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To improve the stability of sand slopes in Southeast Tibet, the wet—-dry cycle test,
immersion test, and permeability test were carried out using polyvinyl alcohol (PVA) as
the improving material. The improvement effect was evaluated by considering the
unconfined compressive strength. The results have revealed that the unconfined
compressive strength of the improved soil significantly increased with the PVA content,
while the degradation of the improved soil by wet-dry cycling and water immersion
weakened. However, the permeability of the improved soil slightly decreased compared
with that of unmodified soil. Through scanning electron microscopy (SEM), it was found
that PVA only forms an elastic network structure in the sand to wind and connect the soil
particles, but pores remain in the sand. This indicates that the addition of PVA does not
affect the permeability to a great extent but greatly increases the strength. The findings of
this study provide a useful reference for the practical application of PVA.

Keywords: sand, polyvinyl alcohol, wet-dry cycles, mechanical properties, permeability

INTRODUCTION

The engineering characteristics of sandy soil are poor, which increases the likelihood of various
engineering geological problems. Specifically, sandy slopes are prone to deformation under rainfall
conditions, which leads to slope instability [1, 2]. The permeability coefficient is an important
physical index for measuring the soil’s permeability. The large permeability of sand causes local
seepage deformation and damage to the soil by hydraulic erosion, in turn affecting the consolidation
and stability of soil [3-6]. In recent years, as global warming increases, severe weather conditions,
particularly heavy rainfall, frequently occur all over the world. Many natural disasters have been
caused by heavy rainfall on roads in Nyingchi, Bomi, and Medog, Tibet. Heavy rainfall does not only
erode the shallow soil of slopes but also raises the water levels of the Yarlung Zangbo River, Niyang
River, Palong Zangbo River, and other rivers in Southeastern Tibet, thus accelerating the erosion
caused by rivers to the soil of slopes, resulting in soil instability, which severely affects local traffic and
development of the tourism industry.

Sand improvement and reinforcement have been the focus of studies in the field of engineering
geology. Soil improvement and reinforcement technology refer to the addition of substances to the
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FIGURE 1 | Sampling location.

soil to exploit the interaction between the added substances and
the soil and improve the soil’s engineering characteristics. The
physical reinforcement materials are mainly geosynthetics,
including geogrids, geotextiles, and various types of fiber. The
interface forces between the reinforcement materials and the soil
are used to enhance the compressive strength, shear strength, and
tensile strength of the soil and improve the soil’s toughness. These
reinforcement materials do not change the mineral composition
of soil but do improve the strength of the soil through interface
friction and a mesh overlapping structure. Fiber materials are
dispersed in soil, and the connection between each unit is weak
[7-10]. Chemical modification can also enhance the engineering
characteristics of the soil. Traditional chemical modifiers,
including cement, lime, and fly ash, can fill the pores between
the soil particles and exert a bonding effect on the soil particles,
which greatly improves the strength of the soil. However, such
modified materials have a drastic reaction process and high
alkalinity and change the mineral composition of the soil,
which is harmful to the environment because the soil ecology
is significantly affected. After reinforcement, the soil becomes
brittle [11-13]. The polymer modifier is a new type of improved
reinforcement material that uses polymer cross-linking to form a
three-dimensional structure to wrap and cement soil particles.
Some polymer modifiers have highly active groups and can be
used for the reaction of active substances in soil to form new
chemical groups and enhance the bonding strength of various soil
parts. Some polymers do not react with soil particles and instead
form a network structure after dehydration and drying. The film
formed by polyvinyl alcohol (PVA) has good tensile strength and
the polymers are uniformly distributed in the soil, which limits
the soil particles to a certain position, increases the strength of the
soil, and improves the soil’s durability [14, 15]. Most high-
molecular polymers are used as auxiliary materials for
improvement but cannot be separated from traditional curing
agents such as cement [16-19].

In this study, the organic polymer PVA-20-99H was used as an
improving material because it is capable of coating sand particles,
increasing the interaction force between the particles, and

changing the engineering characteristics of sand. The effects of
the PVA content, wet-dry cycles, and soaking time on the
engineering characteristics of the improved sand were
investigated, and the reinforcement mechanism of PVA 20-99
was analyzed using scanning electron microscopy (SEM). The
results can be useful as a reference in the development of
engineering applications.

EXPERIMENTAL SCHEMES

Experimental Materials and Sample

Preparation

Sand

The sand used in the test was obtained from the Palong-Tibet
River in Southeast Tibet. Figure 1 shows the satellite map of the
sampling site. The samples had an effective particle size of
approximately 0.02mm, a limited particle size of
approximately 0.13 mm, an uneven coefficient of 6.23, and a
curvature coefficient of 1.44. The particle size distribution was
mainly in the range of 0-0.316 mm, and more than 50% of the
particles with a particle size d > 0.075 mm were fine-grained sand
with good gradation. Figure 2A shows the sand used in the test.

Polyvinyl Alcohol

The reinforcing material used in the test was an organic polymer
curing agent called PVA 20-99 (PVA-20-99H). The PVA is a
white floccule at normal temperature and insoluble in cold water.
After being dissolved in boiling water, it forms a stable PVA gel,
which is light yellow, as shown in Figure 2B. After being
dissolved, it can be diluted with water, and after being dried
and dehydrated, it is still insoluble in cold water. The basic
properties of this polymer are listed in Table 1.

Sample Preparation

The sampled soil was air-dried and subsequently screened using a
sieve with 2.5 mm square holes. According to the mass ratio of PVA
gel to sand, four proportions of 6, 8, 10, and 12% were added, and the
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appearance.

FIGURE 2 | Test materials, sample preparation, and sample appearance: (A) sand used in test; (B) polyvinyl alcohol gel; (C) sample-making process; (D) sample

TABLE 1 | Physical properties of polyvinyl alcohol (PVA) for test.

Category Viscosity (mPa:-s) Alcoholysis degree
(%)
20-99 (H) 34.0-42.0 98.5-100

effective substance content of the used PVA solution was 5.34%. The
sample was made using the static pressure method and demolded
using an electric demolding machine. This process is shown in
Figure 2C. The sample diameter was 50 mm and the height was
100 mm, as shown in Figure 2D. Each sample was set with three
parallel samples to avoid test errors.

Test Apparatus and Procedures
After preparation and standing for 1 day, the samples were air-
dried and cured under simulated natural conditions for 3, 7, 14,
and 28 days. When the curing age reached 7 days, the samples
were removed and subjected to wet-dry cycle testing and
immersion testing. When the specified test times were reached,
one sample of each ratio was reserved for a subsequent SEM
experiment, and the remaining samples were subjected to
unconfined compression testing using a triaxial testing
machine with a loading rate of 1 mm/min.

Wet-dry cycling consists of two processes: saturation and
drying. The saturation process of the sample was carried out as
follows:

1) After placing a permeable stone at the bottom of the container,
water was added to the container until the water surface was as
high as the permeable stone, and the sample was then placed
on the permeable stone.

2) Water was gradually added until the sample was completely
submerged in water, and permeable stones were placed on top
of the sample.

Volatile matter Ash content PH
(%) (%)
5 0.5 5-7

3) A certain amount of water was added to the container every
2 h to keep the water level in the container unchanged.
4) After 24 h of saturation, the sample was removed.

The drying process was carried out as follows:

1) The saturated sample was placed in a drying oven at 40°C.

2) The sample was weighed every 4 h during the drying process to
ensure that the water content satisfied the test requirements.

3) When the moisture content stopped changing (after
approximately 40 h), the drying ended. The entire process
is shown in Figure 3.

In the immersion test, drying was carried out after immersion
for 3, 5, 7, and 10 days to simulate the immersion process, which
is longer than a single wet-dry cycle. Additionally, an unconfined
compressive strength test was carried out.

RESULTS ANALYSIS AND DISCUSSION

Influence of Polyvinyl Alcohol on

Unconfined Compressive Strength of Sand
Figure 4A shows the stress-strain curves of different PVA
contents after curing for 3days. As can be seen, the
unconfined compressive strength of the stabilized sand
increased with the PVA content. With 6% PVA content, the
unconfined strength was 147.70 kPa; with 12% PVA content, the
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FIGURE 4 | Stress—strain curves obtained under different curing ages: (A) curing for 3 days. (B) curing for 7 days. (C) curing for 14 days. (D) curing for 28 days.

unconfined strength was only 320.86 kPa. Therefore, the strength
did not improve as the PVA content increased. Additionally, the
stress—strain curve fluctuates because some areas with high water
content still existed in the samples cured for 3 days. In these areas,
the PVA was not dehydrated to form an elastic screen that

provides strength. As the strain increased, the PVA screen that
provided strength appeared to separate from the soil particles or
break, which resulted in a not raise in strength.

In the curing process, the water content in the sample
gradually became uniform and the PVA formed a complete
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FIGURE 5 | Typical photos of damaged samples.
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network structure to provide strength. Figure 4B shows the
stress—strain curve of different PVA contents under outdoor
curing for 7 days. The unconfined compressive strength of the
improved sand with 12% content increased to 1038.96 kPa, which
is significantly higher than that obtained under curing for 3 days.
Figure 4C shows the stress—strain curve obtained under air-dried
curing for 14 days. Compared with curing for 7 days, the strength
slightly increased because the unconfined compressive strength of

PVA in the sample increased by continuous dehydration, and the
unconfined strength obtained with 12% PVA content reached
1115.36 kPa. Figure 4D shows the stress-strain curve obtained
after air-dried curing for 28 days. The strength is essentially the
same as that obtained under curing for 14 days and did not
obviously increase compared with that obtained under curing for
7 days. Figure 5 shows a typical photograph of the damage of the
improved sample.
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Figure 6A shows the change curve of the unconfined
compressive strength of the improved soil and the PVA
addition amount under different curing ages. As can be seen,
when the sample was air-dried and cured for 3 days, the
lubrication of water among the soil particles was the main
controlling factor because the sample contained more water at
this time and the strength increase was not obvious. After the
water content became uniform, the PVA formed an elastic three-
dimensional screen to provide strength, and the PVA content
became the main controlling factor. As the PVA addition amount
increased, the unconfined compressive strength of the improved
soil obviously increased. Figure 6B shows the variation curve of
the unconfined compressive strength with the curing time under
different PVA contents. As can be seen from the graph, the
strength of the air-dried curing rapidly increased in the 3-7-day
stage, and the unconfined compressive strength of the improved
soil slowly increased in the 7-14-day stage. After 14 days, the
unconfined compressive strength of each content tended to be
stable, and the unconfined compressive strength obtained under
curing for 28 days was essentially the same as that obtained under
curing for 14 days. Ling et al. [20] added PVA to improved soil
and cured it for 28 days. They reported that the PVA fiber
significantly improved the unconfined compressive strength.
Zuanfeng Pan et al. [19] added PVA fiber directly to soil and
reported that as the PVA fiber amount increased, the fiber
agglomerated in the soil and affected the soil’s strength. Their
test results revealed that this problem did not occur when PV A gel
was used.

Influence of Wet-Dry Cycles on Unconfined

Compressive Strength of Improved Sand
Figure 6C shows the relationship between the unconfined
compressive strength and the number of wet-dry cycles with
different PVA contents. The non-stabilized soil sample
disintegrated when immersed in water, but the PVA-stabilized
soil sample did not break or peel after being immersed in water.
The unconfined compressive strength essentially exhibited the
same change trend as the number of wet-dry cycles increased.
The unconfined compressive strength of the stabilized soil
samples decreased with the increase of the wet-dry cycles.
Moreover, after 10 wet-dry cycles, the unconfined compressive
strength of the improved soil with 12% PVA content decreased
from 1038.96 kPa to 875.99 kPa and was still much higher than
the unconfined compressive strength of the non-stabilized soil
samples cured for 7 days (10.19 kPa).

Cracks were not observed on the surface of the sample after the
wet—dry cycles because the PVA gel lost water and clung to the
surface of the soil particles during the drying process, which
limited the displacement of soil particles and resulted in the closer
arrangement of soil particles. Because the PV A gel is insoluble in
water, the degradation of the improved soil caused by the wet-dry
cycles slowed down. Ye et al. [21] reported that if the curing time
is short, the unrestricted compressive strength first increases and
then decreases with the increase of the wet-dry cycles. After 10
cycles, the unrestricted compressive strength tends to be stable.
For samples with long curing times, as the wet-dry cycles

Improved Sand Under Dry-Wet Cycle

increased, the unrestricted compressive strength always
decreased. Kaveh Roshan reported that the addition of fibers
reduced the uniaxial strength loss under wet-dry cycles [22].

Influence of Immersion on Unconfined
Compressive Strength of Improved Sand

Figure 6D shows the relationship between the unconfined
compressive strength and the soaking days under different
PVA contents. As can be seen, the unconfined compressive
strength of the stabilized sand gradually decreased with the
increase of the soaking days, and the unconfined compressive
strength of the stabilized sand with 6, 8, 10, and 12% PVA gel
content after soaking for 10 days was 57.50, 71.43, 70.00, and
77.45%, respectively, under curing for 7 days.

With a PVA content of 6%, the strength ratio of the stabilized
sand after immersion was smaller compared with that obtained
with a PVA content of 12%, and the unconfined compressive
strength was still 804.69kPa after immersion for 10 days,
indicating that the deterioration of soil by immersion
diminishes with the increase of PVA content. Similar results
have been obtained by Liu et al. [23], who reported that the
polymer obviously enhanced the stability of the soil in water.

Effect of PVA Content on Permeability
Sand particles in contact with each other form a skeleton
structure, and pores function as seepage channels. After being
added to sand, PVA gel becomes uniformly distributed in the soil
and wraps sand particles to form a three-dimensional network
structure.

The constant head test uses the following formula to calculate
the permeability coefficient:

2QL

kp=— %2
T At(H, + Hy)

where kr is the permeability coefficient of the sample at the water
temperature t measured in degrees Celsius (cm/s); Q is the
osmotic water volume at time t measured in seconds (cm’); L
is the penetration diameter (cm), which is equal to the sample
height between the centers of two pressure taps; A is the cross-
sectional area of the sample (cm?); T is time (s); H1 and H2
denote the hydraulic gradient.

As shown in Figure 7, according to the formula, the
permeability coefficient of plain soil is 8.61E-03. When the
PVA content was 6, 8, 10, and 12%, the permeability
coefficients were 8.42E-03, 8.37E-03, 8.27E-03, and 8.20E-
03, respectively. As the PVA content increased, the
permeability coefficient slightly decreased, but the overall
change was not significant. However, the unconfined
compressive strength of the improved soil obviously
increased, which indicates that the addition of PVA gel did
not obviously fill or block the pores of the sample. Notably, the
maximum content of PVA gel is 12%, but the effective
substance content of the PVA gel is only 5.34%, which
means that approximately 95% of PVA gel is water.

As the curing time increased, the PVA gel gradually
dehydrated and its strength improved. Additionally, with the
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FIGURE 7 | Relationship between permeability coefficient and PVA gel
dosage.

separation of water, the remaining effective substance accounted
only for approximately 0.6% of the soil weight, at most. Because
PVA does not react to produce new substances to fill the pores, it

Improved Sand Under Dry-Wet Cycle

is obvious that such a small amount of PVA does not have an
obvious effect on pore filling, and the change of the permeability
coefficient conforms to the known law. Therefore, PVA gel with
higher effective substance content should be added in a later
stage. Sito Ismanti [24] used bamboo chips to reinforce sand and
reported that the size and content of the bamboo chips had a
significant effect on permeability. Cabalar [25] solidified sand
with xanthan gum and reported that the permeability of sand
decreased by 3-4 orders of magnitude. Huang [26] reported that
the addition of latex and sand may lead to a small decrease in
permeability. Chegenizadeh [27] reported that natural fiber can
increase permeability.

MECHANISM OF PVA CURING SAND

Figure 8A shows a SEM photograph of the sand used in the test;
the photograph was magnified 150 times. As can be seen, the sand
used in the test was packed with loose particles with clear and
obvious particle boundaries, and cementation did not exist
between the sand particles. Figure 8B shows the SEM image
after adding 6% PVA. At this time, the boundary of the soil
particles was blurred, and there were filaments connecting the

100 um

WD = 8.7 mm

EHT= 3.00 kV Mag= 150X Signal A= SE2

100 pm
EHT= 3004V Mag= 150X Signal A= SE2 WD= 6.1mm

Sem image of test soil
.!“L’ v \g Dai

100 ym
WD = 7.5mm

Mag= 150X

| EHT = 3.00 kV Signal A= SE2

6%PVA modified soil SEM (150x)

WD = 7.5mm

Mag= 500X

EHT= 3.00kV Signal A= SE2

12%PVA modified soil SEM (150x)

(500X).

FIGURE 8 | Scanning electron microscopy image: (A) test soil. (B) 6% PVA modified soil (150X). (C) 12% PVA modified soil (150X). (D) 12% PVA modified soil

12%PV A modified soil SEM (500x)
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sand particles in the pores. The soil particles were cemented with
PVA and were no longer loosely stacked but rather had a three-
dimensional structure. Figure 8C shows the SEM image of the
modified soil with 12% PVA. At this time, obvious cementation
substances existed among the soil particles, and it can be seen that
the network structure produced by the PVA gel was wrapped
around the soil particles. Figure 8D shows an electron
micrograph with 12% PVA addition at a magnification of 500
times, from which it can be clearly seen that PVA existed in
the pores.

As the PVA gel was added, the volume of PVA shrank with
the loss of water and finally formed a complete three-
dimensional network structure close to the surface of the
sand particles, which limited the displacement of the soil
particles and increased the strength of the soil through its
own strength. However, a large number of pores still existed
in the cured samples, and the density was low. The amount of
PVA effective substances was still small and could only fill a few
pores. After the PVA gel was added to the samples for
dehydration, a complete three-dimensional network structure
formed and connected the pores. The connected pores and the
PVA only filled a few pores, which only slightly changed the
permeability of the samples.

CONCLUSION

Based on the experimental data and the above discussion, the
following conclusions can be drawn from this study:

1) The addition of PVA improved the unconfined compressive
strength of sand, and the unconfined compressive strength of
the sample with 12% PVA solution reached 1038.96 kPa,
which is much higher than that of non-stabilized soil
(10.19 kPa).

2) The strength of PVA-stabilized sand gradually decreased
under wet-dry cycles, and the strength after 10 wet-dry
cycles was approximately 80% of that obtained without
wet-dry cycling.

3) As the soaking days increased, the unconfined compressive
strength of the PV A-stabilized soil gradually decreased. After
soaking for 10 days, the unconfined compressive strength with
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12% PVA content was 804.69 KPa, which is still much higher
than the 7-day strength of non-stabilized soil.

4) With the addition of PVA gel, the permeability coefficient
slightly decreased, but the change was small. Additionally,
the content of the PVA effective substances was only
approximately 0.6% of the soil weight, which indicates
that PVA can effectively improve the unconfined
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the strength of soil through its own strength.
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