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An experimental program was conducted to explore the impact of nanosilica on the microstructure and
mechanical characteristics of cemented sandy soil. Cement agent included Portland cement type Il
Cement content was 6% by weight of the sandy soil. Nanosilica was added in percentages of 0%, 4%, 8%
and 12% by weight of cement. Cylindrical samples were prepared with relative density of 80% and op-
timum water content and cured for 7 d, 28 d and 90 d. Microstructure characteristics of cement-
nanosilica-sand mixtures after 90 d of curing have been explored using atomic force microscopy
(AFM), scanning electron microscopy (SEM) and X-ray diffraction (XRD) tests. Effects of curing time on
microstructure properties of cemented sandy soil samples with 0% and 8% nanosilica have been inves-
tigated using SEM test. Unconfined compression test (for all curing times) and compaction test were also
performed. The SEM and AFM tests results showed that nanosilica contributes to enhancement of
cemented sandy soil through yielding denser, more uniform structure. The XRD test demonstrated that
the inclusion of nanosilica in the cemented soil increases the intensity of the calcium silicate hydrate
(CSH) peak and decreases the intensity of the calcium hydroxide (CH) peak. The results showed that
adding optimum percentages of nanosilica to cement-stabilized sandy soil enhances its mechanical and
microstructure properties.

© 2017 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Soil treatment with cement agents (e.g. lime, gypsum, Portland
cement, and fly ash) has been a ground improvement technique in
foundation engineering, road construction, and geotechnical engi-
neering for many years (Choobbasti et al., 2014; Kutanaei and
Choobbasti, 2015a,b; Sarokolayi et al., 2015a,b; Tavakoli and
Kutanaei, 2015; Mashhadban et al., 2016a). Cementation of sandy
soil can result in increasing stiffness, shear strength, compressive
strength, and brittle behavior and decreasing compressibility and
permeability of the material (Kutanaei and Choobbasti, 2016a;
Mashhadban et al., 2016b). The mechanical behavior of cement-
treated soil has been explored in the past by several researchers.
A number of researches have been performed to investigate the
mechanical properties of cement-treated sandy soil using added
zeolite, glass, fiber, fly ash, and silica fume in the same manner.
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Mola-Abasi and Shooshpasha (2016) investigated the effect of
zeolite content on mechanical properties of cemented sandy soil.
They found an improvement of compressive strength of cement-
treated sandy soil when the cement is replaced by zeolite at an
optimum proportion of 30% after 28 d. Al-Swaidani et al. (2016)
explored the influence of adding natural pozzolana on geotech-
nical characteristics of lime-treated clay. The results showed that
the geotechnical properties of lime-treated clay are significantly
improved when the lime is replaced by natural pozzolana at pro-
portion of 20%. Changizi and Haddad (2015) conducted a series of
unconfined compression tests and direct shear tests to explore the
effects of nanosilica and fiber on the strength properties of soft clay.
They found that the unconfined compressive strength (UCS) and
cohesion of clay increase with the increasing nanosilica content.

Limited studies have reported the use of pozzolana such as
nanoparticles. The use of nanosilica as cement-based material
modifier becomes more popular due to a more satisfactory per-
formance compared with conventional modifiers (e.g. microsilica).
Ghazi et al. (2011) performed the unconfined compression tests to
study the strength improvement of clay stabilized with 6% cement
due to the inclusion of nanosilica. They found that by adding 2%
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nanosilica, strength is increased from 1.7 MPa to 2.1 MPa. Bahmani
et al. (2014) explored the influence of nanosilica particles on the
UCS, hydraulic conductivity, and Atterberg limits of cemented clay.
They reported that inclusion of nanosilica particles leads to a
reduction in plasticity index and an improvement in soil strength.
Ghasabkolaei et al. (2016) performed unconfined compression tests
and California bearing ratio (CBR) tests to explore the effect of
nanoparticles on geotechnical properties of cement-stabilized
clayey soil. They found that adding 1.5% nanosilica improves the
UCS of the cemented clay. Choobbasti et al. (2015) conducted a
series of unconfined compression tests to investigate the me-
chanical properties of sandy soils stabilized with Portland cement
and nanoparticles. They found that the UCS increases with increase
in nanosilica content. Kutanaei and Choobbasti (2016a) explored
combined impacts of randomly distributed fibers and nanosilica on
durability and mechanical characteristics of cement-treated sandy
soils. They reported an optimum percentage for the nanoparticles
in which the behavior of cement-treated sandy soils reinforced by
randomly distributed fiber is improved significantly. Papatzani
et al. (2014) investigated the impact of the inclusion of nanosilica
on the microstructure characteristics and strength of blended
Portland cement pastes. They reported that the microstructure
properties of cement paste are improved with adding nanosilica.
Papatzani (2016) investigated the impact of nanoparticles on
cement hydration. The results showed that the chemical reactivity
and durability of the nano-modified cement product are remark-
ably altered compared to cement pastes. Therefore, nanoparticles
can improve the properties of cement.

Review of the literature relating to the mixture of nanosilica and
cemented sandy soil shows that no attention has been paid to the
use of nanosilica on microstructure of sandy soil. Hence, this
research aims to quantify the impacts of the percentage of nano-
silica and curing period on the microstructure and UCS of the
cement-treated sandy soil. Unconfined compression tests and
compaction tests are conducted and the impacts of these variables
on the results are investigated. Microstructure characteristics of
cement-treated sandy soil with nanoparticles are explored using
atomic force microscopy (AFM), scanning electron microscopy
(SEM) and X-ray diffraction (XRD) tests.

2. Experimental program

Twelve unconfined compression tests, 4 compaction tests, 8
SEM tests, 4 AFM tests and 4 XRD tests were performed to inves-
tigate the effects of nanosilica on the performance of cement-
treated sandy soil.

2.1. Materials

Babolsar sand was used in this study. The particle size distri-
bution curve for Babolsar sand is shown in Fig. 1. The ordinary
Portland cement of type Il was used as cement agent. Its chemical
and physico-mechanical characteristics are presented in Tables 1
and 2, respectively. Nanosilica with a solid content of more than
99% was used. Physical characteristics of nanosilica particles are
presented in Table 3. Distilled water was used for sample
preparation.

2.2. Sample preparation

The undercompaction technique was used for sample (52 mm
in diameter and 104 mm in height) preparation in this study based
on the method described by Ladd (1978). The requisite amount of
oven-dried sand was mixed with the desired amount of Portland
cement and nanosilica until uniform color of mixture was
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Fig. 1. Particle size distribution curve for Babolsar sand.
Table 1

Chemical compositions of ordinary Portland cement (percentage by weight of
cement, wt%).

Si0, AlLbO3 Fe;03  CaO MgO  SOs CaCOs3 Loss on ignition
219 4.86 33 6333 1.15 2.1 — 2.4
Table 2

Physico-mechanical properties of cement.

Blaine fineness Expansion (autoclave) Specific gravity UCS (MPa)

2 9 _—
(cm®/g) (%) 3d 7d 28d
3050 0.05 3.1 181 289 389

Table 3

Physical properties of nanosilica particles.

Diameter (nm) Specific surface area Density Purity (%) Shape
(m/g) (g/cm?)
20—40 193 1.7 >99 White powder

achieved (about 30 min), and then the water equal to the optimum
water content was added continuously to the mixture and mixed
for about 20 min. After mixing process, the mixture was then
divided into five portions and stored in a covered container to
avoid moisture losses before compaction. Each portion was
transferred into a 52 mm in diameter by 104 mm in height split
mold and compacted using a metal hammer until the desired
height was reached. The top of each layer was scratched before
adding the next layer to promote suitable bonding. To control the
homogeneity of sample density along height, one sample (for each
mixture) was cut by a narrow saw wire at four positions, and the
density of each piece has been determined and then the standard
division was calculated. The standard division was 0.06 which
showed good homogeneity of density. The tests were conducted
on the samples with relative density of 80%. Each sample was
cured in a humid room at a constant temperature of (25 + 2) °C
and relative humidity of >90% for 7 d, 28 d and 90 d. Before tests,
the samples were submerged in distilled water for 1 d for satu-
ration to minimize matric suction. Immediately before the un-
confined compression test and microstructure imaging, the
samples were removed from the water container and dried with
an absorbent cloth.
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2.3. Testing procedures

The unconfined compression tests were performed in accor-
dance with ASTM D2166/D2166M-16 (2016) test method on
cemented samples with different curing times (7 d, 28 d and 90 d)
and nanosilica contents (0%, 4%, 8% and 12%). The samples were
loaded at a displacement rate of 1 mm/min. To assess the validity of
the obtained results, three samples were prepared from each
mixing design. After each test, the average error was calculated. The
test results were considered suitable for presenting if their average
error was less than 5%.

To investigate the influences of nanosilica and cement contents
on the optimum water content and maximum dry density of
treated and untreated sands, standard Proctor compaction tests
were done immediately after mixing process in accordance with
ASTM D698 (2010). The standard Proctor compaction tests were
repeated on three identical mixtures. The average value of obtained
results was then used.

XRD analyses of nanosilica-cement-sand and cement-sand
mixtures after 90 d of curing were carried out using a Philips PW
3710 diffractometer. XRD curves were obtained using a Cu Ko, ra-
diation (1.5148 A) with a voltage of 30 kV and a current setting of
30 mA. Air-dried powdered samples of nanosilica-cement-sand and
cement-sand mixtures were analyzed. The scan step size 26 ranges
from 10° to 60°. The XRD measurements were conducted with a
step of 0.02°.

To explore the microstructure of the nanosilica-cement-sand
and cement-sand mixtures, some of the samples were obtained
from the central part of the unconfined compression test samples.
The Hitachi S-4160 was used for morphological investigations of
the nanosilica-treated and untreated cemented sand matrix. Before
imaging, the SEM samples mounted on aluminum stubs were
coated with gold for better conductivity. The magnification of the
SEM photos is about 30,000 times. The SEM instrument was
operated at 10 kV.

The surface topography of the cemented sand sample after 90 d
of curing with different nanosilica contents was explored by using
AFM (model: easyscan2 flex AFM, Swiss) imaging. The AFM sam-
ples were obtained from the central part of the unconfined
compression test samples. Surface topography of prepared samples
was imaged in a scanning size of 5 pm x 5 pm.

3. Results and discussion
3.1. Compaction

The impacts of nanosilica and cement contents on the optimum
water content and maximum dry density of sandy soil are pre-
sented in Fig. 2. It can be seen that the addition of Portland cement
to the sandy soil increases its maximum dry density. This behavior
may be attributed to the presence of large, high-density (high
specific gravity) aggregate particles. Moreover, Portland cement has
finer particles rather than sandy soil; hence, the pore within the
coarse aggregate becomes occupied by Portland cement grains and
makes a denser structure with higher maximum dry density. Fig. 2
also shows that there is a low decreasing rate in the maximum dry
density with increasing percentage of nanoparticles for low nano-
silica content (up to 4%). The increase in maximum dry density of
cemented sand mixed with nanosilica can be explained by the fact
that the void within the aggregate becomes occupied by nano-
particles. In the case of high nanosilica content (4%—8%), since
nanoparticles have a lower specific gravity (1.7) compared to sand
grains (2.78), the maximum dry density decreases after certain
nanosilica content. As presented in Fig. 2, the optimum water
content of cemented sandy soil sample increases with the increase
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Fig. 2. Effects of nanosilica and cement contents on the optimum water content and
maximum dry density.

in nanosilica content. This behavior can be explained by the fact
that the nanoparticles provide more susceptible area and require
more water to hydrate.

3.2. Unconfined compression test and microstructure imaging

3.2.1. Effect of nanosilica content

The impact of nanosilica content on the UCS and UCS ratio (the
UCS of sample was normalized to the UCS at 7 d of curing) of
samples is shown in Fig. 3. The obtained results show that for
cemented sand, when the nanosilica content is increased to an
optimum amount of 8%, the UCS of samples is significantly
improved and then decreases with increase in nanosilica content
from 8% to 12%. The improvement of UCS of the cemented sand
sample containing nanosilica is due to the rapid consumption of
calcium hydroxide (CH) formed during hydration process of cement
agent, which is related to the high reactivity of nanosilica particles.
Comparison of the present results with published results reveals
that the high nanosilica content is obtained as the optimum
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Fig. 3. Effect of curing time on the UCS of cemented sand samples with different
nanosilica contents.
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content. High nanosilica content has negative effect on cement
matrix which can reduce the UCS. However, Changizi and Haddad
(2015) pointed out that by adding water to sample, nanosilica
produces viscous gel. The cohesion between sand grains due to
viscous gel increases the UCS. Hence, under low cement content,
cement matrix and viscous gel have combined effect on mechanical
properties of sand sample. Therefore, the optimum nanosilica
content is higher than that required for concrete design or other
composite materials with highly bonded grains.

XRD analyses were performed to establish a suitable criterion
for investigation of the pozzolanic activity of cemented sand sam-
ples containing nanosilica particles. Different percentages of
nanosilica were added into the samples after 90 d of curing. Results
for 0% and 8% of nanosilica contents were reported by Kutanaei and
Choobbasti (2016b). Fig. 4 presents the XRD graphs of cemented
sand samples with different nanosilica contents for 90 d of curing.
For comparison, the peaks of CH at 26 = 18° and 33° and the peaks
of calcium silicate hydrate (CSH) at 260 = 29° have been selected
(Bahmani et al., 2014). It can be seen that the inclusion of nanosilica
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Fig. 5. AFM images of the samples for 90 d of curing: (a) 0% nanosilica, (b) 4% nanosilica, (c) 8% nanosilica, and (d) 12% nanosilica.
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particles in the cemented soil increases the intensity of the CSH
peaks and decreases the intensity of the CH peaks. CH crystals are
hexagonal and can be arranged in the transmission zone between
cement paste and sand particles, which can reduce the UCS of sand
sample. In addition, previous studies showed that about 70% of
hydration products are CSH gel and its average diameter is about
10 nm (Bahadori and Hosseini, 2012; Bahmani et al., 2016). Hence,
the nanosilica particles can fill the pores of CSH gel matrix. More-
over, the increased nanosilica content (sample with 12% nanosilica)
prevents suitable CH crystal growth, thus the CH crystal to CSH gel
ratio is decreased. In the case of unsuitable CH crystal growth, no
hydration reaction would occur. Hence, microcracks appear in the
sample, and the UCS decreases.

AFM is a very high-resolution type of scanning probe micro-
scopy, with demonstrated resolution in the order of fractions of a
nanometer. Topography of the surface of samples with different
nanosilica contents for 90 d of curing was investigated using AFM
imaging. Distinct images of 5 pm x 5 pum were taken. AFM pro-
vides a true three-dimensional surface profile. Fig. 5 shows the
AFM images of samples containing 6% cement and 0%, 4%, 8% and
12% nanosilica. The AFM images and topography spectra of sam-
ples show mudflat cracking and flat coherent surface layer,
covering the bulk nanostructures with nanosilica particles. The
homogenous and uniform structure improves the strength of the
soil-cement mixture containing nanosilica comparing to the
sample without nanosilica. This can be a strong evidence for
promoting strength properties of soil stabilized with cement and
nanosilica.

Fig. 6 shows the morphological characteristics of the cemented
sand microstructure with different nanosilica contents after 90 d of
curing. It can be seen that the microstructure of the mixture with
4% nanosilica is dense and uniform. The dense microstructure of
sample could be induced by the high activity of nanosilica particles
which increases the hydration reaction to produce more CSH gel in
order to achieve higher UCS than sample without nanosilica. This
has been confirmed by the unconfined compression test results.
Similar results were also confirmed by tests carried out on
nanosilica-enhanced composite cement pastes (Papatzani et al.,
2014; Papatzani, 2016). The SEM images of the cemented sand
with 8% nanosilica show the compact and dense microstructure
without pores and unhydrated crystals which explains the uncon-
fined compression test results. Moreover, Fig. 6d demonstrates that
the microstructure of cemented sand with 12% nanosilica suffers
from the agglomeration problem (unstable lumps). These unstable
lumps make the cemented sand sample vulnerable to standing
unconfined compressive loads, unlike those samples containing
lower nanosilica content. The reason behind that is the high surface
area of nanoparticles which makes the pozzolanic activity to form
unstable lumps.

3.2.2. Effect of curing time

The effect of curing time on the UCS of cemented sand samples
with different nanosilica contents is shown in Fig. 3. As can be seen
in Fig. 3 that for all nanosilica contents, the sample with longer
curing time has higher UCS. Moreover, the slope of the curve de-
creases with increasing nanosilica content which shows that

Fig. 6. SEM images of the samples for 90 d of curing: (a) 0% nanosilica, (b) 4% nanosilica, (c) 8% nanosilica, and (d) 12% nanosilica.
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Fig. 7. Effects of curing time on the SEM images: (a) sample without nanosilica for 7 d of curing, (b) sample with nanosilica for 7 d of curing, (c) sample without nanosilica for 28 d of
curing, (d) sample with nanosilica for 28 d of curing, (e) sample without nanosilica for 90 d of curing, and (f) sample with nanosilica for 90 d of curing.

increasing nanosilica content causes the cemented samples to have
a faster hydration process. To interpret the rapid hydration re-
actions of nanosilica particles, it can be mentioned that nano-
particles have high specific surface areas, and their surfaces are
very active and have numerous unsaturated bonds. Accordingly,
these unsaturated bonds would initiate an intensive pozzolanic

reaction between nanosilica and CH and fasten pozzolanic re-
actions among SiO; and water molecules.

SEM examinations were conducted to verify the behavior
measured by the unconfined compression tests. Fig. 7a presents the
SEM photo of the cement-sand mixture without nanosilica after 7 d
of curing and shows a porous structure. Moreover, it can be seen
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that the existence of many CH crystals is joined to the CSH gel,
showing that the hydration reaction is not completed. In addition,
the concentration of the CH crystals is more than that of the CSH
gel. It can be also found that the CH crystal needles cover a large
surface of sample. After 28 d of curing, the SEM photo in Fig. 7c
demonstrates the existence of CH crystal needles and the loose
structure of the cement-sand mixture without nanosilica that
matches the low UCS. Fig. 7e presents the CH crystal needles,
microcracks and CSH gel for the cemented sand sample after 90 d of
curing. Moreover, the size and amount of the CSH after 7 d of curing
have been lessened after 28 d and 90 d of curing. This explains the
high UCS for the cemented sand sample after 90 d of curing in
comparison to the results at the age of 7 d. Fig. 7b shows the
microstructure of the cement-treated sand with 8% nanosilica after
7 d of curing. It can be seen that the microstructure of the mixture is
dense with small number of CH crystals. The dense microstructure
of sample at early curing time could be due to the high activity of
nanosilica particles that increases the hydration reaction to pro-
duce more CSH gel in order to achieve high UCS. The SEM photo of
the cemented sand with 8% nanosilica after 28 d of curing is shown
in Fig. 7d. Fig. 7f shows the compact and dense microstructure
without pores and unhydrated crystals which explains the uncon-
fined compression test results. The microstructure of mixture after
90 d of curing also presents the dense and compact structure with
the concentration of CSH gel in a large diameter.

4. Conclusions

This research evaluated the impacts of nanosilica particles on
the mechanical characteristics and microstructure properties of
cement-treated sandy soil. The obtained results can be summarized
as follow:

(1) The obtained results show that when the nanosilica content
is increased to an optimum amount of 8%, the UCS of the
samples is improved and it then decreases with the increase
in nanosilica content from 8% to 12%.

(2) The XRD results show that the inclusion of nanosilica parti-
cles in the cemented soil increases the intensity of the CSH
peaks and decreases the intensity of the CH peaks. Moreover,
the increased nanosilica content (sample with 12% nano-
silica) prevents suitable CH crystal growth. Hence, micro-
cracks appear in the sample, and the UCS decreases.

(3) The AFM results show that enhancing UCS with nanoparticles
inclusion is primarily due to its high packing efficiency in filling
pores. This can be a strong evidence for promoting strength
properties of soil stabilized with cement and nanosilica.

(4) Based on the unconfined compression test results, for all
nanosilica contents, the sample with longer curing time has
higher UCS. Moreover, the increasing rate of UCS decreases
with increasing nanosilica content which shows that
increasing nanosilica content causes cemented samples to
have a faster hydration process due to the higher activity of
nanoparticles.

(5) The SEM results demonstrate that adding nanoparticles
creates a cement-treated sand mixture with compact
microstructure. It also can be concluded from the decreased
amount of CH crystals that adding nanoparticles (up to op-
timum percentage) promotes the hydration process espe-
cially at early curing times and changes all these unhydrated
crystal needles into CSH gel. In addition, the microstructure
of sample with 12% nanosilica suffers from unstable lumps.
These unstable lumps make the cemented sand sample
vulnerable to standing unconfined compressive loads unlike
those samples containing lower nanosilica content.
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