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Highways in deserts usually suffer from severe sand hazards under the effect of wind-
blown sand. In this article, the author has revealed the disaster-causing mechanisms of the
Wuhai–Maqin Highway in the Tengger Desert, Northwest China. A sand control system
with six belts was proposed and established for the highway, and its sheltering effect was
examined through on-site monitoring. The results showed that from 2018 to 2019, the
sand drift potential was dominated by northwest, northeast, and south winds, which
indicated a low-energy windy environment, with a resulting southeast direction of sand
transport. The particle size of surface sediments was mainly distributed between 1.26Φ
and 2.5Φ, indicating fine sand and medium sand. The sand flux was mainly concentrated
below 30 cm, accounting for 89.46% of the total sand transport. Airflow around the control
system was significantly attenuated, with a maximum wind speed decreasing rate of
95.88%. The windproof efficiency of the control system against the near-surface wind-
blown sand was more than 90%. This study provides a significant reference for the control
of highway sand hazards in other deserts.
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1 INTRODUCTION

Highways in deserts suffer from severe sand hazards under mutual effects between wind-blown sand and
the subgrade (Zhang et al., 2010a). In the 20th century, with the development of inland deserts, sand
disaster control projects have emerged. However, during that time, the sand control methods weremainly
single control measures, such as vegetation planting (Qu et al., 2007). After the 1950s, highway sand
disaster prevention and control projects gradually changed from a single sand prevention measure to a
comprehensive protection system composed of physical and biological measures (Zhang et al., 2019).
However, limited by the construction technology, most constructions included mainly low-grade roads,
and very few highways were involved (Zhang et al., 2010b; Dong et al., 2014). To date, great progress has
been made in the construction of low-grade desert roads and the control of sand disasters, including
understanding the formationmechanisms and dynamic processes of sand disasters (Qu et al., 2007;Wang
et al., 2018). The formation of sand hazards on highways is mainly composed of two types. One is the
deposition of wind-blown sand. The other is the dune forward movement. However, it should be noted
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that sand hazards on roads are the result of the interaction between
regional wind and materials. Among them, the wind is the driving
force, sand is the material basis, and the road is the disaster target.
Therefore, the degree and distribution of sand disasters are different
if the wind conditions, material compositions, and subgrades are
different. At present, for the control of sand hazards in harsh
environments, engineering sand control measures are widely
used. Among them, the grass checkerboard can reduce wind
speed and force wind-blown sand to deposit.

In China, the Wuhai–Maqin Highway passes through four
provinces, namely, Inner Mongolia, Ningxia, Gansu, and
Qinghai. The completion of the Wuhai–Maqin Highway is of
great significance for alleviating transportation pressure in
Ningxia. However, the highway passes through the Tengger
Desert, where mobile sand dunes are widespread, which is a
great challenge to construction, maintenance, and safe operation.
The length of the Tengger Desert section of the Wuhai–Maqin
Highway is approximately 21 km. It starts from the Yingshui
Bridge in the north and connects with the Dingwu Highway
(G2012) in Hongwei (Figure 1).

The Tengger Desert has a total area of 3.67 × 104 km2 and is the
fourth largest desert in China (Dong et al., 2014). The types of sand
dunes include reticulate dunes, crescent dunes, and crescent dune
chains (Fryberger and Dean, 1979; Lancaster, 1985). The region is
affected by the Mongolian high pressure all year, which creates
drought, little rain, and strong wind-blown sand activity. The

average annual rainfall is 176.5 mm, while the average annual
evaporation is 1,500–2000mm (Zhang et al., 2010b; Dong et al.,
2014). The construction, maintenance, and upkeep of the
Wuhai–Maqin Highway require high and strict standards
because of the complex and changeable aeolian landforms.

Existing construction and maintenance experience include the
Taklimakan Desert Highway, Jingxin Highway, and other roads
(Shen et al., 2004; Liu et al., 2007; Ma et al., 2010; Liu et al., 2011).
However, these roads have a low-grade road design or a slightly
weak sand environment. Thus, the existing protective measures
cannot be directly applied to theWuhai–MaqinHighway. Since the
construction of the Baolan Railway on the southeastern edge of the
Tengger Desert, researchers have conducted detailed analyses of
the aeolian environment and dune types and movement (Motoaki
et al., 2005; Qu et al., 2007; Zhang et al., 2007; Zhang et al., 2010b;
Huang, 2017), which have provided information and a theoretical
basis for the construction and normal operation of the Shapotou
section of the Baolan Railway (Qu et al., 2007; Ping et al., 2014;
Neuman and Bédard, 2017). The protection benefits, mechanisms,
and surrounding ecological environmental benefits of railway
protection measures have gradually become clear with the
construction and operation of the Baolan Railway control
system, which has become a benchmark for desert control
systems in the world (Qu et al., 2007; Wang et al., 2018). The
effectiveness of the control system on the Shapotou section of the
Baolan Railway provides a relevant reference that can be used in the

FIGURE 1 | The sand hazards on the Tengger Desert section of the Wuhai-Maqin Highway. (A) and (B) highway roadside; (C) and (D) highway subgrade.
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construction and maintenance of the Wuhai–Maqin Highway.
However, the wind energy environment, sediments, and
depositional environment through which the Wuhai–Maqin
Highway passes are different from those due to the regional
wind environment, topography, and other factors. Therefore,
the wind energy environment, sediment characteristics, and
sand movement along the Wuhai–Maqin Highway should be
studied. All these factors contribute to sand hazards. Therefore,
the results can provide a reference and guidance for the

construction of the Wuhai–Maqin Highway and the design of
the sand control system.

2 MATERIALS AND METHODS

Two automatic meteorological stations (HOBO U30) were used
to measure the wind speed, direction, temperature, and air
humidity. The installation position of the No. 1 automatic

FIGURE 2 | Location of observation instruments on the Tengger Desert section of the Wuhai–Maqin Highway.

FIGURE 3 |Observation instruments on the Tengger Desert section of the Wuhai–Maqin Highway: (A) HOBO-U30 automatic meteorological station, and (B) sand
trap and HOBO-U21 automatic meteorological station.
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meteorological station was located at 104°56′49.74″°E,
37°32′50.37″°N, and the altitude was 1,370 m. The installation
position of the No. 2 automatic meteorological station was
located at 104°52′28.85″°E, 37°30′4.92″°N, and the altitude was
1,510 m. The distance between the two instruments was
approximately 8 km (Figure 2). Both instruments were fixed
on the top of mobile dunes, which were the highest points in
the local area. The wind speed and direction sensors were
installed at a height of 2.0 m above the ground surface. The
logging time interval was 5 min.

The sand drift potential (DP) is an important parameter
that reflects the potential sand transport capacity of a region
(Xie et al., 2013; Xie et al., 2015; An et al., 2018), and it is in a
vector unit (VU). According to the calculation of the DP
equation proposed by Fryberger and Dean (1979), the DP
in different periods can be obtained. The specific calculation
formula is

DP � V2(V − Vt)t, (1)
where DP is the sand drift potential, and the unit is VU. V is the
wind speed, and the unit is VU. Vt is the threshold of sand
moving at 5 m s−1, t is the duration of the sand-driving wind, and
the unit is min.

Sand flux observations used a sand trap developed by the
Chinese Academy of Sciences Desert and Desertification, which

had a height of 60 cm, a total of 30 layers, and a single injection
diameter of 2 cm × 2 cm. The windproof efficiency of the sand
control system was measured by using a mobile wind speed
anemometer, whose instrument model was HOBO U21, and the
data collection frequency was 5 min. The height was 1 m above
the ground (Figure 3).

The flow field of highway subgrade was carried out in the wind
tunnel of the Key Laboratory of Desert and Desertification of the
Chinese Academy of Sciences. The wind tunnel has a total length
of 37.78 m, including the experimental section, which is 16.23 m
long, and the cross-sectional area of the experimental section is
0.6 m × 1.0 m. The thickness of the boundary layer in the test
section is more than 120 mm. The experimental wind speeds were
8, 10, 12, and 16 m s−1. The wind-speed profile was measured
using pitot tubes. The measured heights were 0.3, 0.6, 1.2, 2.4, 4, 8,
12, 16, 20, and 25 cm (An et al., 2020).

3 RESULTS

3.1 FormationMechanisms of SandHazards
3.1.1 Aeolian Environment
3.1.1.1 Sand-Driving Wind
As shown in Figure 4, both the average wind speed (>0 m s−1)
and sand-moving wind (>5 m s−1) at the No. 2 measurement site

FIGURE 4 | Monthly wind speed and sand-moving wind at sites No. 1 and No. 2 in 2018 and 2019.

TABLE 1 | Frequency of different wind speeds.

Wind
Speed/%

1 2 3 4 5 6 7 8 9 10 11 12 year

0–5 7.31 6.59 8.66 8.81 9.21 18.55 8.94 2.59 5.89 7.19 3.52 2.47 89.73
5–6 0.33 0.39 0.50 1.05 0.23 0.17 0.57 0.57 0.53 0.27 0.09 0.11 4.81
6–7 0.12 0.19 0.25 0.61 0.10 0.07 0.37 0.47 0.40 0.18 0.04 0.05 2.85
7–8 0.05 0.11 0.09 0.20 0.02 0.03 0.25 0.33 0.27 0.10 0.01 0.03 1.49
8–9 0.01 0.03 0.04 0.04 0.00 0.00 0.15 0.22 0.14 0.06 0.00 0.02 0.71
9–10 0.00 0.01 0.01 0.01 0.00 0.00 0.06 0.08 0.06 0.02 0.00 0.01 0.27
10–11 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.03 0.00 0.00 0.00 0.08
11–12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.03
>12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02
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were greater than those at the No. 1 measurement site during
2018 and 2019. The average wind speed and sand-driving wind at
No. 1 were 2.64 m s−1 and 5.92 m s−1, respectively, in 2018. They

were 2.58 m s−1 and 6.11 m s−1 in 2019, respectively. The average
wind speed and sand-driving wind at No. 2 in 2018 were 3.24 m
s−1 and 6.56 m s−1 and 6.59 m s−1 and 3.31 m s−1 in 2019,

FIGURE 5 | Seasonal sand drift potential at No. 1 and No. 2 in 2018.
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respectively. The distribution of monthly average wind speed
during the year showed that the lowest monthly average wind
speed at No. 1 was in January 2019, which was only 1.74 m s−1.
The monthly average wind speed in May 2018 was the highest,
which was 3.61 m s−1. The lowest monthly average wind speed at
No. 2 was 0.55 m s−1 in January 2018. The highest monthly
average wind speed in May 2018 was 5.47 m s−1. The law of the

monthly average wind speed during 2018–2019 showed that the
monthly wind speed gradually increased from January to May
and then gradually decreased. Sand-driving wind played a vital
role in the movement of sand particles. Compared with the trend
of the monthly average wind speed, the monthly sand-moving
wind at No. 1 had limited change during the year. However, the
wind speed and sand-moving wind speed at No. 2 were higher

FIGURE 6 | Sand drift potential at No. 1 and No. 2 in 2018 and 2019. (A) No. 1 in 2018; (B) No. 1 in 2019; (C) No. 2 in 2018; and (D) No. 2 in 2019.

FIGURE 7 | Particle size of sandy materials at different depths in the experimental observation fields.
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than those at No. 1, while the monthly average wind speed and
monthly average sand-moving wind speed had similar laws
during the year, with both increasing first and then decreasing.

Table 1 shows that the frequency in a range of 0–5 m s−1

was 5.27×105, which accounted for 89.73% of the annual
wind speed, and only 10.27% was distributed in other winds,
which was 0.6×105. As the wind speed increased, the ratio of
wind speeds decreased gradually. Further analysis showed
that the wind speed of 0–5 m s−1 accounted for the highest
proportion in June. A frequency of more than 12 m s−1 only
appeared in April and August, with frequencies of 13 and 10,
respectively.

3.1.1.2 Sand Drift Potential
3.1.1.2.1 Seasonal Changes in Sand Drift Potential. The sand
drift potential reflected the ability of sand transport by wind in a
certain period. It is an important indicator for measuring the
intensity of regional wind-blown activities (Fryberger and Dean,
1979; Xie et al., 2013; Xie et al., 2015). As shown in Figure 5, the
DP in spring at No. 1 in 2018 was 34.71 VU. The resultant drift
potential (RDP) was 6.81 VU. The index of the directional wind
variability was 0.2. The resultant sand direction (RDD) was
118.48°. The largest DP was in the northwest, east, and south
directions, which were 7.04, 5.47, and 3.81 VU, respectively. The
DP in summer was 23.31 VU. The RDDwas 274.27°. The index of
the directional wind variability was 0.42. In autumn, the DP in the
east and northwest directions was greater than that in the other
directions. In winter, the DP in the northwest direction was
dominant, which was 6.07 VU. The RDD was southeast. The
index of the directional wind variability was 0.37. Compared with
2018, the rest of the other seasons increased, except for spring at
No. 1 in 2019. The DP in spring 2019 was 20.29 VU, and the DP
in the south direction was reduced. The DP in summer was
31.37 VU. The DP in autumn increased to 42.56 VU, and the
direction was mainly northwest and south. The DP in winter was
7.45 VU, and the RDD was northwest.

3.1.1.2.2 Annual Changes in Sand Drift Potential. As shown in
Figure 6, the DP at No. 1 in 2018 was 72.66 VU. The RDP was
5.88 VU. The RDDwas 171.47°. The index of the directional wind
variability was 0.08. The DP at No. 2 in 2018 was 32.32 VU, which
indicates that the regional wind-blown sand activity was weaker
than that at No. 1. The RDP was 6.03 VU. The RDD was 102.43°.
The index of the directional wind variability was 0.19. The DP at
No. 1 in 2019 was 101.67 VU. The RDP was 36.95 VU. The RDD
was 128.17°. The index of the directional wind variability was
0.36. The DP at No. 2 in 2019 was 135.03 VU. The DP was
82.21 VU, the RDD was 160.54°, and the index of the directional
wind variability was 0.61. Further analysis showed that the DP at
No. 1 in 2018 and 2019 was concentrated in the northwest, east,
and south directions, which were 12.07, 18.02, and 5.12 VU,
respectively, and the DPs in 2019 were 26.09, 8.52, and
7.45 VU, respectively. The DP at No. 2 in 2018 was
concentrated in the northwest, east, and south directions,
which were 14.17, 5.2, and 6.14 VU, respectively. The DP in
2019 was concentrated in the north, which was 65.85 VU.

3.1.2 Wind-Blown Sand Characteristics
3.1.2.1 Sediment Grain Size
Figure 7 shows that the particle size of sediment at a depth of
5 cm at No. 1 was mainly distributed between 1.26Φ and 1.76Φ,
accounting for 65.03% of the total weight. The particle size of
sediment at a depth of 10 cm was mainly distributed between
1.5Φ and 2.5Φ, accounting for 70.68% of the total weight. The
sediment particle size at a depth of 20 cm was mainly distributed
between 1.5Φ and 2.76Φ, accounting for 84.69% of the total
weight. The sediment particle size at a depth of 50 cm was mainly
distributed between 1.76Φ and 2.5Φ, accounting for 74.03% of
the total weight. The particle size of the sediment at a depth of
100 cm was mainly distributed between 1.5Φ and 2.5Φ,
accounting for 78.46% of the total weight. The distribution
curves of sediment percentages at 5, 10, 20, 50, and 100 cm
were all unimodal, but the peak shapes were different. The peak
shape of the sediment percentage distribution curve at 5 and
50 cm was narrow, but the others were slightly wider. The
cumulative percentage showed that the cumulative percentage
of sediments at depths of 5 and 50 cm had the largest growth rate,
indicating that the soil particle size distribution was the most
concentrated. In summary, all sediments were mainly distributed
between 1.26Φ and 2.5Φ, which included fine sand and medium
sand (Bagnold, 1942; Blott and Pye, 2001).

3.1.2.2 Wind-Blown Sand Structure
The wind-blown sand structure is an important parameter for
revealing regional sand activities and is also one of the important
reference signs for setting sand control systems (Bagnold, 1942;
Thomas, 1988; Tan et al., 2014). The wind-blown sand structure
is closely related to topography, particle-size composition,
humidity, and so on, but the fluctuation and speed of airflow
have a greater impact on it. According to the field observations,
the wind-blown sand structure indicated that the sand flux was
concentrated below 30 cm, accounting for 89.46% of the total
sand transport rate. The sediment transport within a height of
0–20 cm on the surface accounted for 63.81% of the total

FIGURE 8 | Relation between the sand transport rate and height at the
observation site.
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sediment transport rate. The vertical distribution of the sand flux
with height followed an exponential function, as presented in
Figure 8.

3.1.2.3 The Flow Field of Highway Subgrades
As shown in Figure 9, there were obvious differences in the near-
surface flow field around the subgrade at wind speeds of 8, 10, 12,
and 16 m s−1. The first difference was that the contours on the
windward and leeward sides of the subgrade gradually became
denser, indicating that the wind speed increased. The second
difference was that the length of the same wind speed contour
decreased with increasing wind speed. For example the length of the
5m s−1 contour at 8m s−1 wind speed was approximately 17.1 H (H
represents the height of the subgrade).When thewind speed increased

to 10m s−1, the length of the 5m s−1 contour was approximately
8.2 H. The lengths of the 5m s−1 contour at 12m s−1 and 16m s−1

wind speeds were approximately 6.8 and 5.6 H, respectively.

3.2 Suitable Controlling System Pattern and
Sheltering Efficiency
3.2.1 Suitable Sand Control System
Based on the aforementioned research results, there were three
reasons for the occurrence of sand hazards on the Wuhai–Maqin
Highway. First, the regional sand environment was very poor.
Windy weather was common, which provided dynamic
conditions for sand hazards. Second, medium sand and fine
sand accounted for the highest proportion of sand, which

FIGURE 9 | Flow field around the subgrade at 6, 8, 12, and 16 m s−1 wind speeds (A) 6 m s−1; (B) 8 m s−1; (C) 12 m s−1; and (D) 16 m s−1.
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easily formed wind-sand flows under the action of wind. Third,
the height of the subgrade was mostly higher than 30 cm, but the
migration height of the wind-sand flow was mostly lower than
30 cm. Therefore, most of the sand could not pass the highway
and resulted in deposition.

Due to the regional wind conditions and environment being
similar to those of the Baolan Railway, the design of the control
system referred to the control system of the Baolan Railway.
However, the materials of the control system of the Baolan
Railway included plants, such as grass. The anti-aging
properties were weak, and the service life was relatively short;
therefore, the control system of the Wuhai–Maqin Highway
adopted nylon with good anti-aging properties (Qu et al.,
2007; Zhang et al., 2007; Zhang et al., 2010b; Xie et al., 2013;
Xie et al., 2015; An et al., 2018). The latest high checkerboard sand

barriers with better protection benefits were introduced into the
control system (Pang et al., 2014).

The windward side control system had a width of 220 m
and included high vertical sand barriers, high checkerboard
sand barriers, windbreaks and sand fixation belts, semi-buried
checkerboard sand barriers, green shrub belts, and gravel fire
belts. Their widths were 50, 25, 10, 100, 15, and 20 m in
sequence. The width of the control system on the leeward side
was 132 m, and the function of each belt was the same as that
on the windward side, but considering that the southeast wind
was less, the width was smaller than the former, which were
25, 12, 10, 50, 15, and 20 m, respectively, as shown in
Figure 10. The high vertical sand barriers were 1.8 m high,
with two groups on the windward side and one group on the
leeward side. The high checkerboard sand barriers were 1.5 m

FIGURE 10 | Sand control system on the Tengger Desert section of the Wuhai–Maqin Highway and the site of the sand trap and HOBO-U21 automatic
meteorological station.

TABLE 2 | Windproof effect of the sand control system.

Site 1 2 3 4 5 6 7 8 9 10 11

Wind speed (m•s−1) 6 4.68 2.00 4.01 1.67 4.01 5.01 4.68 3.34 3.01 2.00
Speed weaken (%) 22.00 66.67 33.17 72.17 33.17 16.50 22.00 44.33 49.83 66.67
Wind speed (m•s−1) 7 5.01 4.34 4.34 4.68 5.01 6.01 4.68 1.34 4.01 4.01
Speed weaken (%) 28.43 38.00 38.00 33.14 28.43 14.14 33.14 80.86 42.71 42.71
Wind speed (m•s−1) 8 5.34 5.01 5.34 6.01 0.33 6.35 6.01 5.68 4.68 6.68
Speed weaken (%) 33.25 37.38 33.25 24.88 95.88 20.63 24.88 29.00 41.50 16.50
Wind speed (m•s−1) 9 7.01 6.35 6.01 6.01 6.35 6.68 6.35 4.68 5.34 5.68
Speed weaken (%) 22.11 29.44 33.22 33.22 29.44 25.78 29.44 48.00 40.67 36.89
Wind speed (m•s−1) 10 7.68 6.68 6.68 7.35 7.35 8.35 8.02 6.01 6.35 6.68
Speed weaken (%) 23.20 33.20 33.20 26.50 26.50 16.50 19.80 39.90 36.50 33.20
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high and 3 m × 3 m in size, with four rows on the windward
side and two rows on the leeward side. The windbreak and
sand fixation belt was composed of vegetation suitable for the
area. The semi-buried checkerboard sand barrier had a size of
1 m × 1 m. The green shrub belt was composed of Hedysarum
scoparium and Sabina vulgaris. The gravel fire belt was made
of stone.

3.2.2 Sheltering Efficiency of the Sand Control System
3.2.2.1 Spatial Variation in Gradient Wind Speed
To verify the benefit of the protection system, we set up sand
traps and automatic meteorological stations along the main
sand-driving wind direction and monitored the near-surface
flow field and sand transport over the cross-sectional sand
control system. The in situ measurement layout of the
instruments is shown in Figure 10. Station 1 was located
outside the high vertical sand fence on the western side of
the highway, and Stations 2 to 11 were located in the sand
control system.

Table 2 shows that the wind speed from No. 1 to 11 under
different wind speed levels generally had a decreasing trend.
However, due to the influence of the surrounding terrain, the
wind speed occasionally increased in some areas. For example,
the wind speed at No. 5 had the largest attenuation of 72.17% at
6 m s−1, but the wind speed at No. 2 was 22%. When the wind
speed was 7 m s−1, No. 9 had the largest reduction percentage,
which was 80.86%, and No. 7 had the smallest, which was
14.14%. At 8 m s−1 wind speed, No. 6 had the largest reduction
percentage, which was 95.88%, and No. 11 had the smallest,
which was 16.5%. When the wind speed was 9 m s−1, the
reduction percentage of wind speed was between 22.11 and
48%. At 10 m s−1, the reduction percentage of wind speed was
between 16.5 and 39.9%. The reduction percentages of wind
speed were 42.65, 37.96, 35.72, 32.82, and 28.85% when the wind
speeds were 6, 7, 8, 9, and 10 m s−1, respectively. In other words,
with the increase in wind speed, the attenuation of wind speed
had a decreasing trend.

3.2.2.2 Sand Inhibition Efficiency
Figure 11 shows the changes in the amount of sediment
transported on both sides of the Wuhai–Maqin Highway. As a
result of the protection measures, the amount of sand transported
at No. 2–4 was significantly less than that at No. 1. No. 1 was
located outside of the high vertical sand fence on the western side
of the highway, with the largest amount of sand transport within a
height range of 0–10 cm. However, the No. 2–4 traps were
affected by fences, and the amount of transported sand was small.

Approximately 50% of the sand particles at No. 1 were
transported in the near-surface layer of 0–15 cm, while at
No. 2, they were in the layer of 0–31 cm. Sand particles at
No. 3 were mainly transported in the layer of 0–37 cm, while at
No. 4, they were 0–41 cm. The structure of wind-blown sand
changed under the control system. As a result of the blocking
effect of the high vertical sand fence, the amount of sand
transported at the lower layer decreased, and the amount of
sand transport increased slowly with height. After passing
through the first high vertical sand barriers, the amount of
sand transport at No. 2 was decreased by 99.5% compared with
No. 1. After passing through the second sand barrier, the sand
transport of the No. 3 sand collector decreased by 95.14%. After
passing through the high checkerboard sand barrier at No. 4, the
amount of sand transport was attenuated by 90.7%, indicating
that the sand control system had an obvious sand-blocking
effect.

4 DISCUSSION

Sand hazards hinder the normal operation of highways due to
wind erosion, transportation, and accumulation of sand under
the action of wind. It is the product of the sand environment
during the process of sand activities (Bagnold, 1942; Qu et al.,
2007; Xie et al., 2013; Xie et al., 2015). According to previous
research results (Bagnold, 1942; Qu et al., 2007), there are two
main forms of wind-blown sand disasters. One is the wind-blown
flow. When the wind speed reaches the sand-driving wind speed,
the sand particles begin to move and form wind-blown sand. The
other is dune movement under the action of wind. The hazards
include erosion, sand accumulation, and sand burial (Qu et al.,
2007; Dong et al., 2014). Combining our research results, it can be
seen that there are three main reasons for the occurrence of sand
disasters on the Wuhai–Maqin Highway. One is that the wind-
blown sand environment is severe. Second, because the highway
is located inside the Tengger Desert, there are abundant sand
materials and dunes, which provide a sufficient material basis for
the occurrence of sand hazards. Third, the original balance
between sand dunes and the wind environment was destroyed
during the construction of the highway. A low-wind speed area
was formed near the subgrade, and sand piled up here. However,
it should be noted that the degree and type of sand disasters are
different due to landforms.

Another problem is that with the completion of the highway,
fences will be installed on the subgrade, and the isolation belt will
be set up in the middle of the highway. From previous research

FIGURE 11 | Sand-blocking efficiency of the sand control system.
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(Zhang et al., 2010a), the existence of fences would reduce the
wind speed and lead to sand accumulation. Sedimentation would
cause new sand hazards. In addition, the traffic on the highway
would also affect the near-surface flow field and migration of
sand. In view of this, the author would suggest to further
strengthen related research in the later period.

The design basis of the protection systemhas always been a hotspot
(Bagnold, 1942; Qu et al., 2007; Zhang et al., 2007; Xie et al., 2013; Xie
et al., 2015; An et al., 2018). The design of the Baolan Railway control
system was the earliest system in China. It was a comprehensive sand
control system. It ensured the safety of the railway for more than
60 years (Zhang et al., 2007; Zhang et al., 2010b). The design of the
control system in this article referred to the Baolan Railway system,
and it was combined with the latest research results (Dong et al., 2001;
Zhang et al., 2010b; Dong et al., 2014; Xie et al., 2015; An et al., 2018).
Zhang et al. (2010a) used a three-dimensional laser scanner to observe
the sand barrier on the Qinghai–Tibet Railway and found that the
sand wasmainly concentrated 3H before the barrier and 9H after the
barrier. Based on this finding, the distance of the sand barrier on the
Wuhai–Maqin Highway was 12H. Many studies have been
conducted to examine the mechanisms of semi-buried
checkerboard sand barriers, which could form eddy currents in the
interior and then form uneven surfaces, which could effectively
prevent sand from approaching the surface (Fearnehough et al.,
1998; Qu et al., 2007; Liu et al., 2011). At present, this sand
fixation method is widely used (Zhang et al., 2010a; An et al.,
2018). However, in areas where sand storms are serious, semi-
buried checkerboard sand barriers are easily buried, having a short
protection period. In view of this, high checkerboard sand barriers
have emerged as a solution and have a significant weakening effect on
the wind speed. The wind speed at 2 m was reduced by 33%, and the
wind speed at 0.2 m was reduced by 81.5%. They could increase the
surface roughness by 44 times (Pang et al., 2014). However, due to
the large fluctuations of terrain in this area, microtopography had a
very obvious impact on the effectiveness of the control system, and
the protection effect of the control system could have certain
differences.

5 CONCLUSION

The formation mechanisms of the sand hazards of the
Wuhai–Maqin Highway in the Tengger Desert and the shelter
efficiency of the control system were examined. The main
conclusions were as follows.

(1) The main sand-driving wind directions were northwest,
northeast, and south. This area has multiple wind
directions; therefore, the control system should use
multiple protective measures. During 2018 and 2019, the

DP and resultant direction of the region did not change
significantly, which indicated a low wind energy
environment. The DPs at No. 1 and No. 2 in 2018 were
72.66 VU and 32.32 VU, and they were 101.67 VU and
135.03 VU in 2019, respectively. The particle size of the
sediment in the area was distributed between 1.26Φ and
2.5Φ, which included fine sand and medium sand, which
was more easily affected by wind and formed sand disasters.
The aforementioned three points provided good natural
conditions for the occurrence of highway sand disasters.

(2) The variation in the sand flux with height followed an
exponential function. The sand particles were mainly
concentrated below 30 cm, accounting for 89.46% of the
total sediment transport. In view of this, the height of the
protective measures should exceed 30 cm.

(3) Under the protection of the control system, the average
attenuation of the near-surface wind speed reached
42.65%, and the interception rate against wind-blown sand
was over 90%. Under the protection of the sand control
system, the wind speed was significantly reduced, which
would ensure the safe operation of the Wuhai–Maqin
Highway in the Tengger Desert.
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