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Abstract: In this study, the characteristics of wind-blown sand in the hinterland of the Tengger
Desert and the regularity of sand deposition in road cutting are studied by combining a field test and
numerical simulation. Firstly, the meteorological observation system is used to obtain the long-term
monitoring of the Tengger Desert hinterland, and the perennial wind speed, wind direction, and
strong wind period are obtained. Then, a three-dimensional ultrasonic anemometer and stepwise
sand accumulation instrument are used to measure the transient wind-blown sand velocity and
density at the top of the cutting slope, which provide the basis and verification for the numerical
simulation. Finally, Fluent software (2020R2) is used to establish two numerical models with and
without grading. Based on Euler’s two-fluid theory and fluctuating-wind user-defined functions,
the movement of wind-blown sand in the cutting section of the desert hinterland is simulated, and
the regularity of sand accumulation in the cutting section is obtained. The main conclusions are as
follows: (1) The strong wind period in the hinterland of the Tengger Desert in 2021 mainly occurs
from April to August, and the mainstream wind direction is concentrated in the WSW and SW
directions. (2) The sand in the hinterland of the Tengger Desert is mainly medium–fine, and the
particle size range is mainly concentrated at 0.075–0.250 mm, accounting for 98.2% of the total sand;
the curve of the wind-blown sand density with height is oblique and L-shaped. (3) The method of
grading excavation is beneficial to reduce the sand accumulation rate on the road’s surface.

Keywords: Tengger desert; road cutting; wind-blown sand characteristics; oula–oula; sediment
deposition

1. Introduction

There is a large area of desert in the northwest of China, and the wind speed is as
high as 30 m/s. With the rapid development of northwest China, more and more new
expressways pass through desert areas, and the safety of highway operations is seriously
threatened by the wind and sand flow. The design speed of these expressways is often
100 km/h, and sand accumulation is not allowed on the road’s surface, which establishes
extremely high requirements for the sand prevention performance of the expressway
protection facilities. The study of the characteristics of wind-blown sand in subgrade
cutting sections in desert hinterlands is of great significance for the protection of highways.

Scholars have conducted a large number of studies on the structure of aeolian sand
flow by means of field monitoring [1–3]. Yizhaq et al. [4] studied the law of influence of the
average wind speed on sediment transport through long-term field monitoring. Based on a
large number of field investigations and measurements, Tian et al. [5] created a detailed
review of the climatic conditions, the hazards of wind and sand in the Mogao Grottoes of
Dunhuang, and their prevention and control.
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Some scholars combined field and wind tunnel experiments to study the movement
of wind-blown sand flow [6–10]. Bar et al. [11] used wind tunnel experiments and Fluent
software to simulate the fine-scale turbulent flow structure near two-dimensional sand
lines, with special emphasis on the shear stress distribution of the sand bed. Kang et al. [12]
focused on studying the characteristics of the mass flux, mass concentration, horizontal
velocity, and the transport rate of different particle-size groups and their relationships with
their mass proportions in air and conducted an experimental analysis of these relationships
in a wind tunnel with a particle-tracking velocimeter. Sun et al. [13] used a laser-phase
Doppler particle analyzer to study the influence of a slope on the sand transition behavior
in a wind tunnel.

The numerical simulation of wind-blown sand was developed into two main simula-
tion methods in the 21st century: Euler–Euler and Euler–Lagrange [14–21]. Based on the
field tests and Euler two-phase flow simulation, Horvat et al. [22] studied the influence of
wind walls on the movement of aeolian sand flow. The sand-carrying capacity of an aeolian
sand flow presents a negative exponential distribution with height, and the sand particles
are mainly fine sand. Zhang et al. [23] combined experimental and numerical simulation
methods to analyze the sediment accumulation law of the track structure.

In the field investigation of the Tengger Desert, road cuttings were more likely to be
buried by sand dunes than embankments. In this study, the perennial wind direction, wind
direction, and wind-blown sand movement law of subgrade cuttings in the hinterland
of the Tengger Desert were monitored on site, and the data were statistically analyzed
to further explore the wind-blown sand structure and sand deposition of cuttings in the
hinterland of the Tengger Desert, in order to provide a theoretical reference for the cutting
design, prevention, and control of wind-blown sand disasters and safe operations in the
hinterland of the Tengger Desert.

2. Methodology
Study of the Perennial Wind Speed and Direction in the Desert Hinterland

As shown in Figure 1, a meteorological instrument was arranged in the hinterland
of the Tengger Desert, Zhongwei, Ningxia Province. The meteorological instrument was
equipped with a three-cup anemometer and a wind vane to simultaneously monitor the
wind speed and direction. The model of the three-cup anemometer was an HYDZ-FS01
series, which had a measuring range of 0–50 m/s, a frequency of 1 min/time, and a
resolution of 0.2 m/s. The instantaneous wind speeds were uploaded to the cloud database
in real time by using the meteorological instrument and downloaded to the terminal for
data analysis. From January 2021, the wind speed and direction in the desert hinterland
was monitored for a long period, providing guidance for long-term wind prevention and
sand control in the desert hinterland.
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Figure 1. Meteorological observation system.

When the wind speed exceeds the threshold velocity for particle movement, the sand
is entrained into the air flow. Therefore, in order to intuitively study the movement of
sand particles, only the high wind speed when the wind speed is higher than the sand
moving wind speed (5.2 m/s) was studied. The monthly average wind speed in 2021 is
shown in Figure 2, and the monthly average wind speed was higher than the sand. The
frequency diagram of the starting wind speed is shown in Figure 3, and the wind direction
rose diagram for the whole year of 2021 is shown in Figure 4. It can be seen in Figures 2–4
that the average wind speed for the whole year was about 6.3 m/s, and the strong wind
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period mainly occurred from April to August. The reason is that it may be affected by
the hot air flow, and the air flow rate becomes faster. The windy period in December was
the shortest, only 0.9%. The main wind directions for the whole year were WSW and SW,
followed by N and NNE. Therefore, not only should we maintain a single wind direction,
with WSW and SW as the main directions, but the N and NNE directions also need to
be maintained.
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3. Study of the Structural Characteristics of Wind-Blown Sand in the Desert Hinterland

A 3D ultrasonic anemometer and stepped sand accumulator were used to monitor the
wind-blown sand. The 3D ultrasonic anemometer model was a Gill Wind Master Pro, and
the height was 1.5 m. It can measure the 3D fluctuating wind speed and wind direction
within 0–65 m/s. The resolution was 0.01 m/s, and the frequency was 32 Hz. We used the
QN-JSY sand accumulation instrument. The overall height was 100 cm. There were five
rows of 10 sand inlet channels and sandbags. The sand inlet channel was 50 × 50 mm, and
the channel spacing was 50 mm. The data acquisition system was a Campbell CR6 data
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collector, and the wind field data were transmitted to the mobile terminal by a USB data
line. As shown in Figure 5, a sand sampler and an anemometer were arranged at the top of
the dune and the edge of the road in the graded excavation section of the cutting section of
the desert test base.
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3.1. Instantaneous Wind Speed and Direction

Figures 6 and 7 show the instantaneous wind speed and wind direction during a
24 h period. From the figures, it can be seen that in the desert hinterland, the wind speed
pulsated. The average wind speed was 9.4 m/s, reaching a maximum wind speed at 12 a.m.
The temperature at this time was the highest, indicating that the temperature significantly
influenced the score. When the temperature dropped at night, the wind speed dropped
correspondingly. When the wind speed was low, the wind direction was random. When
the wind speed exceeded the sand wind speed, the wind speed tended toward the WSW
direction with an increase in the wind speed, forming a single wind direction.
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3.2. Structural Characteristics of Wind-Blown Sand in the Desert Hinterland

Sediment transport represents the number of sand particles passing through a unit area.
The density of wind-blown sand flow is a very important physical quantity when studying
the movement of wind-blown sand flow and can better reflect the spatial distribution
characteristics of sand particles in a two-phase wind-blown sand flow. The expression for
the wind-blown sand flow density is as follows:

ρs = Q/(Atuz). (1)

Among them, ρs is the density of the wind-blown sand flow, unit: g/m3; Q is the
sediment collection, unit: g; A indicates that the area of the rectangular sand inlet is 25,
unit: cm2; t is the time of the sand collection, unit is s; uz is the average wind speed at z
altitude, unit: m/s.

The sand collected by the sand accumulator in the desert hinterland was weighed
and screened in the laboratory. The sand accumulated at the height of 100 cm from the
ground for 24 h is shown in Table 1. The sand was divided into six particle size ranges:
[0–0.075], [0.075–0.1], [0.1–0.25], [0.25–0.5], [0.5–1], and [>1]. The particle size distributions
of the sand are shown in Table 2. Figure 8 shows a plot of the wind-blown sand density as
a function of height.

Table 1. Weight of sand at different heights.

Height (cm) 10 30 50 70 100

Sediment transport (g) 19.30 13.20 7.80 4.60 0.90
Proportion (%) 42.00 29.00 17.00 10.00 2.00

Table 2. Particle size range distributions.

Particle Size Range (mm) 0–0.075 0.075–0.1 0.1–0.25 0.25–0.5 0.5–1 >5

Weight (g) 1.03 71.59 23.71 0.44 0.10 0.10
Proportion (%) 1.06 73.8 24.4 0.45 0.10 0.10
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From Tables 1 and 2, it can be seen that the sand in the hinterland of the Tengger Desert
mainly moved at the height of 50 cm from the ground, and the total sediment accumulated
in 24 h reached 45.78 g; 42% of the sand rose 10 cm above the surface, and the amount of
sediment accumulated in 24 h reached 19.28 g. By analyzing the grain size of sand, we can
better study the characteristics of wind-blown sand flow and the law of sand deposition in
the desert hinterland. Smaller particles are lighter, more trapped by airflows, and are more
likely to be deposited on highways in desert hinterlands. The grain size of the sand in the
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hinterland of the Tengger Desert ranged from 0.075 mm to 0.25 mm, accounting for 98.20%
of the total sand, of which 0.075 mm to 0.1 mm accounted for 73.80%. Sand with a size of
0–0.075 mm accounted for 1.06%, and sand with a size of 0.5–5 mm accounted for 2%. The
grain size distribution of sand presented a highly concentrated normal distribution, and
the sand was mainly medium and fine sand. As shown in Figure 8, when the average wind
speed was 9.4 m/s, the wind-blown sand flow density decreased with an increase in height,
and the curve showing the variation of the wind-blown sand flow density with height was
basically inclined L-shaped. The wind-blown sand flow reached its maximum value at
10 cm above the ground, and the wind-blown sand flow density approached zero above
a height of 70 cm. The protection facilities for wind-blown sand flow should be greater
than 1 m, and targeted control measures should be proposed for 0.5 m wind-blown sand
flow movement.

4. Numerical Simulation of Wind-Blown Sand in the Cutting in the Desert Hinterland
4.1. Wind–Sand Two-Phase Flow Theory

In the wind–sand two-phase flow, the sand phase is considered to be fluid. Because
the wind speed and velocity of sand are both less than 50 m/s, the wind–sand two-phase
flow is considered an incompressible fluid. We established the continuity Equation (2).

∂(ϕrρr)

∂t
+

∂(ϕrρrux)

∂x
+

∂(ϕrρruy)

∂y
= 0 (2)

where ux and uy are, respectively, the velocity components in the x and y directions; ϕ and
ρ, respectively, represent the volume fraction and density of the phase.

The momentum Equation (3) is as follows:

∂
∂t (ϕgρgUg) +∇•(ϕgρgUgUg) =
−ϕg∇p +∇τg + ϕgρgg + fsg
∂
∂t (ϕsρsUs) +∇•(ϕsρsUsUs) =
−ϕs∇p−∇ps +∇τs + ϕsρsg + fsg

, (3)

where ϕg and ρg, respectively, represent the volume fraction and density of the gas phase,
ϕs and ρs, respectively, represent the volume fraction and density of the sand phase;
ϕs + ϕg = 1, fsg is the acting force between the gas phase and sand phase; Ug and Us are the
gas phase and sand phase velocities, respectively; p is the gas phase pressure; ps is the sand
phase pressure; g is the acceleration due to gravity.

4.2. Reynolds-Averaged N–S Equation

The mass and momentum conservation equations of the Reynolds-averaged N–S
equation RNG k-ε are as follows:

∂ρ

∂t
+

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0, (4)

∂(ρu)
∂t

+
∂(ρuiuj)

∂xj
= − ∂p

∂xi
+

∂

∂xj
(u

∂uj

∂xj
− ρui

′uj
′) + Si, (5)

where φi represents the flow field parameters such as the velocity, fluid density, pressure,
and energy.

4.3. Geometric Modeling and Meshing

Figure 9 shows the terrain of the cutting section of the Tengger Desert Highway
Experimental Base in Ningxia Province, and the 10-high cutting was divided into two levels.
According to the actual terrain of the desert, two computational fluid dynamics (CFD)
models of desert hinterland cutting and graded excavation cutting were established using
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Fluent software. As shown in Figure 10, the CFD geometric model and the solution grid
were introduced by taking the graded excavation cutting as an example. The calculation
domain was 50 m high, 120 m wide, and 253 m long. The cutting depth was 13 m, and the
width of one side was 26 m. Based on the nongraded cutting model, the graded cutting
adopted two-stage stratification to reduce the cutting slope rate, and a 3 m sand barrier
belt was added to the left and right sides of the road surface. The wind speed measuring
points (1# and 2#) at the same position as the field measured were arranged at the top and
bottom of the cutting. The computational domain mesh was divided by the mosaic mesh
technology of Fluent meshing, and the ground area was encrypted. The minimum mesh
size was 1 mm, and 10 boundary layers were used. The final mesh size was 10 million.
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4.4. Boundary Conditions and Solving Strategies

As shown in Figure 10, a velocity inlet was adopted on the left side of the CFD
model. First, the measured fluctuating wind speed was decomposed along the x- and
z-directions by 10 s. Using the linear difference method and the wind speed profile formula
of Formula (4), the measured fluctuating wind speed was compiled as a user-defined
function (UDF) and applied to the velocity inlet. From Section 3.2, it can be seen that most
of the sand had particle sizes ranging from 0.075 to 0.25 mm, so the particle size of sand
was set at 0.1 mm, a sand bed with a height of 0.2 m was set behind the velocity inlet to
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simulate the desert surface, and the particle size distribution of the sand particles was
compiled into the UDF with reference to the measured values. The velocity variable of the
transmission equation for the velocity inlet was set to the real-time pulsating wind speed.
A press-outlet was adopted on the right side and left and right sides. The pressure variable
of the transport equations for the pressure outlet was set to 0. Symmetry was adopted at
the top, a no-slip wall was adopted at the desert surface and cutting, and the roughness
height was 0.02 m.

v(y) = (v*/k)ln(y/z0), (6)

where v* is the frictional wind speed, k is the von Karman constant (typically 0.4), and z0 is
the roughness height.

The solution model used was the Euler two-fluid unsteady model. Assuming that the
turbulence was fully developed, the RNG k-ε turbulence model and Euler multiphase flow
model were adopted. In the areas close to the boundary, the technique of wall function
was adopted to solve the effect of the wall surface. The wall function was the scalable wall
function. The y+ average values on each wall were 15–20. The momentum equation and
time integral were solved by the bounded central difference scheme and the second-order
upwind scheme, respectively. The SIMPLEC algorithm was adopted to solve the flow field
with calculation steps of 0.001 and 10,000 steps. Each model used 24 cores and took 5 days
to compute.

4.5. Mesh Independence Verification

To verify the grid independence of the CFD model, the grid size of the cutting and
the number of boundary layers were adjusted to establish grids with high, medium, and
low resolutions of 8, 10, and 12 million, respectively. The minimum mesh size of the
high-resolution mesh was 0.5 mm, with 15 boundary layers. The minimum mesh size of the
medium-resolution mesh was 1 mm, and 10 boundary layers were set. The minimum mesh
size of the low-resolution mesh was 2 mm, and there were 10 boundary layers. A wind-
speed profile with a constant wind speed of 8.3 m/s at the height of 10 m was applied to the
speed inlet. Figure 11 shows the monitoring of the 5 m wind speed profile after the speed
inlet with three resolution grids. It can be seen from the figure that the wind speed profile
of the model with 10 million grids was in good agreement with the results of the model
with 12 million grids, with a relative error difference of only about 2%, and the 8 million
grids had a large deviation. Therefore, the model with a grid resolution of 10 million was
more reasonable.
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4.6. Mesh Independence Verification
4.6.1. Characteristics of the Cutting Wind Field in the Desert Hinterland

To analyze the structural characteristics of the wind field during cutting, the measured
and numerically simulated wind speeds at the top and pavement of the graded cutting
are shown in Figures 12 and 13. From Figures 12 and 13, it can be seen that the CFD
numerical model simulated the measured fluctuating wind field well, and the fluctuating
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wind speed in the x- and z-directions monitored at the top of the cutting was consistent
with the corresponding values of the 3D ultrasonic anemometer. The cutting pavement
was basically blocked by the cutting, forming a single wind direction, which was basically
parallel to the line, and the average wind speed was 8 m/s. The wind speed perpendicular
to the line direction was approximately 1 m/s, and sand was not easily deposited on the
road surface.
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4.6.2. Road Area Sand Characteristics of the Cutting in the Desert Hinterland

Without any protection, sand will move towards the cutting with the entrapment of
the airflow. The higher the wind speed, the faster the speed of sand grain motion, and the
direction of the sand grain motion depends on the wind direction of the airflow. Figure 14
shows the deposition of sand on the road surface of a highway in the desert hinterland
with ungraded and two-layer graded cuttings.

As shown in Figure 14, because the wind speed in the desert hinterland fluctuates, and
the wind direction changes, the movement of sand is directly related to the airflow speed
and wind direction. For the nongraded cutting, at t = 6 s, sand began to fall from the top of
the cutting slope; at t = 7 s, the sand fell to the bottom of the slope of the cutting; at t = 8 s,
the sand moved towards the road surface; at t = 9 s, the sand moved to the other side of the
road surface. Combined with Figure 9, it can be seen that the direction of the sand grain
movement was parallel to the wind direction and not perpendicular to the road surface.
The numerical simulation results were consistent with the measured results of the highway
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cutting in the hinterland of the desert. Therefore, the protection of wind-blown sand should
be adjusted according to the wind direction. Long-term observations were carried out
at the Ningxia Desert Highway Experimental Base, and the greatest sand accumulation
height on the pavement reached 28 cm in two months without protection. At t = 10 s, sand
covered the road surface.
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Figure 14. Sand acquisition in road cuttings in the desert hinterland: (a1–a5) ungraded; (b1–b5) graded.

For graded cutting, owing to the increase in the cutting slope ratio, the falling distance
of the sand was short, and sand was first deposited on the first-layer plane. It only filled
the first-layer plane when t = 10 s, and only a little sand moved to the pavement, which
was in accordance with the field measurement results. The reason is that the height of the
first-layer plane was lower than the cutting height, the wind speed at the first-layer plane
was less than the starting wind speed of the sand grain, and it was difficult for the sand
grains to rise again. Under the same conditions, the graded excavation of highway cutting
in desert hinterlands is beneficial for reducing the sand accumulation rate on pavements.
For the unprotected cutting with a 10 m excavation depth, graded excavation was adopted,
and the sand height of the road area reached 28 cm and 0.03 cm within 2 months.

5. Conclusions

In this paper, the structure of wind-blown sand flow in the hinterland of the Tengger
Desert and the rule of sand deposition in cutting were studied by means of field monitoring
and numerical simulation. The main conclusions are as follows:

(1) The strong wind period in the hinterland of the Tengger Desert mainly occurs from
April to August, with an average wind speed of 6.3 m/s. The main wind directions in
the hinterland of the desert are concentrated in the WSW and SW directions, followed
by the N and NNW directions.

(2) The sand particles in the hinterland of the Tengger Desert mainly move at a height
of 50 cm near the ground, and the total sand accumulation in 24 h reaches 45.78 g.
The sand particles are mainly medium–fine sand, the particle size range is mainly
concentrated in 0.075–0.25 mm, accounting for 98.2% of the total sand volume, and
the curve of the wind-blown sand density with height is oblique L-shaped.

(3) Under the same conditions, the graded excavation of the desert hinterland highway
cutting is beneficial to reduce the sand accumulation rate on the road surface.
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