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Cemented soil structures are frequently exposed to the corrosive environment of seawater for
an extended period, severely affecting their interior structure and mechanical qualities. This
study presents laboratory-based approach to investigate the effect of nano-SiO, on the
structural and mechanical properties of cemented soil in a simulated seawater environment.
The unconfined compressive strength (UCS), elastic modulus and other mechanical properties
of cemented soil mixed with nano-SiO, and ordinary silicate cemented soil were evaluated. X-
ray diffraction (XRD) and scanning electron microscopy (SEM) were used to deduce the
crystalline composition and microstructure characteristics of the modified cemented soil. The
results show that the addition of nano-SiO, greatly increased the compressive strength and
corrosion resistance of the cemented soil. In a 3C (105% salinity) simulated saltwater curing
environment, the compressive strength of the cemented soil containing 2% nano-SiO,
increased by 86% and 158% at 30days and 60days, respectively. XRD and SEM showed that
nano-SiO, enhanced the interface structure of cemented soil and increased the compactness
of the cement-soil system. The current study demonstrates that nano-SiO, could considerably
improve the mechanical characteristics and corrosion resistance of cemented soil when
exposed to simulated seawater.

1. Introduction

construction adopt the principle of proximity. Marine soft soils
are widely distributed in the coastal areas of China (Wu et al.,

Cemented soils, a mixture of Portland cement, soil (or aggregate)
and water, are typically employed in the deep cement mixing
method to strengthen and stabilize soft ground (Yang et al., 2011;
Luo et al., 2018). Apart from being a technique for strengthening
soft ground, cemented soil is also utilized in the construction of
highway embankments, airport runways, simulated islands, and
marine geotechnical structures (Chen, 2013; Kim et al., 2018; Yu
et al., 2020). These structures are often corroded by seawater
over long periods of time. Although various researchers have
examined the mechanical properties, rheology properties, and
durability of cemented soil in a variety of dimensions (Ke et al.,
2020; Lu et al., 2020; Gotaszewska and Giergiczny, 2021), most
of these studies have been conducted in the natural environment
on land, omitting the influence of environmental factors on
cemented soil. Most of the materials used in marine engineering

2018; Zhang et al., 2018; Yu et al., 2019). Due to its high water
content, high porosity and low strength, it usually needs to be
strengthened in engineering applications. Cement materials have
become one of the most commonly used soil stabilizers due to
their good engineering properties and relatively low cost (Du et
al., 2019). The presence of corrosive ions such as Mg, CI” and
SO,* in the ocean environment has had a major effect on the
strength of cemented soils used in marine, coastal, and shoreline
engineering (Marchand et al., 2002). Numerous academics have
conducted research on the performance of cemented soil in the
presence of seawater corrosion. Li et al. (2017) demonstrated
that after 90 days of exposure to seawater, the compressive strength
of cement mortars reduced due to ionic erosion, and that pure
calcium aluminate cement mortars were more resistant to seawater
erosion than plain silicate cement mortars. The decrease in
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cement mortar strength is primarily due to the fact that in a
sulphate environment, the hydroxide and calcium ions in the
cemented soil specimen are easily decalcified, resulting in the
dissolution of the silicate and C-S-H gels (Glasser et al., 2008).
When magnesium ions are present in the solution, the sulphate
and magnesium ions combine to form Mg(OH),, hydrotalcite-
like M-A-H and M-S-H gels, resulting in increased solid (De
Weerdt and Justnes, 2015). Yu et al. (2018) investigated that the
deterioration mechanism of cemented soil in sodium sulphate
solution and clear water environments through complete submersion
and dry and wet cycles. The unfavorable impacts of the sea
environment on cemented soils have posed significant structural,
mechanical, and durability issues. As a result, research is
required to enhance the mechanical characteristics and corrosion
resistance of cemented soil used in offshore engineering projects.

Nanomaterials and technologies have been proclaimed the “most
promising materials and technology of the twenty-first century”, and
numerous studies have successfully used nanomaterials to improve
the mechanical characteristics of cemented soil (Li et al., 2004;
Kooshafar and Madani, 2020). nano-Si0O,, nano-MgO, nano-TiO,,
carbon nanotubes, and nano-clay are all common cemented soil
modification nanomaterials (Jo et al., 2007; Yao et al., 2020; Wang et
al,, 2021), with nano-SiO, being the most extensively investigated
nanomaterial thus far. Small quantities of nano-SiO, particles have
been reported to dramatically improve the mechanical characteristics
of cement or concrete in the available literature (Shih et al., 2006). For
example, Bahmani et al. (2014) discovered that when 0.4 percent
nano-Si0O, was mixed with 8% cement and merely 8% cement, the
compressive strength of the soil rose by 85 percent. Puerto Suérez et
al. (2020) found that adding 1% and 1.5% nano-SiO, increased the
compressive strength of cement mortars by 70% and 106%,
respectively. On the one hand, the addition of nano-SiO, thickens the
cement paste, accelerating the setting process and increasing the early

strength of the cemented soil; on the other hand, it strengthens the
bond between solid particles and consumes more CH crystals,
effectively improving the interface structure (Qing et al., 2007). Until
yet, little work has been carried on the use of nanomaterials to
improve cemented soil in marine conditions. While nano-SiO, can
enhance the mechanical qualities of cemented soil, corrosive
solutions such as seawater and sulphate must also be considered.
The purpose of this study is to investigate the effect of nano-
SiO, on the structural and mechanical properties of cemented
soil in a maritime environment. The present study is conducted
in a simulated seawater environment to preserve the specimens
and compare the compressive strength of cemented soil mixed
with nano-SiO, and ordinary silicate cemented soil. Advanced
analytical techniques such as X-ray diffraction (XRD) and scanning
electron microscopy (SEM) are used to deduce the microstructural
mechanism by which nano-SiO, improves cemented soil and to
deduce the evolution of the changes in macroscopic mechanical
properties. The chemical composition and microstructure of
cemented soils due to addition of nano-SiO, are also studied.

2. Laboratory Investigation

2.1 Materials

This study mainly used silty clay, cement, nano-SiO, and sea salt
prepared seawater to preparing cemented soil sample. P32.5
ordinary silicate cement manufactured by Wuhan Yangchun Cement
Co. was used in this experiment. Marine soft soils are widely
distributed in coastal areas of China, and the soft soils mainly
comprising silty clay and clay (Wu et al., 2018; Zhang et al.,
2018; Yu et al., 2019). So we chose silty clay for the basic soil.
The soil was extracted from the foundation pit 15 m deep in
Wuhan construction site and was brownish yellow after air
drying. According to ASTM D4318-17el (2017), the plastic
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Fig. 1. Chemical Composition of the Silty Clay
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Table 1. Characteristic Parameters of Nanomaterials

Category Exterior Grain Size (nm) Specific Area (m*/g) Bulk Density (g/cm?®) Purity (%)
Nano-SiO, White powder 25-35 190 — 250 0.057 99.5
Table 2. The Indicators of Each lon Concentration between Simulated Seawater and Natural Seawater
Ton type Cl Na* SO,? Mg* K* Ca*
Simulated Seawater (mg/L) 16,900 — 17,600 9,600 — 9.900 2,250 - 2,400 1,150 -1,200 340 -360 280 —350
Natural Seawater (mg/L) 17,300 — 17,900 10,700 — 11,400 1,800 — 2,400 1,000 — 1,400 360 — 400 290 — 400
limit of the soil was determined to be 16.18% and the liquid  Table 3. Nano-Cement and Solid Mixing Ratio (%)
limit to be 28..97A; using a combined !1qu1d—plastlc limit tgster, Number N g Aw Cw,
and the specific gravity was determined to be 2.77 using a

. . C e . 1 0 100 15 50.22
specific gravity bottle test. The plasticity index is calculated as 5 X 100 15 50.67
IP = WL (liquid limit) - WP (plastic limit). The plasticity index 5 > 100 15 51:1 2
IP is calculated to be 12.79. According to the soil type classification, 4 3 100 15 51.57

the soil utilized in this test was classified as silty clay. The soils
used in this test are silty clay which are consistent with most of
nature soft marine soils. The chemical composition of the silty clay
was determined using an x-ray fluorescence (XRF) technique, with
the highest elemental iron content. Fig. 1 shows the chemical
composition of the silty clay.

Table 1 lists the intrinsic properties of the nano-SiO, employed in
this study. Because the cost of shipping seawater was prohibitively
high due to geographical constraints, this experiment used synthetic
seawater composed of seawater pigments. According to Bin-
Shafique et al. (2010), the average salinity of world marine saltwater
is approximately 35%o, and this experiment created simulated
seawater with a 35:1000 ratio of sea salt to water and a 1C =
35%o concentration of seawater elements. In this study, 0C denotes a
clean water environment, 1C denotes an simulated seawater
environment with a salinity of 35%., 2C denotes an simulated
seawater environment with a salinity of 75%o, and 3C denotes an
simulated seawater environment with a salinity of 105%o. In this
paper, seawater concentration is denoted by C. At a room
temperature of 22°C, the pH of the simulated seawater was 8.32.
Table 2 shows that the ion concentration index of simulated
seawater is comparable to that of natural seawater. The following
is the process for preparing simulated seawater:

1. Weigh a specified mass of sea salt in an aluminium box

using an electronic scale;

2. Take a 1L volumetric flask and pour the sea salt from the
aluminium box into the flask;

3. Use a glass rod to introduce pure water into the volumetric
flask, using the dropper when near the scale to ensure that
the bottom of the concave surface of the solution coincides
with the scale;

4. Stir the solution with a clean glass rod to dissolve the sea
salt completely.

2.2 Mixing Ratio
Since the soil used in this test is free from salinity (i.e. sourced from

an inland location), an simulated seawater was used to replicate the
soft soil prevalent in the marine environment. According to Lee et al.
(2005), the mixing ratio of cement mixed clay is expressed as
s:c:n:w, s 1s the mass of dry soil, ¢ is the mass of dry cement particles,
w 1s the mass of simulated seawater, and Aw = ¢/s is the amount of
cement admixture. The test defined nano-SiO, as an admixture, # as
the mass of nano-SiO, particles, Ny= n/s as the nano-SiO, admixture,
and C,,;=w/(s + ¢ + n) as the total simulated seawater content. The
detailed mixing ratio of specimens for this test is shown in Table 3.

2.3 Sample Preparation

The sample preparation using Nano-Silica is referred to the study
of Lee et al. (2005) and Chen et al. (2022). The sample preparation
using Nano-Silica is illustrated via different stages indicated below:

1. The silty clay was dried in an oven at 105°C and passed
through a 2 mm sieve, and subsequently the soil was placed
in a box and sealed for storage;

2. The dried clay particles, cement particles and Nano-Silica
powder are combined according to the mixing ratios in
Table 2 and then mixed well using a mixer with a continuous
speed of approx. 2 min.

3. Add artificial seawater (according to the proportions in
Table 2) and mix with a mixer for 5 min to mix the cement,
Nano-Silica, clay and artificial seawater to a slurry state.

4. Poured the slurry into a cylindrical mold with a height of 80
mm and a diameter of 39 mm, and the air bubbles were
discharged by shaking for 2 — 3 minutes on a vibrating table to
dislodge air bubbles and ensure the specimen is dense.

5. Samples with air bubbles removed are placed in a constant
temperature and humidity chamber for 48h.

6. After 48h of room temperature (20 — 24°C) cure, remove
the mold and immerse the samples in artificially simulated
seawater environment. Specimens were labeled and immersed
in four different solution environments (clean water, 1C
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simulated seawater, 2C simulated seawater, 3C simulated
seawater) for 7 days, 28 days, 60 days and 90 days.

2.4 Unconfined Compressive Strength Test

The unconfined compressive strength test is equivalent to the
special case where the circumferential pressure is absent in the
case of a triaxial compression test.

According to the recommendation of Yang et al. (2020), the
samples were vacuum saturated prior to conducting the UCS test
to ensure that the saturation of all specimens was consistent. The
test instrument is a model WE-100 universal testing machine
with a range of 0 to 20 kN and a loading rate of 0 to 100 mm/min.
The test was conducted at a rate of 1mm/min of axial compression.
The average of the single compressive strengths of three parallel
specimens at the same cement-to-solids ratio, curing age and curing
environment is taken as a set of compressive strength values. If a
specimen's compressive strength value deviates from the average
value by more than 15% of the average value, the specimen's
compressive strength value is disregarded. After completing the
unconfined compression test, we crush the broken sample into
powder. Dry the powder in a drying oven at 60°C for later use.

The modulus of elasticity under different conservation

(e) ®

environments was obtained according to Jiang et al. (2019).
The results of the UCS test and the obtained elastic modulus
values were used to analyze the effects of clear water and seawater
environments on the macroscopic mechanical properties of the
cemented soil.

2.5 X-Ray Diffraction Test

XRD is a technique for analyzing the atomic or molecular
structure of a material. It is non-destructive and is most
effective on fully or partially crystalline materials. The technique is
often referred to as X-ray powder diffraction, because the
material being analyzed is usually finely ground to a homogeneous
state.

In order to investigate the corrosive effect of simulated
seawater environment on the reactants and products of cemented
soil and the improvement mechanism of nano-SiO, on the
internal molecular structure of cemented soil, XRD tests were
conducted. In the XRD test, we take the previously dried powder
and place it on a glass slide for X-ray diffraction analysis. The
instrument used in this XRD test was a polycrystalline X-ray
diffraction analyzer with a diffraction angle of 10 — 80° and a
diffraction rate of 10°/min. After concluding the test, the CH

(d)

ter content:3C

(2 (h)

Fig. 2. Failure Specimens after the USC Test: (a) Seawater Content:0C; NS:0%, (b) Seawater Content:0C; NS:1%, (c) Seawater Content:0C,
NS:2%, (d) Seawater Content:0C; NS:3%, (e) Seawater Content:3C; NS:0%, (f) Seawater Content:3C; NS:1%, (g) Seawater Content:3C,

NS:2%, (h) Seawater Content:3C; NS:3%
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crystal orientation at the end of the cement hydration reaction
was obtained based on the study of Hussin and Poole (2011).

2.6 Scanning Electron Microscope Test

In order to reflect more visually the internal structural changes
of the cemented soil after the modification of nano-SiO, and
the erosion of simulated seawater, it was decided to conduct
electron microscope scanning tests on the cemented soil
specimens. Before conducting the SEM test, we need to
pretreated the cemented soil specimen: take a flat specimen of
cemented soil, carefully glue the specimen to the conductive
adhesive and then vacuum dry the specimen. The vacuum dried
specimens are then sputtered with gold. The purpose of the
gold sputtering treatment is to ensure that the sample has good
electrical conductivity so that the sample can be better viewed.
The test was performed using a Hitachi SU8010 high-resolution
field emission scanning electron microscope to observe the fine
view morphology of the test pieces at different magnifications
(500x, 5000%, 20000x).
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3. Laboratory Results And Discussion
3.1 Unconfined Compressive Strength

3.1.7 Stress-Strain Curve

Figure 2 shows a picture of a universal testing machine crushing
nano-Si0, cemented soil after immersion in water and seawater.
NS in Fig. 2 indicates nano-SiOs,.

Figure 3 shows the stress-strain relationship curves of the
UCS test of ordinary silicate cemented soil. As evident from Fig. 3,
the peak strength of ordinary silicate cemented soil in clear water
environment increase first and then decrease with the soaking
time. The hydration of cement is a long-term process (Shihata
and Baghdadi, 2001). Generally at 28 days the cement hydration
reaction is 70 — 80% complete. During the initial period of
seawater immersion (7 — 30 days), the increase in strength of the
soil by the hydration reaction exceeds the increase in strength by
the corrosion of the soil by the seawater; during the later period
of seawater immersion (60 — 90 days), the corrosion of the soil
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Fig. 3. Stress-Strain Curves of Ordinary Silicate Cement Soil Unconfined Compression Test: (a) Curing 7 Days, (b) Curing 30 Days, (c) Curing

60 Days, (d) Curing 90 Days



1540 Q. Che etal.

by the seawater gradually becomes stronger than the increase in
strength by the hydration reaction. So the strength of the sample
shows an increase and then a decrease with the increase of
corrosion time. After 30 days of curing, the peak strength has a
maximum value of 3.65 MPa. In simulated seawater environment,
the higher the concentration of seawater, the more moderate the
trend of stress-strain curve is observed for the conventional
silicate cemented soil.

In the plasticity theory, if the stress increased with the increase
of strain, but the rate of increase was slower and slower, and
finally approaches a horizontal line, it was called strain hardening. If
the stress increases with the increase of strain at the beginning,
after reaching a peak value, the stress decreased with the increased
of strain and eventually tends to be stable, which was called
strain softening. According to the above analysis, the stress-
strain curve of the cemented soil sample in Fig. 3 can be roughly
divided into five stages:

1. In the initial stage, the stress increased gradually with the

strain,

2. In the elastic deformation stage, the stress increased rapidly,
and the stress-strain curve was approximately a straight
line, which was because the cemented soil was subjected to
further elastic deformation, and the initial micro-crack
change of cement colloid has little effect,

3. In the plastic rising stage, the stress increased gradually and
reached the peak,

4. In the strain-hardening stage, the stress does not decrease
with increasing strain immediately after reaching its peak,
and remains constant at its maximum value. At that time,
the stress-strain curve is approximately a horizontal line,
which indicates that the specimen is ductile deformation.

5. In the descending phase, the stress decreases gradually with
increasing strain. At that time, the greater the slope of the
decline of the stress-strain curve, the higher the strength of
the cemented soil, but the poorer the ductility.

It is obvious from Fig. 3 that the slope of the elastic
deformation phase decreases with the increase of the simulated
seawater concentration and the peak intensity of the curve
decreases. From these data, the longer the maintenance time in
simulated seawater environment, the faster the rate of decline in
the peak strength of ordinary silicate cemented soil, the worse
the ability to resist seawater erosion. Thus, how to improve the
corrosion resistance of ordinary silicate cement is a problem that
needs to be solved in today's marine engineering practice.

Figure 4 shows the stress-strain relationship curves of the
cemented soil after the addition of nano-SiO, at the curing age of
60 days. Combined with the stress-strain relationship curves, it
can be found that only the 2% nano-SiO, doping amount of
cemented soil shows strain hardening state in simulated seawater
environment, which also indicates that the cemented soil with
2% nano-SiO, doping has good ductility and can produce certain
deformation without damage.

In 1C simulated seawater environment, the peak strength of
cemented soil with 2% nano-SiO, content was 4.52 Mpa, and the
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Fig. 4. Stress-Strain Curve of Nano-SiO, Cement Soil: (a) 1% Nano-
SiO,, (b) 2% Nano-SiO,, (c) 3% Nano-SiO,

peak strength of cemented soil with 1% nano-SiO, content and
3% Nano-SiO, content was 4.39 Mpa and 4.38 Mpa, respectively. In
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2C simulated seawater environment, the peak strength of cemented
soil mixed with 1% and 3% nano-SiO, was 3.18 Mpa and 3.32 Mpa,
respectively. In 3C simulated seawater environment, the peak
strength of cemented soil with 1% and 3% nano-SiO, content
was 2.87 Mpa and 2.64 Mpa, respectively. This indicated that the
addition of nano-SiO, may make the cemented soil have better
seawater corrosion resistance.

3.1.2 Compressive Strength

The average peak strength of three samples in each group was
taken as the unconfined compressive strength (UCS) of cemented
soil samples, and the UCS value was expressed by gu. Fig. 5
shows the relationship between UCS and curing days of ordinary
silicate cemented soil in different curing environments.

The maximum UCS of ordinary silicate cemented soil was
3.4 Mpa in non-corrosive environment, that was, in clean water
environment. Under different simulated seawater environments,
the maximum compressive strength of ordinary silicate cemented
soil was 2.9 Mpa, which was 15% lower than that under clean
water environment, and the minimum compressive strength was
0.23 Mpa, which was 92% lower than that under clean water
environment. It can be founded that under the same curing time,
the UCS of ordinary silicate cemented soil decreases with the
increase of simulated seawater concentration. The higher the
simulated seawater concentration was, the more unfavorable the
compressive strength of ordinary silicate cemented soil was. The
possible cause of these situations might be due to the increased
concentration of aggressive ions such as SO,*, CI"and Mg** in
the simulated seawater. The higher number of erosive ions has a
more adverse effect on cemented soil structure, leading to a
reduction in the compressive strength of cemented soil (Donatello et
al., 2013).

It can be clearly seen from Fig. 6 that the compressive strength of
nano-SiO, cemented soil was higher than that of ordinary silicate
cemented soil in clear water. The highest compressive strength
was 5.47 Mpa, which was 61% higher than that of ordinary
silicate cemented soil.

The compressive strength of cemented soil with the same
nano-Si0, content decreased with the increase of simulated
seawater concentration, but the compressive strength value was
higher than that of ordinary silicate cemented soil in simulated
seawater environment. In this study, after 60 days of seawater
corrosion the addition of 1%, 2% and 3% of nano-SiO, increased
the UCS of the cemented soils by 51%, 55% and 52% respectively.
In 1C simulated seawater environment, 2% nano-SiO, had the
best effect among the three different nano-SiO, contents. In 2C
and 3C simulated seawater environment, the compressive strength
of 2% nano-SiO, to cemented soil was still the highest among
the three different nano-SiO, cemented soil mixtures, which was
3.54 Mpa and 3.03 Mpa, respectively. Figs. 5 and 6 show that the
nano-Si0, had a positive effect on the compressive strength of
cemented soil and can improved the compressive strength of
cemented soil to a certain extent. In the study of Qing et al.
(2007), the addition of 1%, 2%, 3% and 5% of nano-SiO, increased
the compressive strength of the cement paste by 20%, 21% ,
23% and 25% respectively. Similar to the results of Qing et al.
(2007), the addition of nano-SiO, improved the UCS of
cemented soils. However, due to the different sample preparation
methods and different solution environments the improvement
efficiency of nano-SiO, in this study was significantly higher
than that of Qing et al. (2007).

3.1.3 Seawater Corrosion Effect

In order to clarify the corrosion of cemented soil specimens by
different seawater concentrations, the UCS loss rate Fr was set to
reflect the reduction of compressive strength of cemented soil
specimens under simulated seawater environment, and the effect
of seawater corrosion on the mechanical properties of cemented
soil is evaluated according to the magnitude of Fr. Fr can be
calculated from Eq. (1):

F=9w"9 Ge1c 2, 30C). ()
9o

Fr represented the unconfined compressive strength loss rate,
q.; was the compressive strength value of cemented soil sample
under different seawater concentration, and g,,, was the compressive
strength value of cemented soil sample under clean water
environment. The results obtained by Eq. (1) were plotted in Fig. 7.

The larger Fr was, the stronger the corrosion effect of simulated
seawater on cemented soil sample was. It can be seen from Fig. 7
that in 1C simulated seawater environment, the Fr of ordinary
silicate cemented soil was 25% at the maintenance age of 30
days, and the Fr is reduced to 10% after the addition of nano-
Si0,. In 2C and 3C simulated seawater environment, the Fr of
ordinary silicate cemented soil was 27%-21% higher than that of
nano-Si0, when curing for 30 days. The loss rate of compressive
strength of cemented soil with nano-SiO, was greatly reduced
compared with that of ordinary silicate cemented soil. This
indicated that the addition of nano-SiO, can counteracted the
corrosion of seawater to a certain extent. When the curing age
was 90 days, the Fr of ordinary silicate cemented soil was 71%
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in 2C simulated seawater environment, and the Fr of nano-SiO,  environment, the Fr of all cemented soil samples reached more
was 64% — 66%. However, in the 3C simulated seawater than 90%. These data indicated that in the simulated seawater
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environment with high concentration for a long time, the addition of
nano-Si0, was difficult to offset the adverse effects of seawater
corrosion. Simulated seawater environment generally has adverse
effects on the compressive strength of cemented soil. The addition
of nano-SiO, can only offset such effects to a certain extent, and
the offset mechanism needs to be further discussed.

3.1.4 Improvement Effect of Nano-SiO,

In order to reflect more intuitively the improvement effect of
nano-SiO, on the cemented soil in seawater environment, the
growth rate Rs of unconfined compressive strength is set to
evaluate the mechanical effects of different doses of nano-SiO,
on the cemented soil under the corrosive environment of seawater.
Rs can be calculated from Eq. (2):

Rs=T =20 (GENG). @

qun
Rs represented the growth rate of unconfined compressive
strength, g,, represented the unconfined compressive strength of
nano-Si0, cemented soil sample, and ¢,; represented the
unmeasured compressive strength of ordinary silicate Cemented
soil. The values computed using Eq. (2) are plotted against nano-

SiO, in Fig. 8.

Except the strength growth rate of 3% nano-SiO, cemented
soil show in Fig. 8(d) was negative, Figs. 8(a), 8(b) and §(c)
shows that the nano-SiO, increased the compressive strength of
cemented soil to a certain extent. The compressive strength
growth rate of nano-SiO, cemented soil after curing for 30 days
was extremely high. The highest 2% nano-SiO, cemented soil
can reach 158%. Considered that most marine projects require
long-term service life, combined with the engineering practice
and the above analysis, it was founded that 2% nano-SiO, can
improved the long-term corrosion resistance of cemented soil
better than 1% and 3% nano-SiO,. According to the research of
Fu et al. (2020), The reason why the compressive strength of 3%
nano-Si0, cemented soil is lower than that of 2% nano-SiO, may
be due to the unstable internal structure of cemented soil caused
by excessive nano-SiO,.

The slope of the stress-strain curve (linear elastic portion of the
stress-strain curve) is taken as the elastic modulus Ej of the test
sample, which can be obtained from Eq. (3) (Jiang et al., 2019):

_do(¢)
C de

E, lozo - ©)
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The stiffness of a material is usually measured by the elastic
modulus £, and the greater the elastic modulus, the greater the
stiffness of the material. The relationship between elastic modulus
E, and different curing environments was shown in Fig. 9.
According to the stress-strain relationship curve, the slope of the
stress-strain curve at the elastic deformation stage was positively
correlated with the peak strength of the same nano-SiO, powder
content, that was, the larger the elastic modulus £, was, the larger
the corresponding unconfined compressive strength was. It is
evident from Fig. 9 that the elastic modulus decreased with the
increase of seawater concentration. In a clear water environment,
the elastic modulus of 2% nano-SiO, cemented soil sample
reached 1392.1 Mpa, which is the highest among all cemented
soil samples. Compared with other cemented soil samples, 2%
nano-Si0, cemented soil samples have the largest elastic modulus
of 588.6 Mpa and 97.2 Mpa, respectively, in a seawater
corrosive environment of 1C and 2C for a long time (90 days).
When the seawater concentration was the highest (3C), the
elastic modulus of 2% nano-SiO, cemented soil sample was the
highest, which was 183.3 Mpa. In conclusion, 2% as the best
dosage of nano-Si0; in a long-term seawater corrosion environment,
which was consistent with the analysis of the improvement
effect of nano-SiO, on the unconfined compressive strength of
cemented soil.

3.2 Scanning Electron Microscope Test

The excellent micro-structure and activity of nano-SiO, were the
main reasons for improving the macroscopic mechanical properties
of cemented soil. Scanning electron microscopy (SEM) tests
were carried out on the surface of cemented soil samples which
had been preserved for 7 days and 60 days respectively in the
environment of clean water and seawater. The micro-structural
characteristics of the samples after erosion were observed to
analyze the improvement effect of nano-SiO, on cemented soil
structure at the micro level. Figs. 10(a) and 10(b) shows the SEM
images of ordinary cemented soil and nano-SiO, cemented soil
preserved for 60d in clean water environment. Fig. 10 show the
hexagonal lamellar Ca(OH), crystals (CH) are evident. Calcium
silicate hydrate (C-S-H) colloid are in reticular, colloidal or
flocculent form; as well as columnar calcareous alumina (Aft)
(Rajasekaran, 2005; Xing et al., 2009; Yang et al., 2012).

Figure 10(b) show that there are more columnar chalcocite
and C-S-H colloid than Figs. 10(a), and the pores are also filled
with nanoparticles to make the structure more densely. Although
the CH crystals produced by cement hydration have high
strength, they were easily affected by the environment and weak
link of cemented soil (Fu et al., 2020). The reduction in the size
of the CH crystals at the interface indicates that the interface
structure has been improved, resulting in some increase in the
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(b)

Fig. 10. SEM Test Results of Ordinary Cement Soil and Nano-SiO, Cement Soil in Clean Water Environment: (a) Ordinary Cement Soil, (b) Nano-

SiO, Cement Soil

unconfined compressive strength of the cemented soil. The main
factor that enhances the compressive strength of cemented soil is
that the hydration product C-S-H colloids exert an inter-structural
bonding effect that tightly binds the soil particles and fills the
pores (Lang et al., 2020). Calcareous alumina (Aft) is a hydration
product, which was an expansive substance with low solubility,
and can fill pores to a certain extent and improve the compressive
strength of cemented soil.

Nano-SiO, can improve the microstructure of cemented soil
in two aspects: on the one hand, the “filling effect” and “nucleation
effect” of nano-SiO, fill the pores inside the soil sample structure,
making the originally loose soil structure become compact; on
the other hand, it is the “pozzolanic effect” of nano-SiO,. The
extremely small particle size of nano-SiO, gives it a huge surface
energy. Such high surface energy can promote the reaction between
nano-SiO, and cement hydration product CH crystal to generate
more C-S-H colloid, thus improving the stability and compressive

strength of cemented soil (Sobolev et al., 2009). By comparing
Figs. 10(a) and 10(b), it was founded that C-S-H colloid increased
after nano-SiO, was added, and a dense network structure was
formed covering most cemented soil structures. Aft also increased
significantly, forming a “bridge” between structures. As C-S-H
colloid and Aft content increased, the chain of cement-treated
soil and layered structure was further connected to form a whole
nano-SiO, tiny size to fill the pore structure. This has further
improved the coupling effects from these three cement-soil strength
and stability, which is also reflected from identical results from
unconfined compression test.

Figures 11(a) and 11(b) shows the SEM image of ordinary
cemented soil and nano-SiO, cemented soil after curing for 60d
in seawater environment. From the Figs. 11(a), the cracks of
ordinary silicate cemented soil were very large in the environment
of seawater erosion, and the structural connectivity was not
enough, so it was in an extremely unstable state. Nano-SiO,

Fig. 11. SEM Test Results of Ordinary and Nano-SiO, Cement Soil in Simulated Seawater Environment: (a) Ordinary Cement Soil, (b) Nano-SiO,

Cement Soil
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cemented soil performed well without large cracks are shown in
Figs. 11(b). There were many aggregates on the surface of soil
particles, which improved the integrity of the cemented soil
structure and made the structure more stable. This phenomenon
indicated that the addition of nano-SiO, can effectively improving
the microstructure of cemented soil in the seawater environment,
thus improving the macro-mechanical properties of cemented
soil (Liu et al., 2020).

Figures 12(a) and 12(b) shows the SEM images of nano-SiO,
cemented soil curing for 7 days and 60 days respectively in 1C
simulated seawater environment. Fig. 12(a) shows that the pores
in nano-Si0, cemented soil structure become larger, C-S-H
colloid no longer have a dense network structure after being
corroded by seawater, but only covers the surface of soil particles
very thin. Aft also becomes small and loses its “bridge” function,
and the hydration reaction rate at this time was less than the
erosion reaction rate. However, Fig. 12(b) show that the pores
were filled with a large amount of C-S-H colloid, and Aft
continued to act as a “bridge” between the structures, and there
was much more C-S-H colloid than Aft at this time, indicating
that the volcanic ash effect of SiO, nanoparticles became more
and more obvious as time increased, and the rate of hydration
reaction was greater than the rate of erosion reaction at this time.

Combining Figs. 6(c) with 10(d), conclude that the compression
strength decreased at 90 days curing. After 60 days curing there
would be difficult to create new CH crystal during the cement
hydration reaction, and the original CH crystal would also be
consumed due to the nano-SiO, “ash effect”. As a result, the C-
S-H colloid population no longer grows, but eventually declines
due to environmental erosion. At this time, the erosion reaction
rate was significantly greater than the hydration response rate,
which was reflected in macroscopic mechanics as a decrease in
compressive strength (Xing et al., 2009; Bahmani et al., 2014).

3.3 XRD Test
Ordinary silicate cemented soil and nano-SiO, cemented samples

(b)
Fig. 12. SEM Test Results of Nano-SiO, Cement Soil in Simulated Seawater Environment: (a) Curing 7 Days, (b) Curing 60 Days

I 3200
(S):Si0,
© (CHYCalOH) [ oggp
(C)C,SIC,S
1 | Fle20 €
(Ca).CaC0, 2
(M):Mg(OH), 0 2
| A {T}- |:(.'a} | F 640
} Ll {Cl:' (fij Y ‘Ilnz_l\on. | | | |
"l-m.ﬁl. W)
V 7 et ) S o
'-l\—..._MJA\.JUJ.n oA ¥ b N ;
yamAan . .
/s ALK b WA e M A
W M W 4 5 6 W 80

20

Fig. 13. X-Ray Diffraction Pattern of Cemented Soil Sample after Curing
For 90 Days

for 90 days were scanned respectively at the diffraction rate of
10°/min and the diffraction angle of 10° — 80°. The X-ray diffraction
analysis results were shown in Fig. 13. Fig. 13 was the X-ray
diffraction pattern of ordinary silicate cemented soil and nano-
SiO, cemented soil samples in seawater environment and clean
water environment after curing for 90 days.

According to the 20 angle of different materials and the
intensity of diffraction peak, the main crystal substances in cemented
soil samples were analyzed and compared by semi-quantitative
method. The diffraction peak angle of SiO, was 26.65°. CH
crystal has two diffraction peak angles of 18.11° and 36.57°
respectively. C;S and C,S react with water to form calcium silicate
hydrate (C-S-H) colloid, and its diffraction angle is 27.95°; The
diffraction angle of CaCO; was 29.48°. Mg(OH), was formed by
the reaction of C-S-H colloid with Mg”* in seawater, and its
diffraction angle was 39.47° (Fu et al., 2020). The diffraction
peak intensity values of the raw materials and products of the
chemical reaction are shown in Table 4.
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Table 4. Diffraction Peak Intensity Values of Crystallites

Crystal Substance

Group Name Si0, Ca(OH)/001 Ca(OH)/101 CaCo; Mg(OH), C,S/C,S
0%-0C 2,347 102 237 478 282 351
2%-0C 2,472 108 258 508 260 302
0%-3C 2,072 322 94 258 333 266
2%-3C 2,615 102 277 426 224 226

“0%-0C” in Fig. 13 and Table 4 refers to ordinary silicate
cemented soil in a clear water environment. “2%-0C” was nano-
Si0, cemented soil in clean water environment; “0-3C” was the
ordinary silicate cemented soil under three times simulated
seawater environment; ‘“2%-3C” was nano-SiO, cemented soil
under three times simulated seawater environment.

The reaction between SO,>, simulated seawater and calcium
carbonate leads to a reduction in the number of calcium carbonate
crystals, resulting in lower diffraction intensity of calcium
carbonate crystals in normal cemented soil than in nano-SiO,
cemented soil. The reduction in the diffraction intensity of
CaCO; crystals is one of the reasons for the decrease in the
macroscopic mechanical properties of cemented soil (Rajasekaran,
2005). After 90 days of curing, the hydration reaction of cement
has basically ended. C;S and C,S were the raw materials for
hydration reaction, and their diffraction intensity decreased,
indicated that the quantity of C;S and C,S was greatly
consumed in cemented soil hydration reaction, that was, the
hydration reaction is accelerated. The content of C;S and C,S
in cemented soil decreased compared with ordinary silicate
cemented soil after adding 2% nano-SiO,, which indicated that
the addition of nano-SiO, may greatly improve the efficiency
of cemented hydration reaction.

Mg(OH), was formed by the reaction of C-S-H colloid with
Mg?" in seawater (Fu et al., 2020). The content of Mg(OH),
decreased after the addition of nano-SiO, in a clear water
environment, probably because Mg>* could not easily enter the
pores to react with C-S-H colloids after the addition of nano-
Si0,, so the content of Mg(OH), decreased. The Mg(OH), content
of normal cemented soil is 15% higher in a seawater environment
than in a clean water environment, probably due to the fact that
Mg*" in a seawater environment can more easily invade normal
cemented soil to react with C-S-H colloids, thus reducing the
number of C-S-H colloids and ultimately reducing the compressive
strength of the cemented soil. This was consistent with the results
of unconfined compressive strength test. From the experimental
data, it can be founded that the Mg(OH), content in seawater
environment was significantly reduced after the addition of nano-
Si0,, even lower than that in clean water environment, which was
likely to indicate that the addition of nano-SiO, significantly
prevents the corrosive effect of Mg®" in seawater.

CH crystal orientation was one of the important factors affecting
cemented soil strength (Qing et al., 2007). According to Hussin
and Poole (2011), for CH crystal, when (101) crystal plane was

Table 5. CH Crystal Orientation of Ordinary Silicate Cemented Soil
and Nano-SiO, Cemented Soils at 90 Days Curing Age

Group name Ca(OH),/001 Ca(OH),/101 R

0%-0C 102 237 0.581594252
2%-0C 108 258 0.565681961
0%-3C 322 94 1.686570291
2%-3C 102 277 0.497609523

taken as the reference plane, the orientation index of (001)
crystal plane was R, which can be obtained from Eq. (4):

1
R:m[l(oou/](lm)]' “4)

CH crystal orientation of each group was shown in Table 5.
As can be seen from Table 5, the orientation index R of ordinary
silicate cemented soil is higher than that of nano-SiO, cemented
soil. The greater the crystalline orientation, the poorer the interfacial
structure of the cemented soil, resulting in weaker compressive
strength (Fu et al., 2020). In 3C seawater environment, the crystal
orientation of ordinary silicate cemented soil was the largest,
reaching 1.69, which indicates that 3C seawater environment
was extremely unfavorable to the compressive strength of ordinary
silicate cemented soil. On the contrary, the CH crystal orientation
of 2% nano-SiO, cemented soil decreased by 70.4%, indicating
that in the same seawater environment, the addition of nano-SiO,
may consume more CH crystals, reduce the size of CH crystals
at the interface, and improve the interface structure of cemented
soil more effectively, thus reducing the erosion effect of seawater
on cemented soil. This is consistent with the research results of
Qing et al. (2007).

In conclusion, the improvement of corrosion resistance and
mechanical properties of cemented soil under seawater environment
by nano-SiO, was the result of the comprehensive effect of
filling effect, nucleation effect and pozzolanic effect.

4. Conclusions

This study presents laboratory-based approach to investigate the
effect of nano-SiO, on the structural and mechanical properties
of cemented soil in a simulated seawater appropriate to maritime
environment. The unconfined compressive strength, elastic modulus
and other mechanical properties of cemented soil mixed with
nano-SiO, and ordinary silicate cemented soil were evaluated.



1548 Q. Che etal.

The micro-structural mechanism underlying the use of nano-
Si0, for cemented soil improvement were also deduced by
performing the X-ray diffraction (XRD) and scanning electron
microscope (SEM) analyses. The experimental data support the
following conclusions:

1. As the concentration of simulated seawater increased, the
mechanical characteristics of cemented soil samples
deteriorated, as evidenced by a drop in unconfined compressive
strength. In a high concentration (3C) simulated seawater
environment, the compressive strength of cemented soil
deteriorated at a rate of up to 90%.

2. The inclusion of nano-SiO, significantly enhanced the
mechanical properties of cemented soil in an simulated
seawater environment, most notably the unconfined
compressive strength. Nano-SiO, with a 2% concentration
exhibited the highest rate of unconfined compressive strength
improvement. As curing period of 30 and 60 days were used,
its unconfined compressive strength rose by 86% and 158%,
respectively, when compared to conventional silicate soil-based
cement in a 3C simulated saltwater curing environment.

3. The enhancement of nano-SiO, on the microscopic level of
cemented soil is primarily due to its superior filling and
pozzolanic properties, which compact the structure of the
cemented soil and improve the micro-structure, making it
less susceptible to erosion by seawater ions, thereby increasing
the unconfined compressive strength of cemented soil in
the simulated maritime environment.

4. There are two main reasons why nano-SiO, enhances the
compressive strength and corrosion resistance of the cement
soil at the chemical reaction level. On the one hand, the
addition of nano-SiO, accelerates the consumption of C;S
and C,S in the reactants, prompting a substantial increase in
the efficiency of the hydration reaction. On the other hand,
the addition of nano-SiO, prevents the reaction of Mg>
with C-S-H gel in the simulated seawater environment and
reduces the loss of C-S-H gel, thus improving the corrosion
resistance of the cement soil in the simulated seawater
environment.

In summary, the current laboratory test results demonstrate that
nano-Si0, is beneficial to the the compressive strength, elasticity
modulus and microstructure of cemented soil when exposed to
simulated seawater. In comparison to conventional silicate cemented
soil, nano-SiO, cemented soil exhibited acceptable corrosion
resistance and mechanical properties for the artificial seawater
solution.
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Nomenclature

The following symbols are used in this paper:

Aw = Amount of cement admixture (unit: g)
C = Mass of dry cement particles (unit: g)
1C = Atrtificial seawater environment with a salinity of 35%o
C,; = Total artificial seawater content (unit: %)
C,, = Initial water content of the soil sample (unit: %)
E = Young's modulus (unit: Mpa)
E, = Elastic modulus (unit: Mpa)
Fr = Loss rate of ¢, (unit: %)
IP = Plasticity index
Ng = Nano-SiO, admixture (unit: %)
g, = Unconfined compressive strength (unit: Mpa)
q. = q.of seawater concentration (unit: Mpa)
q,; = g,0fnano-SiO, cement soil sample (unit: Mpa)
g0 = g, of clean water environment (unit: Mpa)
q. = q,of ordinary silicate cement soil (unit: Mpa)
Rs = Growth rate of g, (unit: %)
S = Mass of dry soil (unit: g)
W = Mass of artificial seawater (unit: g)
WL = Liquid limit (unit: %)
WP = Plastic limit (unit: %)
& = Strain (unit: %)
o = Stress (unit: Mpa)
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