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Abstract
A considerable number of engineering hazards are caused by loose internal structure of sands. Thus, many researchers have
explored a variety of reinforcement methods. A new reinforcement technique was experimentally evaluated in this study. In
particular, a hybrid method with a combination of fiber and polymer was studied. Three different types of fibers (sisal, polypro-
pylene, and palm) in combination with varying concentrations of polymers were experimented to improve the internal structure
and strength of sand samples reconstituted at different densities. Through a series of laboratory tests, the compressive and tensile
strength variations of different combinations were obtained, and the interaction between fibers and polymer inside the sand was
evaluated by scanning electron microscopy (SEM). The experimental results show that the tensile and compressive strength of
the reinforced sand increases with the increase of the polymer concentration, sample density, and different fiber combinations.
This provides some references for future practical engineering applications.
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Introduction

Sand has a series of disadvantages such as lack of cohesion and
loose structure between particles and high porosity. If not rein-
forced, these limitations in sand will cause a variety of engineer-
ing hazards (Helming et al., 2006;Wan and Fell, 2004; Xiao and
Shwiyhat, 2012). For example, the stability of sandy slope was
seriously compromised due to liquefaction caused by ground
vibrations and erosion by seepage after intensive rainfalls.
River bank sandy slopes suffer erosion and subsequent collapse
resulting into channel blockage due to landslides and other disas-
ters. Therefore, improving the stability of sand is a crucial task.
Some researchers have used traditionalmethods to reinforce sand
such as by adding cement, fly ash, and their mixtures (Chen and
Wang, 2006;Kaniraj andHavanagi, 1999;Kawamura andKasai,

2006; Kumar and Raju, 2009; Wang et al., 2018). Undoubtedly,
the above research proves that adding cement and fly ash can
effectively improve the overall structure and strength of sand.
However, some deficiencies also emerged out by using these
materials for sand stabilization. These deficiencies may be lack
of vegetation growth on cement and fly ash-based reinforced
sand, and increase in dust and CO2 emissions polluting the en-
vironment in the process of cement production (Najim et al.,
2014; Caravaca et al., 2017; El-Attar et al., 2017).

In recent years, many scientists have focused on exploring
the non-traditional reinforcement techniques such as polymer
reinforcement that has great potential in soil improvement
with less eco-environmental impacts. Mohsin and Attia
(2015) discussed the stability of the reinforced sand under
different temperature conditions after adding different concen-
trations of polyacrylamide (PAM) solution. Zang et al. (2019)
studied the effects of different segments in polyurethane struc-
ture on the performance of sand stabilization. Anamica and
Pande (2018) presented a review on the synthesis, properties,
and applications of polyacrylamide. The above studies have
provided useful knowledge for the application of organic
polymers in soil strengthening and explained the existence
of polymer matrix greatly promoting the soil inter-particle
connections. Apart from improving the internal structure and
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strength characteristics of sand, biopolymer treatment also en-
hances vegetation germination and soil water retention char-
acteristics against evaporation, which can provide some effec-
tive method to control desertification (Chang et al., 2015; Liu
et al., 2019).

In addition, many researchers have used different common
fibers to reinforce sand because of their unique mechanical
properties. Ye et al. (2017) conducted a series of undrained
cyclic triaxial compression tests and hollow cylindrical tor-
sional shear tests on saturated sand samples with and without
fibers and found that the fiber-reinforced sand has improved
resistance to liquefaction. Li et al. (2018) researched the ten-
sile properties of fiber-reinforced sand under freeze-thaw con-
ditions and found that the sand-fiber composite displays in-
creased stiffness, peak strength, and residual strength, and also
exhibits a change in failure behavior from brittle to more duc-
tile in nature after first freeze-thaw cycle. Tang et al. (2016)
observed that the soil tensile behavior can be improved by
randomly distributed polypropylene fibers. Rekha et al.
(2016) discussed the engineering performance of the sand
reinforced with human hair fiber and the possibility of its
application in pavement engineering. These studies on fiber-
reinforced sand have highlighted its bright application pros-
pects and, hence, worthy of further research.

Taking lead from the above research studies, the newmeth-
od of fiber polymer composite-reinforced sand has attracted
widespread attention from many researchers (Reis and
Carneiro, 2012; Liu et al., 2017; Mirzababaei et al., 2018;
Liu et al., 2018). However, study on mixed fiber polymer
reinforcement as compared with single fiber polymer rein-
forcement is very rare. Hence, in this present work, an attempt
will be made to reinforce sand with mixed fiber polymer,
aiming to understand the reinforcement effect of mixed fibers
and polyurethane organic polymer. During the whole research
process, the direct tensile and the unconfined compressive
tests are performed on reinforced sand samples with different
fiber combinations, polymer concentrations, and densities.
The reinforcement mechanism was analyzed by scanning
electron microscopy (SEM). The present study is focused on
evaluating the mixed fiber polymer reinforcement method and
discusses the change in mechanical properties of reinforced
sand. Such a research attempt will provide some reference
frame for its practical engineering applications.

Material and methods

Material

Sand

The sand used in this study was singled out from Nanjing city,
China. The sand sample and particle size distribution of sand

are shown in Fig. 1. The maximum dry density (ρmax) and the
minimum dry density (ρmin) of sand are 1.66 g/cm3 and
1.34 g/cm3 respectively. The maximum void ratio (emax) and
the minimum void ratio (emin) are 0.97 and 0.59 respectively.
The specific gravity (Gs) of 2.65, the gradation coefficient
(Cg) of 1.13, and the uniformity coefficient (Cu) of 2.77 are
also observed. The sand particles have a mean grain size (D50)
of 0.30mm. These basic physical parameters of sand are given
in Table 1. The sand used for the present experimental pro-
gram was crushed, dried, and then sieved with a 2-mm sieve.

Fibers

As a kind of non-artificial fiber, sisal fiber (as shown in
Fig. 2a) is an economic material with rough surface, high
hardness, elasticity, and tensile strength. Its breaking tensile
strength and Young’s modulus are about 450–700MPa and 7–
13GPa respectively. Palm fiber (as shown in Fig. 2b) as a non-
artificial fiber has similar rough surface as sisal fiber, but its
hardness, elasticity, and tensile strength are weaker than those
of sisal fiber. Its breaking tensile strength and Young’s modu-
lus are about 87 MPa and 0.63 GPa respectively.
Polypropylene fiber (as shown in Fig. 2c) as the artificial fiber
is a white material with smooth surface, high strength, high
elasticity, high toughness, wear resistance, and corrosion re-
sistance. Its breaking tensile strength and Young’s modulus
are about 358 MPa and 3.5 GPa respectively. The length of
all three fibers was set to 18 mm and the content of each type
of fiber was set to 0.8%. The fiber content in this present
research was defined as the weight ratio of fiber to dry sand,
which can be calculated as the following:

C f ¼ M f

M s
ð1Þ

whereCf (%) is defined as the fiber content,Mf (g) is the weight
of the used fiber, and Ms (g) is the weight of the dry sand.

Fig. 1 Distribution particle size of sand
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Polyurethane organic polymer

The sand solidification agent used in this study is a polyure-
thane organic polymer and it can form reticulated membrane
after coming in contact with water. This polymer has some
unique properties such as well flexibility, excellent elasticity,

aging resistance, and outstanding adaptability in the environ-
ment of high-low temperatures. Additionally, due to the pres-
ence of hydrophilic polyurethane in polymer, it is convenient
to be used in construction and contributes towards cost reduc-
tion. The preparation process of polymer is discussed in the
following steps.

Firstly, 50 g each of polypropylene glycol (abbreviated as
PPG2000) and polyoxyethylene glycol (abbreviated as
PEG2000) with the number average molecular weight of
2000, 20 g polycaprolaclone glycol (abbreviated as
PCL1000) with the number average molecular weight of
1000 and 200 ml toluene were placed in the reaction vessel
(a flask with three necks). It was then stirred evenly after
heating to 145 °C. After complete melting of the polymer
polyol, it was then subjected to atmospheric distillation.
When the toluene was nearly evaporated to dryness, it was
switched over to vacuum distillation until the residual
moisture and toluene in the system were completely
removed. Secondly, the temperature was lowered to room
temperature and the pressure-reducing device was removed.
Then, nitrogen was introduced and the reaction systemwas oil
sealed after placing the reflux condenser. Afterwards, 20 g
toluene diisocyanate (abbreviated as TDI) was added into
the reaction vessel and stirred evenly with heating at 90 °C
temperature for 2 h. Finally, 200 ml ethyl acetate (abbreviated
as EA) was added into the reaction vessel and stirred for 1 h
evenly after cooling the system to normal temperature. Thus,
the preparation of the polymer was completed. It was then
sealed and stored for use. The finished product of polymer
and schematic diagram of its molecular formula are shown
in Fig. 3.

Suzhou Bo Chang Chemical Co., Ltd., Suzhou, China,
supplied all the chemicals used in this process.

Methods

To understand the influence of dry density (Dd), polymer con-
centration (Cp), and fiber type on the tensile strength, uncon-
fined compression strength and tension-compression ratio of
reinforced sand, direct tensile, and unconfined compression
tests are designed. Dry sand density, polymer concentration,
and fiber types were varied, whereas the moisture content was
kept constant at 10%. Polymer concentration was set to 2%
and the dry sand densities were set to 1.4 g/cm3, 1.5 g/cm3,
and 1.6 g/cm3 respectively. For density of 1.5 g/cm3, the dif-
ferent fiber combinations and polymer concentrations (Cp of
1%, 2%, and 3%) were investigated. In total, 36 groups of
samples (i.e., 18 sets of tensile samples and 18 sets of com-
pression samples) were prepared. The water content and poly-
mer concentration in this study were defined as the weight
ratio of water to dry sand and the weight ratio of polymer to
dry sand respectively as per the following:

Fig. 2 The pictures of three kinds of fiber: a sisal fiber; b palm fiber; c
polypropylene fiber

Table 1 Physical behaviors of the test sand

ρmax (g/cm
3) ρmin (g/cm

3) emax emin Gs Cg Cu D50 (mm)

1.66 1.34 0.97 0.59 2.65 1.13 2.77 0.30
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Cw ¼ Mw

M s
ð2Þ

Cp ¼ M p

M s
ð3Þ

where Cw (%) is defined as the water content, Mw (g) is the
weight of the water, Cp (%) is defined as the polymer concen-
tration, Mp (g) is the weight of the polymer, and Ms is the
weight of the dry sand.

Unconfined compressive test

For unconfined compressive tests, the samples were prepared
with a height of 80 mm and diameter of 39.1 mm. They are
formed with a static compactionmethod as per ASTMD2166.
For the sample with sisal-palm fiber combination, polymer
concentration of 2% and sample density of 1.5 g/cm3 are used
as a demo. According to the stipulation of the previous test
scheme, the corresponding weights of sisal fiber, palm fiber,
and sand are measured, fully mixed, and set aside.
Subsequently, the polymer with a concentration of 2% is
weighed and mixed with water. Then, the polymer solution
is mixed with fiber-sand mixture immediately in order to pre-
vent the solidification of polymer into membrane in contact
with water. Finally, the resulting mixture is evenly poured into
the corresponding molds, pressed with a jack, and kept for
2 min before being taken out. The prepared compressive sam-
ple is shown in Fig. 4 a. The samples are then placed in a
constant room temperature to cure for 48 h before the test.

In the unconfined compressive test, the prepared sample is
placed in the YYW-2 strain control type unconfined pressure
gauge (manufactured by Nanjing Sand Instrument Factory
Co. Ltd) as shown in Fig. 5. It controls the rate of the pressure
gauge by lifting the plate of the unconfined pressure gauge at a
controlled rate of 2.4 mm/min. In addition, the sample reaches
the peak compressive strength at an axial strain of 10% ap-
proximately. In order to further explore the subsequent chang-
es in the sample, the compressive test was continued up to an
axial strain of about 25%. The failure pattern of the sample is
shown in Fig. 4 b. Finally, the stress-strain curve of the corre-
sponding sample is recorded for analysis of compressive me-
chanical properties.

Direct tensile test

For the direct tensile test, the samples were prepared with a
height of 25 mm and basal area of 4200 mm2. They are made
with the static compaction method as per ASTM D2166. The
process of preparation of tensile sample is exactly the same as

Fig. 4 The pictures of finished and damaged compressive sample: a
finished compressive sample; b damaged compressive sample

Fig. 3 The picture of polyurethane organic polymer
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that of compression sample except the types of molds. A ten-
sile sample thus prepared is shown in Fig. 6 a.

The prepared sample is placed in a tensile tester
(manufactured by Nanjing Sand Instrument Factory Co. Ltd)
as shown in Fig. 7. In case of all the tensile tests, the test
process is terminated as and when the middle section of the
sample is disconnected. An example of the failed sample is
shown in Fig. 6 b. The tensile strength obtained at the sample
failure is recorded. As the termination of the tensile test is
defined as the sample being disconnected, the displacement
in the sample during the test is not obvious.

Results and discussions

Based on the results of the above two tests, the tension-
compression ratio (Br) in addition to the compressive and ten-
sile strengths of the samples is considered as a reference to
evaluate the mechanical property of the reinforced sand,
which can be calculated as the following:

Br ¼ σt

σc
ð4Þ

where Br is defined as the tension-compression ratio, σt is the
breaking tensile strength, and σc is the peak compressive
strength.

Meanwhile, scanning electron microscopic analysis for
representative samples from the unconfined compressive and
direct tensile tests was done to analyze the strengthening
mechanism of the reinforced sand. And in order to make the
results and discussion more accurate and intuitive, the refer-
ence frame of 2% polymer concentration and 1.5 g/cm3 den-
sity in the test program will be used for the following
discussions.

Effect of the change in density, polymer
concentration, and fiber combination on tensile
strength

As seen in Fig. 8 a, the tensile strength increased with increas-
ing density of samples with the same fiber combination and

Fig. 5 The picture of YYW-2
strain control type unconfined
pressure gauge

Fig. 6 The pictures of finished and damaged tensile sample: a finished
tensile sample; b damaged tensile sample
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polymer concentration of 2%. The reason for such result may
be attributed to the fact that with greater density of the sample,
the contact between the sand particles and fibers became clos-
er as compared with that in case of lesser density sample. The
reticulated membrane envelops the sand particles with the
fibers. By observing the three curves in Fig. 8 a, it can be
stated that the trends of the curves for palm-polypropylene
and sisal-polypropylene fiber combinations were relatively
stable with linear changes. Conversely, the tendency of the
curve for sisal-palm fiber combination was comparatively flat-
ter in the range of 1.4–1.5 g/cm3, and it became steep suddenly
in the range of 1.5–1.6 g/cm3. The reason for this may be due
to a more rough surface of non-artificial fibers (sisal and palm)
compared with polypropylene fibers (i.e., artificial fibers).
Hence, the two non-artificial fibers will have a better tensile
effect after winding and warping. The difference between the
maximum and minimum tensile strengths on the curve of sisal
and palm fibers was about 13.03 kPa. At the same time, it can
be clearly observed by longitudinally comparing the curves in
Fig. 8 a that the tensile strength of sample with palm-
polypropylene fibers was generally greater than that of the
other two. This fully demonstrates that the addition of palm
and polypropylene fibers to the sample can exert a better ten-
sile effect at the same density and the maximum tensile
strengths were 151.97 kPa, 157.77 kPa, and 162.96 kPa for
densities of 1.4 g/cm3, 1.5 g/cm3, and 1.6 g/cm3 respectively
(as can be seen from Fig. 8b). The tensile strength values of
the samples with different fiber combinations have no signif-
icant differences in case of 1% polymer concentration, but the
differences in tensile strengths for three different fiber combi-
nations were gradually revealed for 2% and 3% polymer con-
centrations. It can be seen from the analysis that this difference
was the embodiment of suitability of different fiber combina-
tions for the tensile strength of the sample with increasing
polymer concentration. When the concentration of the poly-
mer was less (i.e., 1%), the fibers could not be sufficiently
wrapped and thus the reinforcing effect was not fully exerted
due to the formation of less reticulated membrane inside the
sample. Although the differences between the three were not
significant, it can still be seen that the addition of palm and
polypropylene fibers was the best effective one. Inversely,
with the increase in polymer concentration, the formation of

reticulated membrane increases and the suitability of fiber
reinforcement is gradually reflected. As seen in the Fig. 8 b,
the differences between the maximum and minimum tensile

Fig. 8 The comparison of peak tensile strength of samples with the
different density, polymer concentration, and fiber combination: a the
density is fixed while the polymer concentration and the fiber
combinations are changed; b the polymer concentration is fixed while
the density and the fiber combinations are changed

Fig. 7 The picture of tensile tester
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strengths at 1%, 2%, and 3% Cp were 5.04 kPa, 9.61 kPa, and
18.00 kPa respectively.

Effect of the change in density, polymer
concentration, and fiber combination on compressive
strength

The test data comparison of the same and different fiber com-
binations was performed for better analysis. Figure 9 a, b, and
c show the comparison between the stress-strain curves of
samples with the same density and fiber combination, and
different polymer concentrations, whereas Fig. 10 a, b, and c
display the stress-strain curves of samples with different fiber
combinations and same polymer concentration and density.
All the samples displayed the behavior of strain-softening
ductile failure. As seen in Fig. 9 a, b, and c for all the three
different fiber combinations, the stress-strain curves of all the
samples show similar trends and the axial stress increases with
the increase in density. Similar to the influence of density on
the tensile strength of the reinforced sand, it also has a signif-
icant influence on the compressive strength of the sample and
presents a positive correlation. It was also found that there was
no significant decrease in compressive strength after reaching
its peak, but it remains stable or slightly increased as observed
in Fig. 9. It can be inferred that the significant supporting
effect was generated inside the sample after addition of fiber
due to friction and occlusion between fiber and sand, even
though the sample was damaged eventually. In addition, it
can be further observed that the tensile strength of the sample
with the addition of palm and polypropylene fibers shows a
certain degree of rise after reaching the peak value (Fig. 9c).
This is because of the fact that the reinforced sample does not
experience a fracture failure. The middle part of the failed
sample is observed to be slightly protruding, while the two
ends remained undisturbed (as shown in Fig. 4b). This may be
due to the random structural reorganization of the fibers inside
the sample. According to the comparison between the peak
compressive strengths of three different fiber combination
cases (Fig. 10a–c), the curves of sisal-polypropylene, palm-
polypropylene, and sisal-palm fiber combinations display a
descending order. Compared with Fig. 10 a, the intersections
of the curves in Fig. 10 b and c were witnessed after reaching
the peak value of the compressive strength and the axial strain
was about 0.18 at this time. This indicates that the addition of
palm and polypropylene fibers to the sample was quite helpful
in the reorganization of its internal structure after destruction.
In addition, the stress-strain curves of the sample containing
sisal and polypropylene fibers and containing palm and poly-
propylene fibers were observed to be quite similar with in-
creasing density (Fig. 10b and c). However, the stress-strain
curves of the sample containing sisal and palm fibers were
significantly different from the other two cases.

Figure 11 a, b, and c display the test results of the com-
pressive strengths of the samples with the same fiber com-
bination and density, and with different contents of poly-
mer concentration. It was observed that the change in com-
pressive strength of the samples has the same regularity as
described above and the magnitude of increase was signif-
icant as compared with previous results. The differences
between maximum and minimum peak compressive
strengths in Fig. 11 a, b, and c were 299.99 kPa,
226.72 kPa, and 301.12 kPa, respectively. Furthermore,

Fig. 9 The comparison of axial stress of samples with the same fiber
combination and polymer concentration, and the different density: a
fiber combination: sisal-polypropylene fiber combination; b fiber combi-
nation: sisal-palm fiber combination; c fiber combination: palm-
polypropylene fiber combination
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as seen in Fig. 12 a, b, and c, the stress-strain curve of sisal
and polypropylene fibers has a similar trend with that of
palm and polypropylene fibers, and as a whole, there was
not much difference in the compressive strength. This
shows that the sisal and polypropylene fibers, as well as
palm and polypropylene fibers, have similar ability to re-
combine the internal structure of the damaged sample and
the recombination was made after being bound and
entangled by the reticulated membrane formed by polymer.
Particularly, the curve for sisal and polypropylene fibers

and the curve for palm and polypropylene fibers in
Fig. 12 a, b, and c show a certain degree of overlap at the
end, which was most evident in Figs. 12 a and c. However,
although the recombination ability was similar, the former
was slightly stronger. The differences between the peak
compressive strengths between the two were 25.29 kPa,
50.77 kPa, and 24.04 kPa for 1%, 2%, and 3% contents
of polymer concentration respectively. In contrast, the peak
compressive strength of the sample containing sisal and
palm fibers was significantly lower than the previous two

Fig. 10 The comparison of axial stress of samples with the same polymer
concentration and density, and the different fiber combination: a density
is 1.4 g/cm3, polymer concentration is 2%; b density is 1.5 g/cm3,
polymer concentration is 2%; c density is 1.6 g/cm3, polymer
concentration is 2%

Fig. 11 The comparison of axial stress of samples with the same fiber
combination and density, and the different polymer concentration: a fiber
combination: sisal-polypropylene fiber combination; b fiber combina-
tion: sisal-palm fiber combination; c fiber combination: palm-
polypropylene fiber combination
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cases, and the most prominent differences in peak com-
pressive strengths were approximately 159.99 kPa and
109.22 kPa, respectively (Fig. 12b).

Effect of the change of density, polymer
concentration, and fiber combination
on tension-compression ratio

The peak compressive strength and breaking tensile strength
of the samples with 2% contents of polymer concentration and

at 1.4 g/cm3, 1.5 g/cm3, and 1.6 g/cm3 densities are listed in
Table 2. In addition, the tension-compression ratio (Br) of peak
compressive strength and breaking tensile strength is also
listed in the table. The change in compressive and tensile
strengths of the samples can be seen from Table 2 and it was
observed that these values increase with increasing density, as
has already been discussed in the previous section. The
tension-compression ratio (Table 2) was also shown as curves
in Fig. 13 a. It can be inferred that the change in the tension-
compression ratio of the reinforced sand varies with the den-
sity and fiber combination. As seen in Fig. 13 a, the tension-
compression ratio of reinforced sand with different fiber com-
binations gets reduced with increasing density. This curve for
sisal and palm fibers decreases linearly with increasing densi-
ty. However, the curves for other two fiber combinations de-
crease rapidly within the range of 1.4–1.5 g/cm3 density and
then decrease slowly within the range of 1.5–1.6 g/cm3. The
tension-compression ratio values of the three fiber combina-
tions were observed to be the smallest and closest to each
other at a density of 1.6 g/cm3 and the corresponding values
for sisal-palm, palm-polypropylene, and sisal-polypropylene
fiber combinations were 0.373, 0.309, and 0.282 respectively.
Further, the trend from highest to lowest tension-compression
ratio at each density value was observed in the order of sisal-
palm, palm-polypropylene, and sisal-polypropylene fiber
combinations. From the above analysis, it may be concluded
that the greater is the density of the reinforced sand, the small-
er will be the tension-compression ratio. The tension-
compression ratio is observed to be the maximum for sisal-
palm fiber combination and minimum for sisal-polypropylene
fiber combination.

The peak compressive strength, breaking tensile strength,
and tension-compression ratio of the samples with 1.5 g/cm3

density and 1%, 2%, and 3% contents of polymer concentra-
tion are listed in Table 3. The tension-compression ratio as
listed in Table 3 was also shown in the Fig. 13 a and b. By
comparing the curves in the Fig. 13 b, the tension-
compression ratio values were 0.269, 0.246, and 0.223 for
sisal-palm, palm-polypropylene, and sisal-polypropylene fi-
ber combinations respectively and were observed to be mini-
mum at 1% polymer concentration. The tension-compression
ratio increased significantly within the range of 1 to 2% poly-
mer concentration and was most prominent in case of sisal-
palm fiber combination. Except for slight increase in the
tension-compression ratio in case of sisal-polypropylene fiber
combination, the ratio values for other two fiber combinations
decreased slightly within the range of 2 to 3% polymer con-
centration. It can thus be inferred that the content of polymer
concentration should be 1% approximately for strengthening
the sand using polymer and fiber combinations. It was also
observed from Fig. 13 a and b that the tension-compression
ratio values of the sample with sisal-palm fiber combination
were the largest of the three combinations at the same density

Fig. 12 The comparison of axial stress of samples with the same polymer
concentration and density, and the different fiber combination: a polymer
concentration is 1%, density is 1.5 g/cm3; b polymer concentration is 2%,
density is 1.5 g/cm3; c polymer concentration is 3%, density is 1.5 g/cm3
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and polymer concentration and the maximum value reached to
about 0.552 at 1.40 g/cm3 density and 0.466 at 2% contents of
polymer concentration. When polymer concentration in-
creased from 1 to 2%, the tension-compression ratio of the
three samples demonstrated a huge increase. Meanwhile, the
changes in tension-compression ratios for different fiber com-
binations remained the same.

Mechanism analysis

The polyurethane organic polymer as a water-soluble sand
solidification agent was thoroughly mixed with water and

added to the fiber-reinforced sand with proper stirring. A se-
ries of physical reactions occurred between the sand particles
and the three kinds of fiber combinations, and thus formed a
certain reticulated membrane structure with elasticity and
glutinousness by mutual diffusion, penetration, and entangle-
ment (Fig. 14). This reticulated membrane structure helped in
close bonding between the sand particles that were originally
loose. Meanwhile, the pores between the sand particles were
also sufficiently filled so that the reinforced sand becomes
more compact and harder material due to the existence of
the reticulated membrane. As shown in Figs. 8 b and 11, the
tensile and compressive strengths of the samples increased
with increasing content of polymer concentration while
adding the same combination of reinforcing fibers.

As the content of polymer concentration increased with
almost constant sample density, the volume of reticulated
membrane structure formed bymixing the polymer with water
between the sand particles increased in approximately equal
space (Fig. 15). Furthermore, the porosity in the space be-
tween the sand particles decreased with gradual increase in
sample density. In the process, the reticulated membrane
structure and the sand particles became more compact, there-
by increased the effective contact area (as shown in Fig. 16)
and the frictional resistance between each other.

In addition to polymer, the tensile and compressive
strengths can be further improved by adding fibers to the sand.
Therefore, the sisal, polypropylene, and palm fibers in com-
bination of any two were selected in this present study. The
breaking tensile strengths of these fibers in descending order
are observed as sisal fiber, polypropylene fiber, and palm fi-
ber. The stiffness of the sisal fiber was the largest and had
rough surface, while the polypropylene fiber was the softest
with best toughness and smooth surface. From the results of
the tensile tests, it was observed that the sample with palm-
polypropylene fiber combination has the largest breaking ten-
sile strength, while the sample with sisal-polypropylene fiber
combination has the smallest, even with the changing polymer
concentration and density. Although the sisal fiber has the
greatest tensile strength, it was pulled out from the sand par-
ticles without reaching the upper limit of the pulling force (the
sisal fiber gets broken) due to its excessive rigidity. And it was
largely dependent on the junction between the polypropylene
fiber and the sand particles to counteract the tensile force. In

Fig. 13 The picture of tension-compression ratio of the sample: a the
sample with the different fiber combination and density, and the same
polymer concentration; b the sample with the different fiber combination
and polymer concentration, and the same density

Table 2 The tension-compression ratio of samples with the different fiber combination and density, and the same polymer concentration

Fiber combination Sisal-polypropylene fiber combination Sisal-palm fiber combination Palm-polypropylene fiber combination

Polymer Concentration (%) 2 2 2 2 2 2 2 2 2

Density (g/cm3) 1.4 1.5 1.6 1.4 1.5 1.6 1.4 1.5 1.6

Peak compressive strength (kPa) 374.5 483.4 542.5 264.2 323.4 426.1 320.4 432.7 525.9

Breaking tensile strength (kPa) 141.7 148.2 152.9 145.9 150.7 158.9 151.9 157.8 162.9

Tension-compression ratio 0.378 0.308 0.282 0.552 0.466 0.373 0.474 0.365 0.309
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contrast, although the palm fiber has a small tensile strength, it
could withstand the pulling force as far as possible due to its
moderate rigidity and being twined and wrapped by polypro-
pylene fiber. Hence, this palm-polypropylene fiber combina-
tion achieved the maximum tensile strength. This mechanism
can be more clearly understood by comparing Fig. 17 a and b.
In the compression test, the sample with sisal-polypropylene
fiber combination can withstand the highest compressive
strength, while the sample with sisal-palm fiber combination
has its smallest value. Obviously, sisal fiber was the hardest of

the three as mentioned above. Therefore, not only the advan-
tage of its own hardness could be fully utilized but also the
toughness of sisal fiber got improved under the wrapping and
twining of the polypropylene fiber. Therefore, the stability of
sand particles could be further enhanced in the process of
resisting the compression. Moreover, since the hardness of
palm fiber was slightly worse than that of sisal fiber, although
it was also twined by polypropylene fiber, the anti-
compression effect of the palm-polypropylene fiber combina-
tion was slightly worse in comparison with that of the sisal-
polypropylene fiber combination. In addition, the sisal-palm

Fig. 14 The scanning electron microscopy micrographs (100 times
magnification) of reinforced sand: a sisal fiber; b palm fiber

Fig. 15 The reinforced schematic diagram of the different polymer
concentration: a light polymer concentration; b medium polymer
concentration; c high polymer concentration

Table 3 The tension-compression ratio of samples with the different fiber combination and polymer concentration, and the same density

Fiber combination Sisal-polypropylene fiber combination Sisal-palm fiber combination Palm-polypropylene fiber combination

Density (g/cm3) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Polymer concentration (%) 1 2 3 1 2 3 1 2 3

Peak compressive strength (kPa) 290.1 483.4 589.9 230.9 323.4 457.7 264.8 483.4 565.9

Breaking tensile strength (kPa) 64.6 148.2 199.5 62.1 150.7 195.5 65.1 157.8 202.9

Tension-compression ratio 0.223 0.307 0.338 0.269 0.466 0.427 0.246 0.365 0.358
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fiber combination without polypropylene fiber twining
showed the worst compressional effect.

The tension-compression ratio of reinforced sand could be
calculated using Formula (4) by substituting the data obtained
from the tensile and compressive tests. And, the decreasing
order of fibers in terms of tension-compression ratio of sam-
ples was observed to be sisal-palm, palm-polypropylene, and
sisal-polypropylene irrespective of the change in polymer
concentration and density values. The degree of irregularity
in which the fracture in the sample was broken can be used as
a basis for evaluating the ability of resistance to damage dur-
ing the tensile process. As seen in Fig. 18 a, the cross section
of the fracture in the broken sample was relatively flat and
damaged in case of polypropylene fibers and relatively un-
damaged in case of sisal fibers showing weaker ability to resist
damage. The sample in Fig. 18 b was observed to have an
uneven cross section as compared with the former one and
shows improved ability to resist damage. Conversely, in case
of sisal-palm fiber combination as shown in Fig. 18 c, the sand
particles near the cross section appear partially displaced when
the sample was unbroken. This was because the high-hardness
sisal and palm fibers were pulled out from the sand particles,
and under the winding and warping of the reticulated mem-
brane structure, some sand blocks were pulled following the

homeopathic direction jointly. Thus, the extremely uneven
cross section was produced. Therefore, the ability to resist
damage of the sample with sisal-palm fiber combination was
the best. Furthermore, the fiber has the function of supporting
the sand particles, and there was occlusion effect within the
sand particles, which can effectively slow the occurrence of
the deformation and inhibit the damage in the sample to a
certain extent when the sample was subjected to pressure. It
can be seen that even after reaching the peak compressive
strength, the strength of the sample did not decrease immedi-
ately. But, there was a buffer period to reorganize the internal
structure, and the compressive strength may even continue to
rise.

At present, the technology has been applied to the rein-
forcement of the riverbank slopes in Jiangsu Province,
China, and preliminary results are obtained. The original loose
sandy slope has been improved and the overall structure has
been enhanced, which can effectively resist erosion. Detailed
results will be introduced in subsequent studies.

Conclusions

In this present work, a series of laboratory tests were carried
out to verify some effects of different polymer concentrations,
dry densities, and fiber combinations on the mechanical prop-
erties of the reinforced sand. Furthermore, the failure

Fig. 16 The reinforced schematic diagram of the different density: a low
density; b medium density; c high density

Fig. 17 The drawing schematic diagram of the different fiber
combination: a fiber combination: palm-polypropylene fiber combina-
tion; b fiber combination: sisal-polypropylene fiber combination
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mechanism of the reinforced sand was analyzed from the pho-
tomicrographs of scanning electronmicroscopy. The results of
the study can be summarized as follows:

1. Both tensile and compressive strengths increase with in-
creasing sample density and polymer concentration.
Maximum tensile and compressive strengths are observed
to be 162.9 kPa (for 1.6 g/cm3 sample density and palm-
polypropylene fiber combination) and 542.5 kPa (for
1.6 g/cm3 sample density and sisal-polypropylene fiber
combination) respectively for 2% polymer concentration.
For 1.5 g/cm3 density, the maximum tensile and compres-
sive strengths are observed to be 202.9 kPa (for 3% poly-
mer concentration and palm-polypropylene fiber combi-
nation) and 589.9 kPa (for 3% polymer concentration and
sisal-polypropylene fiber combination) respectively.

2. With constant polymer concentration and increasing sam-
ple density, the variation in tension-compression ratio for

different fiber combinations ranges as follows: 0.373–
0.552 for sisal-palm fiber combination, 0.309–0.474 for
palm-polypropylene fiber combination, and 0.282–0.378
for sisal-polypropylene fiber combination. For the same
sample density and increasing polymer concentration, the
variation in tension-compression ratio for different fiber
combinations ranges as follows: 0.269–0.466 for sisal-
palm fiber combination, 0.246–0.365 for palm-
polypropylene fiber combination, and 0.223–0.338 for
sisal-polypropylene fiber combination.

3. Based on the observation from scanning electron micro-
scopic studies, the reticulated membrane has been found
as a bridge to produce the excellent cementation between
the sand particles and the fibers. The overall structure and
strength of sand have been effectively improved.
Furthermore, by combining the above conclusions, it
can be stated that different fiber combinations, dry densi-
ties, and polymer concentrations have different reinforce-
ment effects on sand. The present attempt provides some
reference frame for hybrid fiber polymer-based sand rein-
forcement for its future practical engineering applications.
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