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Te circular economy encourages the production and consumption of sustainable embankment geomaterials and their blends
utilizing recycled waste materials in roads, railway tracks, airfelds, and underground structures. Geomaterials comprising high-
plastic soft expansive clay pose excessive settlement during cyclic trafc/railway/airfeld loading resulting in uneven geometry of
overlying layers. Tis paper demonstrates multiobjective optimized improvement of expansive clay (C) geotechnical charac-
teristics by cost-efective agro-wastes additives at microlevel (by 3% to 12% rice husk ash, i.e., RHA), nanolevel (by 0.6% to 1.5%
rice husk derived green nano-SiO2, i.e., NS), and synergistic micro to nanolevel (NS-RHA). Te swell potential, resilient modulus
(MR), initial elastic modulus (Es), unconfned compressive strength (UCT), and California bearing ratio (CBR) of C and its blends
were determined. Te chemical characterization of C and its blends were conducted through Fourier transform infrared
spectroscopy (FTIR) and optical microscopic tests. Te outcome of this study depicted that the cost ratio for the optimized
composite, i.e., (1.2% NS-9% RHA)/(9% RHA) is 1.22 whereas stifness ratio MR (NS-RHA)/MR(RHA) and Es (NS-RHA)/
Es(RHA) and strength ratio UCT(NS-RHA)/UCT(RHA) and CBR(NS-RHA)/CBR(RHA) were found to be 2.0, 1.64, 2.17, and
2.82, respectively. FTIR revealed the chemical compatibility between C, RHA, & NS from durability perspective. Cost-stifness
results of this study can be applied by geotechnical experts to economize the green stabilization of C by use of agro-waste for
sustainable development.

1. Introduction

Sustainable embankment materials are desired globally by
geotechnical experts from durability, cost-efectiveness,
and optimization perspectives for civil engineering in-
frastructures [1–10]. Urbanization around the world is
going on fast-track [11] due to which the problematic soils
sites are also in demand for soils improvement
(stabilization).

All soils from A-1 to A-7 (AASHTO classifcation) can
be used as subgrades in pavements. High plasticity expansive
clays are one of the common problematic soils that need the
stabilization before its usage as bearing or construction
material under embankments. Tese expansive clays are
sufciently strong in dry condition but with increase of
moisture, these soils loose strength drastically [12, 13].
Expansive clay subgrade of low bearing capacity is con-
sidered as a costly issue [14] for which stabilization is
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a feasible solution to increase shear strength and to decrease
water susceptibility [15]. Furthermore, the expansive clays as
subgrade are prone to large settlements resulting in for-
mation of uneven geometry around the embankment
[16–18]. From geotechnical perspectives in pavements
subgrades built with expansive clays, commonly the more
important parameters of interest are resilient modulus
(MR), elastic modulus (Es), unconfned compressive
strength (UCT), and California bearing ratio (CBR) index.
MR is used in pavement design to simulate dynamic
haversine trafc loading. Es estimated from stress-strain
curve of UCT can be used for conservative design of
pavements, [19] and it can be evaluated from straight line
drawn at stress-strain curve up to 50% of peak stress [20].
CBR is the vital parameter which is used in the estimation of
pavement thicknesses.

Flexible pavement components such as wearing course,
base course, and subbase course usually have enough elas-
ticity and transmit the overpassing vehicle loads to the
underneath layer of expansive clay subgrade for dissipation
[12, 13].

Traditional microstabilizers most notably cement, lime,
and fy ash are in frequent use worldwide to improve ex-
pansive clay for the last few decades [21–24]. Te main
drawback of cement and lime stabilization is the emission of
harmful gases such as CO2, SO2, and NOx in the environ-
ment which outweighs their benefcial efects [25–27]. Tese
microstabilizers increase the pH of expansive clay up to 12
which creates environmental problems [17]. Fly ash (a coal
combustion product) due to its high value of the pH reduces
the nutrient access to plants when mixed with expansive
clays, so the adoption of green additives for stabilization is
trending amongst geotechnical and pavement engineers
[28–30].

Environmental friendly microstabilizers derived from
agro-wastes are rapidly replacing the traditional micro-
stabilizers for expansive clays [18]. Straw, bagasse, and husk
are popular form of agro-wastes used.Te increase in the use
of expansive clays with agro-waste microstabilizers reduces
the expenditure on cement which is being used earlier in
abundance [12, 13]. Husk derived from rice (RH) showed
promising potential for microstabilization of expansive
clayey soils. Furthermore, the ash of rice husk (RHA) also
proved potential for expansive clay stabilization at micro-
level. RH is abundantly available in rice producing countries
all over the globe as waste product of rice milling process.
Te chemical analysis shows that the 35% cellulose, 35%
hemicellulose, 20% lignin and 10–20% ash can be obtained
from of rice husk on dry weight basis [31]. RHA can be used
as green additives due to its high pozzolanic activity [32].
RHA is produced by the burning of rice husk at about 600°C
in which high quantity of silica, low quantity of oxide and
high specifc surface is observed.

Te common nanoparticles used with soils are alu-
minium oxide-Al2O3, titanium oxide-TiO2, silicon oxide-
SiO2, carbon nanotubes etc.Tese nanoparticles can stabilize
(nanostabilization) the structure of soil at nanoscale
(100 nm). Te use of nanoparticles takes signifcance from
the aspect of interparticle space concept, i.e., voids between

soil particles. Te nanoparticles cause transformation of
pore liquid to viscous gel resulting in enhancement of soil
shear resistance. Te nanostabilization of soil improves its
structure, physical, and chemical properties due to flling of
voids at nanolevel [18]. In addition, the nanostabilization
causes enhancement of load bearing potential of soil [33].
Various earlier researches described the interparticle spaces
and potential of making the expansive clay denser with
nanosilica.

Te stabilization of soil at the microscale (using RH/
RHA/cement/lime/fy ash/) does not change the properties
of parent material signifcantly. Because, microstabilizers
normally reduces plasticity of soils and facilitate in pozzo-
lanic action. Nanostabilization is very active and changes the
interlayer structure of parent soil and enhances the density
and intermolecular attractive forces ultimately causing the
increase in stifness (resilient and elastic moduli) of blend.
Tese nanoparticles infuence the microstructure, physical,
chemical, and geotechnical properties. Furthermore, the use
of nanoparticles imparts the pozzolanic action in the blends.

Cost-efective and eco-friendly extraction of nanosilica
from RHA can be accomplished by chemical and com-
bustion methods. Reference [18] presented the combined
efect of microlevel (cement) and nanolevel (nanosilica) on
marl clay and found that nanosilica was four times more
efective compared with cement stabilized marl clay.

Te individual efects of nano and microparticles are
needed to be compared with combined efect of nano plus
microsynergy of particles. Previous studies present details of
improvement in strength and plasticity of soft expansive
clays by use of RHA and nano-SiO2 independently.Tere are
rare studies on the efect of synergistic combination (green
and cost-efective) of micro and nanolevel particles on the
resilient modulus (MR), elastic modulus (Es), UCT, and
CBR of expansive clay. Followings were the objectives of the
study:

(i) Evaluation of optimal doses of micro, nano, and
micronano agro-waste additives for the synergistic
green stabilization of expansive clay

(ii) Determination of optimal ratios of MR, Es, UCT,
and CBR for nano to microlevel stabilization and
comparison with cost ratio for nano to micro-
synergistic mixing of RHA and NS in expansive clay

(iii) Characterization of expansive clay and its blends
with RHA and NS through Fourier transform in-
frared spectroscopy (FTIR) and optical
microscopic tests

2. Materials and Methods

Expansive clay samples (C) were characterized in the lab-
oratory by specifc gravity, natural moisture content, gra-
dation, Atterberg limits, engineering classifcation, shear
strength, consolidation, and modifed proctor compaction
tests. All tests were carried out in accordance with the
relevant ASTM standards. Characterization of such types of
clay has been described by Lang et al. [25]. Te rice husk was
collected from rice mill near Lahore, Pakistan. Te rice husk
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was ground in 1000 rpm grinder for 4minutes to prepare
rice husk powder (RH). Te particle sizes obtained ranged
from 0.6mm to 0.063mm. Te rice husk ash (RHA) was
obtained by controlled burning of the RH at 600°C. RHAwas
characterized in the laboratory by the specifc gravity,
plasticity index, and loss-of-ignition tests. Commercially
available nano-SiO2 (NS) was procured. Te properties of
NS such as physical state, particle size, surface area, particles
density, purity, and pH were determined in the laboratory.

Figure 1 shows the physical samples of clay, rice husk,
rice husk ash, and nano-SiO2 used.

RHA in the proportions of 3%, 6%, 9%, and 12% and NS
in the proportions of 0.6%, 0.9%, 1.2%, and 1.5% were mixed
in C to prepare samples for determination of swell potential,
unconfned compressive strength (UCT), resilient modulus,
and California bearing ratio (CBR). Te proportion of RHA
and NS was selected keeping in view the typical guideline
range of these materials mixed with clay from previous
studies [12–14, 32]. Tables 1–3 show the test matrix details
used in experimentation.

C and its blends prepared with RHA and NS (Table 1)
were subjected to evaluation of swell potential (ASTM
D4546), unconfned compression (UCT) strength (ASTM
D2166), resilient modulus (AASHTO T-307), and California
bearing ratio (CBR) (ASTM D1883) tests. Te length to
diameter ratio of 2 was used in samples preparation. Te
strain rate of 1mm/min in vertical axial direction was
employed during UCT tests. Te elastic modulus (Es) was
derived from the initial portion of the stress-strain curves of
UCT test. Te peak stress, i.e., unconfned compressive
strength (UCT), was also observed from the UCT stress-
strain curves which depict the shear strength of the clay
without any confning pressure. Te resilient modulus (MR)
test was performed on cyclic triaxial test machine. Cyclic
haversine shaped load was applied for on each test specimen,
and the last fve cycles were selected for the measurement of
load, horizontal deformation, and vertical deformation. In
CBR tests, during saturation and shearing phases, a standard
dead load of 10 lbs. was applied. Te samples of C, C +RHA,
C+NS, and C+RHA+NS prepared for UCT tests are
shown in Figure 2.

Crystallographic structure of C and RHA was also
evaluated by the X-ray difraction (XRD) technique. Te

characteristics compositions of C, RH, RHA, NS, and
C+RHA+NS (optimum blend) were also determined
through the Fourier transform infrared (FTIR) spectroscopy
and optical microscopy tests. Te palettes of samples pre-
pared for the FTIR tests are shown in Figure 3.

In order to compare the cost impact of diferent additives
with clay, the stifness to cost analysis was also carried out.

3. Results and Discussions

Te geotechnical engineering characteristics of expansive
clay are summarized in Table 4.

Te C sample primarily comprised of fnes, i.e., clay and
silt in proportion of 73% and 23%, respectively. A fraction of
4% fne sand was also observed in the sample. Te specifc
gravity of C was found 2.68 with plasticity index (PI) of 43%.
Te C was classifed as medium to high-plastic clay (CH) in
accordance with unifed soil classifcation system (USCS).
Such soils exhibit expansive nature, i.e., free swell potential
30% and swell pressure 232 kPa. Te compression index of
0.44 was observed in C. Te shear strength was found, i.e.,
cohesion of 61 kPa with friction angle of 100. Te rice husk
ash (RHA) and nanosilica characteristic properties are
tabulated in Tables 5 and 6, respectively.

(a) (b) (c) (d)

Figure 1: Physical appearance of samples used (a) clay, (b) rice husk, (c) rice husk ash, and (d) nano-SiO2.

Table 1: Expansive clay plus rice husk ash composite tests matrix.

Sr Label Swell
potential∗ UCT∗ Resilient

modulus∗ CBR∗

1 C X X X X
2 C+ 3%RHA X X X X
3 C+ 6%RHA X X X X
4 C+ 9%RHA X X X X
5 C+ 12%RHA X X X X

Table 2: Expansive clay and nanosilica composite tests matrix.

Sr Label Swell
potential∗ UCT∗ Resilient

modulus∗ CBR∗

1 C+ 0.6%NS X X X X
2 C+ 0.9%NS X X X X
3 C+ 1.2%NS X X X X
4 C+ 1.5%NS X X X X
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Te RHA exhibits dark grey color and nonplastic be-
havior with typical loss of ignition (LOI) value of 1%.

Te nanosilica powder shows neutral behavior with an
average particle density of 0.134 g/cm2.

Te efect of RHA andNS on free swell potential of clay is
shown in Figure 4. It was observed that 3%, 6%, 9%, and 12%

RHA caused 16%, 24%, 28%, and 32% decrease in swell
potential of C. Te C was also ameliorated with 0.6%, 0.9%,
1.2%, and 1.5% NS, which resulted in 24%, 40%, 44%, and
48% decrease in free swell potential. Moreover, the C was
also blended with RHA plus NS composites. Synergistic
composites of 3%, 6%, 9%, and 12% RHA with 0.6%, 0.9%,
1.2%, and 1.5% NS decreased the swell potential of C
substantially as compared with the individual blends of C
with RHA or NS as presented in Figure 4.

Te optimal synergistic blend of 9% RHA plus 1.2% NS
showed 72% decrease in free swell amongst studied pro-
portions. Te proportions blends showing the RHA and NS

Table 3: Expansive clay, rice husk ash, and nanosilica composite tests matrix.

Sr Label Swell potential∗ UCT∗ Resilient modulus∗ CBR∗

1 C+ 3%RHA+0.6%NS X X X X
2 C+ 3%RHA+0.9%NS X X X X
3 C+ 3%RHA+1.2%NS X X X X
4 C+ 3%RHA+1.5%NS X X X X
5 C+ 6%RHA+0.6%NS X X X X
6 C+ 6%RHA+0.9%NS X X X X
7 C+ 6%RHA+1.2%NS X X X X
8 C+ 6%RHA+1.5%NS X X X X
9 C+ 9%RHA+0.6%NS X X X X
10 C+ 9%RHA+0.9%NS X X X X
11 C+ 9%RHA+1.2%NS X X X X
12 C+ 9%RHA+1.5%NS X X X X
13 C+ 12%RHA+0.6%NS X X X X
14 C+ 12%RHA+0.9%NS X X X X
15 C+ 12%RHA+1.2%NS X X X X
16 C+ 12%RHA+1.5%NS X X X X
∗Average value of three replicates.

C C+RH C+NS C+RHA+NS 

Figure 2: Te UCT test samples of clay and its mixes.

(a) (b) (c) (d) (e)

Figure 3: Palettes for the FTIR tests, i.e., (a) soil, (b) rice husk, (c)
rice husk ash, (d) nanosilica, and (e) optimum blend of (a), (c), &
(d).

Table 4: Summary of geotechnical engineering characteristics of
expansive clay (C).

Value∧ Standard name
Constituent/property
Specifc gravity 2.68 ASTM D854
Natural moisture content (%) 22.5 ASTM D2216
Gradation/classifcation
Sand (%) 4 ASTM D422
Silt (%) 23 ASTM D422
Clay (%) 73 ASTM D422
Atterberg limits
LL-liquid limit (%) 91 ASTM D4318
PL-plastic limit (%) 49 ASTM D4318
PI-plasticity index (%) 43 ASTM D4318
SL-shrinkage limit (%) 39 ASTM D4318
USCS chart classifcation CH ASTM D2487
Cohesion (kPa) 61 ASTM 4767
Friction angle (degree) 10 ASTM 4767

Optimum moisture content (%) 24.3 ASTM D1557
ASTM D1557

Maximum dry density (g/cm3) 1.74 ASTM 4546
ASTM4546

Free swell potential (%) 30 ASTM4546
Swell pressure (kPa) 232 ASTM4546
Compression index 0.44

^Average value of three tests performed.
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beyond 9% RHA and 1.2% NS presented higher free swell
values due to dispersive efects of stabilizers.

Te C was blended with diferent proportions of RHA,
and it was observed that 3%, 6%, 9%, and 12% RHA caused
1.36, 1.66, 2.3, and 1.92 times increase in unconfned
compressive strength (UCT). Te C was also ameliorated
with 0.6%, 0.9%, 1.2%, and 1.5% NS, which resulted in
increase of 1.62, 2.23, 2.87, and 43 times UCT.Moreover, the
C was also mixed with RHA plus NS composites. Synergistic
composites of 3%, 6%, 9%, and 12% RHA with 0.6%, 0.9%,
1.2%, and 1.5% NS increased the UCT of C substantially as
compared with the individual blends of C with RHA orNS as
presented in Figure 5.

Te combined efect of RHA and NS enhanced the UCT
from 53 kPa (clay) to 265 kPa, i.e., 5 times higher, by the
addition of optimized contents of 9% RHA and 1.2% of NS.

Te stress-strain curves of UCT in Figure 6 show that the
stress with respect to strain enhances the linear portion with
increase in RHA and NS. Te C was blended with diferent
proportions of RHA, and it was observed that 3%, 6%, 9%,
and 12% RHA caused 1.07, 1.17, 1.44, and 1.24 times in-
crease in elastic modulus (Es) of clay. Te C was also mixed
with 0.6%, 0.9%, 1.2%, and 1.5% NS which caused an in-
crease of 1.15, 1.28, 1.8, and 1.33 times the Es of C.Moreover,
the C was also ameliorated by synergistic composites of RHA
plus NS. Composites of 3%, 6%, 9%, and 12% RHA with
0.6%, 0.9%, 1.2%, and 1.5% NS increased the Es of C sub-
stantially as compared with the individual blends of C with
RHA or NS as presented in Figure 6.

Te combined efect of RHA and NS enhanced the Es
from 54MPa (native clay) to 128MPa, i.e., 2.37 times as
compared with C, by the addition of optimized contents of
9% RHA and 1.2% of NS.

Te efect of RHA and NS on resilient modulus (MR) of
clay is shown in Figure 7. Te C was blended with diferent
proportions of RHA, and it was observed that 3%, 6%, 9%,
and 12% RHA caused 1.14, 1.2, 1.39, and 1.28 times increase
inMR.Te Cwas also ameliorated with NS which resulted in

increase of 1.26, 1.43, 1.8, and 1.67 times increase in MR.
Moreover, the C was also mixed with RHA plus NS com-
posites. Synergistic composites of 3%, 6%, 9%, and 12% RHA
with 0.6%, 0.9%, 1.2%, and 1.5% NS increased the MR of C
substantially as compared with the individual blends of C
with RHA or NS as presented in Figure 7.

Te optimal synergistic blend of 9% RHA plus 1.2% NS
presented the highest resilient modulus value in the studied
blends, i.e., 2.79 times as compared with C. Te proportions
blends showing the RHA and NS beyond 9% RHA and 1.2%
NS presented lower MR values due to dispersive efects of
stabilizers as an efect of excessive quantities of RHA andNS.
Past studies like Lang et al. [25] show that the addition of
1.5% nano-SiO2 to native clay soil presents lower strengths
due to dispersive efects of excessive nanoparticles.

Increase in maximum dry density (cdmax) and decrease
in optimum moisture content (OMC) were observed be-
cause of addition of RHA and NS. Te increase in cdmax was
seen as 20.7%, 29%, and 47.5% at optimized blends of 9%
RHA, 1.2% NS, and 9% RHA plus 1.2% NS blends, re-
spectively. Similar trends were observed in the case of soaked
CBR values.

Te C was blended with diferent proportions of RHA,
and it was observed that 3%, 6%, 9%, and 12% RHA caused
1.04, 1.15, 1.28, and 1.19 times increase in CBR as shown in
Figure 8. Te C was also ameliorated with NS which resulted
in increase of 1.23, 1.60, 1.85, and 1.43 times CBR as
compared with C. Moreover, the C was also mixed with
RHA plus NS composites. Synergistic composites of 3%, 6%,
9%, and 12% RHA with 0.6%, 0.9%, 1.2%, and 1.5% NS
increased the CBR of C substantially as compared with the
individual blends of C with RHA or NS as presented in
Figure 8.

Te synergistic optimized blend of 9% RHA plus 1.2%
NS showed highest increase in CBR, i.e., 3.62 times higher
than C.

Te data were validated by statistical analysis and found
in good health with no outliers.

Tables 7 and 8 summarized the chemical composition of
native clay (C) and rice husk ash (RHA) observed through
X-ray fuorescence analysis.

Both C and RHA materials primarily comprised of silica
with 48.6% and 78.2%, respectively. Aluminum oxide was
observed at 14.7% in C and 3.7% in RHA. Ferric oxide was
found 8.4% in C and 1.1% in RHA. Sodium oxide was 3.1% in
C while in RHA, it was 0.6%. In C, the potassium oxide was
0.67% while in RHA, it was 2.4%. 4.3% magnesium oxide
was present in C, and 0.9% in RHA. Calcium oxide was
12.3% in C sample and 1.5% in RHA sample. All major
compounds chemical composition in C and RHA samples
were found common; hence, good afnity between both
materials after mixing in blends was observed.

Figure 9 shows the individual Fourier transform infrared
spectroscopy (FTIR) profling of C, RH, RHA, NS and
synergistic optimized blend of C with 9% RHA plus 1.2%NS.
Te peak pickings labelled 1 to 12 in the FTIR test results
(Figure 9) were analyzed [34], and details of bonds, i.e.,
single, double, triple, and foot prints in C, RHA, NS, and
synergetic optimum blend are summarized in Table 9. Te

Table 5: RHA properties.

Properties Percentage, %
Specifc gravity 1.64
Color Dark grey
Plasticity index (%)^ Nonplastic
Loss-on-ignition (%)^ 1

^Average value of three tests performed.

Table 6: Physical properties of nano-SiO2.

Parameters Values
Physical state Powder
Apparent particle size (nm)^ 27 to 36
Specifc surface area (m2/g)^ 187
Particle density (g/cm3)^ 0.134
Purity (%) 98.7
pH^ 7

^Average value of three tests performed.
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functional groups and their quantifed frequencies were also
determined for C, RHA, NS, and optimum blend [34].

Te interpretation details of the FTIR results shown in
Figure 9 and presented in Table 10 are explained as follows.

In the range of 3650 and 3250 cm−1, broad absorption bonds
were observed in all samples showing the presence of hy-
drogen bond. Sharp bonds were observed round 3500 cm−1

regions in all samples illustrating the presence of oxygen
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related bonding. Te peaks were observed in range of 3000
and 3200 cm−1 refecting the presence of aromatic rings.
Single bond of carbon (C-C) was observed in NS due to peak
at 3000 cm−1. No aldehyde peak was found in typical range
of 2700 to 2800 cm−1. No signifcant peaks were observed

from 2000 to 2200 cm−1, and hence, no carbon-carbon triple
bond was observed in any samples. At about 1700 cm−1,
sharp peaks were observed in all samples demonstrating
some carbonyl double bonds in the samples. At around
1600 cm−1, peaks were observed in all samples informing the
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Figure 6: Es of clay and blends of clay plus RHA and NS.
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presence of carbon-carbon double bond. At 1500 cm−1,
signals were observed showing the aromatic rings presence
also in double bond region. Vinyl related compounds were
also seen at about 1000 cm−1 in the fnger print region. Te
similarity in peak trends was observed in all investigated
materials showing comparable composition in spectrum and
analysis regions (single bond, triple bond, double bond, and

fngerprints). Out of all used materials and their combi-
nations, i.e., C, RH, RHA, NS, and optimum blend, chemical
compatibility was observed in FTIR spectroscopy except NS
where single bond of carbon was observed in single bond
analysis zone.

Te optical microscopic images of C, RHA, NS, and
C+RHA+NS optimal blend are presented in Figure 10.Te
optical images interpretation was carried out in accordance
with guidelines of Pires et al. [36]. Te results are sum-
marized in Table 11. Pore size distribution (small, medium,
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Figure 8: CBR of clay and blends of clay plus RHA and NS.

Table 7: Chemical composition of expansive clay (C) from X-ray
(ASTM D5381) fuorescence analysis.

Constituents Percentage, %
SiO2-silica 48.6
Al2O3-aluminium oxide 14.7
Fe2O3- ferric oxide 8.4
MgO-magnesium oxide 4.3
CaO-calcium oxide 12.3
K2O-potassium oxide 0.67
Na2O-sodium oxide 3.1
Others 7.9

Table 8: Chemical composition of rice husk ash (RHA) from X-ray
(ASTM D5381) fuorescence analysis.

Constituents Percentage, %
SiO2-silica 78.2
CaO-calcium oxide 1.5
Al2O3-aluminium oxide 3.7
Fe2O3-ferric oxide 1.1
Na2O-sodium oxide 0.6
MgO-magnesium oxide 0.9
K2O-potassium oxide 2.4
Others 11.6
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Figure 9: FTIR spectroscopy.
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and large), irregularity (angular, faky, and elongate), ori-
entation (horizontal, circumferential, random), and mac-
ropore space and spatial distribution (bonded, intermediate,
and elongated) were evaluated. Small to medium pore size
distributions and voids were observed in the samples. In C

and its optimal blend with RHA and NS, angular, faky, and
elongated fractions of irregularities were observed. Te
major orientation of RHA and NS being powders was ob-
served circumferential/beadlike while C and its optimal
blend exhibited a combination of circumferential/beadlike,
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Rice Husk Ash 10x Rice Husk Ash 20x

Nano 10x Nano 20x
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Figure 10: Optical microscopic images.
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horizontal, and random orientations. Macropores can be
seen in all samples marked as inter and intra-assemblage
pores in Figure 10. Te spatial distribution was observed in
the form of aggregation matrix comprising of combination
of bonded, intermediate, and elongated aggregates in C and
its optimal blend. Te RHA and NS, however, pre-
dominantly exhibited bonded spatial distribution.

Te optical microscope analysis showed that clay sta-
bilized with optimal dose of 1.2% of NS and 9% RHA
exhibited optimum flling of pore spaces of native clay.
Hence, the optimum values of density, stifness, and strength
parameters are validated.

Te cost evaluation of microlevel stabilization (RHA)
compared with nanolevel (NS) and micro plus nanolevel
synergistic blends (C +RHA+NS) based on resultant op-
timal stifness was carried out. Te RHA and NS rates were
used as $1.5/kg and $2.5/kg, respectively. In feld, the cost of
construction equipment, mixing, spreading, and compac-
tion of both stabilizers, i.e., RHA and NS in expansive clay, is
almost same. Hence, the cost analysis in this research only
covered the cost of RHA and NS.Te ratio of Cost(1.2%NS)/
Cost(9%RHA) for individual stabilizers, i.e., NS and RHA, to
achieve optimum stifness and strength for treatment of one
ton of clay, is $30/$135� 0.22, whereas the optimal ratio for
synergistic blend is Cost(1.2%NS–12%RHA)/Cost(12%
RHA), i.e., $165/$135�1.22 which shows much higher
enhancement in stifness and strength of clay as the opti-
mum ratios of MR (1.2%NS–9%RHA)/MR(9%RHA)� 2.0,
Es (1.2%NS–9%RHA)/Es(9%RHA)� 1.64, UCT(1.2%NS-9%
RHA)/UCT(9%RHA)� 2.17, and CBR(1.2%NS-9%RHA)/
CBR(9%RHA)� 2.82. It was observed that the optimal
blends of synergistic ratios show the RHA plus NS blends

showing higher stifness and strength ratios as compared
with cost ratio of the corresponding blends. From
Figures 5–8, it is observed that the ratio of MR (RHA-NS)/
MR(RHA), Es (RHA-NS)/Es(RHA), UCT(RHA-NS)/
UCT(RHA), and CBR(RHA-NS)/CBR(RHA) is 1.6, 1.3, 1.8,
and 2.3 times higher than Cost(RHA-NS)/Cost(RHA), re-
spectively, for optimal dose of 1.2% of NS plus 9% of
microlevel RHA, validating the cost-efective solution for
biocompatible stabilization of subgrade expansive clay.

It is observed from Figure 11 that for optimal blend of
(1.2% NS+ 9% RHA)/9% RHA, the ratio of cost for this
blend is lower than the ratio of stifness and strength pa-
rameters as presented in Figs. 5, 6, 7, 8. Beyond this optimal
blend, the stifness ratio decreases and the cost ratio in-
creases making the blends uneconomical, e.g., 12%+ 1.5%
NS blend is uneconomical as it shows lower stifness and
strength ratios due to dispersive efects and higher cost ratio.

4. Conclusions

Te purpose of this study was the sustainable stabilization of
the high-plasticity expansive clay by green agro-waste ad-
ditives at three levels, i.e., microlevel (by rice husk ash),
nanolevel (by rice husk-derived nanosilica), and synergistic
nano to microlevel (by blends of nanosilica and rice husk
ash). FTIR, XRD, optical microscopic, and cost analysis were
performed for each levels of stabilization for feasible blends
evaluation to be used in amelioration of expansive clay. Te
following conclusions were addressed in this study:

(1) Te optimal synergistic dose of micro to nano-
particles for stabilization of expansive clay was ob-
served to be 1.2% of nanosilica (NS) and 9% of rice
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Figure 11: Cost versus stabilizer (RHA and NS) contents.
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husk ash (RHA) which resulted in improvement of
resilient modulus (MR), elastic modulus (Es), un-
confned compressive strength (UCT), and Cal-
ifornia bearing ratio (CBR) as 2.79, 2.37, 5.0, and 3.62
times, respectively, and free swell index was reduced
up to 72% as compared with native expansive clay.

(2) Te ratio of optimized contents for RHA, NS, and
RHA-NS synergistic stabilization phases for MR, Es,
UCT, and CBR are observed to be more than one,
i.e., MR (RHA-NS)/MR(RHA), Es (RHA-NS)/
Es(RHA), UCT (RHA-NS)/UCT(RHA), and
CBR(RHA-NS)/CBR(RHA) as 2.0, 1.64, 2.17, and
2.82, respectively. Hence, it results in more sus-
tainable stabilized mixes.

(3) Te ratio of Cost(RHA-NS)/Cost(RHA) for optimal
dose was evaluated as 1.22.Te analysis also depicted
that the ratio of MR (RHA-NS)/MR(RHA), Es
(RHA-NS)/Es(RHA), UCT(RHA-NS)/UCT(RHA),
and CBR(RHA-NS)/CBR(RHA) is 1.6, 1.3, 1.8, and
2.3 times higher than Cost(RHA-NS)/Cost(RHA),
respectively, for optimal dose of 1.2% of rice husk-
derived nanosilica plus 9% of microlevel rice husk
ash, validating the cost-efective solution for bio-
compatible stabilization of subgrade expansive clay.

(4) Te Fourier transform infrared spectroscopy (FTIR)
revealed the chemical compatibility between C,
RHA, &NS for possible future durability perspective.
Te optical microscope analysis showed that clay
stabilized with optimal dose of 1.2% of NS and 9%
RHA exhibited optimum flling of pore spaces of
native clay. Hence, it validates the optimum values of
density, stifness, and strength parameters.

Te study should be extended to explore the durability of
the proposed blends. Te optimization of the strength and
durability is the function of C, RHA, andNS quantities of the
blends.
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