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Abstract

The traditional soil stabilization techniques, which primarily include calcium-rich additives, are gradually replaced by envi-
ronmentally friendly techniques as the former increases the carbon footprint emissions. On the other hand, nanomaterials
(particles with a size range of less than 100 nm) are gaining acceptance in geotechnical and geoenvironmental engineering
due to their non-toxic nature and less energy consumption required for production. These materials have entirely different
properties from conventional materials. When mixed with soil particles, their relatively larger specific surface area values
trigger an easy and rapid reaction. The paper reviews the applicability of select nanomaterials such as metallic nanoparticles
(which include nano-copper oxide (nano-CuQ), nano-magnesium oxide (nano-MgQ), iron oxide nanoparticles (nano-Fe;O3),
nano-alumina (nano-Al,O3), nano-clay, nano-silica (nano-SiO;), colloidal silica, to name a few, in the areas of geotechnical
and geoenvironmental engineering by highlighting the associated mechanisms of interaction. The targeted geotechnical prop-
erties include plasticity, compressibility, consolidation, permeability, and strength characteristics under different conditions.
Further, the effect of the select nanoparticles on microbial activity, their applicability in remediation of organic and inorganic
contaminants from different soil-water systems, and their cost-effectiveness are discussed.

Keywords Colloidal silica - Nano-clay - Metallic nanoparticles - Soil-nanoparticle interaction - Geotechnical properties -
Soil remediation - Cost-effectiveness

1 Introduction

The conservation of our ecosystem in its pristine form is
paramount. This need has been well recognized and inte-
grated into the 17 Sustainable Development Goals (2030
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Agenda) framework, which emerged during the Rio + 20
United Nations Conference on Sustainable Development [1].
A rapid increase in infrastructural development has driven
engineers to suitably modify the properties of the undesir-
able in situ soils using chemical additives such as lime and
cement [2—6]. Though the use of such chemical additives has
significantly improved the properties of soils, they have also
substantially contributed to the increase in carbon footprint
emissions released during their production and service life
[7, 8]. A gradual transition from carbon-based additives to
sustainable materials is witnessed in soil stabilization and
remediation. The emergence of nanotechnology in the sci-
ence and technology world has significantly helped achieve
this transition.

Nanotechnology deals with “the understanding, control,
and re-engineering of matter in the order of nanometers” (typ-
ically less than 100 nm) to produce materials having unique
and different properties and functions [9]. These nanopar-
ticles can be synthesized either by a top-down approach
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(breaking down large sizes into nano-sizes) or a bottom-
up approach (atoms are assembled into molecular structures
which fall within the nano-range) [10]. Nanotechnology has
been applied across many fields such as medicine, engi-
neering, environment, communication, and heavy industry
[11-15]. These materials have played a significant role in
improving the primary properties of materials in civil engi-
neering and construction by reducing the energy consump-
tion of structures, environmental impact, and cost associated
with structures [11, 15-18]. With the advancement of nan-
otechnology, these materials paved their way into the field
of geotechnical engineering, and a wealth of literature has
shown the modification in soil behavior using nano-silica
(nano-Si0;), nano-clay, nano-alumina (nano-Al,O3), nano-
copper oxide (nano-CuO), to name a few [17, 19-24]. The
enhancement in soil performance is due to their large specific
surface area and high surface reactivity due to the minimal
size of nanoparticles and the ease of injection into small pore
spaces [14, 15].

However, the mixing methodology adopted for achiev-
ing a homogeneous soil-nanoparticle mix plays a significant
role in obtaining the desired results [14, 25-34]. Hence, the
non-uniformity in field mixing is one of the primary rea-
sons for the fewer field applications of nanomaterials [14, 15,
35-37]. Some of the noteworthy achievements of nanopar-
ticles in soil are (a) reduction in liquefaction potential in
sandy soils and silty sands by the use of colloidal silica, nano-
silica (nano-Si0»), and laponite [38, 39], (b) reduction in the
settlement in soft soils by nano-clay, nano-fly ash, and nano-
titanium di-oxide (nano-TiO;) [40, 41], and (c) reduction
in plasticity characteristics in soft soils by nano-magnesium
oxide (nano-MgQO), nano-alumina (nano-Al,03), nano-sol,
and nano-copper oxide (nano-CuO) [18, 27, 42]. Most nano-
materials are developed through labor-intensive physical and
chemical processes and require high radiation, temperature,
pressure, and analytical grade chemicals as reducing and sta-
bilizing agents. However, with the advent of a non-toxic and
environmentally safe production process such as a single-
pot green chemistry approach, the chemicals are replaced by
plant extracts as reducing and stabilizing agents. The pro-
cess ultimately results in forming an environment-friendly
nanomaterial [43]. Nanomaterials can also act as excellent
adsorbents for removing heavy metals from contaminated
soils and are widely implemented for decontaminating water
[44-49].

The present paper summarizes all the outlook of enhance-
ment of soil properties using nanomaterials, such as mixing
methodologies for achieving homogeneous soil-nanoparti-
cle mixture, interaction mechanism, improvement in soil
properties with the blending of various nanoparticles, and
also the application of nanomaterials in the field of geoenvi-
ronmental engineering for soil and water decontamination.

%% @ Springer

1.1 Method of Mixing (Soil-Nano-mixture)

The amount of nanomaterials added to the soil must be mea-
sured appropriately to have a considerable effect on soft
soils and minimize the agglomeration of nanomaterials. A
homogenous mixture is obtained by the uniform mixing of
nanoparticles in soil, and it plays a vital role in obtaining the
desired results. The required target doses of nano-titanium
di-oxide (nano-TiO;) and nano-zinc oxide (nano-ZnO) and
soil-water content were achieved by adding the stock dis-
persion using a pipette into weakly acidic soil with a loam
texture. Stock suspensions were continuously stirred to pre-
vent nanoparticle settling during the addition and to maintain
homogeneous dispersions [47].

The apex of the pipette is spun around the soil to mix
the dispersion and prevent nanoparticles from settling. The
most dominating mechanism, i.e., the mixer characteristics
proposed by [25], includes mixing action, shear, and con-
vection—diffusion. It is affirmed that in numerical modeling
of diffusion equation or Markov chain model, provocation
of mixing process satisfies the experiments performed. As
a result, the desired output of crystalline composition is
achieved on a nanometer scale [19]. Heating suitable mate-
rials attains traditional solid-state synthesis with zero or
minimum trace of water vapor, and the process is contin-
ued until a single solid phase is identified. After identifying
the solid phase, the solution is heated at about 1400 °C for
about 50 h and then left to cool to room temperature. Before
proceeding to the next stage, the weight of the mixture and the
amount of weight loss are measured. Afterward, the solution
is heated for almost 300 h and left to decompose, resulting in
the nanocomposite formation. Three classes of composites
are formed by the interaction of layered clay with a polymer
[26], which is depicted in Fig. 1.

Phase segregated composites (microcomposites) are pro-
duced when polymers cannot inject between the silicate
sheets during mixing. Moreover, the phase-separated or
microcomposite properties are nearly the same as the tra-
ditional composites. Intercalated nanocomposites can be
defined as materials in which more than one polymer is
injected between the interlayer spaces increasing interlayer
space. Structure exfoliated in nature is formed when the sil-
icate layer is thoroughly and uniformly distributed in the
constant polymer matrix. Various methods for the prepara-
tion of polymer-layered silicate include:

e Exfoliation—adsorption: Silicate in layered form is flaked
into an isolated layer using a solvent in which polymer is
dissolvable. Due to the weak forces which hold together
the layers of layered silicate, layers can be dispersed in
an appropriate solvent. The polymer then adsorbs onto
the sheets, and after evaporation of solvents, a multi-
layered structure is formed by sandwiching the polymer.
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Fig. 1 Formation of three main types of composites by the interaction of layered clay with polymer

Nanocomposites are obtained through emulsion polymer-
ization.

e Insitu intercalative polymerization: In this method, within
the liquid monomer, the layered silicate expands, result-
ing in polymer formation within the existing sheets. Before
the swelling step by monomer, polymerization can be com-
menced by heat or radiation.

e Melt intercalation: Layered silicate is fused with the poly-
mer matrix in the molten state. If the layers are suitable
for the selected polymers, the polymers can seep into the
interlayer space resulting in the formation of exfoliated or
intercalated nanocomposites.

It is not easy to obtain a uniform mixture of soil and nano-
materials in the field, and hence, in place of nano-powders,
it is appropriate to mix colloidal nanoparticles. In the field
test, the liquefaction risk in the sand is minimized by using
colloidal silica grout [14]. Various methods of mixing soil
with nanoparticles are listed below.

e Nano-clay, Nano-alumina (nano-Al>O3), and nano-copper
oxide (nano-CuO) were used in organic soil of low plastic-
ity (OL) soil by mixing the beaker containing nanoparticles
with water and were kept in an ultrasonic bath for about
two hours and then mixed with water. First, nanoparticles
are sprayed into soil having ten layers, and then, each layer
is mixed individually. After that, the whole mixture is kept
in a horizontal cylinder mixture for about three hours [27].

e Dry and suspension spiking was adopted for applying

nano-zinc oxide (nano-ZnO) in loamy sandy soil. For dry
spiking, about 20 g of dry soil is mixed uniformly in a
jar with nanomaterial and later added to dry soil weighing
180 g. For suspension spiking, soil and water suspension
in a ratio of 2:5 by mass is shaken at room temperature.
Next, it is filtered in a vacuum condition, and finally, this
suspension is added to 200 g of dry soil [28].

Colloidal silica was added to the treatment area containing
[29] three different soil layers such as silty sand and sand
layer (2 m), silt and sandy silt (3 m), sand and silty sand to
further depth in such a manner that colloidal silica at the
site is diluted with water and stored in a tank. Compared
to HCl, NaCl showed better gel control for colloidal silica.
Using injection wells, colloidal silica is injected into the
field as far as safety is considered for handling acids in the
fields. About 90 min is taken to form a firm resonating gel.
Modified montmorillonite nano-clay (MMN) in clayey soil
sieved by no. 40 sieve is blended with soil, and electric
mixture is used for 45 min to achieve uniform mixture.
After this, distilled water is added and left for about 16 h
in an airtight container [31].

Colloidal silica in liquid grout form and silica sand are
mixed and accommodated in a cylindrical mold. The liquid
grout is then discharged into a mold, and sand is allowed
to fall slowly. While pouring the sand, the mold vibrates
smoothly to settle the sand inside [32].

@ Springer
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e Mixing CH soil with nano-alumina (nano-Al,O3) & nano-
copper oxide (nano-CuO) takes place in dry conditions,
and then, water is added to compensate for the needed
moisture content. The sample is kept in desiccators after-
ward for at least 48 h to preserve the moisture in the mixture
obtained [33].

e Nano-clay and nano-alumina (nano-Al,O3) were mixed
in three different types of soil CL-ML, CL, SC, by adopt-
ing the mixing procedure such that the beaker containing
nanoparticles entirely mixed with water is kept in an
ultrasonic bath for about two hours and then mixed with
distilled water [34].

Generally, the injection method carries out the application
of nanomaterials for depths greater than 3 m. In compari-
son, dry mixing is adopted for shallow depths of treatment.
Various methods described above will guide the practicing
engineers to adopt a suitable technique specific to the site
requirement and soil type.

2 Soil-Nanoparticle Interaction Mechanism

Interaction at the microscopic level controls soil deformation
at the macroscopic level [50]. Knowledge of the chemi-
cal composition, mineralogical composition, and structural
arrangement of the soil are compulsory for understanding
the variation in geotechnical properties and changes in envi-
ronmental conditions [51]. Main iron oxides (haematite and
goethite), having a size range of 10-100 nm, form a rigid
network in soil which hardens the soil. Iron oxide acts as
camouflage in smectite to eliminate swelling characteristics,
promoting a firm bond between aggregates [52].

Though the fundamental mechanism of interaction of
nanoparticles with soil is not clearly stated, the change in
soil properties with the addition of nanoparticles has been
explained by various researchers [53, 54]. Figure 2 shows
the viscous gel formation due to adsorption through the dou-
ble layer of water on blending silica nanoparticles in soil. It
is observed that the bonding of soil-nano-matrix with vis-
cous gel is more robust than the bonding of clay particles

Soil particle bonding due to absorbed water

Nanosilica

Soil particle bonding due to
formation of viscous gel

Fig. 2 Interaction mechanism of soil particles with silica nanoparticles resulting in interfacial bonding and friction between clay particles

Onium Ions
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Table 1 Plasticity properties influenced by mixing of various nanoparticles

Nano-compound Soil Dosage

Observation (s)

References

Organosilane (nano-Z) Brown silty sand 0.20-0.66%
(mfamosing soil), lateritic

soil (Nru soil)

Nano-soil Nano-clay, kaolinite, 2%

montmorillonite

Nanosilica (nano-SiO») Kaolinite clay 0.2-1%

Nano-clay Silty 0.5-2%

Nano-magnesium oxide 0.1-0.4%

(nano-MgO)

Organic

Montmorillonite nano-clay  Organic 0.05-0.30%

Clay 1-8%

Nano-copper (nano-Cu) Bentonite 0.05-0.5%

Polypropylene 3-10%

homopolymer

High compressible clay

Nanoscale-Zero Valent Clay contaminated with gas 5%
Iron (NZVI) oil

Nano-hydrated lime Clay contaminated with gas 5%
(NHL) oil

Nanosilica (nano-SiO;) soft soil 0.5-20%

Nano-clay Fine-grained 0.5-2%

The PI of red soil increased by
8%, 26%, and 75%. On the
other hand, it increased by
23% for silty sand.

An increase in plastic limit
and liquid limits was more
for soil with more
nano-Z/water concentration.
The variation of plastic limit
and plasticity index is
presented in Figs. 4 and 5

Plasticity of nano-clay
residual soil mixture (UKM
residual soil), kaolinite, and
montmorillonite reduced by
32%, 10%, and 29%,
respectively (Figs. 4 and 5)

The PI of kaolinite clay
increased with an increase in
nano-silica particles

The plasticity of silty soil
decreased by 16%, 39%,
53%, and 68%

Liquidity index, plastic limit,
liquid limit, and soil
shrinkage were reduced

Liquidity index, plastic limit,
liquid limit, and soil
shrinkage are reduced in
organic soil

An increase of about 8% PI is
observed

The addition of nanoparticles
reduces the PI

The plasticity of soil
decreased by 4%, 22%, and
41%, respectively with the
addition of nanoparticles

NZVI being inherently
non-plastic decreased the
plasticity of treated soil.
Removal of 50% of gas oil is
achieved by this method

With 5% NHL, the liquid limit
and plastic limit increased
immediately. This trend can
be attributed to several
processes resulting from
pozzolanic reactions

With an increase in
nano-SiO, there was a
decrement in liquid limit and
PI. The plastic limit almost
remains the same for various
proportions of nano-soil mix

Plasticity characteristics of
fine-grained soil increased
with an increase in
nano-clay content

Ugwuetal. [11]

Taha [18]

Bahmani et al. [21]

Bahari et al. [23]

Majeed and Taha [27]

Majeed and Taha [27]

Maleki and Sharafi [31]

Taha and Taha [42]

Azzam [54]

Nasehi et al. [60]

Nasehi et al. [96]

Thomas and Rangaswamy
[97]

Nohani and Alimakan [62]

Springer
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Table 1 (continued)

Nano-compound Soil

Dosage

Observation (s) References

Fine-grained

Low compressible clay (CL)  0-2%

0.5-3%

The addition of nano-clay in
soil resulted in a gradual
increase in PI. Different
proportions of nano-clay in
soil 1 show different results.
The effect of nanoclay on
Atterberg limits is presented
in Fig. 6

Alireza [98]

The liquid limit decreased by
7% for about 2% nano-clay,
whereas the plastic limit
showed an increment of
about 4%, and the PI
decreased by about 11% in
soil 2 (Fig. 6)

George and Kannan [99]

with adsorbed water in untreated soil. Figure 3 depicts the
two processes, i.e., ion exchange and organic onium, which
explains the chemical reaction behind the formation of nano-
clay matrix when the polymer is added to clayey soil. Onium
ion structure is also depicted in Fig. 3, where A* represents
N, P, O, S, and X1, X», X3, X4 denote inert organic epoxide
radical. A thorough understanding of the interaction mech-
anisms between soil particles and nanomaterials will help
engineers choose the right material suitable for a soil type
and aid in using these materials in combination with other
techniques for better improvement in soil properties.

3 Soil Properties

Nowadays, land favorable for construction is minimal.
Hence, geotechnical engineers must modify soil characteris-
tics and make it suitable for construction. Researchers have
been trying to enhance soil properties by mixing external
agents such as nanoparticles in recent years. Nanomaterials
are preferred over conventional particles due to their petite
size, ease in the injection of nanoparticles into tiny spaces,
and remain active for a long time. Different characteristics of
soil-nano-mixture improved by the addition of nanoparticles
are discussed.

3.1 Plasticity Characteristics

Plasticity is a vital index property of fine-grained soils,
predominantly clayey soils. The consistency limit tests
by various researchers were done in accordance with BS
1377-2 [55], ASTM D4318-17el [56], and IS 2720-5
[57]. When montmorillonite nano-clay or nano-silica (nano-
Si0,) is added, the plasticity index (PI) of clayey soil
increases [21, 31]. The addition of various nanoparticles such

@ Springer

- I Untreated Kaolinite
B Treated Kaolinite

70 + Il Untreated Montmorillonite
B Treated Montmorillonite

60 [ ]Untreated UKM residual soil

Treated UKM residual soil

g 50 Mfamosing untreated
= Mfamosing treated
g A5 I Nru untreated

j e B Nru treated (1:300)
= B Nru treated (1:200)
§ 30 1 I Nru treated (1:150)

)

(18]

Ugwu et al. [11] Tah;

Fig.4 Variation in plastic limit of nano-soil mix

as nano-alumina (nano-Al;O3), nano-copper oxide (nano-
CuO), nano-magnesium oxide (MgO), nano-Z also known
as organosilane compound, polypropylene nanofiber, a varia-
tion in nano-alumina (y- Al,O3), nano-sol, carbon nanofibers
(CNFs), multiwall carbon nanotubes (MWCNTs), nano-fly
ash, nano-titanium di-oxide (nano-TiO;), nanoscale hydrated
lime (NHL), Nanoscale-Zero Valent Iron (NZVI), and nano-
zeolite [11, 31, 4042, 54, 58-60], due to their less surface
area when compared to silica nanoparticles or nano-clay have
shown a decrease in the PI of soil (Table 1).

3.2 Compaction Characteristics

Specific nanoparticles in soil tend to decrease Maximum Dry
Density (MDD) due to flocculation and agglomeration of
nanoparticles as a result of cation exchange capacity (Cation
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Table 2 Compaction Characteristics influenced by mixing of various nanoparticles

Nano-compound

Soil

Dosage

Observation(s)

References

Nano-silica (nano-SiO;)

TiO; nanoparticles

Nano-alumina
(nano-Al,O3) and
nano-copper (nano-Cu)

Multiwall carbon
nanotubes (MWCNTSs

Nanoscale Zero-valent Iron

(NZVI)

Clayey soil + Portland
cement + 80 nm and
15 nm nano-silica

Silty clay

Clayey soil having

different proportions of

bentonite such as 5%,
10%, and 20%

Clayey sand

Clay contaminated with
gas—oil

Nano-silica (0.2-1%);
Cement (4—8%)

0.52%

(0.15-0.7%) and
(0.05-0.3%)

0.075%

5%

A minor increase in OMC
and decrement in MDD
are observed. Moreover,
an increase in MDD is
more in soil matrix with
nano-silica of size 80 nm
than 15 nm

MDD increased by 2.94%
and OMC decreased by
52%

Soil having 20% bentonite
content showed an
increase of 0.1% in
OMC on treatment with
nano-alumina, whereas
nano-CuO had no effect
on OMC. Soil having
10% bentonite showed
an increase of 6% and
10% in MDD with the

addition of nano-alumina

and nano-CuO,
respectively. A higher
increase was observed
for soil mixed with
nano-CuO owing to the
less agglomeration of
nano-CuO in the mix
compared to alumina
nanoparticles

OMC decreased by 6%,
and MDD increased by
2%. An increase in dry
density is due to the
filling of voids with

nanoparticles resulting in

rearrangement and
cementation of soil
particles

MDD and OMC increased
with the addition of
NZVI due to the higher
specific gravity of NZVI

compared to soil and also
due to the transformation

of 50% gas oil. The
pozzolanic reaction
between the clay present
in the soil and NZVI
increased the OMC

Bahmani et al. [21]

Babu and Joseph [41]

Taha and Taha [42]

Alsharef et al. [59]

Nasehi et al. [60]

@ Springer
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Table 2 (continued)

Nano-compound Soil Dosage

Observation(s) References

Nanoscale hydrated lime
(NHL)

Clay contaminated with 5%
gas—oil

Nano-zeolite Clay 0.4-2%

Nano-silica (nano-SiO,) Clay 0.2-1%

Low plastic clay treated 0.1-1.5%

with 3% cement

Nano-silica (nano-SiO,) Low plasticity clay 1-5%

stabilized with 5% lime

Soft soils 0.5-2%

OMC increased and MDD
decreased with the
addition of NHL. The
drop in the density is
attributed to the
formation of calcium
silicate hydrate and
calcium aluminate
hydrate resulting in
flocculation and
agglomeration of clay
particles, which is
triggered by cation
exchange reaction

Nasehi et al. [60]

Hareesh and Vinoth
Kumar [96]

An increment in OMC in
the range of 13-33%,
whereas a decrement in
MDD in the range of
1-6% was observed

MDD decreased by 3%,
and OMC increased by
35% with increased
nano-silica content

Hareesh and Vinoth
Kumar [96]

Karimiazar et al.
[100]

OMC shows an increment
from 17 to 26%, and
Maximum Dry Unit
weight (MDU) shows a
decrement of about 17.1
to 16.4 KN/m?

OMC increased by 14%,
and MDD decreased by
8% for 3% of nano-silica
in soil

Alireza et al. [101]

Samala and
Mir [102]

An increment in OMC and
a decrement in MDD
with increased
nano-SiO; occurred due
to the cementation of soil
and nanoparticles

Exchange Capacity or CEC is the measure of how many
particles will remain on the surface of the soil) and low spe-
cific gravity of nanoparticles which is generally less than
soil. Due to the increase in the volume of soil particles, dry
density also increases as the voids occupied by nanoparti-
cles by replacing the air from voids and ultimately increase
the unit mass of soil, whereas Optimum Moisture Content
(OMC) decreases due to the ion exchange mechanism dur-
ing the chemical reaction. The compaction characteristics
were determined in accordance with BS 1377-2 [55], ASTM
D698-12 [61], and IS 2720-7 [53] by various researchers.
Various effects of nanoparticles in different soils are men-
tioned in Table 2. The effect of nanoparticles resulted in an
increment in OMC and a decrement in MDD for clayey soils

@ Springer

[27, 60, 62]. For clayey soils with cement content, the size
of nanoparticles also played a role in increasing MDD [21].

3.3 Permeability

A critical engineering property that controls the hydraulic sta-
bility of soil masses is the soil’s permeability. The hydraulic
conductivity was determined in various research works in
accordance with ASTM D5084-00el [63]. The introduc-
tion of nanoparticles in the soil can significantly modify
this parameter. The primary reason for the decrease in per-
meability on the addition of nanoparticles is the filling of
voids by nanoparticles. As nanoparticles occupy the voids,
voids remaining for seepage of water will be minimum and
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100

- Untreated Kaolinite

B Treated Kaolinite

[l Untreated Montmorillonite
B Treated Montmorillonite
[ Untreated UKM residual soil
Treated UKM residual soil
[ Mfamosing untreated
Mfamosing treated
I Nru untreated
- Nru treated (1:300)
[l Nru treated (1:200)

80

60

B Nru treated (1:150)

40

Plasticity Index (%)

20

Ugwuetal. [11] Taha [18]

F

g.5 Variation in Plasticity Index of nano-soil mix

ultimately decrease permeability. Furthermore, agglomera-
tion of particles that occurs after a certain period causes
an increase in water movement in soil due to the shear-
ing of nanoparticles by water flow, resulting in increased
seepage and hence the permeability. Many researchers con-
ducted several experiments to determine permeability in the
soil-nanoparticle mix, and their observations are listed in
Table 3.

Colloidal silica proved to be an excellent material in trans-
forming silica sand into a barrier material by considerably
reducing permeability [32]. Alsharef et al. [59] performed
experiments using nanocarbon on clayey sand. Both MWC-
NTs and CNFs were used and observed that the hydraulic
conductivity seemed to fall in both cases. When the concen-
tration of fly ash increases in clayey soil (CI), the coefficient
of permeability shows a decrement. For about 1% nano-
calcium silicate (NCS) dosage, hydraulic conductivity is the
least, about 4.8 x 10~8 m/s, as shown in Fig. 7. A suitable
liner can have the least hydraulic conductivity, and NCS and
fly ash behave as one such material due to their very high
specific surface area [64].

For soils containing varying contents of bentonite, the
effect of nano-alumina (nano-Al,03), nano-clay, and nano-
copper oxide (nano-CuO) had almost no effect on perme-
ability [27, 42]. However, more than a 30% reduction in
permeability in clayey soils is achieved by adding nanopar-
ticles [33, 65].

3.4 Consolidation Properties

Consolidation parameters explain the consolidation phe-
nomenon characterizing fine-grained soil subjected to a
change in effective stress. The consolidation properties were
determined in accordance with ASTM D2435/ D2435M-
11 [66] and IS 2720-15 [67] by various researchers. In

general, nanoparticles such as nano-clay, nano-fly ash, TiO»-
nanoparticles, nano-magnesium oxide (nano-MgO), and
nano-copper oxide (nano-Cu) reduced the settlement of soft
soils. Less water is expelled from the soil during long-term
static loading due to the occupancy of nanomaterials in voids.
Nanomaterials in the voids cause strenuous water movement,
resulting in minor volume change. In addition, water present
in the pore spaces will participate in the ion exchange phe-
nomenon. Table 4 highlights the change in consolidation
parameters for different soils treated with various nanomate-
rials.

Collapse potential decreases with a rise in density, mois-
ture content, and vertical stress decrements. In the case of
soft soils, the reduction settlement is achieved in the range
of 53-67% with the addition of nano-clay, nano-fly ash,
nano-magnesium oxide (nano-MgO), and nano-copper oxide
(nano-CuO) [40, 41, 44].

3.5 Strength Characteristics

The shear strength of soil can be regarded as its intrinsic
capacity to resist failure when forces act on the soil mass
and determine the stability of many engineering structures.
The addition of organosilane compound in silty soil has
shown significant betterment in California Bearing Ratio
(CBR) due to the formation of siloxane bond (Si—O-Si),
which possesses high bond energy and does not disinte-
grate at temperatures as high as 2000 °C. The siloxane
bond shows high resistance to weathering, chemically stabil-
ity, and water resistance, resulting in soil densification and
increased soil bearing strength. Nano-clay, also known as
layered silicate, enhances the thermal, mechanical, and bar-
rier properties by mixing polymers. Nano-clay is classified
into several groups, such as montmorillonite, kaolinite, ben-
tonite, halloysite, and hectorite, depending on nanomaterials’
morphology and chemical composition. The addition of the
improved and modified nano-clay in the asphalt layer in pave-
ment increases toughness [17]. The blending of nano-clay
caused a rise in strength compared to conventional materi-
als, in which the stiffening effect can explain the formation of
bonds with the binders. With the addition of 4% Nano-clay
A and Nano-clay B, the toughness increment was more than
the 2% dosage of both materials. The strength characteris-
tics were determined in accordance with ASTM standards
[68-71], BS: 1377-7 [72], IS: 2720-10 [73], and JTG 3430
[74].

In soft soil or peat combination, 1% nano-cement and 1%
nano-clay showed maximum shear strength compared to 2%
nano-cement and 2% nano-clay [75]. An optimum amount
of nano-clay for soil contaminated with 12% kerosene was
found to be 2%, while the non-contaminated soil treated with
1% resulted in significant strength attainment [76]. Kaolin-
ite clay blended with 5% nano-silica (nano-SiO;) showed an
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Table 3 Permeability influenced by mixing of various nanoparticles

Nano-compound

Soil

Dosage

Observation(s)

References

Nano-alumina
(nano-Al,O3)

Nano-copper oxide
(nano-CuO)

Colloidal silica

Nano-alumina
(nano-Al,O3)

Nano-copper oxide
(nano-CuO)

Nano-clay

Nano-alumina
(nano-Al,O3)

Iron nanoparticles

Four different types of soil
have different %
bentonite

Four different types of soil
have different %
bentonite

Silica sand

Clay

Clay

Soil with a low bentonite
content (5-10%)

Soil with a low bentonite
content (5-10%)

Residual clayey

S$1-0%, S2-5%, S3-10%,
S4-20%

S1-0%, S2-5%, S3-10%,
S4-20%

4.9-27.7%

2%

2%

0.05-0.5%

0.05%-0.3%

0.1-1%

Sy and S; did not show any
variation in permeability,
but a decrement in
permeability in S3 and S4
was observed. Therefore,
soil having low bentonite
can be used for the
treatment of cracks

Sy and S; did not show any
variation in permeability,
but a decrement in

permeability in S3 and Sy is

observed. Therefore, soil
having low bentonite can

be used for the treatment of

cracks

If more than 7.4% silica is
added, soil permeability is

observed to be less than 1 x
10~7 cm/s. Further increase

in colloidal particles
resulted in an exponential
decrease in permeability,

thus making it suitable as a

barrier material

y-Al, O3 reduced
permeability by 45%

2% nano-copper oxide
resulted in a decrease in
permeability by 30%. The
reduction in hydraulic
conductivity is due to the
clogging of nanoparticles
in the void of clayey soils

Permeability value did not
change; however, cracks
were reduced in the soil

Permeability value did not
change; however, cracks
were reduced in the soil

For 0.1-0.4%, slight or no
variation is observed in
permeability due to the
blocking phenomenon. At
0.7% and 1%, hydraulic
conductivity reduced from
15x 1075 t0 7.4 x 107°
m/s and 6.1 x 107° t0 2.5
x 1077 m/s, respectively,

due to the ripening process

Majeed and Taha
[27]

Majeed and Taha
[27]

Persoff et al. [32]

Ng and Coo [33]

Ng and Coo [33]

Taha and Taha
[42]

Taha and Taha
[42]

Reginatto et al.
[65]
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increment in unconfined strength ratio as large as 1.43 [77].
NCS (0.04%) in combination with (6%) lime and fly ash
in the ratio 1:1 has also resulted in significant improvement
in UCS due to the formation of C—-S—H gel [78]. Changes
in various strength properties with the addition of nanopar-
ticles in different soils at different conditions are listed in
Table 5. The effect of nanoparticles on Unconfined Com-
pressive Strength (UCS) of soil at 28 days curing time is
presented in Fig. 8.

4 Role of Nanomaterials
in Geoenvironmental Engineering

Industrialization at a fast pace results in the disposal of chem-
icals and various by-products into the environment. Various

factors which determine the type of technology for remedi-
ation depend on soil characteristics, nature and distribution
of contaminants, and the toxicity of contaminants, to name a
few. Combined expertise from geotechnical and environmen-
tal engineering is required to overcome these problems. Thus,
in the 1990s, the field of geoenvironmental engineering (or
environmental geotechnology) emerged. Technologies such
as electrokinetic remediation have been applied for heavy
metal decontamination of soils. However, issues such as
excessive heat generation while treatment and the presence
of metal conduit below the treatment area (for supplying
drinking water, natural gas, or sewage movement), corro-
sion of pipes will be initiated, and hence, researchers have
resorted to other sustainable methods [79]. The environmen-
tal application of nanomaterials can be categorized under
three sections: green chemistry or prevention of pollution,
treatment of commodities contaminated with hazardous sub-
stances, and sensors for environmental agents [80].

Two different types of treatment that apply to conven-
tional remediation technologies also apply to remediation
by nanotechnologies: adsorptive or reactive and in situ or
ex situ. Adsorptive remediation technologies are primarily
used for metallic contaminants by sequestration. In contrast,
reactive technologies affect the degradation of contaminants
which are usually harmless. A study was conducted [80] to
use nanotechnologies in environmental cleanup. Nanoscale-
Zero Valent Iron (NZVI) proved to be the most effective
in groundwater decontamination due to its low mobility
and high reactivity (high specific surface area) compared to
other materials under similar conditions. Various methods
involved in environmental cleanup are shown in Fig. 9a. In
the figure, the reaction will only occur when contaminants
contact iron particles or are dissolved in groundwater. In
Fig. 9b, nanoparticles in the porous medium have low mobil-
ity, whereas, in Fig. 9c, nanoparticles with more mobility are
injected for decontamination of nano-aqueous phase liquid
(DNAPL). The addition of nanoparticles to contaminated soil
medium also triggered a reaction between nanoparticles and
the microorganisms present resulting either in alteration or
deterioration.

Red and black cotton soil treated with NCS to retain heavy
metals such as Cd?*, Ni%*, and Pb%* was studied by [81] to
understand their leaching behavior. NCS-treated soil showed
satisfactory retention levels over a long duration, thereby
proving the capability of NCS in encapsulating metal ions in
its matrix. Soil collected from different municipal dumpsites
was highly spiked with Cd>* to a concentration of 3,000 mg/1.
Sequential extraction in five stages was conducted in these
Cd?* to understand the type of sorption. It was observed that
NCS-treated soil showed sorption of about 90%, and leach-
ing was found to be less than 1 cm/year [82].

Soil amended with NCS showed exceptional retention of
Ni?* and was observed that the leaching rate reduced to
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Table 4 Consolidation properties influenced by mixing of various nanoparticles

Nano-compound Soil Dosage Observation(s) References
Nano-magnesium Oxide Soft clay 0.3%-MgO, 0.75%-Al,03 Reductions in settlement by Priyadharshini and
(nano-MgO), Nano-alumina about 57% and 54% are Arumairaj [40]

(nano-Al,O3) observed. On the other hand,
load-carrying capacity
increased by 61.7% and
55.32%

Nano-clay Soft clay 1% Reduction in the settlement is Priyadharshini and
by 53% and load-carrying Arumairaj [40]
capacity increased by
45.33%

Nano-fly ash, nano-titanium Soft 1%-nano-fly ash, 0.5%- TiO,  With the addition of TiO» and Babu and Joseph
di-oxide (TiO, nano-fly ash, consolidation [41]
nanoparticles) settlement was reduced by

60% and 67%, respectively

Iron oxide nanoparticles Allophane clays The coefficient of Zhang et al. [44]
consolidation decreases from
0.1 to 1073 cm? /s by four
orders of magnitude as the
soil is compressed to 20 MPa

Nano-bentonite Clay 0.5%-2% There is no considerable Cheng et al. [103]

change in consolidation
characteristics, but water
drainage occurs at a speedy
rate. Therefore, 0.5% is the
optimum amount for
maximum compression. The
coefficient of consolidation
shows an increment due to
the internal cementation of
soil particles with the
addition of nano-bentonite

0.225 cm/year from 1.14 cm/year [83]. Two semiarid soils
were spiked with four heavy metals (As, Cr, Hg, and Pb)
and further treated with NCS with 0.5-1.5% concentrations.
Extensive desorption was carried out, and it was found that
for all mixtures, the removal efficiency was 70%, and about
1 M EDTA (ethylene diamine tetraacetic acid) gives maxi-
mum removal efficiency [84].

Various risks and regulations of using engineered nanopar-
ticles in the presence of environmental microorganisms have
been discussed in detail by various researchers. For example,
it has been observed that the effect of silver nanoparticles
(nano-Ag) on E. Coli has been destructive [12, 85, 86].
Table 6 discusses the effect of various engineered nanoparti-
cles on microorganisms in the soil. Nanoparticles synthesized
from natural species by single pot green chemistry method
can be effectively used in geoenvironmental engineering like
bioremediation of aquaphobic contaminants in polluted soil
medium [43].

Nanomaterials are ideal adsorbents for hexavalent
chromium Crf" due to their appropriate particle size, exces-
sive surface area, accessible pores, and high stability. The

@ Springer

adsorption of hexavalent chromium from industrial efflu-
ents is concluded as the best method for chromium removal
in comparison with techniques such as chemical reduc-
tion to Cr3* and solvent extraction, among many others.
Nanoscale-Zero Valent Iron (NZVI) is used for geoenvi-
ronmental remediation of Cr®*, using which a heavy metal
removal efficiency of about 84.4% can be achieved. When
NZVlis used in combination with carboxy-methyl cellulose
(CMC), an efficiency of about 100% can be achieved in soil
containing 10 mg of Cr* [13].

A wealth of literature on environmental remediation high-
lighted that this technology mainly depends upon adsorption,
absorption, chemical reactions, photocatalysis, and filtra-
tion for decontamination of different mediums such as soil,
water, and air using either inorganic, carbonaceous, or poly-
meric nanomaterials [87]. For example, titanium, iron, and
binary mixed oxide nanoparticles have been used extensively
for water decontamination for organic contaminants such as
methylene blue dye, heavy metals, and chlorinated organic
solvents [45, 46, 49]. In addition, heavy metals like cadmium
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Table 5 Strength Characteristics influenced by mixing of various nanoparticles

Nano-compound

Soil

Dosage

Observation(s)

Nano-Z (organosilane
compound)

Nano-clay

Nano-silica (nano-SiO;)

Nano-clay

Brown silty sand, red
laterite soil

Soil having 96% clay and
4% cement

clay

Rasht clay

MH and ML

Clayey soil

Nano-Z: water mix ratios of

1/500, 1/300, 1/200, 1/150
by volume

2%

0.5%, 0.7% and 1%

1.5%

0.5-2%

4.5%

When nano-Z: water mix
proportion is 1/500 in
brown silty sand, CBR
improved by 87%. For
1/300, 1/200, 1/150,
CBR value improved in
red laterite soil by
99.6%, 115%, and
125%, respectively.
This improvement is
due to the formation of
a stable and robust
siloxane bond (similar
to a primary valance
bond), due to which
permeability reduces
and bearing strength
also increases (Fig. 7)

UCS value increased
twice as compared to
soil having no
nano-clay

UCS increased by a
factor of about 1.30,
1.56, and 1.50. Due to
the absorption of water
by the nano-soil matrix,
the soil becomes less
compressible. As a
reduction in strength is
observed from 0.7 to
1%, 0.7% nano-silica is
considered the optimum
content

The optimum nano-clay
to increase the shear
strength is 1.5%. CBR
of soil increased from 5
to 20 kg/cm?

An increment in shear
stress is observed, and
the optimum amount of
nano-clay is found to be
1.5%

The optimum amount
during the freezing
cycle is 4.5%, and when
nano-clay was added,
decrement in soil
strength was observed
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References
Ugwuetal. [11]
Taha [18]
Changizi and Haddad
[20]

Mohammadi and
Niazian [22]

Bahari et al. [23]

Zahedi et al. [24]
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Table 5 (continued)

Nano-compound

Soil

Dosage

Observation(s)

References

Nano-silica (nano-SiO;)

Nano-clay

Nano-copper oxide
(nano-CuO)

Nanoalumina
(nano-Al,03)

Nano-clay

Nano-alumina
(nano-Al,O3)

Nano-magnesium oxide
(nano-MgO)

Nano-fly ash and TiO;
nanoparticles

Collapsible soil

Collapsible soil

Collapsible soil

collapsible soil

Sandy soil treated with
laponite (synthetic
nano-clay)

Laponite in silty sand

Soft clayey soil

Soft clay

Soft clay

Silty clay

0.1-0.6%

0.1-0.6%

0.1-0.6%

0.1-0.6%

1%

2-3.5%

1%

0.75%

0.3%

1%- nano-fly ash and 0.5%-
TiO;

An optimum amount of
nano-silica at which
reduction in collapse
potential occurs is
0.4%. However, as the
content of nano-silica
increases, a 0.6%
increase in collapse
potential is observed

An optimum amount of
nano-clay at which
reduction in collapse

potential occurs at 0.4%

When the concentration
of nano-CuO increased
from 0.4 to 0.6%, an
increment in collapse
potential was seen

When the concentration
of nano- Al,O3
increased from 0.4% to
0.6%, an increment in
collapse potential was
seen

Compared to untreated
sand, the number of
cycles for liquefaction
increases due to the
formation of gel inside
the void due to
hydration of laponite
which increases cyclic
resistance

A triaxial test conducted
in silty sand showed
that both liquefaction
resistance and cyclic
stress ratio improved
with increased laponite
content

The strength of soil
increased by 48% and
bearing capacity

showed an increment of

about 61.7%

The strength of soil
increased by 43%, and
bearing capacity

showed an increment of

about 55.32%

The strength of soil
increased by 41%, and
bearing capacity

showed an increment of

about 45.33%

The shear strength of soil
increases up to two
times its initial value

Iranpour and Haddad
[34]

Iranpour and Haddad
[34]

Iranpour and Haddad

[34]

Iranpour and Haddad
[34]

Ochoa-Comejo et al.
(38]

Huang et al. [39]

Priyadharshini and
Arumairaj [40]

Priyadharshini and
Arumairaj [40]

Priyadharshini and
Arumairaj [40]

Babu and Joseph [41]
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Table 5 (continued)

Nano-compound Soil Dosage Observation(s) References
Polypropylene Clay 6% and 10% Improvement in Azzam [54]
homopolymer compressive strength of

Nanoscale hydrated lime
(NHL) and
Nanoscale-Zero Valent
Iron (NZVI)

Nano-zeolite

Nano-silica (nano-SiO;)

Gas-contaminated clayey 5%

soil
Silty soil 2%
Clay 1%
Soft soil 0.25-20%

Lime stabilized low
plasticity soil

0-5% and 0-7% (lime
content)

Soft soil (S1, S2) 0.5-2%

about 50% and 75%
was observed. In
addition, increments in
tensile as well as shear
strength were observed

An increment in shear
strength, as well as
compressive strength,
was observed. The
increase was more
when NHL when
compared to NZVI. An
increase in cohesion
and angle of internal
friction can be
attributed to colloidal
reactions (cation
exchange, flocculation,
and agglomeration) and
cementing reactions
(pozzolanic reaction)
among additives and
soil

Improvement in UCS was
about 287%

Improvement in UCS was
about 200%

Up to 5% nanomaterial,
there was an increment
in UCS, and a drop was
observed afterward.
The maximum gain in
strength was at 28 days
of curing. The strength
of the soil mixture at
28 days is shown in
Fig. 8

Maximum improvement
in CBR value is
observed at 3%
nano-silica and 5% lime
content. The increase in
strength is about 300%

For S1, UCS showed an
increment of about 4.5
and 5.5 times as
compared to untreated
soil at 7 and 14 days,
respectively. Similarly,
for S», UCS showed an
increment of about 2.5
and 3.5 times at 7 and
14 days at optimum
content of 1.5% (Fig. 8)

Nasehi et al. [60]

Hareesh and Vinoth
Kumar [96]

Hareesh and Vinoth
Kumar [96]

Thomas and
Rangaswamy [97]

Alireza et al.[101]

Samala and Mir [102]
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Table 5 (continued)

Nano-compound Soil

Dosage

Observation(s)

References

Colloidal silica Loose sand

Soil susceptible to
liquefaction

Natural silty sand

Nano-silica (nano-SiO,) Sand

Clay—cement matrix
having low plasticity

Clay treated with
Polypropylene Fiber
(PPF)

Nano-clay Expansive clay

5-20%

0-20%

10.8% and 14.5%

4%

1.5-3%

Nano-silica (1-7%), PPF

(0.1-1.3%)

0.6%

An increment in UCS is
seen from 32 to
222 kPa. 5% of
colloidal silica removes
the risk of liquefaction
during the earthquake,
and the use of 10% of
colloidal silica within
limited strain rates
provides stabilization.
(Fig. 8)

Even small amounts of
colloidal silica for
untreated sand
significantly improved
cyclic strength. In loose
sand, movement of
particles and
re-orientation in silica
sand reduces with
colloidal silica

Cyclic strength shows an
increment

Very little strain is
developed, and
resistance to cyclic load
is also improved

UCS increased up to
1.5% of nano-silica,
and after that, it showed
decrement. When 1.5%
of nano-silica is added
to soil, compressive
strength at 28 days is
about 1.38 times that of
soil without silica
nanoparticles.
Therefore, 1.5%
nano-silica is also used
to improve the bearing
capacity of
cement-treated clayey
soil

An increment of PPF
along with nano-silica
increased UCS, and
maximum improvement
was observed for 0.7%
PPF and 7%
nano-silica,

A mechanism such as
controlled
crystallization and
pozzolanic reaction
increased UCS by 1.5%

Gallagher and
Mitchell [104]

Diaz-Rodriguez and
Antonio-Izarraras
[105]

Diaz-Rodriguez et al.
[106]

Kodaka et al. [107]

Ghasabkolaei et al.
[108]

Tomar et al. [109]

Sharo and Alawneh
[110]
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Table 5 (continued)

Nano-compound Soil Dosage

Observation(s) References

Lime soil (LS) 2-8%

Nano- titanium di-oxide 0-2%

(nano-TiOy)

Clayey sand treated with
cement

UCS showed an
increment of about 51%
at 8% of nano-clay
content owing to the
formation of hydrated
calcium aluminate
C-A-H and hydrated
calcium silicate C-S—-H

UCS showed an
increment in the range
of 10-20%, when
nano-TiO; and
Kaolinite content was
increased by 0-2%

Jiang et al. [111]

Babaei et al. [112]

[ Thomas and Rangaswamy [97]
Thomas and Rangaswamy [97]
Il Samala and Mir [102]
Il Samala and Mir [102]
[l Samala and Mir [102]
B Samala and Mir [102]
[ Gallagher and Mitchell [104]
Gallagher and Mitchell [104]

:l Untreated

350
Treated

)
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(=]
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100

Unconfined Compressive Strength (kPa)

W
(=]
1

Soil 1 Soil 2

Fig.8 Effect of nanoparticles on Unconfined Compressive Strength
(UCS) of soil at 28 days curing time

(Cd), nickel (Ni), and lead (Pb) can be efficiently immo-
bilized by an environmentally compatible method called
Enzyme-Induced Calcite Precipitation (EICP) in soils [88,
89]. A few of the metallic nanoparticles for environmen-
tal decontamination by several researchers are discussed in
Table 7.

5 Cost-Effectiveness

As we are developing in science and technology, sustain-
able development emerges as one of the crucial aspects
in this field. In the twenty-first century, to improve soil,
many unorthodox materials were generally introduced to
replace conventional stabilization materials like cement and
lime. Some unconventional materials used were micro-
bially induced calcite precipitation (MICP), nanomaterials,

environmental fibers, and recycled tires. MICP and nanoma-
terials significantly affect permeability, mitigate liquefaction,
improve strength, and even aid in environmental cleanup.
Colloidal silica, bentonite, and laponite show a practical
effect on mitigating the liquefaction of sandy foundations.
Carbon nanotubes show a satisfactory result in improving
Unconfined Compressive Strength (UCS). Recycled tires and
environmental fibers are widely used for reinforcing the soil.

The cost comparison of these few unconventional mate-
rials in contrast with conventional materials is mentioned
below [90]. These conventional materials include:

e The price per bag of cement added 5% by weight of soil
mass varies in the range of 3.28 $-3.93 $. For unit m?, it
costs about 9 $.

e The cost for grouts such as acrylate grout and epoxy grout
for unit m> treatment lies at approximately 298 $ and 459
$, respectively.

e Sodium silicate is another type of conventional material
that, for 1 m3 treatment, requires about 165 $.

Few unconventional materials include:

e Colloidal silica should be added at about 5% by solution
weight and colloidal silica concentration at about 30%. Its
price per kg is about 1 $, and treatment per m> costs about
57 $.

e Bentonite added about 5% by weight of the solution. For
montmorillonite content beyond 95%, its price per kg is
about 4 $, and unit m? treatment amounts to 8 $.

e Short glass fiber, whose content to be added to the soil is
about 2% by weight of soil, charges about 0.5 $ per kg,
and treatment per m> charges about 16 $.

e Laponite RD is to be added 3% by weight of the solution,
and its unit price is approximately 22 $. Therefore, for unit
m?3 treatment, it amounts to about 277 $.
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Permeable barrier

GWT

Treated groundwater

Injection well

Contaminated groundwater

_

Reactive treatment zone =

GWT

=— Clean groundwater

Injection well

Contaminated groundwater

GWT

Fig.9 Three different ways of application of iron particles for ground-
water contamination, a traditional method (permeable reactive barrier)
consisting of millimeter-sized granular particles of Fe; b zone highly

6 Field Applications

Only limited studies about field-scale testing of soil, espe-
cially sandy soils stabilized by nanoparticles, have been
conducted. The main reason behind the limited testing is
the unavailability of skilled workers and the inefficiency of
various mixing procedures in cohesive soil. Few researchers
[14, 35, 91, 92] have performed field tests in sand treated
with colloidal silica and nano-silica. To imitate the field test-
ing conditions, some small-scale testing like centrifuge tests
using colloidal silica has been performed by researchers [14,
36, 78] by adjusting the ionic strength or pH, which controlled
the gel time of colloidal silica and made these experiments
possible. The colloidal silica is stabilized against gelation
(formation of gel with polymer). Hence, the gel formation
will require modification of the salt concentration and pH.
The colloidal silica was first introduced in the field by [93].
Applying pressure grouting to apply silica particles with high

@ Springer

C

reactive used for treatment made by consecutive injection of nano-
Fe particles forming zones that are overlapping of molecules that are
attached to molecules of local aquifer material; ¢ decontamination of
liquid in nano-aqueous phase by injection of mobile nanoparticles

viscosity in sand deposits makes it quite challenging to apply
in the field [14]. The viscosity of colloidal silica can be out-
stretched in the same range as that of water by just changing
the pH or the ionic content, thereby increasing its applica-
bility to any desired location by pressure grouting. As the
voids between the sand particles are occupied by colloidal
silica, the bond between the sand particles increases sig-
nificantly, decreasing the permeability. Therefore, colloidal
silica is often used by many researchers in field sands as a
potential stabilizer due to effective control of the viscosity
of colloidal silica. The property of low permeability sand
achieved by colloidal silica has been used to prevent water
seepage through retaining walls, underground structures, and
foundations of dams. This idea of restricting water seepage
through a porous medium was first used in industries dealing
with petroleum works [15, 94].

One of the most critical applications in the field includes
reducing the liquefaction potential by passive remediation at
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the site [37] due to its little control over viscosity. Figure 10
depicts the passive site stabilization method by [14]. In this
field, the top 2-m-thick layer of sand was treated using col-
loidal silica within a 10-m-thick layer of liquefiable sand.
Eight injection wells were installed in a perimeter of a 9 m
diameter test area, and slow injection of about 8% by weight
of colloidal silica in the top 2 m was initiated. Central extrac-
tion well was used to maintain the flow of colloidal silica
toward the center when grouting. After initiation of liquefac-
tion by blasting, about 0.3 m settlement occurs in the treated
area and about 0.5 m in the nearby untreated area.

In a sanitary landfill, to prevent contamination of ground-
water or to prevent movement of water from the polluted zone
to the unpolluted zone and to prevent the contamination of the
unaffected area of soil beneath the landfill, sand infused with
colloidal silica can be used as impermeable cover and bottom
liner medium [14]. However, heavy metals like Cd>*, Ni**,
and Pb?*, when disposed of in the soil near an industrial area,
leach into groundwater through various means (biotic and
abiotic), thus proving fatal. Therefore, the sequential Extrac-
tion Process was used by [95] to find heavy metal binding
in soil treated with NCS. Five steps of Sequential Extraction
were adopted in four different soils collected from differ-
ent localities of Bangalore. NCS used was in the range of
0.5%—-2% by dry weight of soil. It was observed that there
was a gradual increase in the binding ability of soil treated
with NCS compared to untreated soil.

7 Conclusions

An overview of the application of nanomaterials for different
soil types, the mixing methodologies adopted for attaining
uniform mixing of nanomaterials, and the interaction mech-
anism governing the resultant improvement in various soil
properties are elaborately discussed in this paper. Blending
soil with nanoparticles significantly enhances soil property
due to its high specific surface area and charges. Out-turn
from various field and laboratory-based experiments show
inconsistency, but in general, it has been observed that only
a tiny fraction of nanoparticles, due to their high reactiv-
ity, show considerable improvement in soil properties. Some
noteworthy simplified conclusions which are identified from
this review paper are as follows:

e Nanomaterials are materials with sizes less than 100 nm
and are extensively used in geotechnical and geoenvi-
ronmental engineering due to their high surface-area-to-
volume ratio, which often results in higher reactivity.

e Using colloidal nanoparticles instead of nanopowders is
recommended to achieve a uniform blending of nano-soil
mix in the field. The interaction of a polymer with layered
clay results in the formation of three types of composites,

Table 6 Nanoparticles action on some microorganisms present in the
soil

Nanoparticles ~ Microorganism  Out-Turn on References
strain Microorganism
present in soil
medium
Silver E. coli or About 33-45%  Beddow
nanoparti- Escherichia of E. coli et al. [85]
cles coli cells
(nano-Ag) destroyed
Wet graphene  Enterococcus Formation of Tegou et al.
oxide or faecalis reactive [86]
reduced oxygen
graphene species
o?ude . E. coli or Hinder the
dispersion Escherichia growth
coli
Silver Fungus and Noxious Rajkishore
nanoparti- bacterial etal. [113]
cles strain
(nano-Ag)
biogenesis
by fungi
Nano-copper Strains
(nano-Cu) promote the
growth of
plants

Table 7 Metallic nanoparticles application in environmental decontam-
ination

Nanomaterials Use References

Iron nanoparticles Water contaminated Hooshyar et al.
with heavy metals [45]
and chlorinated

organic solvents

Binary mixed oxide = Water contaminated Rasalingam et al.

with methylene blue [46]

dye
NZVI Water decontaminants  Ge et al. [47]
Silver nanoparticles ~ Water disinfectants Chou et al. [48]
(nano-Ag)

Nano-titanium Water decontaminants
di-oxide
(nano-TiOy)

Titanate nanotubes

Cho et al. [49]

Soil contaminated Chen et al. [114]

with gaseous nitric

oxide
y-Fe, 04 and Nano-adsorbents for Luetal. [115]
a-Fe, 03 removal of heavy

metal

Treatment of
halogenated organic
compounds

Zinc nanoparticles Luetal. [115]

(nZVZ)
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namely exfoliated nanocomposites, interphase nanocom-
posites, and phase-separated microcomposites resulting in
enhanced geotechnical properties.

e Jon exchange and organic onium are the two processes
responsible for the chemical reaction behind the formation
of nano-clay matrix when a polymer is added to clayey
soil. The bonding in a soil-nano-matrix with viscous gel
is stronger than the bonding of clay particles with adsorbed
water in untreated soil.

e The soil structure gets altered at the atomic or molecular
scale by nanoparticles due to their large specific surface
area, which results in the enhancement of soil properties.

e Colloidal silica has been extensively used for cohesionless
soils and soils susceptible to liquefaction, whereas nano-
copper (nano-Cu), nano-alumina (nano-Al,O3), nano-
clay, nano-silica (nano-SiO;) have been used for cohesion-
less and cohesive soils with varying degrees of success.

e The reactivity of nanoparticles is heavily dependent on
the mineralogical composition and structural arrangement
in soils. For example, the plasticity characteristics of
Kaolinite were reduced with nano-sol and increased with
nano-silica (nano-Si0Oj).

e For organic soils, the plasticity characteristics are reduced
with nano-copper oxide (nano-CuQO), nano-magnesium
oxide (nano-MgO), and nano-clay. The plasticity of silty
soils was reduced with nano-clay, whereas it increased
with an organosilane. Furthermore, the compaction char-
acteristics of clayey soils treated with nano-silica showed
an increment in OMC and a decrement in MDD.

e The permeability of clayey soils decreased with nano-
alumina (nano-Al,O3) and at higher concentrations of iron
nanoparticles. Therefore, considerable strength improve-
ment in clayey soils can be achieved by blending
polypropylene homopolymer with nano-clay.

e The settlement behavior of soft soil can be con-
trolled with nano-copper oxide (nano-CuQO), nano-clay,
nano-magnesium oxide (nano-MgQ), nano-titanium oxide
(TiO; nanoparticles), and nano-fly ash.

e Significant improvement in UCS was observed in cohe-
sive soils using nano-silica, nano-clay, and nano-alumina,
whereas colloidal silica, nano-zeolite, and organosilane
were more effective on cohesionless for strength improve-
ment. The collapse potential of soils can be effectively
reduced using nano-silica and nano-clay.

e Nanoscale-Zero Valent Iron (NZVI) and Nanoscale
Hydrated Lime (NHL) in gas oil-contaminated clayey soils
resulted in modification of engineering properties and a
50% reduction in gas oil content from the soil.

e In the case of sandy soils and silty sands, the liquefac-
tion resistance and cyclic stress ratios were improved
using colloidal silica, nano-silica, and synthetic nano-clay
(laponite). Colloidal silica (as a non-disruptive treatment)

has been widely used in sandy soils to minimize the lig-
uefaction potential and is also used as a barrier material in
sanitary landfills.

e Nanoparticles such as NZI, nano-TiO;, binary mixed
oxide, and iron can be used as water decontaminants,
whereas silver nanoparticles and wet graphene oxide cause
the destruction of Escherichia coli in the soil medium.

Though nanotechnology has been used in soil stabilization
and soil remediation, there are inherent issues when applying
this technology to cohesive soils in general and expan-
sive soils in particular. Life cycle assessment followed by
carbon footprint calculations is to be checked before apply-
ing this technique for targeted application. Also, the other
areas that require attention are nanomaterials’ effect on the
microbial community and other living beings and their long-
term stability. The challenge involved in the management
and regeneration of the nanomaterials must be considered
for future studies. Research is imperative to examine the
effectiveness of nanomaterials in combination with other
remediation techniques. The fate of nanomaterials in a con-
taminated environment followed by the degradation process
and the recyclability of these materials are yet to be explored
extensively. Before recommending a nano-compound to field
applications, it is preferred to have the early involvement of
practicing engineers as it assumes importance to identify tar-
geted geotechnical/geoenvironmental applications.
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