
Multi-Scale Analysis of Geotechnical
and Physicochemical Changes in
Loess Caused by Nano-SiO2 Pile
Migration
Ran Kong*, Lei Gao, Wenqing Zhao and Bo Zhao

Department of Geology and Jewelry, Lanzhou Resourses and Environment Voc-Tech College, Lanzhou, China

Understanding property changes in soil improvement using a new technique is critical for
enhancing engineering activity. However, little is known about nano-SiO2 pile-induced
changes in soil properties due to its excellent properties as an alternative new additive
material. This study aims to examine the changes in properties of loess stabilized with
nano-SiO2 pile after curing for 28 days. Using samples taken from four desired radii (i.e., 5,
10 15, and 20 cm), we tested their mineralogical, structural, physicochemical, and index
properties and analyzed the relationship of these properties to strengthen the link between
microscopic characteristics and macroscopic behaviors. We then discussed the
mechanism of the changes in the treated loess properties. The test results show that
nano-SiO2 pile induced a physical structure modification in the treated loess and,
consequently, an isotropic process with coarser particles due to crystallinity. This
resulted in a solidification process in loess with nano-SiO2 pile, causing a decrease in
water content and void ratio as well as an increase in natural density, thereby improving its
mechanical strength. Meanwhile, the specific surface area (SSA)and cation exchange
capacity (CEC) of treated loess were smaller than those of original loess, and there were
slight changes in chemical properties. The disintegration rate of treated loess decrease
compared with the original loess. The interactional relationship of the microscopic and
macroscopic observation was facilitated to better understand the mechanism of changes
in nano-SiO2 pile-treated loess properties. This finding reveals that nano-SiO2 pile has the
potential as an alternative stabilized technique in loess improvement due to its obvious
performance improvement and slight chemical changes.
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INTRODUCTION

A large number of highways and railways have been constructed in China’s loess area. Meanwhile,
urbanization promotes the significant scale of land creation projects by cutting hilltops and then
filling valleys (Zhang and Wang, 2018). However, loess also easily collapses and experiences
subsidence through wetting and loading. Hence, it is important to improve its performance in
engineering projects (Zhang et al., 2018a; Kong et al., 2018).

Considerable research has explored ways to improve loess performance using various stabilizing
treatment techniques, but much of this effort has focused on changes in the properties of the treated
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loess by mixing different chemical additives (Zia and Fox, 2000;
Tchakalova and Todorov, 2008; Sariosseiri and Muhunthan,
2009; Arrua et al., 2010; Metelková et al., 2012; Zhang et al.,
2017; Zhang et al., 2018a; Haeri et al., 2019). Generally, these
chemical additives, such as lime, fly ash, and cement, are added
into the loess in order to modify its physical, chemical, structural,
and mineral properties, thereby improving its geotechnical
performance. Efforts have also sought to use alternative new
materials, such as nano-SiO2, to replace the generally used
chemical additives in loess performance improvement (Ren
and Hu, 2014; Kong et al., 2018; Tabarsa et al., 2018). Such
research demonstrated that the nano-SiO2 particle has potential
as a cost-effective and eco-friendly stabilized agent for loess
improvement. In addition, a few studies have examined the
pile treatment technique for loess improvement (Dolgikh,
1966; Tystovich et al., 1971; Pei et al., 2015). The still widely
used agents of stabilized piles are chemical additives, such as lime
and fly ash (Tystovich et al., 1971; Pei et al., 2015). In developed
sites, pile treatment techniques are more practical than mixing
treatment methods (Pei et al., 2015). Hence, using a stabilization
treatment technique that can be easily applied in various contexts
is important for soil improvement. Another area of research
interest is seeking alternative new materials to replace the
traditional chemical additives for eco-friendly and cost-
effective purposes.

Pile treatment techniques have been used to improve the slope,
Earth embankment, and clay soils (Rogers and Glendinning, 1997;
Rajasekaran and Narasimha Rao, 2002; Larsson et al., 2005; Barker
et al., 2006, 2007; Gallagher et al., 2007; Saoudi et al., 2013;
Abiodun and Nalbantoglu, 2014; Helle et al., 2017; Selvakumar
and Soundara, 2019). According to the nature of the stabilizing
agent, pile treatment techniques can be divided into two different
types. The first type is for chemical piles, which are generally filled
by lime, fly ash, cement, and salt additives (Rogers and
Glendinning, 1997; Larsson et al., 2005; Barker et al., 2006,
2007; Pei et al., 2015; Quang and Chai, 2015; Helle et al., 2017).
The improvement mechanism of chemical pile-treated soils is
mainly attributed to ion migration, which generates a chemical
reaction with the surrounding soil. The second type is for physical
piles, which are currently made up of stone or colloidal silica grout
without a chemical reaction with neighboring soil (Gallagher et al.,
2007; Saoudi et al., 2013). The reinforced effect of the stone pile
comes from its own mechanical properties Saoudi et al. (2013),
Castro (2017), while stabilization from colloidal silica can also be
attributed to silica nanoparticle migration (Gallagher et al., 2007).
On the whole, chemical piles are still more generally practiced in
soil improvement, but the interest in physical piles such as silica
nanoparticle has increased due to its eco-friendly characteristics
and effectively stabilized effects.

The purpose of this study is to examine the changes in
properties of loess stabilized with nano-SiO2 pile. We treated
loess with nano-SiO2 pile and cured it for 28 days. The treated
loess was subsequently sampled at four radial distances from the
pile (i.e., 5, 10, 15, and 20 cm). We examined their mineralogical,
structural, physicochemical, disintegrated, and index properties,
and then analyzed the relationship of these properties to define
the link between microscopic characteristics and macroscopic

behaviors. Ultimately, we discussed the mechanism of the
changes in the treated loess properties.

MATERIALS AND METHODS

Tested Samples
The sample used in this study was taken from the Malan loess in
Lanzhou City, Gansu Province, China. Nano-SiO2 used as the
treated pile is commercially available with a mean aggregate size
of 20 μm. Their basic properties are provided in Table 1.

Sample Preparation
We used Pei et al.‘s Pei et al. (2015) procedure for sample
preparation. First, using a plastic hammer, large clods and
aggregations were broken into homogeneously sized particles
that could pass through a sieve with a 1 mm aperture. Second, to
achieve the original water content of 15%, distilled water was added
to oven-dried loess and thoroughly mixed by hand. The wet loess
was then sealed and stored for 24 h at room temperature before
packing. Themore uniformly distributed loess was placed in the test
tank (45 cm × 45 cm × 30 cm) with a polyvinyl chloride (PVC) tube
(5 cm internal diameter) using the moist tamping method. To get a
consistent density, the samples were tampedwith 10 layers, and each
layer was designed to have 1.73 g/cm3 of wet density.

Distilled water was added to the dry nano-SiO2 to achieve 15%
water content by weight. To minimize the aggregation as much as
possible, a glass stirring rod was used to stir in the mixture. The
mixture was quickly poured into the pre-positioned PVC tube to
form the stabilized nano-SiO2 pile (measuring 5 cm in diameter
and 10 cm in length). The PVC tube was gradually pulled out as
each layer was tamped.

The loess with the nano-SiO2 pile in the middle of was cured
for 28 days at room temperature. After curing, the samples were
collected using a unique cutting ring (2.8 cm diameter and 1.5 cm
height) at the desired radius (i.e., 5, 10, 15, and 20 cm) from the
periphery of the nano-SiO2 pile (Figure 1). The physicochemical
and structural properties of these samples were then defined.
Meanwhile, the mechanical test was conducted on the desired

TABLE 1 | Basic properties of loess and nano-SiO2 used in this study.

Loess Value

Specific gravity (Gs) 2.71
Liquid limit (%) 28.25
Plastic limit (%) 16.46
Plasticity index (%) 11.79
Specific surface area (m2/g) 27.50
Mean particle size (mm) 0.021
Uniformity coefficient 2.72
Coefficient of curvature 1.05
Nano-SiO2

Diameter (nm) 30
Mean aggregated size (μm) 20
Purity (%) ≥99.8
Density (g/cm3) <0.15
Specific surface area (m2/g) 300
Color White

Frontiers in Earth Science | www.frontiersin.org November 2021 | Volume 9 | Article 7473172

Kong et al. Nano-SiO2 Pile-Induced Loess Changes

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


radii at another depth. In the limited test tank, the radial
sampling pattern facilitated examination of the nano-SiO2

migration-induced changes in the properties of the samples, as
observed in the loess with lime and fly ash piles (Pei et al., 2015). It
should be noted that the sampling has not been conducted in
vertical profile, because the limited size of test tank is difficult to
take multiple undisturbed samples in the depth of 10 cm.

Sample Tests
Mineralogical Tests
To examine the mineralogical changes after the curing, X-ray
diffraction (XRD) techniques were performed on the original and
treated loess, which was collected from the specified radial point.
All samples were scanned using a Philips PW 3710 X-ray
diffractometer with Cu-Kα radiation. Data were recorded from
5 to 45 at a rate of 0.05°2θ/s per step. Meanwhile, a
thermogravimetric analysis, including mass loss (TG) and its
derivative (DTG), was performed up to 1,000°C in oven-dried
samples, at a ramp of 10°C/min on a Perkin-Elmer Instrument,
Waltham, MA. In this thermogravimetric test, 10 mg of sample
was filled into the instrument.

Structural Tests
The macro-texture and micro-structure of the original and
treated loess were examined. The macroscopic particle size
distributions of these samples were determined using the
sieve and sedimentation methods (ASTMD422-63, 2007).
The micro-morphology and micro-size were observed on the
representative samples after metallization with gold powder using
a JSM-5600 LV Scanning Electron Microscope (SEM).

The slake test has been recommended to assess the aggregation or
cementation of soil treated by stabilization agents Pei et al. (2015),
due to directly visual structure stability. The slake test was performed
on each desired radius. Cylindrical samples were prepared after the
oven-dry test. The four samples on each desired radius were
simultaneously soaked in the plate, and water completely covered
them. Their stability was recorded accompaning the time by camera.
Complete disintegration was indicated by no further breakage of
samples. The disintegration rate was calculated by dry weigt of the
samples divided by the completely disintegrated time.

Index Property Tests
Hardness value was determined using an Equotip hardness tester
(Piccolo). Previous research has sought to assess the strength of
loess stabilized with lime and fly ash piles (Pei et al., 2015). This
study found the Equotip to be a convenient quantitative tool for
assessing the changes in strength and stiffness of tread soils due to
its ease of use and rapid outcomes. This study used the Equotip
hardness test on a newly planed soil surface after obtaining the
cutting ring samples, which allowed for rapid and multiple
measurements at the desired radius. The hardness value was
determined as the average value of 30 measurements along each
desired radius from the nano-Sio2 pile edge.

Density and water contents are two of the most commonly
determined properties in characterizing the engineering behavior
of soil. The preferred test method for the laboratory determination
of the moisture content is the oven drying method. Density and
water contents are determined as the reduction in the mass of the
test specimen after oven drying. The specimens, cut using a circular
ring of iron, were 2.8 cm in diameter and 1.5 cm in height at each
desired radial point. All specimens were weighed, recorded, and
then oven dried at 105°C for 24 h. The mass of the dry sample was
recorded. The density and water contents were subsequently
calculated, and the average value was used in the analysis.

Liquid and plastic limits were measured using the fall cone test
following the Chinese standard procedures GB/T50123 (1999),
which define the liquid and plastic limits for penetration as 17 and
2 mm, respectively. The tested samples were taken along each
desired radius.

Physicochemical Tests
The total SSA and CEC of the samples were measured using a
methylene blue spot test method. The test procedure for
determining the total SSA of soil was described by Santamarina
et al. (2002), and its CECwas calculated using the formula suggested
by Çokça and Birand (1993). Chemical properties were measured
using a water quality monitor, including pH, total dissolved solids
(TDS), electrical conductivity (CE), and oxidation-reduction
potential (ORP) of extracts from 1:5 soil to water.

RESULTS AND ANALYSES

Changes in Mineralogical Composition
XRD Diffractograms
The results of the XRD of the original loess and loess treated with
nano-SiO2 pile at different radial distances are shown in Figure 2.

FIGURE 1 | Experimental arrangement and sampling point.
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FIGURE 2 | X-ray diffractions of original loess and treated loess at different radial distances from the nano-SiO2 pile.

FIGURE 3 | TG-DTG curves of original loess and treated loess at different radial distances from the nano-SiO2 pile.
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Based on the XRD diffractograms, there is no new reflection; only
intensity is enhanced. Sharp changes occurred in intensity and
full width in all treated loess, and the crystalline structure seemed
to be quite insensitive after nano-SiO2 mitigation into loess
around the pile. Generally, the changes in reflection shape can
be related to a structural adjustment that fabric tends to become
more isotropic due to the increase in crystallinity (Choquette
et al., 1987; Souli et al., 2013). Thus, only physical structure
modification exists while lacking the chemical reaction (Kong
et al., 2018). Meanwhile, a slight difference occurred in the
mixture of nano-SiO2 added into the loess; the intensity and
full width indicated only slight enhancement in XRD
diffractograms (Kong et al., 2018). As a whole, the physical
structure modification shows that an isotropic process
occurred due to the increase of crystallinity.

TG-DTA Curves
The TG-DTA results of this study are presented in Figure 3.
Among these results, the TG-DTA curves indicated two
noticeable changes in two temperature domains. The first
significant drop finished at about 150°C, corresponding to the
loss of absorbed water in treated the loess. The second striking
change occurred in the temperature range from 600°C to 780°C.
The samples influenced by nano-SiO2 migration showed
relatively lower and narrower peaks with lesser mass loss,
and the turning point of the curves shifted toward a slightly
lower temperature. In the first domain, the loss of the absorbed
water of original loess is related to the absorption of migrated
nano-SiO2 due to its large surface area and high activity.
Menwhile, it is striking compared to the changes in the
second domain. Previous studies have found that more
hydration products causing denser structure can produce
taller and wider peaks (Wu et al., 2016), and the shift in the
turning point toward a lower temperature is derived from a
more stable stage for materials (Galindo et al., 2015). Hence, the
apparent changes in the second domain contributed to the
generation of a more stable structure. Meanwhile, a looser
structure existed in the sample with a more significant
distance from the nano-SiO2 pile. These findings also support
the XRD results.

Changes in Texture and Structure
Macro-Texture From Particle Size Curves
The particle size curves of original loess and loess treated with
nano-SiO2 pile are shown in Figure 4. The macrostructure
changes suggest a slight increase in the coarse fraction in the
treated loess, with samples farther from the nano-SiO2 pile
becoming coarser. As a whole, the loess influenced by the
nano-SiO2 pile has a higher uniformity coefficient than that of
the original loess. This finding also supports the idea that the loess
involves an isotropic process with coarser particles due to
crystallinity.

Micro-structure From SEM Micrographs
The SEMmicrographs of the loess at 5 and 20 cm radial distances
from the nano-SiO2 pile are shown in Figure 5. The
microstructure of the samples closer to the nano-SiO2 pile is
denser and more filling, with a more homogeneous state
(Figure 5A), whereas that of the farther example is a looser
and larger void space, with greater aggregation and more contact
(Figure 5B). This result can be attributed to the degree of
nano-SiO2 migration into the loess. When the loess is close to
the nano-SiO2 pile, the degree of its migration is high; as a result,
the nano-SiO2 filled the pores and adhered to the soil particles
(Figure 5A). Meanwhile, low nano-SiO2 migration occurred
in the loess farther from the pile. The few nano-SiO2 particles
mainly adhered to the surface of the soil particles, strengthening
the bonding, while also filling the pores between particles. These
created a bridge effect to link together soil particles as greater
aggregates with larger void space (Figure 5B). The observation
from microstructures effectively explains the changes in the
particle size curve of the samples at a different radial distance
from the nano-SiO2 pile.

Aggregate Structure Stability From Disintegration
Figure 6 shows the disintegration characteristics of treated loess
at different radial distances from the nano-SiO2 pile with soaking
time, and Figure 7 shows disintegration rate of treated loess at
different radial distances from the nano-SiO2 pile. It can be seen
that the disintegration rate of the treated loess has an obvious
decrease acomparing with original loess, and that the
disintegration rate of the treated loess increased with with
increasing radius from the piles (Figures 6, 7). These trends
are matched with the denser packing from micro-structure
observation, as shown in Figure 5. These results reveal that
that the treated loess with the nano-SiO2 pile have stronger
cementation of aggregates, leading to more stable structure
between aggregates.

Changes in Index Properties
Basic State From Water Content, Density, and Void
Ratio
The changes in water content, natural density, and void ratio of
treated loess with different radial distances from the nano-SiO2 pile
are shown in Figure 8. As indicated, the water content of loess
treated with the nano-SiO2 pile is lower than that of the original loess
(Figure 8A), while the natural density of the treated loess is
noticeably greater than the original one (Figure 8B). As a result,

FIGURE 4 | Particle size curves of original loess and treated loess at
different radial distances from the nano-SiO2 pile.
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the void ratio of the treated loess is strikingly low compared to that of
the original loess (Figure 8C). On the other hand, as shown in
Figure 8, when the treated loess is closer to the nano-SiO2 pile, the
decrease in water content and the void ratio are stronger, and the
increase in natural density tapers off as radial distance from the pile
increases. Consequently, the loess treated with the nano-SiO2 pile
becomes dryer and denser, essentially producing a solidification
process—namely, the water is removed and the densification also
occurs in the treated loess (Zhang et al., 2018a). These state changes
in the treated loess can attribute to the nano-SiO2 migration, which
has dual roles during the progress. Two direct effects involve
adsorption and filling due to the special properties of nano-SiO2,
and one indirect derivative effect is the generation of tighter bonding
between aggregates or particles. Meanwhile, the stronger effects in
the treated loess are closer to the nano-SiO2 pile.

The changes in the Atterberg limit of treated loess at different
radial distances from the nano-SiO2 pile are shown in Figure 9.
As shown, the nano-SiO2 migration has almost no effects on
liquid limit, plastic limit, or plasticity index. This may be because
the treated loess has no essential change in composition, with
modification of only its structure and state. The results indirectly
support that this is lacking for chemical reactions.

Mechanical Strength From Hardness Value
The changes in the hardness of treated loess at different radial
distances from the nano-SiO2 pile are shown in Figure 10. The
hardness of the treated loess decreases as the radius from the
nano-SiO2 pile increases, but the hardness values is greater than
that of loess treated with the lime and fly ash piles (Pei et al.,
2015). In addition, no similar radial cracks occurred in the loess
stabilized with the lime pile. This means that there should have a

greater mechanical strength in the loess stabilized with the nano-
SiO2 pile than in the untreated loess. The increase in the
mechanical strength is related to the nano-SiO2 migration,
which results in structure and state modification of the treated
loess. Hence, the mechanical improvement is attributed to the
coarsening effect and solidification process of the treated loess
(i.e., large aggregate formation) as well as the dryer and denser
state with more contact, smaller void space and more stable
structure (as shown in Figures 4–8). Furthermore, the weakening
strength improvement depends on the degree of nano-SiO2

migration as the radius from the pile increases.

Changes in Physicochemical Properties
Particle or Aggregate Surface Properties From SSA
and CEC
The changes in SSA and CEC of treated loess at different radial
distances from the nano-SiO2 pile are shown in Figure 11. Both
SSA and CEC increase as the radial distance from the nano-SiO2

pile increases, but all measurements are smaller than the original
loess ones. The decrease in SSA and CEC is due to the formation
of large aggregates due to the nano-SiO2 migration. Nevertheless,
their increasing trends seem to contradict the results of the
particle size distribution (Figure 4). However, the increase in
SSA and CEC with increasing radial distance from the nano-SiO2

pile is a reasonable expectation. The total SSA and CEC depend
not only on the particle size of a soil, but also on the structure of
the soil (Zhang et al., 2018b). Previous research has found that the
formation of larger aggregate clusters can result in a larger void
space (Zhang et al., 2013). As observed in microstructural images
(Figure 5), the treated loess farther from the nano-SiO2 pile
showed a larger void space in the greater aggregates. Hence, the

FIGURE 5 | SEM images of treated loess with a nano-SiO2 pile at different amplification factors: (A) 5 cm radius from the pile; (B) 20 cm radius from the pile.
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higher SSA and CEC of the farther treated loess could be
attributed to a larger surface contact area due to its structure
modification.

Soil Chemical Properties From EC, TDS, pH, and ORP
The changes in chemical properties (i.e., EC, TDS, pH, and
ORP) of treated loess at different radial distances from the
nano-SiO2 pile are shown in Figure 12. As a whole, the EC and
TDS of the treated loess with radial distance from the nano-
SiO2 pile, and their pH and ORP, accordingly decrease with
increasing radius. It should be noted that the EC and TDS of the
treated loess at radii of 5 and 10 cm are very slightly lower
compared to the original loess, and the values at radii of 15 and
20 cm are also slightly higher compared to the original loess.
The pH and ORP of the treated loess are overall lower than
those of the original loess. This trend clearly shows the effect of
nano-SiO2 migration into loess, causing the changes in
chemical properties due to the high activity and small size of
the nano-SiO2 particle. The very slight changes in chemical
properties illustrate that the loess treated with nano-SiO2 can
keep an almost constant chemical environment. Thus, the
nano-SiO2 particle has the potential to act as an eco-friendly
stabilized additive in loess improvement.

FIGURE 6 | Disintegration characteristics of treated loess at different
radial distances from the nano-SiO2 pile.

FIGURE 7 | Disintegration rate of treated loess at different radial
distances from the nano-SiO2 pile.

FIGURE 8 | Basic state of treated loess at different radial distances from
the nano-SiO2 pile: (A) water content; (B) wet density; (C) porosity.
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DISCUSSION

Nano-SiO2 Migration-Induced Changes in
Loess Properties
The results presented herein confirm that the nano-SiO2

migration modifies the properties of the nano-SiO2 pile
treated loess. The structural, mechanical, physicochemical,
and index properties all change, but the mineral
composition experiences no noticeable change. In the
previous studies, these have also no observable compositon
modification to different nano-particles treated clay, silt and
sands, even longer curing periods (Taha and Taha, 2012; Choo
et al., 2015; Kong et al., 2018). Meanwhile, the very slight
changes in EC and TDS can support the unobservable
compositon modification. This is due to the fact that the
chemical properties have close links to the mineral
compositions. However, the particle coating, cemention
between aggregates, more uniform aggregate formation have
contributed to the physcial structure modification, which
responsible for the changes in mechanical, physicochemical,
and index properties (Kong et al., 2018; Kong et al., 2019).
Hence, the changes in the treated loess properties are related to

the physical structure modification rather than a chemical
reaction.

It is interesting to note that the same initial water content
existed between the loess and nano-SiO2, which prevented
the generation of the pore water pressure gradient. Here
should mainly be adsorption force and capillary force. The
nano-SiO2 migration would be attributed to its dispersion
because many previous studies have proved that
nanoparticles are easily dispersed in various media (Li et al.,
2004; Yao et al., 2005; Gallagher et al., 2007; Hendraningrat
and Torsæter, 2015). Research using nano-SiO2-treated
concrete also found that large contents can seriously inhibit
the uniform dispersion of nanoparticles (Li, 2004). Meanwhile,
the dispersion can contributed to the special particle features,
i.e. extremely small particle size and extremely great surface
area, and correspondingly strong surface energy. It is should to
noted that the density and water content of nano-SiO2

migrated loess are different in that of nano-SiO2 mixed
loess. Theos treated loess by mixing nano-SiO2 has slight
decrese in water content and density (Kong et al., 2018).
This may be relative with their reaction progress, but there
still has a need to do a further study. As the difference of the
stabilizing treatment techniques has important influence on its
practial appilcation and availability. Aa a whole, a small
amount of nano-SiO2 particles migrating from the pile into
loess may facilitate improving loess performance, and thus it
has potential as a new treatment technique for soil
improvement.

FIGURE 10 |Hardness value of treated loess at different radial distances
from the nano-SiO2 pile.

FIGURE 11 | Specific surface area (SSA) and cation exchange capacity
(CEC) of treated loess at different radial distances from the nano-SiO2 pile.

FIGURE 9 | Atterberg limits of treated loess at different radial distances
from the nano-SiO2 pile.
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Link Between Microscopic Characteristics
and Macroscopic Behaviors
The observation of macroscopic behaviors and microscopic
features identified a vital link. Nano-SiO2 particle migration
results in an isotropic aggregate in the treated loess, causing a
denser and dryer state (Figures 4–8). Based the observation of
SEM photograph and necessary state (Figure 5 and Figure 8),
an increase in micro-pores occurs at the expense of the
macropores, with a significant decrease in the total pore
volume of the treated loess. Meanwhile, the agglomerated
effect causes the formation of coarser aggregates and the
denser packing accompanying the consumption of water
(Figures 4–8), which generates greater mechanical strength
(Figure 10) and smaller SSA and CEC in the treated loess
(Figure 11). The chemical properties indicate slight changes
in CE, TDS, pH, and ORP, without significant modification of the
treated loess (Figure 12). Thus, the nano-SiO2 has the potential to
be used as an eco-friendly additive in soil improvement. On the
other hand, no new XRD diffractograms are generated in the
treated loess, but SEM observation affords a direct method for
changes to the microscopic characteristics.

CONCLUSION

The microscopic characteristics (such as mineralogical and
structural properties) and macroscopic behaviors (such as
basic state, mechanical, and physicochemical properties) of
loess treated with the nano-SiO2 pile were observed. Based on
the test results, the following conclusions can be drawn:

1 The nano-SiO2 migration induced the changes in
microscopic characteristics and macroscopic behaviors of
the treated loess, producing an interactional relationship
among them. The linked relationships facilitate the
understanding of the mechanism of changes in nano-SiO2

pile-treated loess properties.
2 No obvious changes occurred in the mineralogical
composition of XRD diffractograms, but SEM photographs
and slake tests show apparent structural modification in the
treated loess with the nano-SiO2 pile. An isotropic process is
evident with coarser particles, more filling and denser
packing due to crystallinity. As a result, the treated loess
with the nano-SiO2 pile have stronger water stability.
3 The loess treated with nano-SiO2 pile produces a
solidification process, causing a decrease in water content
and void ratio as well as an increase in natural density,
thereby improving its mechanical strength.
4 The loess treated with nano-SiO2 pile modifies the
physicochemical properties. The SSA and CEC of treated
loess are smaller than those of the original loess but include
an increasing trend moving farther from the pile, resulting in a
slight change in chemical properties.

On the whole, the nano-SiO2 pile migration induced the
relevant changes in the treated loess due to the nanoparticle
dispersion. The modification of the physical structure and basic
state resulted in the improvement of the performance of the
treated loess. Meanwhile, nano-SiO2 has the potential to be an
eco-friendly stabilized additive in loess performace improvement
due to its slight changes in chemical properties.

FIGURE 12 | Chemical properties of treated loess at different radial distances from the nano-SiO2 pile: (A) EC; (B) TDS; (C) pH; (D) ORP.
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