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Abstract: Gelatin, a biopolymer derived from animal proteins, has been selected to stabilize three
fine-grained soils by determining select index and engineering properties. Specimens for California
Bearing Ratio (CBR) were tested using three different curing methods, i.e., thermally cured at 60 °C,
unsoaked, and 7 days air-cured submerged specimens. The amount of gelatin added to the soil
ranged from 0.5% to 2% by soil weight. The sequence of the interaction between gelatin and the
clays is as follows: (A) The biopolymer solution is adsorbed and agglomerated onto the surface of
the clay. (B) The presence of AP*, Si** and K* ions on the clay promotes the blending of connective
linkages with negatively charged gelatin. (C) The connection reinforcements harden with the curing
period and subsequent drying of the stabilized soils. (D) Drying of the gelatin—clay complex also
establishes alternative bonding modes such as van der Waals interactions and ligand exchange. The
biopolymer formed dry, rigid films after 72 h which were responsible for coating and reinforcing the
soil particles. Thermal curing by 1% addition of gelatin yielded the maximum CBR of 91.42%, 141.1%,
and 122.3% for high compressible clay, low compressible clay, and low compressible silt, respectively,
and a maximum Unconfined Compressive Strength (UCS) of 3968 kN / m? for the low compressible
clay. The UCS results revealed that brittle failure was predominant for the gelatin-amended soils
after 28 days of curing while shear failure was observed for the treated soils tested 2 h after sample
preparation. Tests on pH revealed that the gelatin-stabilized soils displayed marginal variations after
28 days. Spectroscopic analysis revealed the various types of bonds between gelatin and the clays. A
reduction in mass of 9% was observed for the alternate wetting and drying of the high compressible
clay after a period of 12 cycles. The adsorption of the clay-gelatin complex was indicated by variation
in average particle diameter and specific surface. Savings in 450 m3 and 93.75 m? of coarse aggregates
and dense bituminous macadam, respectively, were observed for a 1 km pavement for the stabilized
low compressible clay.

Keywords: biopolymer; gelatin; soil improvement; thermal curing; unconfined compressive strength

1. Introduction

In recognition of the contamination effects of chemical soil modifiers on soil and
groundwater, the assessment of the ability of biopolymers to improve the engineering
properties of soils has gained attention in the last decade. Capable of forming hydrogels,
having a high molecular weight, and reducing carbon dioxide emission when compared
to conventional chemical binders, biopolymers and recycled waste products have been
widely adopted by researchers in the last decade to enhance the geotechnical properties
of coarse and fine-grained soils [1]. Sustainability in soil stabilization helps to achieve a
reduced carbon footprint, reduced utilization of resources, and elimination of hazardous
stabilizers. Other than biopolymers, sustainable stabilization has been demonstrated by Ijaz
et al. [2] by the adoption of limestone calcined clay cement in the treatment of high-swelling
clay. The UCS of the high swelling clay was enhanced by 500%, and the reductions in
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carbon content, thermal energy, and electrical energy for a 1 km pavement was found
to be 27,420 kg, 350 GJ, and 4,612,594 kWh, respectively. ljaz et al. [3] emphasized the
efficient utilization of lignosulphonate, an industrial by-product, with lime. Sustainable
stabilization not only eliminated the swelling potential of the clay but also effectively
decreased the adoption of lime while minimizing the impact of landfill disposals. Ijaz
et al. [4] reduced the ground heaving of a surficial slope of an unsaturated swelling clay
from 4.08 cm to 1.05 cm by utilizing a lignosulphonate-based composite cementing additive.
[jaz et al. [5] neutralized the expansion capability of an expansive clay by treatment with
lignosulphonate-based composite cementing additive, an industrial by-product-based
composite additive. Reclaimed subbase materials were found to be sustainable stabilizers
when mixed with stone dust due to the enhancement in engineering properties while
paving the way for field application in pavement sub-soil layers [6]. Ijaz et al. treated
problematic clay soil with lignosulphonate, an industrial by-product, and minimized
volumetric shrinkage by 90% in addition to enhancing the CBR by 151% [7].

As a soil additive, biopolymers have the potential to solve the trilemma of sustainabil-
ity, price, and soil suitability. The typical origin of the various polysaccharide and protein
biopolymers are microbes, plants, and animals [8]. Some of the microbial polysaccharides
used in the improvement of soil properties are as follows. Ham et al. [9] increased the
surface erosion resistance and critical shear stress of coarse-grained soil by 800% and 100%,
respectively, by the addition of dextran biopolymer. Im et al. [10] observed a 50% improve-
ment in the shear modulus of gellan gum-stabilized kaolin clay due to the amplifying speed
of the transverse waves. The blending of xanthan gum with low plastic clay increased
fracture toughness and fracture energy by 289% and 489% respectively [11]. Soldo et al. [12]
asserted the influence of strain localization on the addition of xanthan gum biopolymer
to a low compressible silty soil and inferred that it is possible to advance or postpone
the strain localization of the treated soil which in turn promotes the in-situ application of
the treatment.

Some of the plant-based polysaccharides used in the improvement of soil properties
are as follows. UCS of lignin-treated low plastic silty soil resulted in its improvement from
230 kN /m? to 1100 kN /m? for a 7-day curing period and the stability of the treated soil
fabric enhanced after 28 days of curing [13]. A wind tunnel test on pectin-treated sand
revealed no crack formation on the surface, emphasizing the stability of the soil’s resistance
against erosion [14]. The addition of glucomannan biopolymer increased the cohesion
and angle of internal friction of a poorly graded sand from 0 to 34.5 kPa and from 34°
to 44° respectively under soaked curing conditions [15]. Soldo et al. [16] observed a 33%
increase in the tensile strength of the (3-glucan-treated silty sand. The addition of locust
bean gum to saline sand and sand containing 10% iron oxide increased the UCS from 0 to
3713 kN/m? and 83 kN /m? to 4510 kN /m?, respectively [17]. To increase the durability
and engineering behavior among the treated biopolymer soils, two different biopolymers
have been combined for soil stabilization. Ni et al. [18] observed an 87% reduction in the
coefficient of consolidation and volume compressibility in the treatment of sandy lean clay
with a carrageenan—casein biopolymer combination. The stability of poly-glutamic acid and
xanthan gum biopolymers at varying temperatures and pH prohibited the movement of
fluid through the soil pores, which led to the isolation of underground contaminants. Cross-
linking of guar gum with xanthan gum biopolymer resulted in 264% and 21% improvement
in the tensile strength of clayey sand compared to the individual stabilization of guar gum
and xanthan gum, respectively. Cross-linking of biopolymers enhanced the stability of the
hydrogel, thereby increasing the strength of the treated soil [19].

Among the protein biopolymers, the utilization of casein on granular sand increased
the cohesion intercept of submerged specimens and dried specimens by five times and
14 times respectively. The collapse potential of the casein-treated soils decreased by 80%.
Ni et al. [18] reduced the compression index of a sandy lean clay at all vertical stresses
through treatment with casein biopolymer. Subjecting the casein-treated sand samples to a
wind speed of 150 km/h resulted in a 69% reduction in loss of mass [20].
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Gelatin, a hydrophilic protein biopolymer capable of forming strong, stable gels and
exhibiting surface-active characteristics, has been used in this study to understand the effect
of protein-based biopolymers on the geotechnical properties of soil. Gelatin is obtained
by overheating collagen until denaturation takes place. The denaturation temperature
of fish collagen to obtain gelatin is 5 °C to 30 °C. However, the thermal stability of the
resulting gelatin is 240 °C. Hence, it is sustainable. It belongs to a class of thermoplastic
hetero-polymers and is being used in the photographic and cosmetic industries among
other miscellaneous applications [21]. Owing to collagen’s triple helix complex network,
the gels produced by gelatin are sturdy even with reduced water intake [21]. The gelatin
biopolymer used in the study is obtained from fish bones. The mechanism of clay—gelatin
interaction and its effects on the soil’s performance under different periods are crucial for
stabilization [1]. The adoption of protein biopolymers in soil stabilization is relatively lesser
than that of polysaccharides, and biopolymers from animal sources have scarcely been
applied in soil treatment as compared to microbial and plant sources. Limited literature
has investigated the applicability of gelatin in soil strengthening. Thermal treatment in
the biopolymer stabilization of soils has been reported to increase durability and better
resistance to compressive loadings [22]. The World Health Organization (WHO) conducted
toxicology studies on xanthan gum and guar gum biopolymers and concluded that they did
not pose health risks. Gelatin is widely used in the packing of pharmaceutical medicines
among other applications. Certain chemical additives improve the strength of the soil while
impacting its pH whereas the pH of the gelatin stabilized soil showed marginal variations
even after 28 days of curing. The present study aims to ascertain the strengthening potential
of gelatin-treated soils under varying curing methods and curing periods, and analyzes the
effect of stabilization on the UCS and CBR of the soils.

2. Materials and Methods

Highly compressible clay, low compressible clay, and low compressible silt were used
for the study. The highly compressible kaolin clay is primarily composed of kaolinite
minerals possessing the following elements: carbon (15.85%), oxygen (60.09%), aluminum
(11.6%), and trace elements. The chief elements present in the low plastic clay are oxygen
(65.08%), silicon (17.58%), and aluminum (9.28%), along with trace elements. The major
elements in the low plastic silt are carbon (14.82%), oxygen (54.69%), calcium (13.5%), silica
(6.93%), and aluminum (3.11%), along with trace elements. The geotechnical properties of
the soils used for the study are presented in Table 1. The molecular structure of the gelatin
biopolymer is shown in Figure 1.
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Figure 1. Molecular structure of gelatin [23].
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Table 1. Soil properties.

Properties

High Compressible Clay Low Compressible Clay Low Compressible Silt

Collection of Soil

Sand (%)
Clay (%)

Silt (%)
Liquid limit (%)
Plasticity index (%)
Classification
Specific Gravity

Astraa Chemicals, Chennai, Srirangam, Trichy, TN, India Srirangam, Trichy, TN, India

TN, India
- 13 17
100 54 36
- 33 47
58.4 34 29
34.1 14.8 77
CH CL ML
2.72 2.74 271

The gelatin biopolymer was purchased from Alpspure Life sciences, New Delhi.
Gelatin is a yellowish coarse powder with a pH of 6.70 and specific gravity of 1.10. Molec-
ular weight and viscosity at 2% concentration were found to be 0.8 million g/mol and
33 cP, respectively. Soil samples for the experimental investigation were prepared by wet
mixing [24]. With the addition of water, the gelatin biopolymer forms a gel solution. The
amount of water added is close to the dry of optimum moisture content (OMC) i.e., less
than 20%, 8%, and 10% of CH, CL and ML soils, respectively, while the remaining water
was added during the mixing of the soils with the gel. The mixed soil was sealed for 2 h
before molding the samples for the experiments to promote the initial reaction between the
biopolymer and the soils.

The experimental program includes the determination of consistency limits, maximum
dry unit weight (MDU), OMC, UCS, CBR, permeability, pH, average particle size, specific
surface area, durability, and spectroscopic and surface topography of the gelatin-treated
soils. The consistency limits were determined by the Casagrande liquid limit apparatus
as per the procedure outlined in IS 2720 (Part 5)—1985 [25]. A light compaction test was
performed as per the procedure outlined in IS: 2720 (Part 7)—1980 [26]. The UCS for the
untreated and gelatin-modified soils was determined as per the procedure outlined in
IS: 2720 (Part 10)—1991 [27]. The CBR of the control and modified soils was determined
as per the procedure outlined in IS: 2720 (Part 16)—1987 [28]. The pH of the control and
gelatin-amended soils were determined as per the procedure outlined in IS: 2720 (Part 26)—
1987 [29]. A Scanning Electron Microscope (SEM) of the make and model TESCAN VEGA3
was used to observe the interfacial interactions of the biopolymer-stabilized kaolin. A
Perkin Elmer Spectrum One Fourier-transform infrared spectroscopy (FTIR) spectrometer
was used for the FTIR analysis of soils. A Malvern Panalytical zetasizer was used to
determine the average particle size of the unamended and gelatin-amended soils. The
durability of the treated specimens by 12 cycles of submergence and oven drying was
performed as per IS: 4332 (Part 4)—1968 [30]. The test for alternate wetting and drying was
conducted for cylindrical samples of 38 mm x 76 mm wrapped in a thin polythene film [31].
After a week of air curing, the treated soil specimens were submerged for five hours
and oven dried at 70 °C for 42 h. Measurement of mass and specimen dimensions was
undertaken after submergence and oven drying. The procedure was repeated for 12 cycles.

In addition to the conventional CBR test for the unsoaked and soaked specimens, the
test has been additionally conducted for the thermal curing of 7 days to determine the
efficacy of thermal curing in gelatin-treated soils. Furthermore, for the above-soaked CBR
condition, the specimens were submerged after only 7 days of air curing because of the
consistent findings in multiple literature studies that the first 7 days produced enormous
strength gain [32,33]. In addition, thermal curing in the field remains a challenge, and thus
air curing was adopted for the initial 7 days before submergence. CBR specimens were ther-
mally cured at 60 °C as demonstrated by Shariatmadari et al. [34] and Bocheriska et al. [35].
Specimens were not subjected to curing temperatures beyond 60 °C due to the potential
degradation of the biopolymer and weakening of the bond between the biopolymer and
the soil [4]. The methodology involves the determination of CBR by three different curing
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methods to assess the best curing method and to infer the engineering behavior of the
gelatin-treated soils under varying curing conditions. The UCS was determined for 3 days
and 7 days for the thermally cured specimens. Thermal curing was not extended beyond
7 days and air curing was adopted from the 8th day to the 28th day to limit the exposure of
heat on gelatin linkages with the clays over extended periods. The UCS was additionally
determined on the same day of specimen preparation after 2 h of air curing to assess the
immediate effect of the biopolymer on the soil.

3. Results
3.1. Liquid and Plastic Limits

The liquid limit of the CH, CL, and ML soils were found to be 58.4%, 34%, and 29%,
respectively, and the plasticity index values were observed to be 34.1%, 14.8%, and 7.7%,
respectively. The addition of gelatin increases the liquid limit and plasticity of the soils
owing to the gelatin’s affinity for absorbing water [21]. A linear increase in the liquid limit
and plasticity index values was due to the variation in the specific surface, electrostatic
attraction in the clay soils, and variations in the double layer of the amended soils [36].
The presence of gelatin increments the unit weight of the diffuse double layer of the clays
due to its rheological characteristics [37]. Thus, the clay soil consumes excess water to
actualize the double layer, which in turn raises the liquid and plastic limits of the soil.
The agglomeration of the clay—gelatin complex was instantaneous during the mixing and
testing of the liquid and plastic limits which revealed the adsorption of the gelatin onto the
soil. The workability of the treated soil became poorer due to the viscosity and flocculation,
which led the hydrophilic biopolymer to take in additional water. This increase in water
ameliorated the workability of the treated soils [18]. Seo et al. [38] adopted chitosan
biopolymer to improve slope stability by reducing surface erosion by 51%. Figure 2 shows
the variations in liquid limit and plasticity index.

= Liquid limit - CH =@ Plasticity index - CH
A~ Liquid limit - CL —#— Plasticity index -CL
=== Liquid limit - ML —@— Plasticity index -ML
60
S 5 £
= 5
=]
'E 30 £
2 &
g 2
= 15 2
[
10 | T 0

0 0.5 1 1.5 2

Concentration of Gelatin (%)

Figure 2. Liquid limit and plasticity index of gelatin-treated soils.

3.2. Compaction Characteristics

The increased requirement of water to achieve the OMC is due to the presence of an
OH functional group in gelatin biopolymer. The specific gravity of the gelatin is 59% lower
than the specific gravity of the soils, and thus the MDU of the soils reduces with increasing
concentration of gelatin. Assimilation of excess moisture further promotes reduction in
the dry unit weight of the gelatin-treated soils. When gelatin solution is subjected to fine-
grained soils, the soils are instantaneously glued to the hydrophilic biopolymer solution,
promoting the further requirement of water on every successive concentration of gelatin.
An increase in the viscosity of the gelatin gel was found to be the underlying reason
for the reduction in MDU. The viscosity and flocculation of the gelatin-stabilized soils
prevented the clay particles from moving to nearer positions, thereby ineffectively filling
the pores. Excess water lubricates the soil leading to the decrease in the proximity of the soil
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particles [39]. A similar finding on a viscous biopolymer was recorded by Kumar et al. [40],
who observed a marginal reduction in MDU with the addition of guar gum to an assorted
clayey-sandy geomaterial.

Figure 3 displays the variations of OMC and MDU for varying percentages of gelatin.
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Figure 3. Compaction behavior of gelatin-treated soils.

3.3. UCS

The UCS of the CH, CL, and ML was found to be 140 kN/m?2, 196 kN/m? and
217 kN/m?, respectively. After a week of thermal curing, the untreated specimens exhibited
189 kN/m?, 316 kN/m? and 268 kN /m? for CH, CL, and ML soils, respectively. In addition
to gelatin biopolymer, the UCS of thermally cured specimens was found to be higher
than the UCS of air-cured specimens tested after two hours of sample preparation on the
same day. Maximum UCS of 271 kN/ mZ, 345 kN/m?2, and 436 kN/m? were observed
for air-cured specimens of CH, CL, and ML soils at 1% gelatin addition, respectively. On
thermal curing, the maximum UCS was achieved first for CL soil, followed by ML and CH
soils respectively. The 3-day and 7-day strength of CL soil was found to be 1869 kN/m? and
3719 kN/m?, respectively. Figure 4 shows the UCS of treated soil after 2 h of curing (non-
thermal), thermally cured soil specimens (3, 7 days), and thermally cured and air-cured
specimens (28 days).

CH - 3 days uCH -7 days BCH-28days ®CL -3 days mCL - 7 days
CL - 28 days EML - 3 days EML - 7 days mML - 28 days

5000

4000

3000

2000

UCS (kN/m?)

1000

0.0 0.5 1.0 1.5 2.0

Concentration of Gelatin (%)

Figure 4. UCS of gelatin-treated soils.
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The provision of curing time and selection of curing methods enhanced the strength
of the soils. An increase in strength with an increase in curing days was observed, but
the percentage of strength increase after 7 days of curing was observed to be less than the
first week of curing. Loss of water during drying transforms the gelatin gel into a sharp,
prickly gelatin film which not only coats the surface of the soil but also entwines the soil
particles and fills the gaps in the soil particles. A similar observation was reported by
Barani and Barfar [11] regarding the transmutation of gel into a glassy state. The curing
of the specimens is responsible for the above transformation and the stiffness. In the case
of gelatin, the transformation into sharp, prickly films was rapid and occurred in less
than 72 h. Reddy et al. [41] reported that the biopolymer films do not deteriorate even
after many years after adsorption with the soils. However, a detailed study on the long-
term durability assessment of the gelatin-treated soil is necessary [6]. Enhanced co-action
between gelatin and the soils is also due to the establishment of chemical bonds by the
functional groups of the biopolymer with the soil. Covalent amide bonds, hydrogen bonds,
and Van der Waals forces contributed to the strengthening of the soils [42]. A similar
finding of strength increase has been reported for an anionic biopolymer in contact with
clay soil by Bozyigit et al. [43] in which the efficacy of xanthan gum in treatment with
kaolin increased the UCS by 423%. The existence of nitrogen in the gelatin promotes the
long-term durability of the stabilized soil [44]. Figure 5 reveals the stress—strain curves of
UCS tests.

Improved areal extent under the UCS curves was higher for thermally cured specimens
at all concentrations, indicating the toughness of the treated soils over control soil samples.
Agglomeration of the soils at the bonding sites alters the soil structure, and brittle failure
was observed for the gelatin-treated soils which were thermally cured [45]. The UCS of the
specimens tested after two hours did not exhibit brittle failure. Barani et al. [11] observed
similar trends for peak strength corresponding to varying water contents. An increase in
UCS is a direct product of the cohesive and binding attributes of gelatin onto the soils. The
presence of biopolymers increased the stiffness of the soils in a non-linear manner in the air-
cured specimens tested after 2 h [16]. The modulus of elasticity increased with increasing
concentration in the thermally cured specimens. Chang and Cho [46] showed the effects
of the application of heat on compressive strength and ascribed the superlative results
to the rigidity of the specimens upon depletion of water. The removal of water during
thermal curing is responsible for the brittle failure of the soil [11]. In thermal treatment,
the percentage reduction in UCS with a higher gelatin concentration was found to be less
than the percentage reduction in UCS of the non-thermally treated soils. Chang et al. [22]
demonstrated that the submergence of a thermo-gelation biopolymer after the process of air
drying helped the amended soil regain its strength, even after submergence, as compared
to unmodified soil. Untreated soils do not bear large strains even after thermal treatment.
Non-thermal soils fail relatively quickly compared to thermally cured specimens. When
thermally cured, higher percentage additions of gelatin biopolymer resist the compressive
stresses irrespective of the optimum percentages. Mujtaba et al. [47] utilized pulverized
glass wastes to stabilize expansive clay soil, strengthening the soaked CBR by 288% and
decreasing the swelling potential by 87%. Figure 6a—c, shown below, reveal the brittle
failure of the UCS specimens under thermal curing after 28 days, while Figure 6d reveals
the shear failure of untreated low plastic clay.
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Figure 5. Stress-strain curves of UCS tests: (a) CH + Gelatin—2 h; (b) CL + Gelatin—2 h;
(c) ML + Gelatin—2 h; (d) CH + Gelatin—3 days; (e) CL + Gelatin—3 days; (f) ML + Gelatin—3 days;
(g) CH + Gelatin—7 days; (h) CL + Gelatin—7 days; (i) ML + Gelatin—7 days; (j) CH + Gelatin—
28 days; (k) CL + Gelatin—28 days; (1) ML + Gelatin—28 days.

3.4. CBR

The test finds application in the design of flexible pavements by empirical and mecha-
nistic design methodologies and assesses the choice of soil for the suitability of foundation
soil for the pavement. Air curing of specimens for one week facilitated bonding between the
soils and the gelatin biopolymer. After 7 days of air curing, the specimens were submerged
for 96 h before the test. Resistance to penetration is high under dried conditions due to the
higher frictional resistance compared to in submerged conditions [48]. The microstructural
modifications during the curing days enhanced the resistance of the soil to penetration [1].
Both the unsoaked and thermally cured CBR specimens fared better than the air-cured and
submerged CBR specimens. After 7 days’ thermal curing, the CBR of CH, CL, and ML soils
was increased by 1224.9%, 1056.6%, and 963.5%, respectively, after a 1% optimum addition
of gelatin. The unsoaked CBR of CH, CL, and ML soils increased by 614.6%, 658.9%, and
527.2%, respectively, after a 1% addition of gelatin. The submerged CBR percentage of CH,
CL, and ML soils increased by 118.7%, 84.3%, and 82.2%, respectively, after the optimum
addition of gelatin. The interaction mechanism involving gelatin with the clays is as follows.
The clayey and silty soils comprise Al**, Si** and K* ions, which promote the blending of
connective linkages with the negatively charged gelatin. The connection reinforcements
harden with the curing period and subsequent drying of the stabilized soils. Drying of
the gelatin—clay complex due to thermal curing promotes alternative bonding modes of
short-range order, such as van der Waals interactions [43]. There is also the bond formed
by a process known as “ligand exchange,” in which the negatively charged gelatin moves
into the inner coordination layer of the edge aluminum and forms a stable complex with
it. For kaolin clay, the negatively charged gelatin could be repelled from the surface of
the clay, resulting in relatively minimal adsorption. This is also a reason for the relative
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reduction in CBR when compared to the other two-clay soils. The underperformance of the
biopolymer-treated soils under submerged conditions could be due to the non-uniform,
modified gel matrix in the treated soil [49]. For CL and ML soils, electrostatic interaction
and adsorption were greater due to the opposing charges of the clay—gelatin complex. The
molecular interactions in the three treated soils are illustrated in Section 3.6.1 of FTIR.

Figure 6. Failure of UCS specimens: (a) CH + Gelatin; (b) CL + Gelatin; (c) ML + Gelatin; (d) CL.

Increasing the amounts of gelatin above 1% tends to push the clay particle due to the
lubricating effect of the biopolymer on the soil, which in turn reduces hydrogen covalent
bonding in soils [50]. Improvement in the CBR of the soil after biopolymer treatment has
been noted by Elkafoury et al. [51], Mohan et al. [52], Hamza et al. [53], Arab et al. [45], etc.
Reduction in the voids of the soils by the presence of biopolymer linkages decreases the
deformation of the soils and contributes to an increase in CBR values. Figure 7 displays the
results of CBR for the treated soils.

Mohan and Adarsh [52] observed an increase in the CBR of highly compressible clay
soil after treatment with guar gum biopolymer and added that extending the soaked curing
period up to 28 days further enhanced the CBR values by 500%. Onah et al. [49] improved
the CBR of a low plastic clay soil from 11.9% to 121% with the addition of lime and guar
gum biopolymer. A similar finding of CBR increase has been reported for an anionic
biopolymer in contact with clay soil by Hamza et al. [54], who improved the CBR of fat
clay with xanthan gum biopolymer by 848%.
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Figure 7. CBR of gelatin-treated soils.

3.5. Durability

The encouraging results of the 28-day UCS test reveal that the decomposition of the
biopolymer had not taken place. Exposure to water during the wetting cycle disrupts the
stability of hardened gelatin hydrogel present within the soil pores. With the increase in
the number of cycles, the connection linkages of clay—gelatin were affected, which in turn
influenced the loss in weight for each cycle. A higher dosage of gelatin (2%) resists the
degradation of the gelatin effectively when compared to the lower concentration (0.5%)
due to adequate interparticle bonding and amide bond. Cyclical alternate heating partially
restored the hardening and stability of the gel-soil matrix. The reduction in mass for the
treated soils was 9%, 7.8%, and 7.9% for CH, CL, and ML soils, respectively. Figure 8
highlights the results of the durability test. Chang et al. [55] and Reddy et al. [56] recorded
the biopolymer-treated clay soils’ resistance against weathering and revealed that the
treated soils were durable after cyclical wetting and drying. Figure 8 highlights the results
of the durability test.

——Kaolin + Gelatin 0.5% =4 Kaolin + Gelatin 1% —#—CL + Gelatin 0.5%  —#— CL + Gelatin 1%
Kaolin + Gelatin 1.5% = Kaolin + Gelatin 2% CL + Gelatin 1.5%  =—=—CL + Gelatin 2%
130 180

Mass (g)

Mass (g)

125 175 ¢
&
120 % 170 +
=
115 165 -
110 160
0
Number of cycles Number of cycles
(@) (b)
—#—ML + Gelatin 0.5% ML + Gelatin 1%
ML + Gelatin 1.5% =ML + Gelatin 2% 05% 1% 15% 2%
160
155
150
145 T T T T

4 6 8 10 12
Number of cycles

(c) (d)

Figure 8. Durability test. (a) CH + Gelatin; (b) CL + Gelatin; (c) ML + Gelatin; (d) Durability
specimens after 12 cycles.
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3.6. Gelatin-Soil Mechanism
3.6.1. FTIR

Gelatin biopolymer contains diverse functional groups involving carbon, oxygen, and
hydrogen which offer multiple reaction sites for chemical bonding with the clay and silt
soils. Figure 9 highlights the wavenumbers for the FTIR curves of the gelatin-treated soils.
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Figure 9. FTIR of Gelatin treated soils: (a) CH + Gelatin; (b) CL + Gelatin; (c) ML + Gelatin. Blue line
represents soil. Orange colored line indicates gelatin stabilized soils.

Si-OH stretching was observed for the wavenumbers 3634 cm 1, 3577 em !, and
3655 cm~! for CH, CL, and ML soils, respectively [57]. The wavenumbers 1639 cm~ 1,
1637 cm~!, and 1600 cm ™! promoted stretching of CO for CH, CL, and ML soils, respec-
tively [42]. The presence of a hydroxyl functional group indicates the hydrogen bonding of
the clay—gelatin complex. Covalent amide bonds were formed by the bending of NH and
stretching of CN for CH and CL soils at wavenumbers 1533 cm 1 and 1561 em ™1, respec-
tively [42]. Kaolin clay exhibited an additional CHj stretching at 2954 cm ! which was not
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observed for the other two soils, thus highlighting the prevalence of covalent and hydrogen
bonding [58]. These covalent amide bonds possess more stability and better adsorption
characteristics than hydrogen and Van der Waals interactions. The bonding of CH and OH
contributed to the submerged strength while the bonding of CO contributed to the dry
strength of the soil [59]. Bending and stretching molecular vibrations were prevalent for all
the stabilized soils, thus promoting the bridging of the clay-biopolymer matrix.

3.6.2. SEM

Visual topographical observation of the stabilization at the micro level was carried out
with Scanning Electron Microscopy (SEM). The analysis involved a magnification and an
applied voltage of 5 kx and 10 kV, respectively, and was carried out by mounting samples
by stub and gold coating by sputter. The test was conducted from the failed UCS samples
after 28 days of curing. The structure of the untreated low plastic clay reveals a loose
porous structure when observed through SEM. Changes in macro engineering properties
are due to modifications in the microstructural properties. The gelatin biopolymer not only
adsorbed onto the surface layer of the soil but also plugged the soil with filiform linkages.
The solidification of the biopolymer solution clusters the clay particles, which strengthens
the chemical bonds established by the clay—polymer interaction. The distinctions between
the SEM micrographs is concordant with the widely available literature studies for clayey,
silty, and sandy soils [1]. Hydration and drying lead to bio-cementation in the treated soil
composite [43]. The structural configuration of the resulting treated products at the micro
scale induces modifications in their engineering properties [1]. Figure 10 shows the images
from SEM for the soils treated with gelatin.
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Figure 10. SEM of Gelatin treated soils: (a) Untreated CL; (b) Gelatin treated CH; (c) Gelatin treated
CL; (d) Gelatin treated ML.
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3.6.3. Average Particle Size Determination

The average particle size of CH, CL, and ML soils was found to be 441 nm, 521 nm,
and 632 nm, respectively. The particle size of the gelatin-stabilized soils increased with
the curing period. The specific surface of the CH, CL, and ML soils increased to 532 nm,
651 nm, and 682 nm, respectively, after 28 days of curing. The increase in particle size is
a reflection of the adsorption and agglomeration of the gelatin solution on the soils; the
amount of adsorption was measured with Brunauer—-Emmett-Teller (BET) analysis. The
specific surface area was reduced from 16.5 m?/g to 14.2 m?/g, 9.7 m?/g to 9.2 m?/g,
and 1.7 m?/g to 1.6 m?/g for CH, CL, and ML soils, respectively. Nugent et al. [36]
opined that this modification in the double layer of the biopolymer-treated soil induced
the accumulation of bio-cementitious adsorption on the soil surface. Ghasemzadeh and
Modiri [60] noted a reduction in specific surface area by 37.5% and 6%, respectively, in the
treatment of kaolinite soil with Persian gum and xanthan gum.

3.6.4. Permeability

The coefficient of permeability of the CH, CL, and ML soils was found to be 2.91 x 10~7 ecm/s,
7.3 x 107 cm/s, and 2.6 x 10~* cm/s, respectively. The addition of biopolymers plugs
the pores of the soils and thereby reduces the course for pore fluid to travel [40]. This
leads to a decrease in the permeability of biopolymer-stabilized soils with increasing
concentration. Maximum reduction was observed for the 2% addition of gelatin, and the
corresponding values of CH, CL, and ML soils were 1.1 x 108 cm/s, 3.8 x 1076 cm/s,
and 1.6 x 107> cm/s, respectively.

3.65. pH

The pH of CH, CL, and ML soils was found to be 6.10, 7.32, and 7.48, respectively,
while the pH of the gelatin biopolymer was determined to be 6.70. The pH of the treated
soils displayed a marginal increase of 1.5% up to the highest concentration of gelatin.
Hydrogen ion concentration influences the functional groups of the gelatin biopolymer and
thus the binding of gelatin with the clay soil is influenced by the pH. High pH variation is
not preferable as the risk of contamination for the sub-soil and the water table does exist.
Even after 28 days, the pH of the stabilized soils did not vary, which is a good indicator
from an environmental perspective [61].

3.6.6. Viscosity

The gelatin biopolymer solution exhibited marginal viscosity from 0.5% to 2% con-
centration. A maximum of 33 cP was observed at the highest concentration of gelatin.
Viscosity enhances the UCS of the soils by promoting the bonds between gelatin and the
clay soils [40]. Kumar et al. [40] emphasized the combined outcomes of viscosity and
molecular weight by the enhanced shear resistance of the soil due to the strengthening of
the connecting bridges between the soil grains and the biopolymer. Figure 11 shows the
viscosity of the gelatin biopolymer.

40
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=
\
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Figure 11. Viscosity of gelatin.
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3.6.7. Future Perspectives

Sustainability in a road network is essential because it ensures the fulfillment of present
requirements for development without compromising the resources of future requirements.
The conservation of energy and resources is important for achieving sustainability in the
construction sector. Sustainability in ground improvement by economizing on energy and
resources ought not to cause the pollution of underground natural resources. Based on
the CBR values under soaked conditions, IRC 37:2001 [62] recommends suitable thickness
values for the top three layers of flexible pavement. A reduction in the thickness of the base
course, the sub-base course, and the bituminous course was noted for the gelatin-treated
soils. The thickness of the granular layer, the bituminous concrete (BC), and the dense
bituminous macadam (DBM) for CL soil was found to be 120 mm, 0 mm, and 35 mm
respectively. The thickness of the granular layer, the bituminous concrete (BC), and the
dense bituminous macadam (DBM) for ML soil was found to be 100 mm, 0 mm, and 20 mm,
respectively. The untreated CBR of CH soil was less than 2 and design thickness values
were not specified for the CBR. For 1 km of pavement for a width of 3.75 m, this results
in respective savings of coarse aggregates and dense bituminous macadam of 450 m? and
93.75 m3 for CL soil. Cost efficiency is worked out for the soil with the best performance,
which is CL. The savings in the cost of the top two layers of the pavement were found to be
11.57%, as highlighted in Table 2 below.

Table 2. Cost Comparison.

% of CBR of CL Cost of Bituminous Cost of the Granular Transportation Cost of the Total Cost
Gelatin Soils (%) Surfacing (INR) Layer (INR) Granular Layer (INR 50/m?) (INR)

0 3.37 10,125,000 2,492,674 118,125 31,963,780

1 6.21 7,802,183 2,017,879 95,625 28,266,877

One of the major reasons for the successful application of biopolymers in various
sectors is their biodegradability. However, for civil engineering purposes, the biodegradable
trait of the biopolymers should not compromise the long-term durability of their intended
applications. Chang et al. [63] reported the integrity of polysaccharides with granular soil
over 2 years. There are challenges in thermal application in practical field implementation,
especially if the treatment warrants a larger area. The adoption of a biomaterial for soil
strengthening depends on its cost, environmental friendliness, and technical feasibility.
Medicinal-grade biopolymers may not be required for soil applications and thus customized
manufacturing for specific applications could lead to a decline in prices. Soil is a natural
material functioning as an engineering material and can be a vital contributor to sustainable
infrastructure growth. The price of biopolymers has dropped significantly over the years
due to their widespread adoption in the pharmaceutical, printing, textile, and construction
sectors. The grade of a biopolymer influences its price, and the inverse relationship between
the demand and the price of the biopolymer is further expected to lower prices due to
custom-grade manufacturing and technological advances.

4. Conclusions

The maximum liquid limit of 82.4% was observed for the CH soil in treatment with
gelatin. The overall increase in the liquid limit and plasticity index of the gelatin stabilized
soils is due to the variation in specific surface and hydration of the gelatin. Thus, the
addition of excess water and the tendency of the biopolymer solution to marginally displace
the nearby surrounding soil particles due to its lubricative texture reduces the MDU of
all the soils. The 1% addition of gelatin has been effective in achieving the optimum UCS
and CBR of the soils. Thermally cured specimens recorded the maximum UCS and CBR of
3968 kN/m? and 141.1%, respectively, for the low plastic clay soil. The maximum reduction
in permeability was found to be 96% for the kaolin clay. The maximum percentage increase
of 24.95% was observed for the average particle diameter of the treated CL soil, while a
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5.1% reduction in specific surface area was noted for the specific surface area of the treated
CL soil after 28 days. Negligible changes in the pH and stability of the treated soils against
wetting and drying highlight the durability of gelatin-stabilized soils with a maximum
weight loss of 9% for CH soil. Savings in 450 m® and 93.75 m> of coarse aggregates and
dense bituminous macadam were observed for a 1 km pavement for the stabilized low
plastic clay. The filling of voids by the gelatin gel and the formation of hydrogen amide
covalent bonds in the gelatin—clay matrix by adsorption and agglomeration are responsible
for the strengthening of soils, and the strength increases with dehydration.
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