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could be considered a worldwide environmental driver. 
Every year, wind erosion destroys about 500 million hect-
ares of the world’s land, producing 500 to 5000 megatons 
of dust [5] and devastating the land’s productive capacity 
through wind erosion and desertification [6]. It is a serious 
threat to sustainable agriculture, causing roads to be buried, 
canals and reservoirs to be filled, and buildings and facilities 
to be buried in arid and semiarid regions of the world [7]. 
Sand stabilization and planting and growing of plants, on the 
other hand, are the most critical factors in reducing damage 
[8]. Various physical, chemical, and biological methods are 
used to control wind erosion and mitigate its effects. Physi-
cal methods are primarily based on engineering technology 
to increase the roughness of sand surfaces and their strength 
through the surface covering. But this method is very costly 
in terms of manpower and resources. The biological method 
of planting and creating micro-organisms for sand sta-
bilization has limitations due to the dry conditions of the 
environment and lack of water [9]. Researchers have evalu-
ated various materials for more than half a century to find 

Introduction

Arid and semiarid areas cover approximately one-third of 
the global landscape [1, 2]. These regions include a quarter 
of existing sand dunes and 17% of the world’s population. 
Sand dunes arecharacterized by a loose fabric structure [3] 
and are extremely vulnerable to wind erosion. Wind erosion, 
accounting for approximately 60% of desertification [2, 4] 
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Abstract
Soil erosion is a threat to the inhabitant of arid and semiarid regions Soil and sand dune stabilizationusing different mate-
rials and methods is one of the main challenges of land degradation management in this area. This study assessed the 
possibility of using polymeric nanocomposite (acrylic acid co-acrylamide) assisted by nanofiber as mulch on the properties 
of sand dunes, which were polymerized by free radicals. One liter of the polymeric nanocomposite was sprayed on sample 
metal trays at 1wt. %, 3 wt%, and 5 wt% levels and cured for 30 days to investigate their effects on sand properties. 
The polymeric nanocomposite was also sprayed in one layer on some trays and two layers on other trays to compare the 
impact of spraying frequency. The research used a completely randomized design, with each experiment conducted three 
times. The effects of mulches on the treatment characteristics were examined via a wind tunnel, compressive and shear 
resistance, and crust thickness tests. The wind tunnel results showed the erosion rate after adding the polymeric nanocom-
posite was 0 g/h 0.3 m2 at a wind velocity of 15 m/s. Furthermore, the mechanical strength of the treated samples after 
30 days revealed that the 3 wt% polymeric nanocomposite improved the erodibility of treatments substantially more than 
the 1 wt% and 5 wt%. Accordingly, a polymeric nanocomposite of 3 wt% applied in two layers increased the compres-
sive resistance, shear resistance, and crust thickness by 2.4, 1.94, and 16.93 times, respectively, compared to the control 
samples. The result improved the understanding of the effectiveness of polymeric nanocomposite in soil erosion control 
and is recommended to stabilize sand dunes.
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a suitable stabilizer for wind erosion control. Nowadays, 
chemical methods of sand stabilization or stabilizers have 
attracted much attention due to their ability to control wind 
erosion. Stabilizers are substances that are added to the soil 
surface to improve their mechanical properties. There are 
two kinds of stabilizing agents: traditional and non-tradi-
tional. Widely popular traditional additives include physi-
cal barriers [4], petroleum oil [10], fly ash, and lime [9], 
which are cheap, available, and effective in improving soil 
properties but increase soil pH and are not environmentally 
friendly [9, 11]. However, non-traditional additives, includ-
ing composites, polymers, enzymes, etc., are increasingly 
being used for civil and military purposes. In addition to 
the chemical properties of sand stabilizers, these stabilizers 
create three types of crust: solid, flexible, and elastic, all 
three of which protect the sand surface from direct wind 
erosion, water evaporation, and stabilize the sand [12]. Soil 
stabilizers improve the engineering behavior of the soil by 
establishing multiple connections between the soil`s miner-
als and organic particles and its polar end groups, such as 
calcium ions [13–16]. Today, non-oil polymer, i.e., acrylate-
based polymers (hydrogel), is widely used in mulches due 
to their minimal side effects and environmental safety. Ideal 
chemical stabilizers should have good adhesion and perme-
ability, be low cost, non-polluting, and easy to produce and 
use [17]. Many studies have been done worldwide on how 
different sand dune mulches affect wind erosion [6, 11, 18, 
19].

A polymer with different properties and conformations 
is usually formed via the polymerization of monomers [18]. 
Hydrogels are polymeric materials with a three-dimensional 
structure that contain hydrophilic functional groups [19–22]. 
They possess various properties, including water perme-
ability, biodegradability, and adaptability to environmental 
conditions [23]. In addition, this material can absorb and 
store water [24, 25]. However, hydrogel’s low mechanical 
resistance is a major limitation of its use. A nanocomposite 
hydrogel can solve this problem [25, 26]. Nanostructures 
are a good choice for polymeric networks because of their 
high surface area [27–29].

In this study, nano fiber of chitin was used to prepare a 
polymeric nanocomposite. Nano fiber has a good dispersion 
property in aqueous solutions and can modify some proper-
ties of hydrogels [30]. Nano chitin fiber is one of the natural 

biopolymers that has received attention due to its nano 
size, surface and mechanical properties, biodegradability, 
high specific surfaces, and low density [31]. Nanofiber is a 
reinforcing agent that interacts well with hydrophilic poly-
mers and is a biodegradable, biocompatible, renewable, and 
environmentally friendly material. The high surface area 
of nanofiber and its strength help create a nanocomposite 
with better properties than the pure base material. However, 
the main issue with improving the nanocomposite is that by 
adding nano structure to the polymer, the solution’s viscos-
ity increases, and the polymer’s mobility decreases [30, 32].

This study aimed to assess the optimal concentration of 
polymeric nanocomposite in sand stabilization and deter-
mine its effect on sand stabilization during wind erosion. In 
this regard, FT-IR Spectroscopy and XRD Pattern were used 
to characterize the polymeric nanocomposite. Field emis-
sion scanning electron microscopy (FE-SEM) was also used 
to examine the composite’s surface morphology in the pres-
ence of the chitin nanofiber. Anti-wind erosion tests were 
also applied to investigate the effect of nanocomposite con-
centration on the strength of the stabilized sand; the results 
were then used to determine the optimal nanocomposite of 
hydrogel dosage.

Materials and Methods

Materials

The acrylic acid, acrylamide, ammonium persulfate (APS), 
N, N′-methylenebisacrylamide (MBA), sodium hydrox-
ide (NaOH), and absolute ethyl alcohol were of analyti-
cal grades and were purchased from the Merc and Sigma 
Aldrich companies. The nanofiber chitin (NFCH) was pur-
chased from the Nanonovin Polymer Company (Mazanda-
ran, Iran). Table 1 shows the basic physical parameters of 
the materials.

Table 2 Chemical properties of treated sand
Properties EC (dS/m) pH SAR Organic Matter (%)
Treated sand 2.9 7.5 2 1

Materials/physical parameter Chemical formula Molar mass 
(g/mol)

Melting tempera-
ture (°C)

Den-
sity 
(g/cm3)

Acrylic Acid CH2CHCOOH – C3H4O2 
– CH2 = CHCOOH

72.06 14 1.05

Acrylamide CH2 = CHC(O)NH2 71.08 84.05 1.13
Ammonium persulfate (NH4)2S2O8 228.21 120 1.98
Methylenebisacrylamide C7H10N2O2 154.169 173.7–185.9 1.235

Table 1 The basic physical 
parameters of the materials
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Tested sand

The sand dunes samples used in this study were formed dur-
ing the Quaternary period and collected from the Siyazgeh 
Desert (Abuzeidabad) in Isfahan province (Fig. 1), Iran, at 
a depth of 0–10 cm. The chemical properties, including EC, 
pH, SAR, and organic matter, were identified based on the 
American Standard Test Mesh (ASTM) (Table 2). The sam-
ples were classified as fine sandy according to the American 
Standard Test Mesh (ASTM). The grain size analysis per-
formed to determine the soil’s sand properties indicated the 
existence of 80% sand particles.

Polymeric Nanocomposite

A set of polymeric composites based on nanofiber, acrylic 
acid, and acrylamide was synthesized using free radical 
graft copolymerization in the presence of MBA and APS as 
a crosslinker and an initiator, respectively. The synthesized 
method was done according to the following procedure 
[33]: firstly, 10 g nanofiber of 10 wt% was dispersed into 
15 ml distilled water by ultrasonic vibration for 1 h. Then, 
acrylic acid (1 g) was dissolved in deionized water (15 mL) 
at 80 ◦C in a three-necked flask with a magnetic stirrer and a 
nitrogen line. Simultaneously, NaOH (0.5 g) was dissolved 
into the mixture solution. Thereafter, acrylamide (0.25 g), 
MBA (0.009 g), and ASP (0.06 g) were subsequently added 
to the reaction mixture. The whole solution was stirred for 
30 min (T2). Amounts of 30 and 50 g nanofiber were used 
for production treatments 3 and 4, respectively.

Test Methods

Sand Stabilization Using Polymeric Nanocomposites

Different concentrations of the polymeric nanocomposites 
(1, 3, and 5 wt%) were used to investigate the efficiency 
of the polymeric nanocomposites on the samples with three 
replications. Accordingly, the sand samples were first flatted 
in 100 × 30 × 2 cm metal trays. These samples were tested 
under dry moisture conditions. Three different concentra-
tions (1, 3, and 5 wt%) of the polymeric nanocomposites 

were mixed with 1 L of tap water, and then these solutions 
were sprayed onto the surface of the trays (l/0.3 m2). A 
spray pistol attached to a 2.5-liter tank uniformly sprayed 
the mulches on the sand surface. In two-layer treatments, 
the first layer was sprayed and let dry, and the second was 
applied. Finally, the trays were kept and dried at room tem-
perature in the laboratory before exposure to the wind ero-
sion test to specify the friction velocity threshold. Polymeric 
composites without nanofiber (T1) and water (T0) were 
sprayed onto the samples in the control samples. All treat-
ments are summarized in Table 3.

Wind Tunnel test

A wind tunnel was employed to capture the erodibility of 
samples to wind erosion at the Tehran University wind 

Table 3 Preparation conditions of the samples
One layer Two layers
Treatment AA + AM1 (%) NFCH2 (%) code Treatment AA + AM (%) NFCH (%) Code
Control 1 1 0 T1 Control 2 0 0 T0
polymeric nanocomposites 1 1 T2 polymeric nanocomposites 1 1 T5

1 3 T3 1 3 T6
1 5 T4 1 5 T7

1 Acrylic Acid co Acrylamide.
2  Nanofiber Chitin.

Fig. 1 The image of the sampling area on the map of Iran and Isfahan 
province
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five points of each tray using a caliper (Fig. 2d). It should 
be mentioned that the loose sand attached to the sub-layer 
was separated from it by abrasion before the actual thick-
ness was determined [36].

Data Analysis

This study was conducted using a randomized complete 
block design with three replications. Analysis was done 
using SPSS (Ver. 20.0) and multiple mean comparisons 
using Duncan’s multiple range test. Excel software (version 
2013) was used to draw the graphs. According to Table 4, 
the P-value was estimated for each test [36].

Results and Discussion

FTIR Characterization

As presented in Fig. 3, the Polymeric nanocomposite and 
also control sample (AA-AM) were explored using FTIR 
to confirm the identification of functional groups. As 
shown, in AA-AM spectra, the strong peaks at ~ 3351 cm− 1 
and 1556 cm− 1, are related to the stretching vibration of 
hydroxyl groups (O-H) and asymmetric stretching vibration 
of carboxyl groups (COO−), respectively [38]. The peaks 
observed at 1488 cm− 1 correspond to the –CH2 groups. The 
sharp peak at 1731 cm− 1 attributed to the stretching vibra-
tion of carbonyl groups (C = O) of carboxylic acid in acrylic 

tunnel laboratory. This device consists of three sections: 
wind generator (blower), test section, and sediment cham-
ber (Fig. 2a) [9]. The wind-generating fans are located in 
the first section, and the maximum wind speed created by 
this device is 15 m/s. The sample trays were placed in the 
device’s second part, located at a distance from the fan. The 
third section consists of a 10-meter-long plastic chamber for 
the deposition of sand carried by the wind.

Shear Resistance test

Soil erosion control methods generally consist of increas-
ing the strength of the soil surface to maximum external 
stress while maintaining structural integrity [16]. This study 
measured the shear strength by pushing a Geo Torvane 
shear tester into the soil surface at about an 8 mm depth at 
three points in each sample. A Geo Torvane shear tester is 
a device with the ability to measure stress between 0 and 
250 kPa (Fig. 2b) [34]. The shear resistance is determined 
by applying pressure and rotational force to break the crust. 
The amount of stress value is determined by the dial at the 
top of the device [34].

Penetration Resistance test

The soil mechanical resistance is the amount of soil com-
pression measured by soil penetration resistance [35, 36]. 
This study used a hand cone penetrometer to estimate soil 
penetration resistance (Fig. 2c). The penetrometer deter-
mined the force needed to advance a specific base-size cone 
into the soil [36]. Penetration resistance was measured at 10 
random points in each tray.

Crust Thickness test

Using mulch causes the sand particles to bond together and 
create a crust. The thickness of the crust was determined at 

Table 4 Statistical results for the measured properties across the dif-
ferent treatments
Index Sum of 

Squares
df Mean 

Square
F Sig.

shear strength 8.52 7 1.22 374.62 < 0.0001*
compressive strength 16.96 7 2.42 5.30 0.0028*
crust diameter 604.38 7 86.34 318.24 < 0.0001*
* Indicates a significant difference at the 5% level

Fig. 2 Measurement device: (a) wind tunnel, (b) shear tester, (c) hand cone penetrometer, and (d) caliper
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FE-SEM

Figure 4 shows an FE-SEM micrograph of the polymeric 
nanocomposite. The results showed that the polymeric 
nanocomposite has a porous and three-dimensional struc-
ture. The pores are where water percolation and the interac-
tion of external stimuli and hydrophilic soil groups occur 
[38]. The FE-SEM image comparison clearly shows that 
the small pores contribute to specific surface area increases 
[39]. Figure 4 illustrates the structural difference of the poly-
meric nanocomposite, including the porosity. Generally, a 
dense structure increases and decreases specific surface area 
and pore size, respectively, indicating which shape carries 
the highest specific surface area. Also, it is observed that 
the polymeric nanocomposite surface benefits from a rea-
sonably porous matrix associated with relatively good dis-
persion and higher specific surface areas than the AA-AM 
[40]. Our FE-SEM findings indicated that the surface mor-
phology of the acrylate hydrogel (AA-AM) changed in the 
presence of the nanofiber, confirming proper interaction and 
conformity between NFCH and AA-AM.

X-ray Diffraction (XRD) Pattern

The XRD Patterns of the composite are displayed in Fig. 5. 
The X-ray diffraction (XRD) Pattern of the composite pres-
ents diffraction peaks corresponding to the crystalline phase 
of fiber, indicating the proper distribution of nanofiber in 

acid [37], while a small peak at ~ 2946 cm− 1, corresponds 
to the asymmetric stretching vibration of C–H [14, 39, 42, 
43]. Compared with AA-AM, some new peaks observed 
in polymeric nanocomposites at 1044 cm− 1 and 635 cm− 1 
corresponds to the C–O band in the –OCH3 groups [39]. 
Small peak at ~ 2946 cm− 1 in AA-AM spectra vanished in 
polymeric nanocomposites, while the peak at 1488 cm− 1 
shifted to higher wavenumber at 1563 cm− 1. This behavior 
might be related to the graft-copolymerization of synthe-
sized monomers with cellulose fibers. Thus, the new peaks 
in the polymeric nanocomposites spectrum illustrates that 
chemical modification occurred, revealing the functional 
groups of the nanofiber chitin that successfully transferred 
onto AA-AM. The shifted bands observed at 1565 cm− 1 and 
1563 cm− 1 were attributed to the successful graft polymer-
ization of acrylamide monomer [44] and C = O asymmetric 
stretching in the carboxylate anion [45]. Overall, the FTIR 
results analysis that the polymerization and the response of 
composite formation were successfully captured. The pres-
ence of these functional groups on the polymer chain causes 
their polar interactions with sand particles. According to 
the results, the number of binding functional groups was 
increased by increasing the amount of hydrogel to a certain 
amount indicating that the crusts were formed stronger [46].

Fig. 3 FTIR of Polymeric nano-
composite and AA-AM
 

1 3



Journal of Polymers and the Environment

that the sand only contains quartz [42], while the XRD 
analysis of the crusts containing the polymeric nanocom-
posite indicates the presence of a calcium carbonate group 
(2θ = 30˚) as a sand particles connector [42].

Threshold Friction Velocity Test

After preparing the treatments and transferring the tray 
to the wind tunnel, the erodibility of the treatments was 
investigated. The erodibility of both control and treatment 
samples was examined under the different wind velocities. 
In short, the wind speed was gradually increased until the 
wind power detached the sand particles from the sample 
surfaces. The relative wind erodibility of each treatment 
was specified concerning the threshold friction velocity. 
The threshold friction velocity for the control sample (T0) 
was evaluated at 5 m/s. The erosion rate for the irrigated 
control sample (T0) was gradually increased with exposure 
to stronger wind due to increased wind erosion power and 
the high erodibility of sand particles. The erosion rate of 
the irrigated sample (T0) by increasing wind velocity was 
between 3.5 g/h 0.3 m2 and 9 g/h 0.3 m2; the samples treated 
with mulch were 0 g/h 0.3m2 at maximum wind velocity 

the polymer chains. As presented in Fig. 5, the composite 
had a main characteristic peak angle of 22.5˚, 31.5˚, and 
56˚, respectively. The sharper and more intense peaks in the 
polymeric nanocomposite mean more crystallinity in that 
sample [41]. As can be seen in Fig. 5, the different XRD 
patterns for AA-AM and polymeric nanocomposite were 
captured, indicating that the chitin nanofiber significantly 
affected the polymeric nanocomposite crystalline structure. 
This pattern for previous samples of windy sand indicated 

Fig. 5 X-ray diffraction (XRD) patterns of Polymeric nanocomposite 
and AA-AM

 

Fig. 4 FE-SEM of Polymeric 
nanocomposite with different 
magnifications, (a) 5 kx, (b) 25 
kx, (c) 100 kx, and FE-SEM of 
AA-AM with different magnifica-
tions (d) 5 kx, (e) 25 kx, and (f) 
100 kx
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concentration played a dominant role in the bonding of sand 
particles. Using the geo Torvane shear tester (shear strength 
test) found that setting the proper dosage of nanocomposite 
solutions can intensify the strength and stiffness of sands 
[3, 17, 50, 51]. An excessive dosage of nanostructure may 
result in composite aggregation and reduce the mechani-
cal properties [52, 53]. This phenomenon is explained by 
the fact that an excessive dosage of nanofibers can become 
clumped due to van der Waals forces leading to aggrega-
tion and reducing the composite`s quality by creating poor 
surface adhesion between the nanocomposite and sand par-
ticles. Several studies reported that increasing the nanofiber 
first improved the shear resistance, but when more nanofi-
ber was added, the shear resistance decreased [54–56]. In 
this study, the polymeric nanocomposite of 3 wt% had the 
highest shear resistance. As shown in Fig. 6, the mulches 
with two layers of polymeric nanocomposite in the same 
concentration were determined to be a more resistant treat-
ment. This can be explained by hydroxyl groups within the 
polymer’s chain, making hydrogen bonds on the surface 
and within the space between sand particles. Otherwise, 
the water absorption capacity will increase as the hydrogel 
increases due to the polymeric nanocomposite’s amount of 
spraying. Increases in hydroxyl groups and, therefore, the 
hydrogen bonds among the sand particles improve the inter-
molecular resistance, creating a thicker and harder crust and 
improving the samples’ erodibility [42, 57]. This finding is 
consistent with the results reported by Meng et al. and Zare 
et al., who also reported hydrogen bonds on the sand sur-
face and intermolecular forces that attached sand particles 
and created a harder crust [9, 58]. Mombeni et al. (2021) 
reported that two layers of bagasse lignocellulosic microfi-
bers had the highest shear and penetration resistance [36]. 
Khalili Moghadam et al. (2015) demonstrated the mulch`s 
penetration increases by increasing the thickness of the 
mulch [34]. Diouf et al. also reported wind erosion resis-
tance increases with the thickness of mulch layers [59].

Crust Diameter

Duncan`s test showed a difference between mulches for 
one and two layers sprayed, but this difference is insig-
nificant. Comparing control samples T1 and T0 showed 
crust thickness increased at least 13 times for the sample 
treated with polymeric composite without nanofiber (T1) 
compared to T0. More crust thickness was observed in the 
double layer sprayed 3 wt% polymeric nanocomposites 
(16.93 ± 1.88 mm). As observed in Fig. 6, the thickness of 
the formed crust increased as the concentration of polymeric 
nanocomposite was increased to 3 wt%; however, increas-
ing the concentration after that did not lead to an increase in 
crust thickness. The greatest crust thickness was observed in 

(15 m/s). The mulches have a hydrogel structure, as shown 
by Kargarzadeh et al.[38, 43] and Mahdizadeh et al. [38, 
43], attributed to their ability to retain moisture and create 
a connection between soil particles preventing them from 
being removed by the wind. Moreover, the polymeric nano-
composite covered the sand particles, increasing the anti-
wind properties of the sand. Li et al. also suggested that sand 
aggregation and crusts produced by a polymer composite 
increased anti-wind erosion ability [4]. The polymeric 
nanocomposite`s hydrophilic groups give it the ability to 
absorb and retain water preventing the soil surface from 
drying out. This allows hydrogen bonding between sand 
particles, making them stronger against wind erosion, at 
least until they lose the water [24]. The results of increas-
ing the threshold friction velocity using polymer have been 
proven by many researchers, including Bakhshi et al. [44], 
Zomorodian et al. [45], and Yang et al. [7].

Shear Strength

The Duncan test results showed a significant difference in 
the mulches’ shear strength (P < 0.05). As shown in Fig. 5, 
the shear properties of the stabilized sandy soil samples 
improved relative to the control sample. Based on Dun-
can’s test results, the mean comparisons showed that T6 
(1.94 N/cm2) received the highest shear, while there were no 
substantial differences between the T2 and T4 treatments. 
The shear strength increased by 0.71 and 0.77 N/cm2 for 
these two treatments, respectively, compared to the con-
trol samples (T1 and T0). The T0 treatments received the 
lowest shear strength but differed only slightly from that 
observed for T1, indicating the effectiveness of nanofiber 
as a polymeric nanocomposite reinforcement in enhancing 
the shear strength of the samples. Also, it can be seen that 
the shear resistance improved significantly in the samples 
with a second sprayed layer. The presence of the polymeric 
nanocomposite between soil particles makes multiple con-
tacts with the soil’s mineral and organic particles, fixing 
the soil structure and enhancing the soil’s resistance abil-
ity. This is consistent with the results reported by [14, 17, 
46–48], who also reported that multiple contact between 
particles affects shear strength. Moreover, polymeric nano-
composite contains sodium carboxylate, which increases 
the cation exchange capacity (CEC) of the samples, which 
in turn, influences the strength of the stabilized soil due to 
the ionization occurring on the sand surface. The same out-
come was reported by Jing et al., who showed that a hydro-
gel composite sustains soil crusts [24]. Horn et al. showed 
the particle connection and their surface properties’ effect 
on the soil resistance to external stress [49].

Considering the consequences of this study, as discussed 
above, it can be argued that polymeric nanocomposite 
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strength. The increase in compressive strength from increas-
ing the amount of nanofiber up to 3 wt% can be justified by 
the fact that adding nanofiber to the polymeric nanocom-
posite causes load transfer from the surface of the polymer 
to the reinforced part of the nanofiber. Since the nanofiber 
is much stronger than the polymer part of the nanocompos-
ite, it strengthens the polymer, increasing its compressive 
strength. Additionally, the specific surface area of   nanofiber 
is high, so the polymer, as a connector between sand par-
ticles, can create more connections.

Conclusions

Through this study, the polymeric nanocomposite was syn-
thesized by polymerization of acrylic acid and acrylamide 
onto nanofiber. In the first step, polymer analyses showed 
that the polymeric nanocomposite is a porous structure with 
more surface area than AA-AM; the FE-SEM supports this 
idea. According to the FTIR results, the composite forma-
tion reaction and polymerization were successfully accom-
plished. FTIR and XRD patterns indicated the existence of 
different functional groups (hydroxyl, carboxyl, carbonyl, 
sodium, calcium carbonate, etc.) in the composite struc-
ture, causing the polymer to interact with sand particles. 
In the second step, the effect of different concentrations of 

the sample treated with a 3 wt% polymeric nanocomposite, 
which is consistent with the results of Almajed et al. Their 
research showed that increasing the amount of composite 
polymer does not increase the thickness of the crust. This 
indicates that increasing the nanofiber increases the viscos-
ity, diminishing the osmotic effect [60], so penetration depth 
decreases and creates a thinker crust. The same result was 
observed by Robichaud et al. and Nascimento et al., who 
showed that an increase in viscosity due to increasing con-
centration could reduce the mobility of the polymer chain 
[30, 32]. Therefore, the T3 and T6 samples created a thicker 
crust than other treatments. This result is well established 
in Fig. 7.

Penetration Resistance

Substantial differences were shown between mulches con-
cerning their penetration resistance (P < 0.05) (Fig. 8). The 
compressive resistance significantly increased by increasing 
the nanostructure to 3 gr/0.3 m2 (P < 0.05). More penetra-
tion resistance was observed in T6 (2.4 ± 0.27 kg/cm2), and 
less resistance was shown in T0 (0.3 ± 0.03 kg/cm2). The 
sand combines the macroporous (> 10 microns), micro, and 
mesoporous (60 nm–10 μm), and the polymeric nanocom-
posite fills up the smallest space between the sand particles, 
bonding them, creating a membrane and improving their 

Fig. 6 Effect of different concentrations and amounts of polymeric nanocomposite on shear resistance (Averages with at least one letter in common 
do not have a significant difference)
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Fig. 8 Effect of different concentrations and amounts of polymeric nanocomposite on compressive resistance (Averages with at least one letter in 
common do not have a significant difference)

 

Fig. 7 Effect of different concentrations and amounts of polymeric nanocomposite on crust thickness (Averages with at least one letter in common 
do not have a significant difference)
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polymeric nanocomposite on anti-wind erosion was stud-
ied. Data analysis revealed that all treatments significantly 
affected soil erodibility, and soil erodibility decreased with 
the application of the polymeric nanocomposite more than 
AA-AM. The wind tunnel test showed that the specimens’ 
threshold friction velocity increased with polymeric nano-
composite utilization; this phenomenon is explained by 
the fact that the nanocomposite covers all of the sample’s 
area, increasing the sand particles’ connection due to func-
tional groups observed in the polymeric nanocomposite. 
This indicates the existence of different functional groups 
(hydroxyl, carboxyl, carbonyl, sodium, calcium carbon-
ate, etc.) in the composite structure, causing the polymer to 
interact with sand particles. The addition of the polymeric 
nanocomposite to the sand samples improved its mechani-
cal capacities, which were determined by sand resistance 
tests. From the strength aspect of sandy soils, the optimum 
composite content was estimated at 3 wt% nanofibers since 
it yielded the best results in all tests. The strength of sand 
samples decreased as the increment of nanofiber contents 
increased up to about 5 wt%, where the strength of the sand 
samples became weaker. This phenomenon is explained by 
the fact that the nanofiber of the composite accumulated due 
to the van der Waals forces leading to the formation of poor 
clusters and increasing viscosity, and finally, poor surface 
adhesion between sand particles. In this study, treatments of 
a double-layer spray of the polymeric nanocomposite were 
determined as more resistant than one layer. The study’s 
conclusions were derived from laboratory experiments 
only; therefore, field studies and tests will be required to 
verify them.
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