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Abstract

The present study introduces an eco-friendly approach to repurpose waste from the paper and wood industry as a construc-
tion material. The method involves a unique combination of lignosulfonate (LS) and fly ash (FA) to address the limitations
of using fly ash / lignosulfonate as a stand-alone stabilizer for expansive soil. Two synthetic soils, namely, Soil A (20%
bentonite and 80% sand, by weight) and Soil B (20% bentonite and 80% fly ash, by weight) were chosen to represent the
soil of high plasticity. A different dosages of calcium LS (1-3%, in the interval of 1%) was mixed with synthetic soils
to understand the efficacy of LS and FA in stabilising montmorillonite-based clay soils. Several geotechnical properties
of untreated and treated swelling clays, including plasticity, swelling pressure, consolidation parameters, and unconfined
compressive strength were examined followed by microstructural studies. The results conclude that the combination of
FA and LS has significantly improved the geotechnical properties of swelling clays and is quite effective compared to
lignosulfonate and fly ash as a standalone stabilizer. Moreover, the presence of fly ash has reduced the lignosulfonate

requirement to stabilize the swelling clays.
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Introduction

The volumetric instability of expansive soils owing to the
sensitive nature of clay minerals to moisture variation has
been recognized as a global issue. In particular, the pres-
ence of montmorillonite significantly enhances the ability of
soil to retain moisture but could cause significant swelling.
The subsequent moisture evaporation induces considerable
shrinkage, causing severe damage to overlying structures
and leading to great financial loss. The swelling of expan-
sive soils can cause distress to foundations, walls, and
floors of buildings. Additionally, the shrinkage of expan-
sive soils can cause cracking to the pavements and other
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structures, leading to continuous repairs and maintenance
[1, 2]. Pavements, canals, and other lightweight structures
are more susceptible to such damage. Moreover, the damage
caused by expansive soils is not only limited to buildings
and infrastructure but also have significant impacts on the
environment. For example, the swelling of soils can cause
landslides, erosion, and other natural hazards, while the
shrinking of soils can lead to cracking of the soil surface,
making it difficult for vegetation to grow and potentially
leading to desertification [3]. The simultaneous occurrence
of swelling and shrinkage process can lead to structural
damage and even collapse if not addressed in a timely man-
ner. Moreover, in worldwide, the damages incurred by the
swell-shrink response of expansive soils is significantly
higher than the damages caused by natural calamities like
earthquakes, floods, hurricanes, etc [4].

In the past few decades, various physical and chemical
stabilization methods have been proposed to counter the
damages incurred by expansive soils. Replacing problem-
atic soils with non-expansive soil, prewetting the soil before
construction, and laying horizontal and vertical moisture
control barriers are some of the physical methods that have
been widely implemented in the field [5, 6]. Alternatively,
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traditional chemical admixtures such as hydrated lime and
Portland cement have been proven efficient in reducing the
swell potential and increasing the mechanical strength of
soils through various research studies [7—14]. Despite its
remarkable benefits in stabilizing expansive soil, applying
these pozzolanic materials in the field has few detrimen-
tal effects. The energy required in the production of these
materials, increased solubility due to increased pH lev-
els in stabilized soils, and lime leaching have an adverse
impact on the environment causing serious problems [15—
18]. Recently, industrial by-products such as fly ash (FA),
ground granulated blast furnace slag, cement kiln dust, lime
kiln dust, and coal ash have also been studied extensively
for expansive soil stabilization [19-23]. Phanikumar and
Sharma [24] focused on the improvement of expansive soils
in terms of free swell index, swell potential, swelling pres-
sure, plasticity, compaction, strength, and hydraulic con-
ductivity with different proportion of FA. Nalbantoglu [25]
mentioned that with the addition of optimum dosage of FA,
there is a reduction in swell potential, clay particles, plastic-
ity, and CEC (cation exchange capacity) of expansive soils.
The reduced CEC suggest that the treatment with FA alters
the mineralogy of the treated soils, leading to the forma-
tion of new secondary reaction minerals. Volume change
behaviour of bentonite with different proportion of FA was
examined by Pal and Ghosh [26]. The use of FA to stabi-
lize soil with high sulphate and high plasticity soils works
better than cement and lime. Zha et al. [27] compared the
performance of combined effect of fly ash and lime stabi-
lization of expansive soil. With the increase in the dosage
of fly ash and lime-fly ash, there is a reduction in the plas-
ticity index, free swell, swell potential, swelling pressure,
axial shrinkage percentage, optimum water content and the
maximum dry unit weight. Additionally, as the curing time
for the treated soil increases, swell potential and swelling
pressure continue to decline but with increased unconfined
compressive strength. Saride et al. [28] studied the effect of
lime of on the swell-shrink behavior of clay soils. Jallu and
Saride [29] explored the alkali-activation response of FA in
reclaimed asphalt pavement, finding that 28-day cured sam-
ples were durable against wetting-drying cycles. Mypati et
al. [30] investigated the impact of deep mixing FA-geopoly-
mer binder on expansive soils. SEM images revealed that
the layered structure of expansive soils disappeared when
reacting with alkali-activated fly ash stabilized soils.

In parallel, the development and application of non-
traditional chemical admixtures (polymer, enzyme, lignin,
ionic compound, salt) for stabilizing expansive soil has
gathered attention among researchers. Biopolymers class
of non-traditional stabilizer is an organic polymer having
many constituents as polysaccharides, made from available
crops. Dagliya et al. [31] used biopolymers focussing on
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stabilization with the help of hydrophillic part of the com-
pound. One of such material is lignosulfonate (LS), which is
a lignin-based organic compound extracted as a by-product
of the paper industry. Around 50 million tonnes of LS are
generated annually from the wood and paper industries [32,
33]. Based on the manufacturing unit, it can be obtained
as a bio-based compound that is primarily calcium, magne-
sium, or aluminium. It is an anionic surfactant composed of
multiple hydroxyl methyl ether functions that form a three-
dimensional structure. The utilisation of LS in enhancing the
geotechnical properties of soils, like, silty sand, silt clayey
soil, and low-plastic clays is fairly established by several
researchers but the potential usage of LS as an expansive
soil stabilizer is not explored adequately [18, 33—41]. Ala-
zigha et al. [34] conducted swelling and durability tests to
assess the performance of LS in stabilizing expansive soils.
A considerable reduction in swell was observed for LS-
treated soils at an optimum dosage of 2%. Also, the addition
of LS did not alter the pH level of the soil, which was one
of the major limitations of cement and lime stabilization.
Moreover, LS stabilization is dependent on intermolecu-
lar interaction rather than chemical reaction as compared
to traditional stabilisers. Ta’negonbadi and Noorzad [43]
investigated the effect of LS on compaction and mechanical
strength properties of highly plastic clays. It was reported
that by treating soil with 0.75% LS has decreased the lig-
uid limit by 29% and increased the unconfined compressive
strength by 44%. However, exceeding 0.75% dosage of LS
has increased the liquid limit and decreased unconfined
compressive strength. Notably, some researchers observed
a reduction in Atterberg limit and swell properties till opti-
mum dosage of LS, while no significant changes beyond
the optimal dosage [18, 44, 45]. Hence, there is a need to
explore the reasons for such disparity in the characteristics
of LS stabilised expansive soils.

Although FA has been proven to mitigate the swelling
of soils, the FS treated soils may not provide the adequate
strength required for geostructures, hence, there is a need
to introduce other chemical stabiliser to address this issue.
This made researchers to blend FA with lime and/or cement
in improving the strength characteristics of expansive soils.
However, the brittle mechanical response and the geoen-
vironmental issues associated with traditional stabilisers
has made researchers to explore alternate combinations.
As noticed from the literature, the LS stabilised expansive
soil possesses high strength with enhanced ductility charac-
teristics, which made, few researchers to utilise the benefit
of FA and LS in enhancing the characteristics of expansive
soils. In parallel, the beneficial effect of combined action
of FA and LS in engineered cementitious composite (ECC)
and cement concrete is gaining attention. Atmajayanti et
al. [35] observed that the 7-day compressive strength of
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FS based ECC has increased by 20% with the inclusion of
LS (2%) but with negligible changes in the tensile strength.
Moreover, at higher LS content, the beneficial influence of
LS in reducing the drying shrinkage gradually decreased,
hence optimum LS dosage needs to be estimated accurately.
Lekha et al. [38] explored the combined effect of FA and
LS in stabilising expansive soils. It was reported that the
index and engineering properties of the expansive soils have
improved significantly with the addition of LS and FA when
compared to standalone stabilisers. A similar response was
noticed for expansive soils treated with LS and lime [37].
It is interesting to note that the enhancement is better at
longer curing period but the reasoning for such responses
is not adequately understood. Possibly, addition of LS and
FA with expansive soil binds the soil matrix with complex
cementitious and organic compound interaction leading to
changes in the physicochemical and colloidal processes,
which could enhance the soil properties.

From the review of literature, it can be noticed that the
effectiveness of FA and LS in improving the characterises
of expansive soils was explored by several researchers but
the efficacy of combined effect of FA and LS in enhancing
the response of expansive soil yet to be understood in terms
of improvement and the stabilisation mechanism. The addi-
tion of FA to expansive soil increases the silt size fractions.
However, LS alone does not provide cementitious bonding
to the soil due to the absence of pozzolanic compounds.
A combination of FA and LS can stabilize clay fractions
or clay minerals present in the soil, similar to the studies
attempted by Lekha [38] and Ijaz [37]. Also, the blend of
FA and LS would not only utilize industrial by-products
but also reduces the amount of FA required for soil stabi-
lization. Hence in the present study, an attempt is made to
investigate the effectiveness of the use of FA-LS blends to
improve the engineering properties of swelling clays. As
the clay content and the clay mineral present in the expan-
sive soil dictate the engineering response and stabilisation
mechanism, in the present study, montmorillonite present
in the sodium bentonite was chosen as primary clay min-
eral. A different dosages of calcium LS was mixed with syn-
thetic soils, namely, Soil A (20% bentonite and 80% sand,
by weight) and Soil B (20% bentonite and 80% fly ash, by
weight) to understand the efficacy of LS and FA in stabilis-
ing montmorillonite-based clay soils. Several geotechnical
properties of untreated and treated synthetic soils, including
plasticity, swelling pressure, consolidation parameters, and
unconfined compressive strength were examined followed
by microstructural studies.

Materials Used and Methodology
Preparation of Swelling Clays

Two synthetic swelling clays (Soil A and Soil B) were pre-
pared in the laboratory by mixing bentonite (B) with sand
(S) or fly ash in definite proportions. The mix proportions of
bentonite and fly ash/sand were chosen based on the liquid
limit, plasticity index, free swell index, and swell potential.
The synthetic soil made of 20% bentonite with 80% fly ash/
sand, by weight, is sufficient to make the soil mixes repre-
sent the soil with high compressibility/plasticity. The behav-
ior of chosen synthetic soils has been addressed by various
researchers and for various applications but the effectiveness
of LS in reducing the expansive nature is not yet completely
understood [24, 46—51]. In most of the listed references, the
synthetic soil made of 20% bentonite with 80% fly ash/sand
were chosen as materials representing clayey soils (for land-
fill liner materials). The expansive nature of the synthetic
mix is primarily because of the montmorillonite clay min-
eral present in the sodium bentonite. In the present study, a
commercially available sodium bentonite having a primary
clay mineral of montmorillonite was used for the prepara-
tion of swelling clay. The uniformly graded fine sand (S) of
size between 0.212 mm and 0.425 mm (425 pm passed and
212 pm retained) was chosen as an inert material. Class C
grade fly ash (FA), passing through 1 mm sieve was used
in the study. The grain size distribution of soils was deter-
mined as per ASTM D422-63 [52]. The clay size fractions
in both soils remain the same, whereas silt and sand contents
vary. The Atterberg limits of the soils were determined as
per ASTM D4318-17el [53]. As the chosen synthetic soil
comprises of 20% bentonite, a free swell index test was
performed. 10 g oven dry soil samples were poured in two
100 ml graduated cylinders, in which one cylinder is filled
with kerosene oil and the other with distilled water. The
initial and the equilibrium volume in the two cylinders are
measured. The free swell index is defined as the ratio of the
difference in the volume of the samples in distilled water
and kerosene to volume of the sample in kerosene. Table 1
provides the summary of the test results of untreated soils.
As per Indian classification, IS 1498 (1970) [54] of expan-
sive soils, the synthetic soils have medium to high degree of
expansion, while according to USCS classification system
soil A and soil B are classified as SC with high plasticity.
The medium to high swelling and higher plasticity is pos-
sibly because of the presence of sodium bentonite (20%, by
weight).
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Table 1 Engineering properties of synthetic swelling clays

Property ASTM Soil A Soil B
standard (20B:80 S)  (20B:80FA)
Specific gravity D854-14 2.65 2.23
Sand (4.75 D6913-04 80 37
—0.075 mm),%
Silt (0.075-0.002 mm),% D6913-04 3 46
Clay (<0.002 mm),% D6913-04 17 17
Liquid limit, % D4318-17 84 108
Plasticity index, % D4318-17 57 74
Shrinkage limit, % D4943-18 37.8 20
Shrinkage index, Is 20.29 20
Free swell index, % 75 90
Optimum moisture D698-12 18.49 29.9
content, %
Maximum dry density, D698-12 1.58 1.22

g/em’

Ca-LS Treated Swelling Clays

Lignosulfonate is available in three different cations: Ca,
Na, and Mg, of which, calcium-based lignosulfonate (Ca-
LS) is chosen in the present study. The reason is attributed
to high cation charge (divalent) of calcium as compared to
monovalent ions of sodium and potassium lignosulfonate.
The lignosulfonate solutions were prepared by mixing dif-
ferent mass percentages of Ca-LS with the required amount
of deionized (DI) water. The solution was stirred mechani-
cally to completely dissolve Ca-LS in DI water and make it
into a homogeneous mixture. The treated specimens were
prepared by mixing Ca-LS: DI water solution with oven-
dried soil at varying mass percentages of 1%, 2%, and 3%.

Laboratory Tests

The index properties of the stabilised soils were determined
by preparing the soil sample of a required size and allowed
the sample to cure. After the curing period, samples were
crushed by a mechanical crusher and sieved as per the test
protocol. Atterberg limits, grain size distribution (using
wet-sieve analysis and sedimentation analysis), compac-
tion behaviour of treated samples was determined from
the cured soil mixture. However, swell-consolidation and
strength tests were done on treated cured samples directly
without crushing and recompacting it. This was done to
avoid irregularities in the engineering response as recom-
pacting the soils could change the volumetric and mechani-
cal responses.

Atterberg limit tests were conducted on swelling clays
treated with different percentages of LS solutions. Oven
dried soil was mixed with a predetermined quantity of LS:
DI water solution to make a uniform paste of treated soils.
These mixtures were allowed to attain moisture equilibrium
by curing them for 24 h in a sealed container. Then, liquid
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limit of the mixtures was determined using the cone pen-
etrometer method, starting from a wet state of the mixture to
a dry state and the plastic limit is determined using the hand
rolling method as specified in ASTM D4318-17el [53].

Compaction characteristics of soil samples were deter-
mined using the standard effort compaction test (ASTM
D698-12 [55]). The test was conducted in a standard
101.6 mm diameter mould, by dropping a hammer from
305 mm height, thereby creating a compaction effort of 600
kN-m/m>. The dry density of soil and water content rela-
tion (compaction curve) was obtained from which optimum
moisture content and maximum dry density of the sample
are determined.

One-dimensional swell potential test was performed on
untreated and treated soil specimens according to IS 2720-
41 (1977) [56]. For treated soil, oven-dried soils were first
mixed with LS: DI water solution at optimum moisture con-
tent. Specimens of diameter 60 mm and 20 mm in height
were prepared in two layers by moist-tamping compaction
method and after that cured for 28 days at room tempera-
ture (25-28 °C) by wrapping it in plastic films. Moisture
equilibrated specimens were placed in standard oedometers,
inundated with DI water and loaded axially under a 5 kPa
surcharge load. Specimens were allowed to swell under the
applied load until equilibrium and readings were taken in
periodic time intervals. One-dimensional consolidation test
was carried out as per ASTM D2435-04 [57] on treated and
untreated specimens. Specimen dimensions and preparation
procedure were the same as that of the swell potential test.
The 28-day cured samples were placed in oedometers and
confined laterally by inundating DI water. An axial seating
load of 5 kPa was applied initially and then loaded subse-
quently by various stress increments. The effective vertical
stress and corresponding void ratio were plotted to examine
the compressibility characteristics of treated soils.

Unconfined compression strength (UCS) test was per-
formed on specimens of 38 mm diameter and 76 mm height.
The specimens were prepared in three layers using the moist-
tamping technique at optimum moisture content and maxi-
mum dry density. Compacted specimens were then cured
and tested for UCS according to ASTM D2166-06 [58]. The
prepared soil specimens are named in a unique format for
case of usage (Example: A_1LS 28D corresponds to Soil A
treated with 1% of LS and cured for 28 days.

Once the optimum dosage of chemical was decided based
on the macro-mechanical tests results, microstructural anal-
ysis were performed to understand the reasoning for the
enhancement at the optimum dosages of LS. XRD analy-
sis was performed on specimens using Rigaku Miniflex
600 polycrystalline system diffractometer to examine the
various minerals present in the untreated and treated soils.
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Fig. 1 Influence of LS dosages on the liquid limit of soils

SEM analysis was performed using Carl Zeiss 8.5 mm beam
WSEM imaging at 15 kV with an aperture size of 30 nm.

Results and Discussion

The response of the LS stabilised soil A is the actual
response of the LS with the clay mineral present in the ben-
tonite (montmorillonite) because of the unreactive nature of
sand particles. The expansive nature of the synthetic mix is
primarily because of the montmorillonite clay mineral pres-
ent in sodium bentonite. For the same clay content and the
clay minerals, the enhanced response of LS stabilised soil
B in comparison with the LS stabilised soil A illustrates the
benefit of adding LS as the secondary chemical stabiliser
with fly ash as primary chemical stabiliser.

Atterberg Limits

The liquid limit, plastic limit and shrinkage limit of sodium
bentonite is 501%, 69% and 7.5% respectively. With the
proportion of 20B and 80 S/FA, the liquid limit has dras-
tically reduced because of lesser clay fraction. Of the
untreated soils, soil B was observed to have a relatively
higher liquid limit than soil A due to the binding character-
istics of fly ash with clay particles, resulting in an increased
hydrophilic behavior of the soil. After a curing period of
28 days, LS treated soils were tested for liquid and plastic
limits. Figure 1 shows the change in liquid limit with vary-
ing LS content. It can be noticed that the liquid limit has
decreased with an increase in the LS dosage, irrespective
of the soil type. The addition of LS has increased the attrac-
tion between clay particles and thus binds the colloidal par-
ticles together. Furthermore, the calcium ion (Ca*") present

80 :
—u— Soil A
704 -m— Soil B
S o
5 501
hei
R=
> 404
S
2 30
k=
a9
20]
CL
104
. ML |
0 10 20 30 40 50 60 70 80 90 100 110

Liquid limit (%)
Fig. 2 Plasticity chart for Soil A and Soil B at different dosages of LS

in the LS replaces the exchangeable ions on the expansive
soil surface, eventually reducing the thickness of diffuse
double layer [59, 60]. The liquid limit for both soils at 1%
of LS dropped to almost 50% of the respective untreated
soils. The liquid limit of soil A decreased from 84 to 50% at
1% of LS, while liquid limit of soil B decreased from 108
to 65% at 1% of LS. These results are in agreement with
earlier research that showed a decreasing trend in the liquid
limit with an increase in stabilizer content [14, 27, 34, 43,
61, 62]. The liquid limit for soil A observed a slight increase
beyond 3% LS, while for soil B a continuous decrease was
noticed. It is speculated that a cementitious reaction occurs
in soil B between FA and LS, altering the arrangement of
clay particles into a more compact manner and leading to
a continuous decrease in liquid limit. Whereas in soil A,
beyond 3% of LS, further addition of LS leads to floccula-
tion of clay particles and thus increases the repulsive forces.
Both soils do not show any significant change in the plastic
limit with increasing LS content. But since the liquid limit
has been greatly reduced, the plasticity index eventually
decreased considerably. [jaz et al. [37] observed 55% reduc-
tion in plasticity index with combination of 2.65%lime
and 0.875% LS. Also, Alazigha et al. [34] observed a 50%
reduction in liquid limit and plasticity index. Figure 2 shows
the plasticity chart as per IS 1498-1970 [54] along with
the changes in the soil classification of treated soils upon
increasing LS content. Interestingly, with the increase in the
LS content, the soil classification has changed from high
plastic clay (CH) to medium plastic clay (CI) for soil A, but
to high plastic silty soil (MH) for soil B. The classification
transformation is in agreement with the previous work done
with the Ca-LS stabilizer for expansive soils [34, 43, 63].
Thus, LS addition has considerably improved the plasticity
characteristics of swelling clays.
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Compaction Characteristics

Figure 3 shows the compaction curves for LS treated soils
with varying dosages. The treated soils exhibited higher
maximum dry density than the untreated soil. At 2% of LS
dosage, the maximum dry density of soil A has increased
to 1.65 g/em® from 1.72 g/cm®, with the optimum moisture
content (OMC) changing from 16.1 to 21.4%. Beyond 3%
of LS dosage, the effect on the maximum dry density and
OMC becomes insignificant (not shown). For soil B, which
contains FA as one of its components, the maximum dry
density increased from 1.2 g/em® to 1.28 g/em® at a 3%
of LS dosage. The effect of presence of FA can be seen in
Fig. 3(b) as shift towards left with increase in LS content.
The reason can be attributed to steep increase in density of
the soil due to agglomeration of FA particles. The figure also
revealed that the compaction curves for stabilized soils were
much steeper than those of untreated soils, an effect that
becomes more pronounced with increasing LS content. This
suggests that the sensitivity of the dry density characteris-
tics is highly dependent on the variation in moisture content.
For field application at the highway subgrade, the moisture
content of the stabilized soils should be controlled strictly
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to obtain the required degree of compaction. This observa-
tion agrees with available literature [34, 39]. Alazigha [34]
observed left shift in compaction curve with increase in LS
content. The increase in density can be attributed to the for-
mation of the LS cementing property, which occupies the
voids between soil particles and increases soil density. The
higher density of soil A compared to soil B is possibly due
to the presence of sand.

Swell Potential

The volumetric expansion capacity of soils can be inferred
from the swell potential under certain surcharge pressure.
The swell potential is defined as the percentage increase
in the thickness due to swelling of a compacted, laterally
confined sample, which has been inundated with de-ionized
water under a surcharge pressure of 5 kPa. Figure 4 shows
the temporal variation of percent swell of untreated and
treated soils. For both the untreated soils, it was observed
over time that the percentage swell has increased steadily,
followed by a steep rise to a maximum value where it
becomes constant. Despite having the same bentonite con-
tent, the swell potential of soil B was lower than that of soil
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A due to the presence of fly ash. The percent swell of soil
A decreased with an increase in LS content. A significant
reduction in the percent swell was observed for both the
treated soil samples. With an increase in the dosage from
zero to 3% of LS, the swell potential of soil A has decreased
from 23 to 0.6%. As previously mentioned, a decline in the
plasticity index of treated soils indicates that the hydrophilic
nature of clay particles has reduced, resulting in a fall in the
swell potential. The continues decrease in percent swell cor-
roborates well with the published literature [45, 63] having
higher clay content. Fernandez et al. [63] observed a 30%
reduction in percent swell at optimum dosage of LS. The
strong bond of LS with clay particles constrains the water
permeation into the soil, ultimately decreasing the soil swell
potential. Interestingly, swell potential decreased from 12 to
0% for all the treated soil B samples. The cementitious gel
formed due to the reaction between FA-LS-clay minerals
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Fig. 5 Swell-consolidation characteristics of (a) Soil A and (b) Soil B
treated with different dosages of LS

could have resulted in increased resistance towards the swell
potential of soil. The soils with high silt amount in expan-
sive soils showed a reduction in swell potential till optimum
dosage of LS [34, 43, 63], further increase in amount of LS
has led to the reversal trend due to repulsion of LS particles
with each other. The fly ash proves to be an advantage for
reducing the swell potential in such cases.

Consolidation Characteristics

The relationship between void ratio and effective consolida-
tion stress (e-log P) for both soils in the presence of vari-
ous dosages of LS after a 28-day curing period is shown in
Fig. 5. As noticed, soil B has a steeper slope compared to
soil A due to the high amount of FA, which is highly com-
pressible. However, with the addition of LS, the slope of
treated soil A was steeper than soil B. The void ratio has
decreased significantly in the case of soil B due to the rela-
tively higher density of the soil with increasing chemical
content. This decrease is due to the cementitious nature
of FA, in contrast to soil A. Also, the slope of soil A does
not vary much with an increase in chemical content under
increasing surcharges.

Figure 6 shows the variation of swell pressure, preconsol-
idation pressure and compression index of the chosen soils
at various dosage of chemical stabilisers. The swell pressure
of soil A treated with LS has significantly decreased from
300 kPa to 10 kPa for 2% of LS, while for soil B, it has
reduced to zero due to reaction with FA. The preconsolida-
tion pressure of the chosen soils and chosen chemical dos-
age was in the range of 85-105 kPa. The compression index
of soil A was higher than soil B due to agglomeration of FA
particles. The compression index for soil A at 2% of LS was
0.286, while for soil B, it was 0.145 at 1% of LS. The reduc-
tion in void ratio for soil A was observed from 0.9 to 0.45 at
1% of LS, and 0.62 to 0.5 for 2% of LS. However, for soil B,
at 1% of LS, it has decreased from 1.05 to 0.75, while at 3%
of LS, it has reduced from 0.88 to 0.78, which is relatively
less. Roshan et al. [64] observed a reduction in compress-
ibility index of soil from 2.4 to 0.3 at 3% LS. The decrease
in void ratio due to consolidation pressure was higher for
soil B due to the presence of fly ash, while the overall com-
pression decreased with increasing LS content. With the
increase in LS content in the pore fluid, a large number of
Ca®* cations diffuse into the interlayer of montmorillonite.
The dispersive nature of clay particles has caused a decrease
in the inter-particle repulsive stresses between montmoril-
lonite particles, resulting in a lower void ratio.

The wvariation of coefficient of permeability of the
untreated and treated soils under various vertical stresses is
shown in Fig. 7. It can be noticed that with the increase in
the vertical stress from 50 kPa to 800 kPa, the coefficient of

@ Springer



83 Page 8 of 15 Int. J. of Geosynth. and Ground Eng. (2024) 10:83
500 ~ 10
= 50% LS »
e 1%LS £
<400 1 2% 1S ~" -
g I3%Ls P PY
2 300 ~ i
1 N 14 — ~—a
= >
E ] _TE; \'i.\o
“ 100 A fg \l
*
0 - ; . g 0.14 ]
Soil A Soil B S F%—A OLS
Soil type g A _1LS 28D
= 2) ) -@— A 2LS 28D *
g 10 0% LS = -m—A 3LS 28D
= )
5 140 éiii 5 0.01 ———E— ———rrr
0
% 120 1 3% LS @] 10 ) 100 1000
‘2‘. 100 1 Vertical stress (kPa)
£ 80 1 a)
S ]
o0 104
g 40 1 o~ b
5 20 1 g x
=% - .\\
0 - ) ; = )
Soil A _ Soil B = kﬁ
Soil type g i °
® g .\*\
0.6 0% LS § .\.\
| 1% LS
gos 2% LS § "
£ | 3% LS & \.
g0 S 0.1 \p
03 1 §  ifFx-B.oLS
o, b3 ] —
g 2] B_ILS 28D
30 3 -@—B 2LS 28D
] 1 - _
0.1 1 © ~m-B 3LS 28D
0.01 =
0.0 - Soll A Soil B 10 100 1000
o Soil type o Vertical stress (kPa)
c) b)

Fig. 6 Variation of (a) swell pressure, (b) preconsolidation pressure,
and (¢) compression index of soil samples treated with different dos-
ages of LS

permeability of the treated and untreated soil samples has
decreased by two orders. With the addition of LS to the soil
A, a relatively higher values of coefficient of permeability
were observed in comparison with untreated soil, irrespec-
tive of the magnitude of vertical stress. The permeability of
the soil A samples treated with 1% and 2% of LS is compa-
rable. Similar observations were noticed for soil B samples.
The coefficient of consolidation (C,) is a fundamental geo-
technical parameter used to characterize the rate at which
a saturated soil layer undergoes consolidation under an
applied load. Figure 8 shows the variation of coefficient of
consolidation of the untreated and treated soils under vari-
ous vertical stresses. It can be noticed that treated soil A
shows a relatively higher value of the C, when compared to

@ Springer

Fig. 7 Influence of chemical dosage and vertical stress on the coef-
ficient of permeability of (a) soil A and (b) soil B

untreated soil samples. Moreover, with the increase in the
vertical stress, a fairly uniform value of C, was observed
for untreated and treated soil. However, soil B showed some
variation with the vertical stress, but the nature of variation
does not follow any identical pattern. Ta’negonbadi and
Noorzad [43] observed a negligible change in permeability
and durability of soils with cycles after treatment with LS.

Unconfined Compressive Strength

The unconfined compressive strength (UCS) of the soil
samples were determined to evaluate the effectiveness of
LS on the mechanical strength of 28-day cured soil samples
prepared at optimum moisture content and corresponding
dry unit weight. Figure 9 shows the axial stress - strain



Int. J. of Geosynth. and Ground Eng. (2024) 10:83

Page9of 15 83

—o—A_OLS
—o—A_ILS_28D

1 —o—A_2LS 28D

—o— A _3LS_28D

. L 2)
C, (em/min™)

—o—B_0LS

) —o—B_ILS_28D
—9—B_2LS 28D
—o—B_3LS_28D)|

0.1

o
C, (cm/min™)

0.0!

b)

Fig. 8 Influence of chemical dosage and vertical stress on the coef-
ficient of consolidation of (a) soil A and (b) soil B

curves of all the tested specimens. Table 2 provides the sum-
mary of initial modulus and secant modulus of soils treated
with different dosages of LS. The UCS of the untreated soil
B was 70% higher than untreated soil A. The addition of
LS has considerably increased the compressive strength of
both soil A and B, but the rate of increase depends on the
chemical dosage. At 1% of LS, UCS of soil A has increased
from 120 to 200 kPa. Further increase in the dosage of LS
has resulted in the marginal reduction in the UCS of soil A.
It has reduced to 85 kPa at 3% of LS. It is to be noted that
at 3% of LS, UCS of soil A was 31.8% lesser than untreated
soil (A) Similarly, beyond 2% LS, a reduction in initial and
secant modulus of soil A was noticed. With the increase
in LS dosage beyond 2%, the skeletal structure between
soil particles could have been broken because of the high

quantity of calcium lignosulfonate. This caused a rise in
porosity, leading to a loss of cohesion and reduced com-
pressive strength. Soil B also showed an increase in UCS
with a 1% addition of LS. It increased from 417 to 453 kPa
showing an 8.75% increase. Further addition of LS did not
alter the UCS significantly, while initial modulus and secant
modulus has reduced marginally. Interestingly, for the soil
A sample treated with 1% LS, the maximum strength was
attained at higher axial strain, whereas for soil B, it was
achieved at a lower axial strain compared to the untreated
samples. Moreover, soil A treated with 1% of LS showed
ductile behaviour than soil (B) Also, the percentage increase
in UCS of treated soil B is comparatively lesser than treated
soil A.

Optimum Dosage

The parameters used to fix the optimum dosage of LS are
liquid limit, plasticity index, percent swell, swelling pres-
sure, compression index, preconsolidation pressure and
unconfined compressive strength. For soil A with 3% of
LS, the liquid limit reduced to 38%. The plasticity index
was higher for soil A as compared to soil B. Beyond 3%
of LS, increase in plasticity index was observed while for
soil B there was a continuous decrease. The percent swell
for soil A has decreased to 0.5% at 2% of LS while it was
zero for soil B with 1% of LS. The swell pressure for soil
B was higher than soil A. The swell pressure for soil A has
decreased to 20 kPa at 1% of LS and 10 kPa at 2% of LS
while zero for soil B treated with 1% of LS. The compres-
sion index of soil A has decreased from 0.5 to 0.286 at 2%
of LS, while for soil B with 1% of LS, it has decreased from
0.35 to 0.145. The UCS for soil A has increased from 120
to 200 kPa at 1% of LS, while for soil B, it has increased
from 380 to 450 kPa. Considering the obtained results, the
optimum dosage of LS for soil A and soil B is chosen as 2%
of LS and 1% of LS, respectively.

Microstructural Analysis

Figure 10 shows SEM micrographs of untreated sample and
treated samples at an optimum chemical dosage (at 28-day
curing period). Figure 10 (a) and (b) shows the SEM images
of lignosulfonate and fly ash respectively. From the images
showing the texture of the particles, it can be observed
that the lignosulfonate showed matrix form, while fly ash
showed the ball-like structure of silica compound. Figure 10
(c) and 10 (d) shows the SEM images of the untreated and
treated samples of soil A and soil B. Before treatment, soil A
showed sand fractions were coated with bentonite, but with
soil B, cementitious matrix due to the chemical reaction
between bentonite and fly ash can be witnessed. This shows
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Table 2 Initial tangent modulus and secant modulus of untreated and
treated soil samples obtained from UCS test

Soils Initial tangent modulus (kPa) Secant modulus
(kPa)
A OLS 68.81 83.01
A_ILS 28D 98.11 126.94
A 2LS 28D  116.16 134.84
A _3LS 28D 91.22 96.82
B OLS 193.23 189.45
B_1LS 28D 256.54 257.76
B 2LS 28D  210.61 207.92
B_3LS 28D 203.97 274.58
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the significance of fly ash-based stabilisation of expansive
soil. With the addition of optimum dosage of LS, soil A
shows a change in the clay structure. The particles of benton-
ite form a flocculated structure after treatment, and the sand
particles associated with the bentonite are brought together.
For soil B, at optimum dosage (1% LS), a tendril like struc-
ture, indicating the presence of Illite can be noticed. Also,
floc formation due to the reactions of bentonite, fly ash, and
LS leads to cementitious component. The soil samples have
a flocculated structure that is porous in nature. These mor-
phological changes can be attributed to the adsorption phe-
nomenon and cation exchange mechanism between the soil
minerals and the LS organic molecules.
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Fig. 10 SEM images of (a) lignosulfonate, (b) fly ash, and (i) untreated and (ii) optimum dosage of LS treated (¢) Soil A and (d) Soil B

XRD, a mineralogical analysis, was employed to study
the mineral changes in the soil due to the presence of LS
stabilizer. It aids in understanding the interaction between
clay minerals and the LS stabilizer. The diffractogram
patterns of the untreated and treated specimens for opti-
mum dosages of soil A and soil B are shown in Fig. 11.

The patterns were analyzed based on new peak formation,
changes in refractive angle (26) and atomic planes separa-
tion distance (d-spacing). Montmorillonite (20=5.780),
illite (20=20.027, 26.914, 45.571 and 61.982), kaolinite
(26=21.96°, 31.5°) and quartz (26 =27.20) minerals were
identified to be present in both the untreated soil samples.
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Fig. 11 XRD pattern of untreated and treated (a) Soil A and (b) Soil B

The signature position of montmorillonite is 26 =5.780 at
which peaks are observed to reduce for soil A, while no
peaks are observed for soil B with increasing LS dosages.
The quartz signature position at 27.20 for soil A and soil B
was observed to rise in peaks compared to untreated soils,
though the peak is higher for soil B due to the presence of
fly ash. The peak area is found to be small in comparison
to the treated, resulting in a smaller surface area. This is
due to a decrease in the size of the crystallite. The hump-
shaped peaks of montmorillonite reflect amorphicity due to
the coating of LS on clay particles (as noticed in Fig. 10).
This observation aligns well with the literature on clay and
lignosulfonate reaction [18, 45]. The coating of the LS on
particles reduces the diffraction of light due to the widening
area under the peak [65]. The formation of calcium silicate
aluminate is observed for the optimum dosage of soil B at
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positions. There are no changes in peak intensities of miner-
als such as kaolinite and illite. The d-spacing of these min-
erals in the specimens with and without treatment was the
same (12.10, 20°, 25°, 36°, 520), and their associated intensi-
ties decreased. This is due to peripheral adsorption, which
causes the intensities of non-swelling minerals to decrease.

Conclusions

The study investigates the effectiveness of the use of FA-LS
blends to improve the engineering properties of expansive
soils. As the clay content and the clay mineral present in
the expansive soil dictate the engineering response and sta-
bilisation mechanism, in the present study, montmorillon-
ite present in the sodium bentonite was chosen as primary
clay mineral. Several experimental tests were conducted on
treated and untreated soil samples to determine the optimum
dosage of LS to be employed for efficient stabilization. The
microstructural analysis were performed to understand the
reasoning for the enhancement at the optimum dosages of
LS. The main conclusions of the study are as follows:

1. The plasticity index for soil A at 2% of LS has decreased
to 18%, further increase in LS content caused only mar-
ginal changes. For soil B, the presence of fly ash reduced
the lignosulfonate requirement to stabilize the soil. The
plasticity index has decreased to 13% at 1% LS, beyond
which the slope of plasticity index with chemical con-
tent decreased. With an increase in the LS dosage from
zero to 3%, the swell potential of soil A has decreased
from 23 to 0.6%. A significant reduction in the percent
swell was observed for soil B samples.

2. Under standard Proctor compaction energy, addition of
LS had marginal effects on maximum dry density, but
the optimum moisture content has increased for soil A
but decreased for soil B compared to untreated soils.

3. The swell pressure of soil A has decreased from 300 kPa
to 10 kPa at 2% of LS, while decreased to zero for soil
B with 1% of LS. The preconsolidation pressure of the
chosen soils and chosen chemical dosage was in the
range of 85-105 kPa. The compression index of soil A
was higher than soil B due to agglomeration of FA par-
ticles. The compression index for soil A at 2% of LS
was 0.286, while for soil B, it was 0.145 at 1% of LS.

4. The permeability of the treated and untreated soil sam-
ples has decreased by two orders with the increase in the
vertical stress from 50 kPa to 800 kPa. With the addition
of LS to the soil A, relatively higher values of perme-
ability were observed in comparison with untreated soil,
irrespective of the magnitude of vertical stress. Similar
observations were noticed for soil B samples.
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5. The coefficient of consolidation of the treated soil A
samples showed relatively higher values compared to
untreated soil samples. A fairly uniform value of C, was
observed for untreated and treated soil with the increase
in the vertical stress. However, soil B shows some vari-
ation with the vertical stress, but the nature of variation
does not follow any identical pattern.

6. Calcium lignosulfonate caused significant changes
in the strength characteristics of the soil. The uncon-
fined compressive strength of treated swelling soils has
increased with different percentages of LS at a 28-day
curing period compared to untreated soils. The UCS for
soil A without fly ash increased from 120 to 200 kPa,
while for soil B it has increased from 417 kPa to 453 kPa
for 1% of LS respectively.

7. The untreated soil A shows sand fractions coated with
bentonite, but with soil B, cementitious matrix due to
the chemical reaction between bentonite and fly ash can
be witnessed. This shows the significance of fly ash-
based stabilisation of expansive soil. With the addition
of optimum dosage of LS, soil A showed a change in
the clay structure. The particles of bentonite form a floc-
culated structure after treatment, and the sand particles
associated with the bentonite are brought together. For
soil B, at optimum dosage (1% LS), a tendril-like struc-
ture, indicating the presence of Illite can be noticed.

The results concluded that the combination of fly ash and
calcium lignosulfonate has significantly improved the geo-
technical properties of swelling clays and is quite effective
compared to lignosulfonate and fly ash as a standalone sta-
bilizer. The improvement of the soil with fly ash and ligno-
sulfonate can be understood in terms of decrease in liquid
limit by 41%, plasticity index by 80%, and percent swell by
100% with increase in unconfined compressive strength by
10%. Moreover, the presence of fly ash has reduced the lig-
nosulfonate requirement to stabilize the swelling soils. The
effect of the proposed combination needs to be explored for
extreme climatic conditions, cycles of the climate, and also
leachate issues.
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