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Weak water stability of soil is one of the prime causes of soil erosion and slope damage. To understand the improvement on the
water stability of sand by a soluble organic polymer (polyurethane, PU), we have conducted a series of water-stability and
turbidity tests to evaluate the effects of different polymer content, densities, and immersion times. The mechanism of the
improvements is investigated based on scanning electron and digital microscopes. Our results reveal that the polymer can
effectively improve the water stability of sand, where the water-stability coefficient enhanced from zero to 100. The turbidity of
the water after oscillation was determined, and its value reduced from 84.5 to 10 and kept stable, which further proved the PU
improvement on the water stability of sand. The results can be considered as the reference for construction and management of
riverbanks and drainage ditches.

1. Introduction

The stability of riverbanks and drainage ditches is important
for safety, shipping, and agriculture. Riverbank erosion is a
common problem, and it is accelerated by the strong pressure
of ship waves and weak water stability of the topsoil [1]. Engi-
neering measures are studied worldwide to alleviate this
problem. Such measures are divided into two categories:
reducing the influence of ship waves and improving the water
stability of topsoil. Many physical structures have been inves-
tigated to reduce the slope erosion caused by ship waves, such
as soft mattress, slide-resistant pile, and sloping breakwater
[2, 3]. When the intensity of ship waves is beyond the engi-
neering design, the slope will be destroyed. In addition, a
prolonged immersion in water will make these physical mea-
sures ineffective. Improving the water stability of topsoil is
hence a viable alternative.

The water stability of soil, defined as resistance against
external processes of immersion, rainfall, and runoff, is an
important measure of sand resistance against degradation
[4–6]. The bases of riverbanks and all kinds of drainage chan-

nel slopes are submerged under water for a long time. Long-
term immersion of soil in water could cause soil disintegra-
tion, which is the cause of soil erosion and bank collapses.
In particular, the cohesion of sand is much smaller than that
of clay, because of which its water stability is generally con-
sidered to be weak. To deal with this situation, much atten-
tion has been paid to the improvements of the water
stability of soil. At present, adding other types of materials
into soil is generally accepted as a good method of soil
improvement. Such materials include cement [7–9], fly ash
[10, 11], inorganic compound [12–14], organic matter [15–
18], and organic polymer. Zhang et al. [8] discussed the
strength and stability of fiber-reinforced cemented loess
(FRCL), and they found that the mixing of cement and fiber
significantly improves the strength and stability. Igwe et al.
[13] identified the extent of colloidal stability of the soils
and the forms of Fe and Al oxides in the soils contributing
to their stability. Hamidpour et al. [17] showed that addition
of organic matter increases the water stability of calcareous
soil. With respect to the reinforcement effect and the impact
on the environment, organic polymers have attracted
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increasing attention because of their excellent advantages,
such as less incorporation, stable effect, and ecological and
environmental protection [19–21]. As a new type of rein-
forcement material, the cost might be a little higher than that
of commonly used reinforcement materials, which may be
influenced by the development cost of polymers, using
amount, using method, and specific situation of engineering.
Song et al. [22] discussed that the cost of polyvinyl acetate
was about 30-50 dollars/m2 for different situations. It was
predicted according to the good advantages of organic poly-
mers that the cost would be reduced when they were applied
extensively in engineering.

The organic polymers improved the surface properties of
soil via ion exchange, hydrogen bond, and absorption; com-
bining with the characteristics of long-chain macromole-
cules, they enhanced the cohesion between soil grains and
reduced the void ratio. Therefore, organic polymers effec-
tively improved the properties of soil. Liu et al. [23] investi-
gated that the polymer-reinforced sand still has good shear
behavior after immersion when compared to the purely sand
material. Mousavi et al. [24] showed that the soil treatment
with a polymer stabilizer resulted in an improvement of the
California Bearing Ratio and maximum dry density and a
reduction in swelling potential. Tisdall and Oades [25] found
that the water stability of microaggregates depends on the
persistence of organic binding agents. All these studies dem-
onstrated that the polymer is a good candidate in improving
the water stability of soil. The commonly used methods for
sand stability testing include wet sieving of sand in a disper-
sion agent solution [26], water drop destruction [27], and
mean weight diameter (MWD) [26, 28]. These methods
focus on the disintegration of sand without introducing some
strength parameters to evaluate the stability.

In this study, we use a water-soluble organic polymer to
test its effect on the water stability of sand. The water-
stability tests of the sand at different polymer content, densi-
ties, and immersion times were carried out. In addition, the
turbidity of the solution after oscillation is used to measure
the water stability of sand. The mechanisms of the polymer
to sand water stability are studied from scanning electron
and digital microscopes.

2. Materials and Methods

2.1. Materials. The sand used in this study is taken fromNan-
jing, China. The properties of the sand are shown in Table 1.
The grain size varies from 0.075mm to 2mm, and the con-
tent of grains between 0.1mm and 0.5mm is more than
50%. The curvature coefficient Cc is 1.13 and the coefficient
of uniformity Cu is 2.77. It thus classified as poorly graded
sand following the Unified Soil Classification System. After
X-ray diffraction results, this sand contains mostly quartz
and little feldspar.

A type of water-soluble organic polymer polyurethane
(PU) was used as an admixture to sand in this study, which
is a light-yellow transparent fluid. It was synthesized in the
laboratory, and the basic physical and chemical properties
were tested. The specific gravity, viscosity, and density of
PU are 1.15, 650-700MPa·s, and 1.18 g/cm3, respectively,

which could be mixed with water at any content. And it is a
neutral substance with a solid content of 88%. The coagula-
tion time is 60-1600 seconds.

2.2. Laboratory Chemical Synthesis of Polyurethane (PU). The
constitutional formula of PU used in this study is shown in
Figure 1(a), which was synthetized based on five main stages
including atmospheric distillation, vacuum distillation, cool-
ing, heating, and cooling, as shown in Figure 1(b). This
synthesis method follows Liu [29] and Liu et al. [30].

First, the four crude materials, which include polyoxy-
propylene glycol (PPG, Chemically Pure, Jining Hongming
Chemical Reagent Co., Ltd., Jining, China), polyoxyethylene
glycol (PEG, Chemically Pure, Shanghai Ika Biotechnology
Co., Ltd., Shanghai, China), polylactic acid glycol (PLAG,
Chemically Pure, Shanghai Zhenzhun Biological Technology
Co., Ltd., Shanghai, China), and toluene (TL, Chemically
Pure, Kaifeng CITIC Industry and Trade Chemical Co.,
Ltd., Kaifeng, China), were mixed in the reaction still and
under air distillation at 135°C. Due to the gradual decrease
of toluene content in the reaction system, atmospheric distil-
lation was converted to vacuum distillation. The water and
toluene in the reaction system were completely removed by
vacuum distillation. The reaction system was cooled to room
temperature. N2 was fed into the reaction system to remove
air, and the oil seal was carried out after that. Toluene diisocya-
nate (TDI, Chemically Pure, Yangzhou Tianda Chemical Co.,
Ltd., Yangzhou, China) was added to the reaction system,
and the system was heated for 2.5 hours at 95°C. After the sys-
tem was cooled to room temperature, ethyl acetate (EAC, Ana-
lytical Reagent, Shandong Haoshun Chemical Co., Ltd., Jinan,
China) was added. The system was stirred at room tempera-
ture. Sodium dodecyl sulfate (SDS, Analytical Reagent, Lang-
fang Pengcai Fine Chemical Co., Ltd., Langfang, China) was
added at last, and the PU was obtained after sufficient stirring.

2.3. Laboratory Testing of Water Stability of Sand Treated
with PU. In this test, PU was diluted into a solution of dif-
ferent content, which was mixed with sand to make the
PU-sand mixture. The PU-sand mixture was pressed into
specimens with 61.8mm diameter and 20mm height and
at different densities. All the specimens were cured in the
environment with 20°C and 30% relative humidity for 48
hours. After that, the specimens were put into a ring-knife
with the same size as the specimen. The combination was
submerged in water for a period of time, and then the
ring-knife was removed. For the specimens where disinte-
gration occurs, the area after disintegration was recorded.
The measured and calculated methods for disintegration
area follow Liu et al. [31]. The specimens without disintegra-
tion were removed from the water to carry out the direct shear
tests under 100 kPa, 200kPa, 300kPa, and 400kPa normal
pressures based on the American Society for Testing Materials
(ASTM) standards (ASTM D3080). The detailed parameters
of the specimens are shown in Table 2. The triplicates of the
specimens were taken, and their average values were used.

2.4. Water-Stability Coefficient Computation. In order to
evaluate the effect of PU on the water stability of sand, the
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water-stability coefficient was introduced. Based on the basic
laws of soil mechanics and the existing studies [32], it could
be calculated according to the following formula:

K = S − Si
S − S0

× 50 + τ1
τ1 max

× 12:5 + τ2
τ2 max

× 12:5

+ τ3
τ3 max

× 12:5 + τ4
τ2 max

× 12:5,
ð1Þ

where K (dimensionless) is defined as the water-stability
coefficient, and the maximum value of K is 100. S (cm2) is
the disintegration area of the specimen with 0% PU content.
Si (cm

2) is the disintegration area of the specimen with differ-
ent PU content. S0 (cm

2) is the initial area of the specimen. In
this study, the S0 is 29.28 cm

2. τ1, τ2, τ3, and τ4 (kPa) are the
shear strength of specimens under 100 kPa, 200 kPa, 300 kPa,
and 400 kPa normal pressures, respectively. At the same time,
τ1max, τ2max, τ3max, and τ4max (kPa) are the maximum shear

Table 1: The properties of used sand.

Weight percentage content (%) Grain size parameter Cc Cu

Maximum
dry density
(g/cm3)

Minimum
dry density
(g/cm3)

Specific
density

0.075-0.1mm 0.1-0.25mm 0.25-0.5mm 0.5-1mm 1-2mm D60 mm D30 mm D10 mm
1.13 2.77 1.66 1.34 2.65

2.1 31.7 48.9 17.1 0.2 0.36 0.23 0.13
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Figure 1: (a) The constitutional formula of polyurethane; (b) the corresponding synthetization diagram.

Table 2: The detailed parameters of the specimens.

Number Immersion time (h) Density (g/cm3) PU content (%) Number Density (g/cm3) Immersion time (h) PU content (%)

S1 24 1.40 0 S11 1.40 24 5

S2 24 1.40 0.1 S12 1.50 24 2

S3 24 1.40 0.2 S13 1.60 24 2

S4 24 1.40 0.3 S14 1.40 0 2

S5 24 1.40 0.4 S15 1.40 1 2

S6 24 1.40 0.5 S16 1.40 3 2

S7 24 1.40 1 S17 1.40 6 2

S8 24 1.40 2 S18 1.40 12 2

S9 24 1.40 3 S19 1.40 48 2

S10 24 1.40 4 S20 1.40 72 2
∗PU content is the weight ratio of desired PU to dry sand.
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strength of specimens under 100 kPa, 200 kPa, 300 kPa, and
400 kPa normal pressures, respectively. The maximum shear
strength was the maximum stress value of the direct shear
stress-displacement curve. The application scope of this
formula is the PU-sand mixture in this paper.

2.5. Turbidity Measurements of Sand Treated with PU. The
preparation process of specimens was the same as that of
the water-stability test. The size of the specimens in this test
was 39.1mm diameter and 40mm height. After curing, the
specimen was put in a beaker with an amount of water. The
beaker was set on the reciprocating oscillator and oscillated
for about 10 minutes. The oscillation frequency was 25Hz.
Three amounts of 25mL of water were taken from the beaker
for turbidity measurements that were made on each aliquot,
in nephelometric turbidity units (NTU), using an SGZ-
200BS turbidimeter after oscillating. Turbidity measure-
ments were performed every ten minutes, and the total
measured time is one hour. The detailed parameters of the
specimens are the same with the water-stability test, which
is shown in Table 2.

2.6. Microstructure Analysis. In order to analyze the action
mechanism of PU in sand, the internal structure of the spec-
imen was obtained through digital microscope and scanning
electron microscopy. The digital microscope was used to
record the optical images with a magnification of 60x. Also,
the scanning electron microscope (SU3500, Hitachi Ltd.)
was used to obtain the micrograph with magnifications of
50x and 100x.

3. Results

3.1. Laboratory Testing of Water Stability

3.1.1. Results of the Test. The effect of PU on the water stabil-
ity of sand was thoroughly studied in the test. According to
the experimental methods, the experimental research under
different PU content, different densities, and different
immersion times was carried out. The results of the test are
shown in Tables 3–5, respectively.

3.1.2. Effect of PU Content. Figure 2 displays the disintegra-
tion of the specimens with different PU content. As shown
in Figure 2 and Table 3, the specimen with 0% PU was
severely disintegrated. There were a large number of sand
particles distributed in the periphery of the specimen. After
measurement, the disintegration area was 102.91 cm2, which
was 2.5 times larger than the initial area. With the increase of
PU content, the disintegration of the specimen gradually
diminished. The disintegration area of the specimens with
0.1% and 0.2% PU content reduced to 64.99 cm2 and
49.61 cm2, respectively. When the PU content was over
0.2%, there was no disintegration, as shown in Figure 2.
There were only a few sand particles scattered around the
specimens.

The results of direct shear tests of specimens without dis-
integration are shown in Table 3. Due to disintegration, the
specimens with 0%, 0.1%, and 0.2% PU content could not
be removed from the water to carry out the direct shear tests,

and the shear strengths under different normal pressures of
those were considered as zero. The water-stability coefficients
of specimens with different PU content were calculated as per
Equation (1), and the result is shown in Table 3. Figure 3(a)
shows the effect of PU content on the water-stability coeffi-
cient. As shown, the water-stability coefficient increased as
the PU content increased. When the PU content is 0%, the
water-stability coefficient of the specimen is 0, which indi-
cates that the sand has weak water stability. Although the
specimens were still unable to remain stable in water, the
sand exhibited fixed water stability due to the existence of
PU. The water-stability coefficients of the specimens with
0.1% and 0.2% PU content were 25.75 and 36.19, respec-
tively. The water-stability coefficient had a significant
increase when the PU content increased from 0.2% to 0.3%
and the growth rate was about 121.72%. When the PU con-
tent was more than 0.2%, the water-stability coefficient
increased slowly. The water-stability coefficient increases
from 80.24 to 100, and the growth rate was about 24.63%.

Figure 3(b) shows the typical direct shear stress-
displacement curves of the specimens with different PU con-
tent under 200 kPa normal pressure. As seen, the shear stress
increased with the increase of shear displacement, but the
amplitude of increase gradually decreased. Before reaching
the peak stress, the slope of each curve gradually increased
with an increase in PU content. Compared with the speci-
mens with low PU content, the specimens with high PU con-
tent need more shear stress to achieve the same shear
displacement, which indicated that the initial stiffness of sand
increased gradually with increase of PU content. During the
shear process, no obvious peak shear stress was observed
and sudden strain softening appeared on the curves of 0.3%
to 3% PU content. On the contrary, shear stress tended to
be a stable value with shear displacement, which indicated
that the specimens presented a significant trend of strain
hardening in the later shear period. The two curves of the
4% and the 5% PU content showed obvious peak shear stress
and sudden strain softening, which was related to the internal
structure and uniformity.

3.1.3. Effect of Density. Considering the properties of used
sand and the ease of practical application, the density of
1.40-1.60 g/cm3 was selected. Disintegration did not occur
in this phase. The specimens were in a stable state. There
was a small amount of sand particles falling off at the edge
of the specimens, which was mainly due to the uneven stress
on the edge during specimen preparation.

The water-stability coefficients of specimens with differ-
ent densities were calculated as per Equation (1), and the
results are shown in Table 4. Figure 4(a) shows the effect of
density on the water-stability coefficient. The water-stability
coefficient increased with the increase in density, as observed
from Figure 4(a). The water-stability coefficients of speci-
mens with densities 1.40 g/cm3, 1.50 g/cm3, and 1.60 g/cm3

were 91.23, 94.93, and 100, respectively. In addition, the
growth rates between two densities were similar, which are
4.1% and 5.3%, respectively.

Figure 4(b) shows the typical direct shear stress-
displacement curves of specimens with different densities
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under 200 kPa normal pressure. As shown, the shear stress
increased with an increase in shear displacement, but the
amplitude of increment gradually decreased. Before reaching
the shear peak, the slope of each curve showed no significant
difference, which indicated that the density had a little effect
on the initial stiffness of the sample. During the shearing pro-
cess, no obvious peak shear stress and sudden strain soften-
ing appeared on the curves of 1.40 g/cm3 and 1.50 g/cm3.
But the curve of 1.60 g/cm3 showed obvious peak shear stress
and sudden strain softening. This phenomenon was related
to an increase in sand suction and the strength of the struc-

ture due to density increase. Compared with the low density
specimen, the high density specimen appeared brittle, but the
brittleness is smaller.

3.1.4. Effect of Immersion Time. The specimens were
observed to be stable under different immersion times, which
could be ascertained from the value of disintegration area S in
Table 5. For the specimens with little immersion times, there
were almost no sand particles falling off from their edges.
With the increasing immersion time, small amounts of sand
particles were observed falling off from the edge of the

Table 5: The results of the test with different immersion times.

Specimen
number

Disintegration area
S (cm2)/standard
deviation (cm2)

Shear strength under
100 kPa τ1

(kPa)/standard
deviation (kPa)

Shear strength under
200 kPa τ2

(kPa)/standard
deviation (kPa)

Shear strength under
300 kPa τ3

(kPa)/standard
deviation (kPa)

Shear strength under
400 kPa τ4

(kPa)/standard
deviation (kPa)

Water-
stability
coefficient

K

S12 29.28/0 99.74/1.24 156.88/2.44 213.32/1.34 260.76/1.09 100.00

S13 29.28/0 99.03/1.36 155.38/1.44 211.53/2.57 246.14/5.57 98.99

S14 29.28/0 94.50/1.70 141.94/3.49 217.35/1.70 241.84/3.30 97.48

S15 29.28/0 92.73/2.19 135.46/3.13 203.72/4.82 237.04/5.38 95.72

S16 29.28/0 87.54/1.25 133.85/1.36 183.85/2.08 233.76/5.43 93.62

S8 29.28/0 81.38/1.56 126.51/2.22 171.64/4.98 216.77/2.16 90.73

S17 29.28/0 78.73/1.67 120.76/2.35 165.22/4.55 210.39/4.95 89.26

S18 29.28/0 75.83/1.52 117.15/1.39 155.54/4.90 205.52/4.07 87.80

Table 4: The results of the test with different density.

Specimen
number

Disintegration area
S (cm2)/standard
deviation (cm2)

Shear strength under
100 kPa τ1

(kPa)/standard
deviation (kPa)

Shear strength under
200 kPa τ2

(kPa)/standard
deviation (kPa)

Shear strength under
300 kPa τ3

(kPa)/standard
deviation (kPa)

Shear strength under
400 kPa τ4

(kPa)/standard
deviation (kPa)

Water-
stability
coefficient

K

S8 29.28/0 81.38/2.00 126.51/3.07 171.64/1.78 216.77/5.03 91.23

S12 29.28/0 84.39/2.11 136.89/1.93 191.39/1.08 245.89/4.63 94.93

S13 29.28/0 89.22/1.43 153.22/11.63 217.22/3.76 281.22/3.66 100.00

Table 3: The results of the test with different PU content.

Specimen
number

Disintegration area
S (cm2)/standard
deviation (cm2)

Shear strength under
100 kPa τ1

(kPa)/standard
deviation (kPa)

Shear strength under
200 kPa τ2

(kPa)/standard
deviation (kPa)

Shear strength under
300 kPa τ3

(kPa)/standard
deviation (kPa)

Shear strength under
400 kPa τ4

(kPa)/standard
deviation (kPa)

Water-
stability
coefficient

K

S1 102.91/3.46 0 0 0 0 0

S2 64.99/1.23 0 0 0 0 25.75

S3 49.61/0.57 0 0 0 0 36.19

S4 29.28/0 49.76/1.79 97.67/2.16 145.59/3.40 193.50/2.91 80.24

S5 29.28/0 51.66/2.71 100.98/2.05 150.29/3.94 199.61/2.34 81.26

S6 29.28/0 53.66/2.16 104.24/3.56 154.82/1.99 205.40/3.70 82.25

S7 29.28/0 59.22/0.14 112.26/3.24 165.29/4.72 218.33/5.69 84.65

S8 29.28/0 81.38/1.98 126.51/2.46 171.64/3.43 216.77/2.21 88.23

S9 29.28/0 89.28/2.74 135.85/3.38 182.42/3.93 228.98/4.34 90.94

S10 29.28/0 121.46/1.87 162.15/1.15 202.84/0.92 243.53/5.36 98.04

S11 29.28/0 124.50/1.87 168.46/1.67 212.42/2.05 256.38/3.22 100.00
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specimens. But the specimens remained stable as a whole,
and the disintegration did not occur.

The results of direct shear tests of specimens with differ-
ent immersion times are shown in Table 5. The shear
strength under 100 kPa, 200 kPa, 300 kPa, and 400 kPa and
the disintegration area were substituted into the Equation
(1) to get the water-stability coefficients of specimens with
different immersion times. The calculated results are shown
in Table 5, and the variation trend is shown in Figure 5(a).
As shown, the water-stability coefficient decreased with the
increasing immersion time. The water-stability coefficients
of specimens with immersion times of 0 h, 1 h, 3 h, 6 h, 12 h,
24 h, 48 h, and 72 h are 100, 98.99, 97.48, 95.72, 93.62,
90.73, 89.26, and 87.80, respectively. The decreasing trend
of the curve could be divided into three states: Stage I, Stage
II and Stage III. In Stage I, the decreasing trend was slow.
In this part, the immersion time was lower than 6h and the
decreasing rate was 1.45%. When the immersion time was
between 6h and 24h, the variation of the curve entered into
Stage II. The decreasing rate of the water-stability coefficient

was 2.64%, which was twice compared with Stage I. With the
increase of immersion time, the decreasing rate of the water-
stability coefficient further slowed down and the curve
entered into Stage III. The decreasing rate was 1.62%, which
was similar to the decreasing rate in Stage I.

Figure 5(b) shows the typical direct shear stress-
displacement curves of specimens with different immersion
times under 200 kPa pressure. As observed, the shear stress
increased with an increase in shear displacement, but the
amplitude of increase decreased with the increasing shear
displacement. The shear stress eventually tended to a stable
value, which decreased with increasing immersion time.
The maximum shear stresses of specimens with immersion
times of 0 h, 1 h, 3 h, 6 h, 12 h, 24 h, 48 h, and 72 h were
158.07 kPa, 151.72 kPa, 145.84 kPa, 138.63 kPa, 134.86 kPa,
126.41 kPa, 118.23 kPa, and 111.90 kPa, respectively. During
the whole shear process, the shear stress of the specimen with
0 h immersion time was higher than that of the specimens
with other immersion times. It can be seen form the shear
stress-displacement curves of specimens with different

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

Figure 2: The disintegration of the specimens with different PU content: (a) 0%; (b) 0.1%; (c) 0.2%; (d) 0.3%; (e) 0.4%; (f) 0.5%; (g) 1%; (h)
2%; (i) 3%; (j) 4%; (k) 5%.
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immersion times that the specimen changed from strain
hardening to strain softening with the increasing immersion
time. When the immersion time was between 0h and 1h, no
peak shear stress and sudden strain softening appeared on
the curves. When the immersion time was more than 1h,
there was an obvious peak shear stress that appeared on the
curves. When the specimen was immersed in water, the water
gradually entered into the specimen, which reduced the
strength and made the specimen soften. But the strain soften-
ing kept relatively stable with the increasing immersion time,
as shown in Figure 5(b). The strain-softening rates of speci-
mens with 3 h, 6 h, 12 h, 24 h, 48 h, and 72h were 3.96%,

3.70%, 4.57%, 4.77%, 3.46%, and 3.91%, respectively. It indi-
cated that PU can enhance the antisoftening ability of the
specimens.

3.2. Turbidity Measurements of Sand Treated with PU

3.2.1. Results of the Test. The effect of PU on the turbidity of
sand was thoroughly studied in this test. According to the
experimental methods, the experimental research under dif-
ferent PU content and different immersion times was carried
out. In this test, the turbidity of different specimens at 0min,
10min, 20min, 30min, 40min, 50min, and 60min was
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recorded as T0, T1, T2, T3, T4, T5, and T6. The turbidity of
the water used in this test was 0NTU. The results of these
tests are shown in Table 6.

3.2.2. Effect of PU Content. Figure 6 shows the state of the
specimens with different PU content after oscillation. As
shown in Figure 6(a), the water of the specimen with 0%
PU content was too cloudy to see the specimen in the beaker.
With the increasing PU content, the water gradually became
clear. As shown in Figure 6(e), the water was clear after oscil-
lation when the PU content was 0.4%. Although the water
was clear, significant damage occurred to the specimen. All
the specimens remained intact when the PU content was over
0.4%, which can be seen in Figures 6(f)–6(k). There were
only a few sand particles scattered around the specimens.

Figure 7(a) shows the effect of PU content on the turbid-
ity. As shown, the initial turbidity (T0) decreased first and
then remained unchanged with an increase in PU content.
When the PU content was 0%, the initial turbidity (T0) was
84.5NTU, which was the maximum turbidity in the whole
test program. The initial turbidity (T0) of the specimens with
0.1%, 0.2%, and 0.3% was 74.9NTU, 65.3NTU and
45.8NTU, respectively. The initial turbidity (T0) had a signif-
icant decrease when the PU content increased from 0.3% to
0.4% and the decreasing rate was about 76.2%. When the
PU content was more than 0.3%, the initial turbidity (T0)
kept stable and the domain of Walker was 7.5NTU to
10.9NTU. Themiddle turbidity (T3) had the same trend with
the initial turbidity (T0). The middle turbidity (T3) decreased
when the PU content was below 0.3% and then remained
unchanged with an increase in PU content. The final turbid-
ity (T6) kept stable except for that of the specimen with 0%
PU content. The final turbidity (T6) of the specimen with
0% PU content was 11.8NTU, which was large compared
with others.

Figure 7(b) shows the relationship between the turbidity
and the time. When the PU content was 0%, 0.1%, and
0.2%, the turbidity decreased with an increase in time, and
the curves could be divided into three stages based on the
decreasing rate. In Stage I, the turbidity decreased quickly
with an increase in time. The average decreasing rate was
1.93NTU/min. In Stage II, the decreasing rate (1.36NTU/-
min) was smaller than that in Stage I. In Stage III, the
decreasing rate further decreased, which was 0.24NTU/min.
When the PU content was 0.3%, the turbidity decreased with
an increase in time, and the curves could also be divided into
three stages based on the decreasing rate. But the turning
point was different from the curves of 0%, 0.1%, and 0.2%
PU content. For the other seven PU content, the curves
remained relatively stable around 8NTU.

3.2.3. Effect of Density. Figure 8 shows the state of the speci-
mens with different densities after oscillation. As shown,
the water of specimens with different densities was clear after
oscillation. All the specimens remained intact regardless of
density. There were only a few sand particles scattered
around the specimens.

Figure 9 shows the effect of density on the turbidity. It
showed the results of the test and proved the results of
Figure 8 in another way. The initial turbidity (T0) of the spec-
imens with 1.40 g/cm3, 1.50 g/cm3, and 1.60 g/cm3 densities
was near 7.7NTU, which were 7.5NTU, 7.8NTU and
7.8NTU, respectively. The middle turbidity (T3) had the
same trend with the initial turbidity (T0). The middle turbid-
ity (T3) kept stable when the density changed from
1.40 g/cm3 to 1.60 g/cm3. The final turbidity (T6) kept stable,
which was 7.9NTU, 7.2NTU, and 6.2NTU for different den-
sities, respectively. But it had a certain downward trend.
From the final result, the turbidity of the specimen tended
to decrease with an increase in density.
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3.2.4. Effect of Immersion Time. Figure 10 shows the state of
the specimens with different immersion times after oscilla-
tion. As shown, the water of specimens with different densi-
ties was clear after oscillation. Obvious turbidity could not be
observed with the naked eye. All the specimens remained
intact regardless of density. For the specimens with little
immersion time, there was almost no sand particle falling
off from their edges. With the immersion time increasing,
a small amount of sand particles fell off from the edge of
the specimens.

Figure 11 shows the effect of immersion time on the
turbidity. The initial turbidity (T0) kept stable with the
immersion time changing from 0h to 72 h. These values
for different immersion times were 7.2NTU, 7.4NTU,
7.8NTU, 7.6NTU, 7.8NTU, 7.5NTU, 7.6NTU, and
7.5NTU, respectively. The float range of the middle turbidity
(T3) was relatively large compared with the initial turbidity

(T0). The minimum value appeared, which was 6.5NTU,
when the immersion time was 3 h. The maximum value
appeared, which was 8.0NTU, when the immersion time
was 24h or 72 h. The other middle turbidity (T3) was within
this range. The final turbidity (T6) had a little float range
compared with the middle turbidity (T3). It varied a small
range of between 6.9NTU and 7.9NTU.

4. Discussion

The polyurethane used in this study contains an enormous
amount of isocyanate groups (-NCO), which could react with
water rapidly. Figure 12 shows the detailed process of
the reaction of polyurethane with water. As shown in
Figure 12, two main reactions occurred when polyurethane
was mixed with water. A white emulsion dispersion system
was formed, which was mainly composed of polyurea. Due

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

Figure 6: The state of the specimens with different PU content after oscillating: (a) 0%; (b) 0.1%; (c) 0.2%; (d) 0.3%; (e) 0.4%; (f) 0.5%; (g) 1%;
(h) 2%; (i) 3%; (j) 4%; (k) 5%.
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to the existence of SDS in polyurethane, polyurea could be
uniformly dispersed in water, which made the emulsion dis-
persion system stable for a certain time.

When the PU was mixed with the water and sand, the
polyurea could wrap the sand particles, fill the voids between
the sand particles, and connect adjacent sand particles. More
specifically, a part of the polyurea could encapsulate the sand
particles and form a membrane on the surface of the sand
particles. The other part of the polyurea could aggregate
between the sand particles and fill a part of the voids. There
were a lot of connections between the two parts. By taking
the sand particles as the base points and the membranes as

(a) (b)

(c)

Figure 8: The state of the specimens with different PU content after
oscillating: (a) 1.40 g/cm3; (b) 1.50 g/cm3; (c) 1.60 g/cm3.
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the interconnecting strands, a complex framework was con-
structed and then formed into a honeycomb and space net-
work structure, performing a good linking role. Figure 13
shows the scanning electron microscope (SEM) images of
the PU-sand mixture. It can be observed from Figures 13(a)
and 13(b) that a membrane was closely interfaced on the

surface of the sand particles, and it was not easy to separate
the membrane from the sand particles. Polyurea aggregated
continuously between the sand particles. Finally, it occupied
a part of the voids (Figure 13(a)) and connected the adja-
cent sand particles, thus forming a network structure
(Figures 13(c) and 13(d)). Figure 13 also suggests that the
sand treated with higher PU content exhibited more a dense
and stable structure.

In general, the cohesion of sand is very small compared to
clay, which could be neglected in most cases. Figure 14 shows
the interaction between the sand particles and water. In the
absence of water, the sand particles were arranged loosely
and irregularly (Figure 14(a)). When sand was mixed with
a small amount of water, water entered the voids between
the sand particles. The contact area between the sand parti-
cles and water was small compared to the surface area of
the sand particles. The surface tension of water connected
the sand particles into a whole (Figure 14(b)). When the sand
was immersed in water, the voids between the sand particles
were completely filled with water. At this time, the expansion
pressure of water was greater than the surface tension. The
bonding of the sand particles, which lost their interaction
with each other, became a loose individual (Figure 14(c)).
In this case, the small particles in the sand were suspended
in water making the water turbid, when the sand was sub-
jected to external forces (agitation, vibration, impact, etc.).

Figure 15 shows the interaction between the sand parti-
cles, PU-formed membrane, and water. When the sand was
mixed with PU, PU could form a stable network structure
in sand, which could connect the sand particles into a whole

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 10: The state of the specimens with different immersion times after oscillating: (a) 0 h; (b) 1 h; (c) 3 h; (d) 6 h; (e) 12 h; (f) 24 h; (g) 48 h;
(h) 72 h.
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(Figure 15(b)). Water could penetrate into the sand particles
through infiltration, when the PU-sand mixture was
immersed in water. However, the sand could not disintegrate
because the tension of the PU-formed membrane was stron-
ger than the expansion pressure of water. The membrane

could absorb a certain amount of water, which could further
reduce the expansion pressure of water. Figure 16 shows the
digital microscope image. As shown in Figure 16, the mixture
still retained more water for a period of time after its removal
from the water. The PU-sand mixture could remain stable
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Figure 13: The scanning electron microscope images of the PU-sand mixture: (a) with 4% PU at 100x magnification; (b) with 2% PU at 100x
magnification; (c) with 2% PU at 50x magnification; (d) with 1% PU at 50x magnification.

(a) (b) (c)

Figure 14: The interaction between sand particles and water: (a) dry sand; (b) sand with small amount of water; (c) sand immersed in water.
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when the sand was subjected to external forces (agitation,
vibration, impact, etc.), which prevented the water from
becoming turbid.

Of course, the above situation happened when the PU
content was high. In the case of low PU content, the expan-
sion pressure of water in the PU-sand mixture exceeded the
strength of the PU-formed membrane, which could result
in the disintegration of the PU-sand mixture, when the PU-
sand mixture was immersed in water. With the increase in
PU content, the mixture did not disintegrate during immer-
sion. But when the content of PU was not enough, some
PU-formed membrane could be destroyed under the action
of external forces (agitation, vibration, impact, etc.). A large
amount of water could enter the PU-sand mixture, causing
the expansion pressure of water to exceed the strength of
the membrane, resulting in the destruction of the PU-sand
mixture and the turbidity of the water.

With the increase in density, the volume of voids in sand
decreased and the water stability of sand increased. The two
reasons could be summarized as follows. On the one hand,
the decrease of the void volume reduced the space for water
storage, which leads to the decrease of water expansion pres-
sure. On the other hand, the decrease of the void volume
shortened the distance between the sand particles, which
leads to the difficulty in sand disintegration. The water stabil-
ity of sand was improved by both reasons. With the increase
in immersion time, the time of water infiltration increased
correspondingly. A certain amount of water entering the
sandy soil increased the expansion pressure of water, which
led to the weakening of the water stability of the sand. How-
ever, the volume of the voids in the sand was limited. Density
could not be increased indefinitely. And water could not infi-
nitely enter the sand. Therefore, the influence of density and
immersion time on the water stability of sand was limited.

Compared with the traditional inorganic sand improve-
ment materials (cement, lime, etc.), inorganic materials have
a serious impact on the ecological environment. The soil lost
the ability of vegetation growth, which led to the increase of
soil pH value in the process used. The natural degradation
products of PU-improved soil were nitrogen, carbon dioxide,
and water, which had little impact on the ecological environ-
ment. After the improvement, the water stability of the soil
had been significantly improved, which could promote the
stability of the riverbanks and drainage ditches. At present,
the research on PU is more concentrated in indoor tests
and less involved in the actual project. In the future research,
the practical application of PU is the focus of the research.

5. Conclusions

In this paper, the water stability of the sand reinforced with a
kind of water-soluble organic polymer (polyurethane, PU)
was studied at different conditions. In addition, the turbidity
of the water after shaking was also used to evaluate the water
stability of the soil. At last, the mechanism of action of the
water-soluble organic polymer was discussed based on the
interpretations from scanning electron microscopy and
digital microscope images. Based on the results obtained,
the following conclusions can be drawn:

(1) Polyurethane can effectively improve the water sta-
bility of sand. With the increase in PU content, the
water-stability coefficient of sand increases from zero
to 100. When the content of PU is higher than 0.2%,
the sand will not disintegrate in static water. With the
increase in density, the water stability of sand
increases marginally (the value of K enhanced from
91.23 to 100). The water stability of sand decreases

(a) (b) (c)

Figure 15: The interaction between sand particles, PU membrane, and water: (a) dry sand; (b) sand mixed with PU; (c) PU-sand mixture
immersed in water.

1 mm

(a)

1 mm

(b)

1 mm

(c)

Figure 16: The digital microscope image of PU-sand mixture: (a) without immersion; (b) 0 h after removing from water; (c) 12 h after
removing from water.
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slightly with the increasing immersion time (the
value of K reduced from 100 to 87.80). The water sta-
bility of sand remains at a higher level after long
immersion

(2) The turbidity of the water after oscillation also proves
that the PU could improve the water stability of sand.
With the increase in PU content, turbidity decreases
first (mainly from 84.5 to 10) and then keeps stable.
When the PU content was below 0.4%, the turbidity
decreased towards zero with the increase in time.
For other PU contents, the curves remained relatively
stable around 8NTU. Density and immersion time
have little effects on turbidity, which changes from
6 to 8NTU

(3) The mechanism of PU in holding the loose sand into
a whole in the PU-sand mixture can be explained by
the formation of a membrane and a space network
structure formed by the membrane. The membrane
has enough strength to withstand the expansion pres-
sure caused by water during immersion, so that the
PU-sand mixture could achieve good water-stability
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