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Abstract

Internal erosion refers to the mechanism of separation and movement of soil grains owing to water flow from a porous envi-
ronment that may cause significant damage to the structures involved. In the present research, an environmentally friendly
approach was used to improve the mechanical strength and erosion resistance of a poorly graded problematic sandy soil
(SP) sample with a high degree of erodibility and negligible strength. For this purpose, polypropylene fibers (PP) (0, 0.35,
0.5 and 1%) were added to the studied sandy soil stabilized with different contents of clay (0, 5, 10 and 20%) and polyvinyl
acetate (PVAc) resins (0, 1.2, 1.5 and 2%). The main goal of this study was to fully replace traditional stabilizers such as
cement with durable and sustainable substitutes. The results revealed that the development in the strength of the samples
by increasing the curing times was attributed to the time-dependent performance of PVAc content. Furthermore, the poorly
graded sandy soil (PGSS) treated with PVAc and clay showed the highest mechanical strength equal to 2580 kPa after 28 days
of curing. In terms of the Erosion Rate Index (ERI), the combination of 20% clay and 0.5% fiber along with 1.2% PVAc had
the best performance, which was reported as 4.28 after 28 days. Among different samples reinforced by fiber, the highest
ERI is related to the samples with 0.5% fibers at the 28-day curing time. The strength of the samples with clay inclusion was
significantly higher than that of the samples with either PP fiber or PVAc inclusion, indicating the high potential of clay addi-
tion in developing the strength of the poorly graded sandy samples as confirmed by Scanning Electron Microscopy (SEM)
analysis. SEM observations revealed that the treated sand sample became denser as the content of the amendments increased.
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Introduction

Constructing structures on problematic and poor soils,
including poorly graded coastal soils, has many disadvan-
tages (i.e., liquefaction and loss of shear strength) (Otoko
2014). In other words, poorly graded coastal sandy soils are
known to have low compressive and shear strength and high
settlement and erodibility potential (Al-Bared and Marto
2017), so they may cause serious problems and damage to
different earth-hydraulic structures, such as the building
foundation, irrigation canals, and roadbeds, during construc-
tion or exploitation of them and thereby leading to the struc-
tural failure or destruction and significant financial losses.
Thus, reasonable preventive measures are required due to
the existence of a vast area of sandy soils and the necessity
of constructing civil and geo-environmental projects in such
areas and sometimes non-cost-effective replacement of this
type of soil (Bell 1993).

In order to overcome the problems associated with poorly
graded sandy soil (PGSS), various soil improvement meth-
ods including soil stabilization and soil reinforcement have
been widely used during these last decades (Maragos 1993;
Bobrowsky and Marker 2018; Adabi et al. 2022). Lime,
cement and gypsum are considered traditional stabilizers
in the geotechnical engineering area. Irrespective of some
advantages of these materials in increasing the soil strength
and decreasing the soil erodibility (Mehenni et al. 2016;
Salimi et al. 2018; Vakili et al. 2019, 2021), several draw-
backs of these materials were also reported by researchers
such as their harm to the environment (Kumari and Xiang
2019; Wang et al. 2022). For example, the production of
each ton of cement releases approximately 1 ton of carbon
dioxide gas into the atmosphere (Salimi and Ghorbani 2020).
In addition, these traditional stabilizers bring brittle behavior
or sudden failure for soil, which is undesirable (Kumar and
Gupta 2016a; Jahandari et al. 2022).

Researchers have attempted new strategies to overcome
the problems associated with traditional stabilizers. Many
researchers added different types of fibers to cemented sandy
soil (Liu et al. 2020a; Zhao et al. 2020). By following this
approach, the failure pattern of soil typically changes from
brittle behavior to a more ductile one (Hamidi and Hoo-
resfand 2013). In addition, the reinforcement by different
types of fiber strands such as polypropylene and palm fibers
improves Unconfined Compressive Strength (UCS), Califor-
nia Bearing Ratio (CBR), peak and residual shear strength,
mechanical properties, and stability and controls the erod-
ibility and liquefaction potential of sandy soils (Wang et al.
2000; Marandi et al. 2008; Consoli et al. 2010; Hejazi et al.
2012; Liu et al. 2020b; Zhao et al. 2020). In the soil rein-
forcement method by fibers, fiber content, fiber length, cur-
ing time, curing method, and fiber distribution method, have
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been found as significant variable parameters controlling the
soil behavior (Ghiassian and Poorebrahim 2005; Park 2009;
Bozyigit et al. 2017; Karakan 2018). It should be noted that
better curing conditions can form better interlocking zones
around the fiber strands, resulting in stronger bonding of the
particles and improving fiber efficiency.

However, in the last decade, other researchers have
attempted to replace traditional stabilizers like cement with
environmentally friendly stabilizers such as nanosilica,
lignosulfonate, polymers, various industrial wastes, and pol-
yvinyl acetate (PVAc), partially or entirely (Yu et al. 2016).
In all previous studies, the type of stabilizers, stabilizer
contents, curing times, and curing methods significantly
determine the soil characteristics (Anagnostopoulos 2015).
Anagnostopoulos (2015) assessed the strength properties of
epoxy resin-stabilized silty clay soil considering different
curing times. The results of the study indicate that most of
the epoxy resin-treated soil, even with the adverse influence
of water content on the development of strength, appeared to
have noticeable strength improvement after a curing period
of 90 days. Some previous studies evaluated the effect of
natural materials such as clayey soils and natural pozzolans
on cement-treated sandy soils (MolaAbasi et al. 2020). It
was found that these materials can play essential roles in
stabilization procedures.

It should be noted that due to the size of its fine parti-
cles, clay can be placed between sand particles and fill the
holes between sand grains, which can lead to the physical
improvement of sandy soil. In such conditions, the perfor-
mance of the fibers is much better due to the formation of
better locking zones formed with the help of clay grains. In
addition, clay particles can participate in chemical reactions
due to their minerals and hence improve the properties of
sandy soil. To cite an example, Wang et al. (2018) investi-
gated the effects of coal-metakaolin (CMK) on the mechani-
cal and microstructural properties of cemented sandy soil.
The results showed that CMK can accelerate cement hydra-
tion, modify the pore structure, and improve the interfacial
zone between soil particles and binder, due to its pozzolanic
nature and fine particle size.

Recently, the investigators have attempted to examine
the characteristics of the soil treated with environmentally
friendly stabilizers and reinforced by polypropylene (PP)
fibers. In these new researches, cement was completely
removed from stabilization procedures and stabilization
methods by environmentally friendly materials and rein-
forcement by various types of fibers have been taken into
account simultaneously. A new method of soil improvement
using both discrete PP fibers and PVAc was introduced by
Masoumi et al. (2013). Based on the results from CBR tests
on various specimens, it has been revealed that the com-
bination of PP fiber and PVAc resin with suitable weight
percentages had the optimum effect in increasing the CBR
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value in both saturated and dry soil specimens. Vakili et al.
(2018) have also introduced a novel soil improvement tech-
nique using the lignosulfonate and PP fibers as stabilizer
and reinforcement materials, respectively. They reported
that the internal erosional and mechanical behavior of
highly dispersive soil were significantly improved due to
the simultaneous application of lignosulfonate and PP fiber.
In other words, instead of cement, lignosulfonate or PVAc
resin in the abovementioned studies was used as chemical
binders to increase the adhesion between fiber strands and
soil particles.

One of the advantages of PVAc compared to other addi-
tives is its easy production. This material has the property
of forming an excellent membrane, which with its network
structure can not only create the bonding and tensile forces
between soil particles but also increase the friction angle
and cohesion of soils. Furthermore, it is non-toxic and
does not cause environmental pollution. It can efficiently
be modified to achieve a certain level of performance (Bu
et al. 2019; Sun et al. 2022).

As reported above, the main aim of the majority of the
research done on PGSS was to investigate the mechanical
strength of the samples. Therefore, less attention has been
taken into consideration regarding the erosional behav-
ior of PGSS after being stabilized or/and reinforced. Soil
erosion means the continuous destruction of soil and its
transfer or movement from one point to another through
external factors such as water. It is a process by which
fine-grained particles are locally moved into a coarse-
grained layer, and the created holes can cause breakage
and destruction. Piping and internal erosion cause many
problems for earthen structures, especially earth dams.
The gradual transport of soil particles, which in the devel-
oped state causes the creation of a waterway in the earthen
structure, can provoke internal erosion in the earthen
structures and ultimately lead to their destruction. To pre-
vent possible construction problems caused by internal
erosion, early identification of this type of soil and finding
suitable solutions to deal with them are vital. Recently,
some studies have been conducted on the effects of inter-
nal erosion on the mechanical and geotechnical charac-
teristics of soils (Yang et al. 2018, 2020, 2021; Cai et al.
2022). It must be noted that PGSSs have been known to
have not only negligible mechanical strength but also very
low erosion resistance. Hence, in addition to examining
the mechanical strength of the soil, its erosional behavior
is also required to be tested using widely accepted experi-
ments such as Hole Erosion Test (HET), firstly introduced
by Wan and Fell (2004).

In this study, a new improvement strategy, involving
the stabilization by natural clayey soil and PVAc resin
and reinforcement by PP fiber was used to improve the
mechanical strength and erosion resistance of poorly

graded problematic sandy soils. Although the efficiency
of the combined use of polymers with fibers in increas-
ing the mechanical strength of PGSSs has been addressed
in the literature (Liu et al. 2017, 2018; Bai et al. 2019),
detailed studies on simultaneous applications of PVAc
resins and PP fiber along with clay in mitigating the erod-
ibility character of poorly graded problematic sandy soils
are still lacking which has been tried to be addressed in
this study. To this end, in the present study, the effects
of different curing times and weight percentages of rein-
forcing elements and stabilizers on erosional behavior and
mechanical properties of poorly graded coastal sandy soils
were investigated.

Materials and methods
Materials

The sandy soil used in this study was collected from the
site in Bandargah Village, located 5 km from the center
of Bushehr, Bushehr Province, Iran and at 50° 54’ 54.61"
E and 28° 49’ 25.74" N. Figure 1 (an aerial image) shows
the geographic location of the soil. The provided sandy
soil was initially subjected to particle size distribution
(PSD) test by following ASTM D 422-63 (2007). The PSD
curve of the soil is shown in Fig. 2. The studied soil with
a coefficient of curvature (C,) of 0.88 and a coefficient
of uniformity (C,) of 2.82 was classified as PGSSs (SP)
based on the Unified Soil Classification System (USCS).
Subsequently, following the ASTM D 4253 (2014) and
ASTM D 4254 (2014), the maximum and minimum dry
densities of the studied soil were measured as 1.75 and
1.47 g/lem?, respectively.

As a stabilizer, clayey soil was provided from Estahban,
Iran. Note that the core material of Rodbal Dam was also
supplied by the same area. The clayey soil was subjected
to the PSD test as per ASTM D 422-63 (2007), and Atter-
berg limits test according to ASTM D 4318 (2005). Fig-
ure 2 shows the grading curve of used clay. In addition, the
liquid limit, plastic limit and plasticity index of the clay
were measured as 38, 12, and 26%, respectively (Table 1).
Thus, the clayey soil was classified as low plasticity clay
or CL based on USCS. The clayey soil was added to the
sandy soil at 5, 10, and 20% by dry weight of the sandy
soil. Furthermore, the Optimum Moisture Content (OMC)
and the Maximum Dry Density (MDD) of clay are 20%
and 1.64 g/cm3, respectively, as per ASTM D 698 (2012).

The 12 mm transparent PP fiber was used as a rein-
forcement material in this study. Selecting PP fiber with a
length of 12 mm was in agreement with the previous stud-
ies where the most appropriate soil characteristics were
obtained due to the inclusion of 12 mm fiber compared to
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Fig. 1 Geographic location of the studied soil
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Table 1 The engineering properties of the studied clay

Table 3 The physical properties of PVAc

Properties Values Physical properties Values

Liquid limit (%) 38 Specific gravity at 20°C (G,) 1.05

Plastic limit (%) 12 Solid Content (%) 30

Plasticity index (%) 26 Viscosity at 23°C (cP) 20,000-25,000
Soil classification CL pH 7

Maximum dry density (g/cm®) 1.64 Color White
Optimum moisture content (%) 20 Physical state Liquid

fiber content is in the range of 0 to 1%. It should be noted
that fiber contents higher than 1% lead to the accumulation
of fiber strands and result in practical difficulties.

As a stabilizer, white PVAc with a chemical formula
of (C,H40,) and unit weight of 1.05 g/cm® was used in
this study. PVAc is known as a non-flammable and non-
toxic substance, it is not washed with water, contributes to
soil stability and reduces soil erosion. Moreover, polymer
molecules act as a bridge between soil particles and form
linkages between them. Based on past studies (dos Santos
et al. 2021; Cherifi et al. 2021), PVAc is a low-cost and
environmentally friendly material due to its components. It
is also used in various industries such as pharmaceuticals,
cosmetics, food packaging, construction and textiles. The
PVAc used in this study was liquid and its physical proper-
ties are given in Table 3, provided by the manufacturing
company (Bell Co.). The PVAc was added to the PGSS
samples at 1.2, 1.5 and 2% by dry weight of the sandy soil.
The PVAc contents were determined by trial and error,
which were within the range of PVAc contents in previous
research (Homauoni and Yasrobi 2011).

Sample preparation and methodology

In this study, untreated soil was prepared at a relative density
of 75%, based on which the density of the soil was obtained
as 1.67 g/cm>. Choosing a relative density of 75% in test-
ing programs can be considered appropriate because a rela-
tive density of between 70 to 85% is normally utilized in
many construction projects in fields involving sandy soils
(Memar et al. 2020). Then, this amount of density (i.e.,
1.67 g/cm®) was considered constant during the test for
all treated samples. In other words, to eliminate the effects

Table 2 The physical properties of PP fibers

caused by changes in density for different samples, a density
of 1.67 g/cm® was considered for preparing all samples, but
the compression energy was distinct for them. This made it
possible to determine the effect of additives on soil charac-
teristics regardless of the effect of densities. Moreover, the
water content used for samples without clay was equal to
the amount of water required for compaction (equivalent to
5% of sand weight). But in the samples containing clay, the
water content for sample preparation (W,,) was calculated
from the following equation:

Ww = 5%Vvsand + WOpt (Clay)

and

WOpt (Clay) = OMCclay X Wclay

where W, and W, are the weight of sand and clay,
respectively, W, cray) 18 the weight of optimum water con-
tent for clay and OMC,,,, is equal to 20% for studied clay
in this study.

To prepare modified sandy soil samples, different
amounts of amendments were added to sandy soil accord-
ing to Table 4. It should be mentioned that to prepare the
samples containing PVAc, the required water for each com-
position was added to it and the final emulsion was added
to the soil. To prepare samples containing PP fibers, the
specified fibers were mixed with sandy soil in a dry state,
and then the rest of the additives and water were added to it.
All composites were mixed well to obtain a homogeneous
mixture. After that, it was kept in closed plastic bags for 24 h
in accordance with (Zhu et al. 2022) and then compressed
in the UCS mold with a diameter of 40 mm and height of
87 mm in 3 layers with a dry density of 1.67 g/cm?>. Note that
each layer was compacted 25 times using a 1 cm diameter

clay

Physical properties Unit weight Diameter Tensile Immersion Shear length Strength Length increment
(g/cm3) (um) Strength (Sec) (mm) (g/Denier) (%)
(MPa)
Values 1 23 400 3-5 12 2.5-3 80-100

@ Springer
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Table 4 Parameters of samples

. ; Serial Number Clay con- PP fiber PVAs con-  Curing time (days) Testing programs
controlling the testing programs tent (%) content (%)  tent (%)
SPO 0 0 0 0 SEM
CUP1 20 0 1.2 1,3,28 UCS, HET
28 SEM
CPP2 20 0.35 1.2 1,3,28 UCS, HET
CPP3 20 0.5 1.2 1,3,28 UCS, HET
CPP4 20 1 1.2 1, 3,28 UCS, HET
CPU5 20 0.5 0 1,3,28 UCS, HET
28 SEM
CPP6 20 0.5 1.2 1,3,28 UCS, HET
CPP7 20 0.5 1.5 1,3,28 UCS, HET
CPP8 20 0.5 2 1,3,28 UCS, HET
UPP9 0 0.5 1.2 1,3,28 UCS, HET
28 SEM
CPP10 5 0.5 1.2 1,3,28 UCS, HET
CPP11 10 0.5 1.2 1,3,28 UCS, HET
CPP12 20 0.5 1.2 1,3,28 UCS, HET
28 SEM

UCS unconfined compressive strength test, HET hole erosion test, SEM scanning electron microscopy

rod and then the top surface of the layer was scratched before
compacting the next layer (Gerard et al. 2015). Subsequently,
the compacted soil samples were extracted from the mold,
wrapped in 3 layers of airtight plastic bags, and cured at the
ambient temperature, i.e., 25 °C, for various time intervals
including 1, 3, and 28 days (Vakili et al. 2022).

Unconfined compression test

In this study, the effects of clay content, PP content, PVAc
content, and curing period on the mechanical characteristics
of the PGSS samples were investigated by carrying out the
UCS test as per ASTM D 2166 (2000). Note that each UCS
test was repeated 3 times on the identical soil-additive samples
and the results reported in the current research were the mean
value of those 3 tests. Thus, a total of 108 samples, with the
aforementioned weight percentages, were tested at three curing
times. It must be noted that the UCS of the untreated sandy
soil provided for the study was considered negligible because
of its very low cohesion.

Hole Erosion Test (HET)

The hole erosion test (HET) was first performed by Wan and
Fell (2004) in order to simulate piping erosion and also assess
soil erosion parameters. They found that HET is a suitable
approach to quantify the erosion rate in concentrated leaks in
soil. The method of conducting this test is generally that first
the studied soil is compressed inside a mold and then an axial
hole is created along the soil sample. Then, by installing an

@ Springer

upstream and downstream tank and creating a water level dif-
ference in them, a flow is established through this hole drilled
in the sample. As the flow passes, the diameter of the hole
gradually increases with time due to the erosion process. Dur-
ing the test, the flow rate and hydraulic head of the upstream
and downstream of the sample are measured, and the final
hole diameter is calculated at the end of the test. Wan and Fell
(2004) showed that the erosion rate per unit surface area of the
hole (¢,) is measured using the following equation:

. Py Ao,
6 —_— ——

fT S ey

where p, is the dry density of the soil (kg/m?) and @, is equal
to the diameter of the hole at time t, which can be measured
from Eqs. 2 (laminar flow conditions) and 3 (turbulent flow
conditions) depending on the type of flow:

-16 1/3

b, = Qtht] @
,n-pwgst
64021, 1"

¢ = Z—T] 3)
n%p,.8S,

where Q, (m?/s) is the flow rate at time t, p,, is the density of
the eroding fluid (kg/m3), g is the acceleration due to gravity
(9.8 m/s2), s, is the hydraulic gradient across the soil sample
at time t and f;, (kg/m2/s) and f7, (kg/m3) are defined as fric-
tion factors relating shear stress to the mean flow velocity.
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Wan and Fell (2004) proposed an equation for the Erosion
Rate Index (ERI) as follows:

ERI = —log(C,)

where C,, coefficient of soil erosion, is defined as the slope
of the line of best fit in Eq. 1.

In this study, the effects of clay content, PP content, PVAc
content, and curing time on the erosion rate of the PGSS
samples were investigated by carrying out the HET based
on the method designated by Wan and Fell (2004). After
preparing the treated sandy soil specimens by the method
described earlier, the soil specimens were compressed inside
the mold of the HET device with a diameter of 100 mm and
a height of 120 mm. Note that the soil samples were com-
pacted in 3 layers with the compaction energy equivalent
to reaching a density of 1.67 g/cm®. Thereafter, the mold
of the HET device containing the compacted soil samples
was covered by airtight plastic bags and the compacted soil
sample was kept in the mold for 4 h. Next, the sample prepa-
ration was done by punching a hole with a diameter of 6 mm
from its longitudinal direction. Subsequently, the mold of
the HET device containing the prepared samples was put in
airtight plastic bags and the prepared samples were cured at
the ambient temperature for various curing periods including
1, 3 and 28 days. After completing the predetermined cur-
ing time, the mold was removed from the plastic bags and
placed in the HET device. Note that the HET was done on
each sample in 3 heads including 50, 200, and 400 mm. By
performing the HET, the Erosion Rate Index (ERI) of differ-
ent samples was calculated and finally, the qualitative classi-
fication of the samples in terms of erodibility was also done
by following Table 5 as described by Wan and Fell (2004).

To check the repeatability and precision of the results,
each HET test was repeated 2 times on the same soil sam-
ples and the average of the obtained results was reported as
the final value. In other words, a total of 216 samples, with
the aforementioned weight percentages, were tested at three
curing times and heads.

Table 4 gives the influential parameters of the samples
controlling the testing programs. In addition, to control the

Table 5 Qualitative classification of the samples in terms of erodibil-
ity (Wan and Fell 2004)

Group No Erosion rate index Description

1 <2 Extremely rapid
2 2-3 Very rapid

3 34 Moderately rapid
4 4-5 Moderately slow
5 5-6 Very slow

6 6< Extremely slow

simultaneous effects of all three additives on the character-
istics of the PGSS samples, the investigations were arranged
to be possible to control the effects of only two additives,
resulting in measuring the removal influence of the third
additive on both the mechanical strength and erosion resist-
ance. Finally, to find the improvement mechanisms followed
in the current study, the microstructure of the untreated
and treated sandy soil was analyzed by Scanning Electron
Microscopy (SEM) test. To this end, the specified samples
(i.e., I) poorly graded sand, sand treated with II) 1.2% PVAc
and 20% clay, III) 1.2% PVAc and 0.5% PP fibers, IV) 20%
clay and 0.5% PP fibers, and V) 1.2% PVAc, 20% clay and
0.5% PP fibers after 28 days of curing) were fractured to
create freshly exposed surfaces for the SEM test. Images of
the samples were magnified 3000 times using a scanning
electron microscope modeled MIRA3-TESCAN by Beam
Gostar Taban Co., Tehran, Iran.

Results and discussions

Effect of different weight percentages of PP fibers
on the internal erosion and UCS of poorly graded
sand

Figure 3 shows the variations of the UCS of the PGSS sam-
ples treated with constant 1.2% PVAc content, 20% clay
content, and different PP fiber contents and curing times.
The UCS of the PGSS sample increased from almost zero
to about 539 kPa after a day of curing due to a treatment of
the sample by clay and PVAc. Moreover, the UCS growth
of the samples was significantly persisted due to fiber inclu-
sion. The strength of the samples increased by increasing the
fiber content from O to 0.5%, whereas the strength decreased
owing to increasing the fiber content from 0.5 to 1%.

It is worth noting that this reduction in UCS in the sample
containing excessive fiber can be attributed to the lubrica-
tion of the fibers (Lawer et al. 2021). This means that due to
the excessive accumulation of fiber strands, they come into
contact with each other and cause them to slide more easily
on each other. In this case, the main interactions are fiber-
to-fiber instead of fiber-to-soil, which causes a decrease in
UCS (Jiang et al. 2022).

Furthermore, another factor that can be attributed to this
decrease in the UCS of the samples is fiber entanglement,
which occurs when too much fiber is added. As a result, the
lack of sufficient links between strands and soil particles
in some areas of the samples leads to a decrease in their
strength (Vakili et al. 2018). Therefore, the highest compres-
sive strength was obtained by adding 0.5% fibers to the soil
and this was true for all three curing times.

In addition, the curing time plays a significant role in
increasing the compressive strength of the sample due to

@ Springer
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Fig.3 UCS variations of the
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the 28-day curing time was 1.53 and 2.15 times higher than
its value at the 3-day and 1-day curing times, respectively.

Fig.4 Variations of R ratios
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In general, the inclusion of PP fibers in the soil causes the
fibers to be placed between the particles, which prevents the
formation of tensile cracks during loading. In other words,
the presence of fibers can increase the friction between parti-
cles and keep them together. Therefore, the presence of these
interlocking areas around the fiber strands leads to a stronger
bonding of the particles (Vakili et al. 2022).

To investigate the performance of PP fiber inclusion
on the strength of the PGSS samples treated with clay and
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PVAc content over time, the new R ratio parameter was
defined and calculated in this study, as given in Fig. 4. In this
case, the R ratio was defined as the strength of the samples
reinforced by PP fiber to that of the same samples without
fiber. The highest R ratio was obtained for the sample with
0.5% PP fiber, however, the R ratio remained approximately
constant for the samples reinforced either by 0.35 and 1%
fiber. Thus, 0.5% fiber content can be considered as a thresh-
old or fiber fixation point. The R ratio ranged between 1.06
and 2.21, reflecting the highest value of fiber inclusion in
improving the mechanical strength of the samples when the
added fiber content was optimum, i.e., 0.5% in this study.
However, insignificant effects on UCS were recorded when
the fiber content used in this study was either above or below
the threshold. Decreasing the strength of the sample rein-
forced with the fiber content more than the threshold can
be ascribed to the “lubricating” of the PP fibers and/or fiber
entanglement, resulting in inadequate links between soil par-
ticles and fiber strands (Chen et al. 2015; Vakili et al. 2018).

In this case, the most important finding of the current
study can be attributed to the variations of the R ratio with
increasing the curing time. For any given PP fiber content,
the R ratio value was more than 1 on the first day of cur-
ing, demonstrating the positive effects of fiber inclusion in
improving the strength of the samples. However, the R ratio
revealed a decreasing trend by increasing the curing times,
reflecting that the curing time possesses an insignificant role
in the case of samples reinforced by PP fiber. In other words,
the fiber inclusion was found more effective than the curing
time.

Fig.5 Variations of the erosion
rate indices of the poorly graded _
sandy soil samples treated ‘
with 1.2% PVAc, 20% clay and
different polypropylene fiber J
contents cured for various days ‘

Y. 4
28 days of curing ‘
J

= i
3 days of curing |

I day of curing

Figure 5 shows the variations of the erosion rate indices
of the PGSS samples treated with constant 1.2% PVAc, 20%
clay, and different weight percentages of PP fiber content
after various curing times. The ERI of the PGSS sample
increased from less than 2 for the untreated sample (soil
alone) to 3.7 for the sample treated with 1.2% PVAc and
20% clay content after 1 day of curing. Thus, the qualitative
classification of the sample in terms of erodibility changed
from extremely rapid for the untreated sample to moderately
rapid for the treated sample. After 28-day curing, the cat-
egory of the sample upgraded to moderately slow in terms
of erodibility, indicating an acceptable erosion resistance
of the improved sample. Thus, the combination of clay and
PVAc was found appropriate for improving the mechanical
behavior of the PGSSs and increasing the erosion resistance
of the samples to an acceptable level.

Fiber inclusion caused an increase in the ERI of the sam-
ple stabilized by clay and PVAc. As seen in Fig. 5, the ERI
of the samples increased by increasing the fiber content up to
0.5%. However, the ERI decreased with increasing the fiber
content from 0.5 to 1%. Therefore, the highest ERI and thus,
the lowest erodibility was obtained by adding 0.5% fiber.
The erodibility class of the sample treated with 0.5% fiber,
1.2% PVAc, and 20% clay was determined as moderately
slow even after a day of curing. Although the qualitative
classification of the mentioned sample was not changed and
the ERI of the samples remained between 4 and 5 for the
additional curing times, the results show that the erosion
rate of the samples decreased over time.
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Mgy 1%PP
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£
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Fig.6 UCS variations of
the poorly graded sandy soil
samples treated with 0.5% PP, 3000

20% clay and different PVAc
contents cured for various days
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Effect of different weight percentages of PVAc
on the geotechnical properties of poorly graded
sand

Figure 6 shows the variations of the UCS of the PGSS sam-
ples treated with constant 0.5% PP fiber, 20% clay, and dif-
ferent weight percentages of PVAc content and cured for
various days. The UCS of the PGSS sample increased from
almost zero for the untreated sample to about 485 kPa for
the treated sample by 0.5% PP fiber and 20% clay content
only after 1 day of curing. It must be noted that the UCS of
the one-day cured PGSS samples treated with 1.2% PVAc
and 20% clay content was determined as 539 kPa. Thus, the
PGSS improved by a combination of PVAc and clay showed
a better mechanical strength than the sample improved by a
combination of PP fiber and clay.

Moreover, by increasing curing days, the strength incre-
ment rate of the samples treated with a combination of PVAc
and clay was recorded as much higher than that of the sam-
ples improved by a combination of fiber and clay. To give
evidence, the strength of the sample treated with clay and
PVAc was determined as 1.11 times more than that of the
sample treated with clay and fiber after 1 day of curing.
However, after 28 days of curing, the strength of the clay-
PVAc treated sample was 1.35 times higher than that of the
clay-fiber treated sample. In addition, for any given clay con-
tent, i.e., 20%, the PVAc-treated soil performed better than
PP fiber-reinforced soil.

Generally, the mechanism that acts on the soil by PVAc
and improves its mechanical properties includes a series
of chemical and physical reactions depending on the soil
type. This type of additive can solidify the sand by forming
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new bonds with the surface of the sand particles. In sandy
soils, the dominant process is physical bonds, and there-
fore electrostatic attractions between hydrogen atoms and
atoms with strong electronegativity have the most significant
effect during curing time. Furthermore, physical reactions
between PVAc and sand particles create a superior network
membrane structure with elasticity and glutinousness. This
caused the pores between the sand particles to be filled. In
this situation, the sand particles stick together well and the
strength of the soil increases significantly due to the effect
of reticulated membranes. On the other hand, in the samples
containing clay, chemical reactions can have a greater impact
on the properties of the soil. In this case, the thickness of the
electric double layer becomes thinner when the cations on
the surface of the soil particles are exchanged; thereby, the
attraction between soil particles and aggregation increases
(Bu et al. 2019; Huang et al. 2022).

As shown in Fig. 6, the UCS increased by increasing the
PVAc content up to 1.2%, thereafter, it decreased due to the
addition of more PVAc content. It should be noted that PVAc
is used in the samples to increase the interfacial friction
between the soil particles (Bu et al. 2019; Sun et al. 2022).
So, the PVAc content higher than a certain threshold will
not be suitable because it fills the gaps between the grains.
Since the PVAc has lower strength than the soil grains, if
the voids are filled with resin, it leads to a decrease in the
strength of the samples (Masoumi et al. 2013). Thus, the
highest strength was recorded for the sample stabilized by
1.2% PVAc. The pronounced potential of PVAc in increas-
ing the mechanical strength of the samples can be linked to
the enhanced bonding between soil particles due to filling
the voids by this liquid stabilizer (Rezaeimalek et al. 2017).
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Fig.7 Variations of R ratios
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The effects of PVAc content on the UCS growth of the
samples improved by PP fiber and clay were also assessed
by the R ratio over time. In this case, the R ratio was defined
as the strength of the samples treated with PVAc content to
the strength of the same samples without PVAc content. As
given in Fig. 7, the highest and lowest R ratios were 0.96 and
2.86, respectively. Based on the results, the PVAc fixation
point was determined as 1.2%. The addition of 2% PVAc
content not only did not enhance the strength of the samples
but also decreased UCS. Unlike the variation of the R ratio

Fig. 8 Variations of the erosion

rate indices of the poorly graded ; s

sandy soil samples treated with

0.5% PP, 20% clay and different
PVAc contents cured for various
days
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with increasing the curing time in the case of fiber reinforce-
ment, the curing time plays a significant role in increasing
the R ratio of the sample treated by PVAc, so that its value
increases over time. Consequently, the strength development
of the samples improved by clay, PVAc, and PP fiber with
increasing the curing time can be linked to the existence of
PVAc. In the optimum state (adding 1.2% PVAc), the com-
pressive strength of the sample at the 28-day curing time was

1.52 and 2.155 times its value at the 3-day and 1-day curing
times, respectively.
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Figure 8 shows the variations of the erosion rate indices
of the PGSS samples treated with constant 0.5% PP fiber,
20% clay, and different weight percentages of PVAc content
and cured for various days. The ERI of the PGSS sample
increased from less than 2 for the untreated sample to 4.09
for the sample treated with 0.5% PP fiber and 20% clay con-
tent after 1 day of curing. Thus, the qualitative classification
of the sample in terms of erodibility changed from extremely
rapid for the untreated sample to moderately slow for the
treated sample. In terms of erosion resistance, the combina-
tion of clay and fiber performed better than the combination
of clay and PVAc. Note that the classification of the clay-
treated sample containing fiber was shifted into moderately
slow only after 1 day of curing, while for the clay-treated
sample containing PVAc, the required curing time to achieve
the same classification was 28 days.

As shown in Fig. 8, the ERI of the samples increased
with increasing the PVAc content up to 1.2%, after that, the
trend reversed with increasing the PVAc content. Therefore,
the highest ERI and thus, the highest erosion resistance was
obtained for the sample stabilized by 1.2% PVAc content. In
addition, the results also show that the ERI of the samples
increased over time. The erosion rate indices of the sample
stabilized by 1.2% PVAc were determined as 4.11, 4.15 and
4.28, respectively after 1, 3, and 28 days of curing.

Effect of different weight percentages of clay
on the geotechnical properties of poorly graded
sand

Figure 9 shows the variations of the UCS of the PGSS sam-
ples treated with constant 1.2% PVAc, 0.5% PP fiber, and

Fig.9 UCS variations of the

poorly graded sandy soil sam-
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0.5% PP and different clay con- |
tents cured for various days |

28 days of curing 4"
[
3 days of curing - e

1 day of curing ™|

@ Springer

different weight percentages of clay content and cured for
various days. The UCS of the poorly graded sandy sample
increased from almost zero to about 184 kPa after a day of
curing due to the treatment of the sample with 1.2% PVAc
and 0.5% PP fiber. Although the combination of PVAc and
PP fiber increased the strength of the untreated sample even
after a day of curing, the combination of PVAc and clay
and the combination of PP fiber and clay performed a better
role in increasing the mechanical strength of the samples
than the combination of PVAc and PP fiber did, reflecting
the significant effects of clay addition on the strength of the
poorly graded sandy sample.

As shown in Fig. 9, the UCS of the samples increased
gradually by increasing the clay content from 0 to 10%,
thereafter, a significant increase in the strength was notice-
able due to further increasing the clay content from 10 to
20%. To investigate the effects of clay treatment on the
UCS growth of the samples improved by PVAc and PP
fiber over time, the R ratio was also measured in this step
of the study. The R ratio, in this case, was defined as the
strength of the samples treated with clay content to that of
the same samples without clay content. The range of the R
ratio which was between 1.46 and 6.49 again indicated the
high potential of clay addition in developing the strength
of the poorly graded sandy samples.

In other words, the R ratio due to clay inclusion was
significantly higher than the R ratio due to either PP fiber
or PVAc inclusion. Although the difference between the
strength of the samples treated with 20% clay was nota-
ble in comparison to the strength of the samples treated
with 5 or 10% clay content, the variation of R ratio versus
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Fig. 10 Variations of R ratios
of the poorly graded sandy soil
samples treated with 0.5% PP,
1.2% PVAc and different clay
contents cured for various days
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Fig. 11 Variations of the ero-
sion rate indices of the poorly —T
graded sandy soil samples ’
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curing times for all these samples was governed by the
same decreasing trend, as shown in Fig. 10.

Figure 11 shows the variations of the erosion rate indi-
ces of the PGSS samples treated with constant 1.2% PVAc,
0.5% PP fiber, and different weight percentages of clay
content and cured for various days. The ERI of the PGSS
sample increased from less than 2 for the untreated sample

Uy,
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to 3.9 for the sample treated with 1.2% PVAc and 0.5%
PP fiber content after 28-day curing. Thus, the qualitative
classification of the sample in terms of erodibility altered
from extremely rapid for the untreated sample to moder-
ately rapid for the 28 days cured sample. The qualitative
classification of the same sample after 1 day and 3 days of
curing were determined as extremely rapid.
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«Fig. 12 SEM micrographs of a) poorly graded sand, and sand treated
with b) 1.2% PVAc and 20% clay, c¢) 1.2% PVAc and 0.5% PP fibers,
d) 20% clay and 0.5% PP fibers, and e) 1.2% PVAc, 20% clay and
0.5% PP fibers after 28 days of curing

Although the ERI of the samples treated by the com-
bination of fiber and PVAc increased by increasing cur-
ing days, this combination was found incapable of certain
improving the sample from an erosion resistance view-
point. It seems that the clay content plays a significant
role in this case. In short curing time, for any given PVAc
content, i.e., 1.2%, the ERI of the sample treated with clay
content was about 2.16 times higher than that of the sam-
ple reinforced by fiber content. However, in a long curing
time, the ERI of the sample treated with clay was about
1.035 times more than that of the sample reinforced by
fiber. Therefore, the erosion resistance of both samples
i.e., the sample treated by a combination of clay and PVAc
and another one treated by fiber and PVAc was approxi-
mately measured equal, reflecting the significant perfor-
mance of PVAc in long curing times.

As shown in Fig. 11, the ERI of the samples increased by
increasing the clay content up to 20%. Therefore, the highest
ERI and thus, the highest erosion resistance was obtained
for the sample stabilized by 20% clay content. In addition,
the results also show that the curing time has a different role
in increasing the erosion resistance of the samples treated
with various clay content, although the ERI of the samples
increased over time. For low clay content, i.e., 5%, the ERI
of the sample was determined as 1.9, therefore the sample
appointed the extremely rapid classification in terms of erod-
ibility. However, the ERI of the sample increased signifi-
cantly to 4 after 28 days of curing and thus, its classification
upgraded into moderately slow, reflecting the significant
impact of long curing time in improving the sample against
erosion when the clay content is low.

For the sample treated with 10% clay, the acceptable qual-
itative class in terms of erodibility, i.e., moderately slow, was
achieved only after 3 days of curing. The erosion rate indices
of the samples stabilized by 20% clay were determined as
4.11, 4.15, and 4.28, respectively after 1, 3, and 28 days of
curing. It demonstrated that the erodibility class changed
quickly from extremely rapid to moderately slow when the
clay content is high.

Note that the soil classification based on USCS was
also altered due to clay treatment. The initial classification
of the untreated soil was SP. However, its class shifted to
SP-SC due to the addition of 5-12% clay. By using 20% clay
(> 12%) in the treatment of the PGSS samples, the new soil
class, i.e., SC, was made. The results of the previous stud-
ies revealed that by increasing the clay content the erosion
resistance of silty and sandy soils increased (Mehenni et al.

2016) and this trend was also found valid in this study for
PGSS samples.

Microstructural analysis of the untreated
and treated sandy soil

Figure 12 shows the SEM micrographs of various stabilized
and reinforced samples after 28 days of curing at magnifi-
cations of 3000. As can be seen in Fig. 12a, natural sand
had a discontinuous and open texture. The gaps between
the particles have caused this soil with its weak structure to
show no resistance. However, with the addition of chemi-
cal additives and PP fibers, soil structure has changed and
become denser, especially in samples containing clay, PVAc,
and PP fibers (Fig. 12e).

As can be seen, the compounds of clay and polyvinyl
create a strong structure in the sand, and this enhances the
behavior of the sample that can interlock the sand grains.
Comparing the SEM results, it is clear that the samples con-
taining clay have a much better system than other additives.
Due to the size of the clay particles, they have been able to
fill the gaps between the sand grains and participate well in
the reactions (Shaikh 2021). In addition, the presence of clay
in the sample has improved the bonding between particles
and fibers.

It should be noted that the inclusion of PVAc in the com-
pounds has improved the mechanical strength of the sam-
ples in the presence of clays. In other words, the adhesion
between particles is evident in samples containing PVAc,
which holds the particles well together, even with fiber
strands. Furthermore, incorporating the randomly distrib-
uted fibers among the sand grains, they are connected to
form a spatial network structure. By and large, the stabilized
and reinforced sand sample became denser as the content of
the amendments increased, making it a harder material to
withstand more forces.

Conclusion

The effectiveness of using natural and modern stabilizers as
environmentally friendly materials including clay, polyvinyl-
acetate, and reinforcement fibers including PP fiber in soil
stabilization was regularly investigated through laboratory
tests to evaluate the compressive strength and erosion poten-
tial of soils. In the present study, a series of experiments
have been carried out and it was attempted to investigate the
effects of adding the abovementioned modern stabilizers on
the soil compressive strength, erosional potential, and micro-
structures via considering different samples of a real site
database depending on the performed laboratory tests. The
most important results of the research are presented below.
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e Among different PP fiber contents, the greatest strength
was related to the sandy soil reinforced with 0.5% fibers
at the 28-day curing time, which increased by 2.12 times,
as compared to the sample with no fibers.

e Among different PVAc contents, in the optimum state,
the greatest strength was related to the sandy soil stabi-
lized with 1.2% PVAc at the 28-day curing time, which
increased 2.86 times, as compared to the sample with no
PVAc.

e In all curing times, the PGSS improved by combining
PVACc and clay and performed better in terms of mechani-
cal strength than the sample improved by combining PP
fiber and clay. On the other hand, in terms of erosion
resistance, the combination of clay and fiber performed
better than the combination of clay and PVAc did.

e Among different clay contents, in the optimum state, the
greatest strength was related to the sandy soil stabilized
with 20% clay at the 28-day curing time, which increased
4.5 times, as compared to the sample with no clay.

¢ Among different samples reinforced by fiber, the high-
est ERI is related to the samples with 0.5% fibers at the
28-day curing time, which increased by 6%, as compared
to the sample with no fibers.

e The highest ERI for PVAc treated samples is related to
the samples with 1.2% PVAc at the 28-day curing time,
which increased by 3%, as compared to the sample with
no PVAc.

e The highest ERI for clay treated samples is related to the
samples with 20% clay at the 28-day curing time, which
was 4.28 and increased by 10%, as compared to the sam-
ple with no clay.

e Finally, the results obtained from SEM analysis showed
that the stabilized and reinforced sand sample became
denser as the content of the amendments increased, mak-
ing it a harder material to withstand more forces.
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