mineral-
ogical, microstructural, and thermal analysis. The results of
the CCWMP treatment of soil are compared with those of
inactive waste marble powder (IAWMP) treatment of soil



Int. J. of Geosynth. and Ground Eng. (2024) 10:81

Page 3 of 21 81

Table 1 Geotechnical properties of the expansive soil and waste mar-
ble powder

Property Soil WMP Standards
Specific gravity (G,) 2.58 2.72 IS 2720 (Part
3) -1980
(Reaffirmed:2021)
Sand (4.75 mm to 11 - IS 2720 (Part
0.075 mm) (%) 4)—1985
Silt (0.075 mmto 21 100 (Reaffirmed:2020)
0.002 mm) (%)
Clay (<0.002 mm) 68 -
(%)
Liquid limit (%) 69 24 IS 2720 (Part
Plastic limit (%) 30 Non-Plastic 5)—1985
(Reaffirmed:2020)
IS soil classification CH - IS 1498-1970
system (Reaffirmed:2021)
Maximum dry den- 1.5 1.48 IS 2720 (Part
sity (g/cc) 7)— 1980
Optimum moisture 25 15 (Reaffirmed:2021)

content (%)

Free swell index (%) 122 - IS 2720 (Part

40) - 1977
(Reaffirmed:2021)
Swell potential (%) 9.6 - IS 2720 (Part
Swell pressure (kPa) 320 - 41) - 1977
(Reaffirmed:2021)
Degree of expansion High - IS 1498-1970
(Reaffirmed:2021)
100 , "
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Fig. 1 Grain size distribution curve of the expansive soil and WMP

and existing conventional methods (lime and cement sta-
bilization) and other chemical stabilization methods (alkali
activated waste stabilization) for expansive soil [33].

Materials

In the stabilization of expansive soil using the CCWMP
and JAWMP, the WMP is used in both treatments. In the
CCWMP treatment of soil, NaOH is specifically used to
convert WMP into lime, thereby contributing to the stabi-
lization of expansive soil. The subsequent section provides

information on the properties of these materials and their
characterization.

Expansive Soil

The natural expansive soil samples from the district of Naga-
pattinam, in the state of Tamil Nadu in India, were collected
from 1.0 m below the surface of the ground. The collected
soils were oven-dried at 105 °C under laboratory conditions
and pulverized. The pulverized soils were sieved through
a 425 pm Indian Standard (IS) sieve to remove large par-
ticles for all tests. The index and physical properties of the
expansive soil are determined as per IS and summarized in
Table 1. The grain size distribution curve is shown in Fig. 1.
The collected soil is classified as high plastic clay CH and
also based on the free swell index, it has a high degree of
expansion as per the Indian standard soil classification sys-
tem (IS 1498-1970 Reaffirmed: 2021). The X-ray diffrac-
tion (XRD) analysis of expansive soil is shown in Fig. 2a,
which indicates the presence of montmorillonite, kaolinite,
and non-clay minerals such as quartz and calcite. In Fig. 2b,
the results of thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) are presented. The DTA of
the expansive soil reveals significant endothermic peaks at
distinct temperature ranges. Peaks at 100-200 °C signify
the removal of hygroscopic water, with single endothermic
peaks in this range linked to the loss of structural hydrox-
yls in montmorillonite clay. Peaks between 350 and 500 °C
indicate the removal of adsorbed water, contributing to a
nearly 14% mass loss up to 500 °C. The overall mass loss of
the expansive soil up to 1000 °C is approximately 16% [51].
Consequently, the geotechnical properties and mineralogi-
cal examination confirm the presence of montmorillonite
in the collected expansive soil. The chemical composition
of expansive soil is analyzed through X-ray fluorescence
(XRF) technique and is listed in Table 2.

Waste Marble Powder (WMP)

The marble waste used in the present study were collected
from marble waste slurry dumping sites in the Udaipur dis-
trict, in the state of Rajasthan, India. The slurry was oven-
dried at 105 °C, then the larger lumps were crushed and
sieved through a 75 pm IS sieve. The specific gravity of
WMP is 2.72, and it is non-plastic. The index and physi-
cal properties of the WMP are determined as per IS and
are summarized in Table 1. The XRD analysis of WMP
indicates the presence of calcite and quartz, as shown in
Fig. 2c. The TGA and DTA results of WMP as shown in
Fig. 2d, indicate a major loss of mass at 700-800 °C, due to
the decarbonation of CaCOj; [51]. The initial mass loss of
WMP, at 30—-100 °C is due to the removal of water [41, 48].
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Fig. 2 Analysis of expansive soil samples (a) XRD (b) TGA and DTA and analysis of waste marble powder samples (¢) XRD (d) TGA and DTA

Table 2 Chemical composition (weight%) of expansive soil and waste marble powder

Chemical composition SiO, Al O, CaO MgO K,0 Fe, 0, Na,O TiO, LOI
Expansive soil 57.45 21.01 1.58 2.42 1.80 11.34 0.82 1.01 2.56
WMP 7.1 1.87 49.19 0.68 0.46 0.58 - - 40.12

The XRF analysis of WMP indicates the presence of cal-
cium and silica in its chemical composition, with no heavy
metals detected (Table 2). So, no pretreatment is required
for the collected waste marble powder.

Sodium Hydroxide (NaOH)

NaOH (98% purity) has been used to convert the inactive
WMP into hydrated lime for the stabilization of expansive
soil. Recently, the use of NaOH for soil stabilization has
become well-established, with methods such as alkali-
activation [32], lime precipitation techniques [52], mag-
nesium hydroxide precipitation techniques [53, 54], and
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magnesium alkalinization [55]. A concentration of 5 M of
NaOH was fixed to understand the stabilization mecha-
nism. A majority of studies have utilized a 5 M NaOH
solution for soil stabilization using alkali-activated bind-
ers. The use of higher alkalinity can lead to environmental
issues such as leaching in treated soil [32]. Before starting
the experiment, a NaOH solution is prepared, and placed
in a closed container for 24 h to ensure the complete dis-
sipation of heat, as the dissolution of NaOH in water is
an exothermic process. The reason for the waiting time
is that the release of heat should not affect the chemical
reaction with expansive soil, and hence, NaOH solution is
used after cooling [33].
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Experimental Program

The specimen preparation for untreated and treated expan-
sive soil with CCWMP and ITAWMP, for assessing geotech-
nical behavior is outlined in this section. This facilitates a
comprehensive analysis of soil characteristics and behav-
ior through mineralogical, microstructural, and thermal
analysis.

Mix Proportion and Specimen Preparation

In the current investigation, two methods of expansive soil
stabilization, namely IAWMP and CCWMP treatment of
soil, are performed to understand the reaction mechanism of
CCWMP with expansive soil and changes in the geotechni-
cal behavior of expansive soil. In the IAWMP treatment of

soil, the dry soil is mixed with inert WMP, in which distilled
water is a pore solution [41, 48]. The CCWMP treatment of
soil uses NaOH as a pore solution for converting the inert
WMP into Ca(OH),. The details of the experimental pro-
gram are shown in Fig. 3. Four proportions of WMP (5, 10,
15, and 20% of dry soil) are used for both methods. These
proportions were chosen based on the studies conducted by
Jain et al. (2020). The required amount of dry soil, WMP,
and pore solution was calculated based on the maximum dry
density (MDD) and optimum moisture content (OMC) of
each mix proportion as obtained from the standard Proctor
compaction test. Initially, the required soil and WMP were
mixed under dry conditions for 2—3 min to achieve homoge-
neity in both methods; thereafter, the respective pore solu-
tion was added and mixed for another 2—3 min [31]. The
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Fig. 3 A detailed sketch of experimental program
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Table 3 Details of mix proportion with the sample description
WMP variation in ~ Pore solution (Additive)

Sample description

soil (%)
ES 0 Distilled water
ESIAWMPS5 5 (IAWMP)
ESIAWMP10 10
ESIAWMPI15 15
ESIAWMP20 20
ESCCWMP5 5 NaOH (5 M)
ESCCWMP10 10 (CCWMP)
ESCCWMP15 15
ESCCWMP20 20

Note. ES indicates expansive soil; IAWMPS5 indicates IAWMP treat-
ment of soil with 5% WMP; CCWMP5 indicates CCWMP treatment
of soil with 5% WMP

details of the mix proportion and sample description are
listed in Table 3.

Compaction Test

According to IS 2720 (Part 7) — 1980 (Reaffirmed: 2021),
the standard Proctor compaction test was performed to
determine the OMC and MDD of expansive soil with vary-
ing proportions of WMP (0, 5, 10, 15, and 20%). Distilled
water was used for the tests.

Index Properties

Index properties such as liquid limit and plastic limit were
determined for the untreated expansive soil and treated
expansive soil with different proportions of WMP in the
IAWMP and CCWMP treatment of soil, as per IS 2720 (Part
5) 1985 (Reaffirmed: 2020). The oven-dried expansive soil
is thoroughly mixed with WMP, as mentioned in Sect. 3.1.
Then, the respective pore solutions were added and mixed
separately. The wet, mixed sample was kept for 2 h in plas-
tic airtight bags for moisture equilibrium and chemical reac-
tions. The Casagrande method and standard thread rolling
method were used to determine the liquid limit and plastic
limit, respectively.

Swell Potential Test

According to IS 2720 (Part 41), 1977 (Reaffirmed: 2021),
one-dimensional swell potential tests were conducted on
both untreated and treated soil specimens with IAWMP and
CCWMP. The oedometer ring used has a diameter of 60 mm
and a height of 20 mm. The required mix of the soil sample
was compacted at OMC, for a compacted height of 14 mm,
allowing a 6 mm height to accommodate swelling. The
compacted specimens were kept in air-tight bags for 1 day
of curing. After curing for 1 day, filter paper and porous
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Description (MDD, OMC)
—&— Expansive soil (1.50, 25.0)
ES + 5% WMP (1.58, 23.5)
ES +10% WMP (1.64, 22.5)
——ES + 15% WMP (1.66, 22.0)
~®o—ES +20% WMP (1.67, 21.9)
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Fig.4 Compaction curves for expansive soil mixed with WMP, includ-
ing MDD and OMC values

stones were placed on each side of the specimen. The whole
setup was assembled on a loading frame. Then dial gauge
readings were set to zero, and a surcharge load of 5 kPa was
applied. The setup was inundated with distilled water. The
changes in dial gauge readings were noted at different time
intervals until equilibrium was reached. The swell potential
is calculated as the ratio of the change in height to the initial
height of the specimen.

Unconfined Compressive Strength Test

Unconfined compressive strength (UCS) tests were con-
ducted on untreated and treated soil specimens as per IS
2720 (Part-10), 1991 (Reaffirmed: 2020). The 38 mm diam-
eter and 76 mm height of cylindrical specimens were pre-
pared for each variation in a constant volume mold. The
mixed samples were compacted in the mold. Three identi-
cal treated and untreated specimens for each proportion, as
listed in Table 3, were prepared at their respective OMC and
MDD (Fig. 4). The compacted specimens were kept in an
air-tight cover in a desiccator and cured for 1, 7, 14, and 28
days at room temperature. The mass of each specimen was
measured, before and after the curing period of the test to
determine the moisture loss. If the moisture content loss is
more than 0.5%, the specimens are rejected and then pre-
pared again. At the end of the curing period, the tests were
conducted under a constant displacement rate of 1.25 mm/
min. The average UCS value is computed from the UCS
values of three identical specimens. The tests were repeated
if the UCS of the specimen was 10% higher than the average
value. This approach was similarly applied to specimens
prepared for all proportions and different curing periods to
enhance the accuracy of UCS results. After attaining the
residual strength, the loading was stopped, and photos were
taken to capture the failure of UCS specimens to know the
behavior at failure.
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Mineralogical Studies

Mineralogical studies were carried out on treated expansive
samples on the fractured portion of 7 days cured UCS tested
specimen. The sample was oven-dried for 6 h at 50 °C. Using
a mortar and pestle, the samples were thoroughly pulverized
and sieved through a 75 um IS sieve [31]. X-ray diffraction
analysis (XRD) was carried out to confirm mineral transi-
tions, particularly from calcium carbonate to hydrated lime,
subsequent changes in the expansive soil with converted
lime, and the determination of newly formed cementitious
compounds. The X-ray diffraction (XRD) analysis was con-
ducted using a Rigaku ULTIMA III X-ray diffractometer
with CuKa radiation at a rate of 1°/min for Bragg’s angle
range of 5° to 70°. The diffractometer data is graphically
represented using Origin software, wherein the intensities
are plotted against 20 values and subsequently analyzed
with the Joint Committee on Powder Diffraction Standards
(JCPDS) database. The formation of cementitious particles
in treated expansive soil with IAWMP and CCWMP was
determined using microstructural images obtained from a
VEGA3 TESCAN scanning electron microscope (SEM).
Before SEM examination, a thin layer of gold-palladium is
coated over the sample using a sputter coater and polaron
E5100 at a vacuum of 10~2 Torr. Thermal analyses, such as
TGA and DTA, are performed on treated samples. Approxi-
mately 20-25 mg of sample were analysed using a Labsys
Evo 1150 thermal analyzer (Setaram, France) over a range
of 30 °C to 1000 °C at a heating rate of 10 °C/min.

Results and Discussions

The behavior of the treated expansive soil was examined
and discussed through geotechnical tests and mineralogical
studies. Based on the findings, the reaction mechanism of
the CCWMP treatment of soil was determined and subse-
quently discussed.

Compaction Characteristics

The compaction characteristics of expansive soil and soil
mixed with WMP were determined using the standard

Table 4 Comparison of index properties of treated expansive soil

Proctor compaction test. The compaction curves for expan-
sive soil mixed with WMP, including MDD and OMC val-
ues are shown in Fig. 4. The results show that the MDD
value of expansive soil increases with the addition of WMP
to the soil. This is due to the higher specific gravity of
the WMP (2.72) mixed with the lower specific gravity of
expansive soil (2.58). The substantial increase (1.5 g/cc to
1.64 g/cc) in MDD of expansive soil mixed with WMP up
to 10% is attributed to the filling of voids with WMP, fol-
lowed by a gradual increase (1.64 g/cc to 1.67 g/cc) due to
an increase in the specific gravity of the mixture. Another
reason for the increase in MDD of the soil is attributed to
the improvement in soil gradation. The untreated expansive
soil has a higher clay content than silt content as shown in
Fig. 1. The addition of WMP (silt) results in improved gra-
dation characteristics, leading to a transition towards a well-
graded composition containing silt and clay [48]. The WMP
added to expansive soil, acts as a filler material. However,
the addition of WMP to expansive soil decreases the OMC
value (from 25 to 21.9%) of the mixture, as shown in Fig. 4,
because of the decrease in porosity of the mixed matrix and
the replacement of WMP in the soil. A similar observation
was also reported by previous researchers [48, 56].

Index Properties

The index properties of treated expansive soils with [AWMP
and CCWMP were determined to understand the plastic-
ity behavior changes and short-term reactions involved in
the CCWMP treatment of soil. The liquid limit and plastic
limit values obtained for treated expansive soil are listed in
Table 4. The plasticity behavior of expansive soil is primarily
controlled by the diffused double layer, fabric arrangement,
and interparticle shear resistance [8]. The liquid limit and
plasticity index of treated soil decreases with the increase in
WMP content in both methods. The implementation of the
TAWMP treatment of soil led to a decrease of only 17.9% in
the plasticity index. However, the addition of WMP has the
opposite effect on the plastic limit of expansive soil, caus-
ing it to decrease (30-20%). This trend contrasts with the
observed behavior during lime stabilization. This confirms
that neither of the chemical reactions like cation exchange
nor flocculation occur in the IAWMP method because of

WMP variation in TAWMP treatment of soil CCWMP treatment of soil
soil (%) (Pore solution as water) (Pore solution as NaOH (5 M))
LL (%) PL (%) PI (%) LL (%) PL (%) PI (%)
0 69 30 39 - - -
5 66 29 37 47 38 9
10 59 25 34 48 37 11
15 56 23 33 46 36 10
20 52 20 32 47 37 10
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Fig. 5 Representation of untreated and treated expansive soil in Casa-
grande’s plasticity chart

the chemically inert nature of WMP. The addition of WMP,
which is a non-plastic silt, replaces some of the clay par-
ticles in expansive soil, resulting in a decrease in the liquid
limit and plasticity index [48, 56].

However, the abrupt changes in the plasticity index and
liquid limit of expansive soil in the CCWMP treatment of
soil are primarily associated with strong short-term chemi-
cal reactions. A reduction of 76.9% in the plasticity index
was observed (39-9%) due to the CCWMP treatment of
soil. The addition of NaOH to the WMP-mixed expansive
soil converts the CaCO; into Ca(OH), which is confirmed
by XRD analysis (Fig. 10). The produced lime dissociates
in the pore solution as calcium and hydroxyl ions and is
responsible for short-term reactions. The replacement of
exchangeable ions on the clay surface by calcium ions sup-
presses the diffuse double layer thickness and hence leads to
a decrease (69—47%) in the liquid limit of expansive soil [5,
8, 57]. It is interesting to note that, with a further increase
in WMP beyond 5%, no additional change in the plasticity
index occurred. The reason behind this is that the required
Ca(OH), is converted and utilized for short-term reactions
at 5% WMP itself.

The soil classification changes in expansive soil treated
with [AWMP and CCWMP are represented in Casagrande’s
plasticity chart, as shown in Fig. 5. As mentioned earlier,
untreated expansive soil is classified as high plastic clay
(CH). In the IAWMP method, it is observed that there are
no changes in soil classification; it remains classified as
CH type. However, with the addition of 20% WMP, the
soil is shifting towards intermediate plastic clay (CI) with
a 32% plasticity index. This is due to the replacement of
WMP silt particles in the expansive soil. However, in the
CCWMP treatment of soil, the soil classification is shifted
to intermediate plastic silt (MI) with a plasticity index of
9% on the addition of 5% WMP itself. This is attributed
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to the chemical changes of expansive soil, such as cation
exchange followed by flocculation of clay particles. Also, a
slighter pozzolanic reaction in a short time leads to changes
in the particle size [52].

Swell Potential

Figure 6 shows the variation of swell potential with time
in untreated and treated expansive soil with [AWMP and
CCWMP. The maximum swell potential of untreated expan-
sive soil is 9.6% due to the presence of montmorillonite
minerals. The 1 day cured specimens were tested in the
one-dimensional swell potential setup. It is observed that
the swell potential of expansive soil was not controlled by
the addition of IAWMP. As discussed above in Sect. 4.2, the
addition of WMP alone to expansive soil does not cause a
chemical reaction. The swell potential values of the treated
expansive soil with IAWMP are 11.7%, 10.3%, 8.8%, and
8.0% due to the incorporation of 5%, 10%, 15%, and 20%
WMP, respectively. It can be observed that the swell poten-
tial of expansive soil with 5% and 10% WMP is greater
than that of untreated expansive soil, due to its compaction
characteristics. As discussed in Sect. 4.1, the addition of
WMP to the soil decreases the OMC. The swelling behavior
of expansive soil depends on the initial moisture content.
Expansive soil exhibits higher swelling with lower initial
water content compared to soil with higher initial water
content. [58, 59]. This is the reason, the swell potential
of TAWMP treated expansive soil with 5% and 10% are
higher than untreated soil. Similar results were observed in
treated expansive soil with silica fume in the existing lit-
erature [60]. However, with the further addition of WMP,
the swell potential is reduced below that of the untreated
expansive soil. The slight reduction in swell potential with
an increasing amount of WMP is attributed to the replace-
ment of clay particles with WMP, and it is not caused by
a chemical reaction between WMP and the expansive soil.
The IAWMP treated soil took about 7 days for swelling to
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reach equilibrium, which is similar to untreated expansive
soil. However, this method requires a higher amount of
WMP to eliminate the swell potential of expansive soil.

In contrast to the IAWMP method of stabilization, the
CCWMP treated soil eliminated the swell potential of
expansive soil with the addition of 5% WMP itself. As
explained in Sect. 4.2, this is due to the short-term reac-
tion and slighter pozzolanic reactions within a 1 day curing
period [52].

Unconfined Compressive Strength

The unconfined compressive strength of the treated soil
with CCWMP was determined at 1, 7, 14, and 28 days of
curing, as shown in Fig. 7. The average UCS values, along
with standard deviation values, are provided for each treated
group at different curing periods. For a curing period of
1 day, the addition of WMP at levels of 5%, 10%, 15%,
and 20% resulted in UCS improvements of 114.1%, 140%,
180%, and 149%, respectively, compared to untreated soil
(UCS =283 kPa). When the curing period was increased to
28 days, similar additions of WMP led to UCS enhance-
ments of 434%, 566%, 626%, and 578%, respectively,
relative to untreated soil (283 kPa). The improvement in
the strength of expansive soil is observed with an increase
in curing periods. The improvement in UCS is due to the
chemical reaction between expansive soil and converted
Ca(OH), as confirmed in Fig. 11 which is discussed
later. Another interesting observation is that a substantial
improvement in strength is achieved during the shorter cur-
ing period of 1 day. This is due to modifications in the soil
(cation exchange and flocculation/agglomeration) and some
degree of pozzolanic reactions initiated [4, 7]. A continuous
increase in the strength of expansive soil is observed with

further increase in the curing periods. This phenomenon is
attributed to the pozzolanic reaction, particularly during
the long-term curing process. The addition of 5 M NaOH
in expansive soil raises the pH of the pore solution, which
dissolutes the silica and alumina. The free calcium avail-
able in the pore solution combines with the dissolution of
silica and alumina to produce cementitious products such
as calcium silicate hydrate (CSH) and calcium aluminate
hydrate (CAH), which bind the clay particles and increase
their strength [57]. The continuous development of cementi-
tious products contributes to an increase in UCS over the
curing period. But when 20% of WMP is added, the UCS
is reduced to 1919 kPa from that corresponding to 15%
of WMP addition (2054 kPa). The reduction in UCS may
be due to the insufficient addition of a converter (NaOH)
compared to additions of WMP at 5%, 10%, and 15%. As
mentioned earlier, NaOH acts as a converter, converting cal-
cium carbonate into hydrated lime for soil stabilization. The
concentration of NaOH has not been changed in the current
study. This needs to be studied further with various molarity
of alkaline solutions in future research work.

In the IAWMP method, the UCS of treated soil was
determined after 7 days of curing (Fig. 8). The strength
improvement of expansive soil with the addition of 5%,
10%, 15%, and 20% WMP is 76.7%, 108%, 123%, and
100%, respectively, compared to untreated soil (283 kPa).
The addition of WMP increases the MDD of soil by replac-
ing some of the clay particles with non-plastic marble par-
ticles, thereby increasing the shear strength of expansive
soil due to improved packing density, up to 15% addition
of WMP. However, with further addition of WMP, there is
a subsequent decrease in UCS. This reduction is a result of
the replacement of non-plastic marble particles in the clayey

Fig. 7 Strength development 3000
of treated expansive soil with
g;:)vévlp for various curing —_—t [H1 day cured E37 days cured (714 days cured E128 days cured
2054
1885 (7.0) 1919
2000 1 Labels: (12.8) (205
—_ ucCs 1511
§ (Standard deviation) é 15.8) e 1350
< 1500 | 124 (15.3) 1252 | 14.2)
8 (10.6) 1078 [ (6.1) 1104
& 870 B (13.5) = @Lo)f
793 s
1000 1 606( 12.1) 679 @85 705 &
8 (16.3) o (18.8) |
(14.8) - :
5 23 0::. 3:;
so0] 28 = = -
(8.5) o 5 i
£ - : .
ES ESCCWMP5 ESCCWMP10 ESCCWMP15 ESCCWMP20

Sample description

@ Springer




81 Page 10 of 21 Int. J. of Geosynth. and Ground Eng. (2024) 10:81
Fig.8 UCS of treated expansive 1500
soil with IAWMP and CCWMP BIAWMP CCWMP 1252
for 7 days cured specimen Labels: (6.1)
1250 sy 1078 1100
- (21.0)
(Standard deviation) —
1000 1 870
- Minimum strength = 750 kPa(12.1)
v [Treated subgrade IRC 37 7 630
o 150 1 e .7) 567
A : :
> s (56}
*
500 3 32
283 s s b3
++ +*+ +*4
250 [*1 32 3 32
*e *e ** *e
v +e *4 +4
* 22 o6 *e
0 +4 +4 ++ +4

ES

soil, which in turn diminishes the cohesive strength of the
soil. [41, 45, 48].

In the CCWMP treatment of soil, the addition of 5%, 10%,
15%, and 20% of WMP shows, respectively, 1.74, 1.83,
2.0, and 1.94 times higher UCS than the IAWMP method
(Fig. 8). It confirms that the addition of NaOH to WMP-
mixed expansive soil induces chemical reactions. The UCS
values of the treated expansive soil with the CCWMP are
higher than the minimum strength (750 kPa) requirement
for treated subgrade as per Indian Road Congress (IRC) 37
(2018), whereas the IAWMP treated soil does not satisfy the
requirement.

Further, to understand the material behavior, the fail-
ure pattern was observed after the UCS test on 7 days of
cured specimens, as shown in Fig. 9. In the IAWMP treated
soil, while loading, the specimen started to fail by bulging,
followed by shear failure. The angle of the failure plane
increases with the increase in WMP content (Fig. 9a and
d). However, in the CCWMP treated soil specimens, sudden
failure occurred due to axial splitting (Fig. 9¢ and h). This
indicates that soil cementation occurred in the CCWMP
treatment but not in the TAWMP treatment of soil. The sam-
ples tested at 14 and 28 days of curing also exhibited axial
splitting failure. A similar failure pattern is reported in lime
stabilization [61].

Mineralogical, Microstructural Examination and
Chemical Composition

Mineralogical Characteristics by XRD

X-ray diffraction (XRD) spectra were investigated to under-
stand the conversion of CaCO; into Ca(OH), and Na,CO;,
mineral changes, and products formed by pozzolanic reac-
tions in CCWMP treated soil. The diffractometer data is
graphically represented using Origin software, and the
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resulting diffractograms are compared with the JCPDS data-
base, as represented in Fig. 10. The Bragg’s angle and its
d-spacing for existing minerals and formed compounds in
soil are listed in Table S1 (Supplementary file).

The XRD patterns of the IAWMP and CCWMP treated
expansive soil, with 7 days of curing are shown in Fig. 10.
The following changes occurred and are confirmed by the
XRD pattern. In IAWMP, when WMP content increases
from 5 to 20%, an increase in the calcite peak is observed.
The reason for this is the replacement of the expansive
soil by the calcite contained in the WMP. In the CCWMP
treatment of soil, the addition of NaOH to soil mixed with
WMP produces Ca(OH),, which is confirmed by the peaks
of XRD patterns as shown in Fig. 11e and h. This converted
lime aids in stabilizing the expansive soil. Additionally, the
carbonates in the WMP react with NaOH to form Na,CO;,
which is identified in the XRD pattern in the CCWMP
treated soil. However, the above chemical reactions were
not encountered in the IAWMP treatment of soil due to the
presence of inert WMP.

As previously discussed, in the CCWMP treatment,
expansive soil utilizes converted lime for cation exchange
reactions within a short period. This results in a reduction in
the diffused double layer thickness of clay. This is reflected
in the suppression of monmorillonite peaks in the XRD
patterns. Nevertheless, the X-ray diffraction (XRD) analy-
sis confirmed that the peaks corresponding to montmoril-
lonite remained unaltered in the soil treated with [AWMP
(Fig. 11a and d).

Furthermore, cementitious products like CSH and CAH
are formed in the CCWMP treatment of soil and are evident
in the peaks observed in the XRD data [51, 62, 63]. In con-
trast, in the IAWMP treated soil, no hydration products are
found. These findings align closely with the experimental
results.
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Microstructural Characteristics by SEM

Figure 12 illustrates the microstructural characteristics of
treated expansive soil with JAWMP and CCWMP using
SEM after 7 days of curing. The scanned images of the
untreated soil and treated soil were observed at 20 um scale
and particle sizes were compared across all images. From
the SEM images of the treated expansive soil with CCWMP,
the aggregated soil particles were visible when chemically
converted WMP was added. The pozzolanic reaction pro-
duces the cementitious compounds that aggregate the soil
particles [51]. From Fig. 12e and f, as the WMP increases
from 5 to 10%, the formation of aggregated soil particles
increases due to the reaction between the soil and the con-
verted lime from WMP. This confirms the findings of the
experimental results, which are indicated by the increase in
UCS. However, IAWMP treated expansive soil has not pro-
duced any cemented particles (Fig. 12¢ and d). The WMP
is a chemically inert material and doesn’t react with water,

which is confirmed in the SEM images. Therefore, there is
no cementation of soil particles, which is the reason for the
lower strength improvement in the UCS tests conducted
on JAWMP treated soil specimens compared to CCWMP
treated soil specimens (Fig. 8).

Thermal Analysis by TGA and DTA

The TGA and DTA are commonly used techniques to esti-
mate the consumption of lime, the formation of hydration
products, and carbonation in lime stabilization [51]. In the
current study, the addition of NaOH into the WMP-mixed
soil results in the conversion of CaCO; into Ca(OH), dur-
ing the CCWMP treatment of the soil, and the utilization of
converted lime for stabilizing expansive soil is studied by
thermal analysis. To understand the mechanism of CCWMP
treatment of soil, the TGA and DTA of treated expansive
soil with CCWMP and IAWMP for 10% additive at 7 days
of curing are shown in Fig. 13a and b.
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Fig. 10 XRD spectra for identi-
fied minerals in untreated and
treated soil using JCPDS data
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The mass loss at three major endothermic peaks in the
range of temperatures from 50 to 200 °C, 200-600 °C, and
600-800 °C are observed in the TGA and DTA curves.
The mass loss of treated expansive soil with IAWMP and
CCWMP at 10% additive, up to a temperature of 400 °C
are 9.4% and 13.87%, respectively. The higher mass loss
observed in the CCWMP treatment of soil as compared to
the untreated and IAWMP treated soil is due to the forma-
tion of cementitious compounds [63]. The mass loss in the
IAWMP treated soil is lower than that of untreated soil up to
600 °C, which is due to the replacement of clay particles in
expansive soil with WMP. Because of this, the TGA curve
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of the IAWMP treated soil is shifting towards the TGA
curve of WMP. However, the mass loss becomes higher
after 600 °C compared to untreated soil, attributed to the
decomposition of CaCOj; in the added WMP. This indicates
that there is no chemical reaction in the treatment of soil
with IAWMP. However, in the CCWMP treatment of soil,
the formed pozzolanic substances, such as CSH and CAH,
were confirmed in the mass loss up to 400 °C [62, 63]. As
identified in the mineralogical study (Fig. 11), Na,COj; is
produced during the conversion reaction. The mass loss at
600-800 °C in the CCWMP treated soil indicates the loss of
CO, from converted Na,CO; and unreacted CaCO; [64]. It
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Fig. 11 XRD patterns of treated
expansive soil for 7 days
curing (a) ESTAWMPS (b)
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can be concluded that by the addition of CCWMP, the CO,
from CaCO; during the conversion of Ca(OH), is stored in
the stable mineral form (Na,COs;).

Mechanism Involved in the CCWMP Treatment of
Soil

Based on the findings from the obtained results, four fun-
damental reactions have been listed and are represented

0

20 (Degree)

in Fig. 14. These reactions explain the mechanism of the
CCWMP treatment of expansive soil.

Conversion of WMP into Hydrated Lime

The first reaction is the conversion of CaCO; into Ca(OH),
with the addition of NaOH after the dry mixing of WMP
in expansive soil, as shown in Eq. (1). The above conver-
sion takes place immediately after the addition of NaOH.
Simultaneously, the carbonate content in WMP reacts with
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NaOH and forms Na,CO; without emitting CO, into the
atmosphere. The converted Ca(OH), and Na,CO; were
confirmed with mineralogical studies (Fig. 11) and thermal
studies (Fig. 13).

CaCO3+2 NaOH — CCL(OH)2 + NayCOs (N

Dissociation of Hydrated Lime

The converted lime from CaCO; dissociates in pore solu-
tion and produces calcium and hydroxyl ions, as shown in
Eq. (2). The dissociated calcium and hydroxyl ions assist in
the stabilization of expansive soil.

Ca(OH), — Ca*" +20H" ()

Cation Exchange and Flocculation

In a short-term reaction, the dissociated calcium ions in the
pore solution are exchanged with exchangeable ions present
on the clay surface. This cation exchange reaction reduces

the diffused double-layer thickness of clay particles. The
soil particles rearrange into a flocculated or agglomerated
structure. This short-term reaction induces changes in the
soil’s plasticity and engineering properties. The reactions
discussed above are verified using initial tests such as index
properties and swell potential tests.

Pozzolanic Reaction

In a long-term reaction, the added NaOH creates an alkaline
condition in the pore solution. The silica and alumina disso-
lutes from the clay structures because of the alkaline condi-
tion of the pore solution. The dissolved silica and alumina
combine with free calcium to form cementitious products
like CSH and CAH, as shown in Egs. (3) and (4) [4, 5, 8,
57]. The formation of pozzolanic compounds was confirmed
by mineralogical and microstructural studies and also by the
strength improvement achieved with curing periods.
Ca*" + Si0y +20H™ — CSH (Calcium Silicate Hydrate)

3)

Ca** 4 AlyO3 +20H™ — CAH (Calcium Aluminate Hydrate)

(4)
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The mechanism of the CCWMP treatment of soil is similar
to that of the stabilization of expansive soil using lime after
the conversion of WMP into Ca(OH),. The test results indi-
cate the elimination of swell potential and enhancement of
shear strength in expansive soil by the CCWMP treatment
of soil.

Comparison of CCWMP Treatment of soil
with Different Stabilization Methods

In this study, the stabilized expansive soil achieved through
the novel CCWMP method was compared with several
other expansive soil stabilization methods sourced from
the existing literature. The research involved comparing the
swell potential and UCS of untreated and treated expansive
soil utilizing the CCWMP treatment approach with conven-
tional methods (lime and cement) [51, 65], the incorpora-
tion of waste additives (fly ash, GGBS, and volcanic ash)
[18, 20, 28, 66, 67], polymer treatment (polyacrylamide and
xanthan gum) [68, 69], the utilization of the microbially
induced calcite precipitation method [70], lime precipitation
techniques, and the application of the geopolymer method
employing volcanic ash, fly ash, and GGBS [67, 71] as
obtained from the literature.

Swell Potential

The comparison of the swell potential for untreated and
treated expansive soil in both methods is shown in Fig. 15.
Typically, the swell potential of treated expansive soil holds
significant importance as it characterizes the soil’s swelling
behavior. The lime treatment [S51] and the lime precipita-
tion technique [52] for stabilization were the only ones that
completely controlled the swell potential, which means they
effectively reduced soil swelling. However, it should be
highlighted that a significant quantity of lime is necessary
to completely mitigate the swell potential of soils with high
levels of swelling, as demonstrated by Estabragh et al. [65].
This is considered unsustainable, due to the depletion of nat-
ural resources and environmental effects, as mentioned ear-
lier. Moreover, the incorporation of fly ash and GGBS does
not effectively control the swelling tendencies of expansive
soil [18, 20, 28, 66, 67], primarily because of the insufficient
presence of calcium and the slow rate of hydration. Stabiliz-
ing expansive soil with polyacrylamide only controls 43%
of the swell potential of untreated soil [68], primarily due to
the absence of a chemical reaction between the soil and the
additives. Similarly, the geopolymer method for expansive
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soil stabilization does not eliminate the soil’s swell potential
[67, 71], mainly due to inadequate short-term reactions like
cation exchange.

However, in the CCWMP treatment of soil, the swell
potential of untreated soil is entirely mitigated. This is
achieved through the replacement of sufficient calcium on
the clay surface and further pozzolanic reactions, as dis-
cussed in Sect. 4.6. When compared with the lime method,
the production-related carbon emissions from WMP, are
not released into the atmosphere. Instead, carbonates are
sequestered in the form of Na,CO; within the soil itself.
This is the biggest advantage over the conventional meth-
ods (lime and cement). Hence, to effectively manage the
swell potential of expansive soil, it is essential to employ
calcium-based additives that exhibit active properties and
robust pozzolanic reactions. This requirement is met by
the current method of stabilization, namely the CCWMP
treatment of soil.

Unconfined Compressive Strength (UCS)

Enhancing the strength of the subgrade is of paramount
importance in the realm of subgrade stabilization. Notably,
achieving a substantial increase in subgrade strength holds
economic significance as it leads to the design of more cost-
effective pavements. A well-improved subgrade can reduce
the required thickness of the pavement’s base and subbase
layers, ultimately conserving natural resources [72]. In this
context, the current method has demonstrated the capabil-
ity to surpass the required UCS (750 kPa) of the subgrade
for pavement construction as per IRC 37 (2018) guidelines.
Figure 16 shows a plot of UCS of untreated and treated
expansive soil by various methods and is compared with the
present CCWMP treatment of soil. The strength improve-
ment in the CCWMP treatment of soil is greater than that of
other chemical methods (lime, cement, or industrial waste)
[20, 51, 73, 74] except for some geopolymer methods of
stabilization [31, 75]. The additive used in the geopolymer
method is an aluminosilicate precursor, which is activated
by alkaline solutions like NaOH and sodium silicate for
soil stabilization, but some of the geopolymer methods [71]
achieve less strength than the CCWMP treatment of soil.
The relatively lower leaching of silica and alumina in the
CCWMP treatment of soil can be attributed reason for a
lower improvement than the geopolymer method of stabi-
lization. Consequently, there is a need for further research
to explore the strength-related aspects of subgrade stabili-
zation using silica-based additives with the CCWMP treat-
ment of soil.
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Fig. 15 Improvement in the swell
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Applications, Limitations, and Future Scope
of Study

Marble waste is a natural byproduct of the marble industry
that does not contain heavy metals and thus does not require
pretreatment. Numerous research initiatives have explored
its versatile applications for various construction purposes.
In the current study, the effective utilization of marble waste
by chemical conversion for expansive soil stabilization
yields significant improvement. Importantly, this chemical
conversion process does not emit CO, into the environment.
This approach finds applicability in pavement construction,
the construction of lightly loaded structures, canal lining,
and other related areas on treated soil.

The primary limitation of the study is associated with
the application of NaOH in the field, which raises envi-
ronmental concerns. Further, the reaction between marble
waste and NaOH is contingent on the chemical nature of the
reacting substances, as well as the size and concentration of

Granulated Blast Furnace Slag (9 %)
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B Untreated soil
Treated soil

® Current study: Treated soil

valconic ash

Valcanic ash (10 %)

3 Polyacrylamide

Lime precipitation technique (4.2 %)

[70] 2 Microbially induced calcite precipitation method

[20] == (Fly ash: GGBS) (7:3) (20 %)

[20] b (Fly ash : GGBS) (7:3) (20 %) + Lime (1 %)

Current Study | ESCCWMP5 (No swelling)

[68]
[52]

References

reactants, and the temperature. Hence, a more comprehen-
sive investigation is required to optimize the concentration
of NaOH and the quantity of marble powder. Before field
implementation, it is crucial to conduct leaching tests and
studies on durability to ensure environmental safety. Addi-
tionally, a cost-effectiveness analysis should be carried out
after the optimization study, which can confirm the goals of
sustainable development.

Conclusions

In order to resolve the issues associated with conven-
tional soil stabilizers, the present study developed a novel
approach for stabilizing expansive soil using the chemically
converted waste marble powder method. The mechanism of
CCWMP treatment of soil was examined based on geotech-
nical behavior, mineralogical, and microstructural studies,
and it was compared with the IAWMP treated soil. Based
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on the results, the following overall conclusions from the
current study emerge:

1)

2)

The incorporation of NaOH into WMP leads to the gen-
eration of Ca(OH), and Na,COj;, as confirmed by XRD
analysis. The mechanism of CCWMP treatment, similar
to lime stabilization, follows this process after convert-
ing WMP to lime. This approach uniquely captures car-
bonate as Na,CO; within the soil, distinguishing it from
traditional lime stabilization. The converted Ca(OH),
contributes towards expansive soil stabilization.

The expansive soil, treated with CCWMP, experienced
a sudden drop in plasticity index (from 39 to 9%) and
liquid limit (from 69 to 47%) upon the addition of just
5% WMP. This is attributed to the substantial reaction
between expansive soil and converted Ca(OH),, lead-
ing to a reduction in the diffused double layer thickness,
as confirmed by the XRD analysis showing a decrease

@ Springer
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in the montmorillonite peak. Such conversion is crucial
for promoting short-term reactions in expansive soil.
The swell potential of the expansive soil, initially at
9.6%, is completely mitigated by applying the CCWMP
treatment to the soil, with just 5% WMP, even within
the first day of curing. This elimination of swell poten-
tial can be attributed to a rapid short-term reaction cou-
pled with a pozzolanic reaction in the treated soil during
the initial stages of curing.

The UCS of treated expansive soil with CCWMP
increased with an increase in WMP content and curing
period, attributed to short-term reactions involving cat-
ion exchange that causes flocculation and aggregation,
followed by long-term pozzolanic reactions as con-
firmed by XRD analysis and SEM images. Based on the
investigation carried out, the optimal dosage of WMP
for the CCWMP treatment is determined to be 15% with
5 M NaOH, which exhibits improved strength of 1.8
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and 6.26 times as compared to untreated soil (283 kPa)
at 1 day and 28 days of curing, respectively.

5) According to geotechnical, mineralogical, and micro-
structural studies, the IAWMP is not suitable for stabi-
lizing expansive soil. The relatively lower improvement
in the plasticity index, swell potential, and UCS of the
expansive soil as compared to the CCWMP treatment
of soil is attributed to the substitution of soil with inert
WMP.

Hence, the CCWMP treatment of expansive soil provides
an alternative to the conventional methods of stabilizing
expansive soil. Concurrently, it also effectively addresses
the utilization of substantial amounts of waste from marble
quarries.
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