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The intersection angles of the railway trend and wind direction are different in
practical engineering, resulting in different sand hazard intensities. This research
explores the characteristics of the wind-sand flow field, wind speed change,
and sand accumulation near railway embankments with different wind angles to
reveal the formation mechanism of sand hazards. A numerical simulation of the
wind-sand flow field around embankments under wind angles of 15°, 30°, 45°,
60°, 75°, and 90° with different friction wind speeds is conducted on the basis of
the Euler two-phase flow model; moreover, the variation law of wind speed and
the characteristics of sand accumulation distribution near the railway are
discussed. Results indicate that when the wind-sand flow moves to the
embankment, it is obstructed and forms different velocity zones. The
deceleration zone on both sides of the embankment and the acceleration
zone above the embankment increase remarkably with the increase in wind
angle. When the friction wind speed is constant, the greater the wind angle, the
greater the variation of wind speed near the surface around the embankment,
which is more evident on the leeward side of the embankment. The sand
accumulation amount on both sides increases with the increase in the wind
angle. Under a wind angle of 30°, almost no sand accumulated on the leeward
side slope. With the increase in friction wind velocity, the sand accumulation
amount on the windward side of the other embankment decreased except for
the embankment with a wind angle of 90°, and that on the leeward side of the
other embankments decreased except for the embankment with a wind angle
of 15°. These results provide a theoretical basis for the route survey and design of
the railways in blown sand areas and the optimization of prevention and control
measures.
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Introduction

Blown sand environment, terrain, vegetation, railway
design, and other factors along the railway jointly affect the
railway sand hazards. The survey and design of traffic lines in
sandy areas are important factors to ensure safe operation
(Duan et al., 2022). With the development and construction
of transportation in arid regions, an increasing number of
railways cross the windy-sandy areas and are threatened by
wind-blown sand at different degrees along the lines. The
problem of railway wind-sand disasters has become serious
(Zhang et al., 2014; Xie et al., 2017). To reduce the dangers of
blown-sand activities to traffic lines, many researchers have
conducted substantial research on wind energy environments
along the railway, characteristics of wind-sand flow structure,
and control measures (Li et al., 2011a; Cheng et al., 2014; Yao
et al,, 2015; Cheng et al., 2016; Yu et al., 2020). Many studies
have also been conducted on the route survey and design of the
cross-section of embankments to explore the laws of wind-
blown sand movement around the embankment and reduce
blown-sand hazards (Sun et al., 2018; Yu et al., 2019). Among
them, the different angles between the route direction and the
wind direction are the important parameters for studying wind-
blown sand movement near the traffic line (Wang et al., 1997; Li
etal, 2011). Theoretically, the route selection shall be parallel to
or form a small angle with the dominant wind direction as far as
possible (Feng et al, 2012). However, in consideration of
multiple factors, the angle between wind direction and the
different
engineering (Li et al., 2011a; Bao et al, 2017). Even if the

route direction forms angles in practical
wind angle is small, it will still cause sand hazard to the railway
(Xie et al,, 2020a and 2021). And the wind angle is closely
related to the thickness of accumulative sand along the lines
(Chen et al,, 2020). At present, relevant research in China and
abroad mainly show the following aspects: the qualitative
evaluation of embankment sand hazard under different wind
angles (Li et al., 2005), law of sand sediment on embankment
under crosswind (Cui et al., 2017), conveying sand performance
of embankment with different wind angles (Ma et al., 2008),
influence of wind direction on embankment sediment transport
(Wu et al., 2008), flow field characteristics of opencut tunnel
under different wind angles (Yan et al., 2019). Most of these
studies focus on the qualitative study of sand accumulation
around the line under different wind angles through wind
tunnel tests and field observations. Few studies have
explored the characteristics of the flow field and wind-sand
flow movement under different wind angles through numerical
simulation to reveal the mechanism of sand damage. Moreover,
systematic research on the characteristics of wind-sand flow
field around the embankment under different wind angles has
yet to be reported. Therefore, by establishing embankment
models for numerical simulation, this research attempted to
explore and analyze the influence of the angle between railway
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trend and wind direction on the flow field around the
embankment, revealed the formation mechanism of sand
hazards in railway embankment under different angles, and
provided theoretical basis for railway embankment engineering
design and wind-sand disaster prevention.

Research methods
Theoretical governing equation

In this research, the Euler two-phase flow model was used to
study the near-surface wind-sand movement around the
embankment with different wind angles. In this model, the
gas and solid phases are regarded as continuous media that
exist together and permeate each other, and the sum of their
volume fractions is 1, that is, ag + o = 1. The gas-solid two-
phase flow follows the mass and momentum conservation
equations, respectively, and the control equations are as follows:

Mass Conservation Equation:

0

o (apy) + V(aapyve) = 0 m

0

a (“Sps) + v(“SPSUS) =0. (2)
Momentum Conversation Equation:

0
a((xgngg) + V(ocgnggUg) =-o,Vp+Vr, + AP, g

(3)
+K(Ug - Uy),
d
P (aspUs) + V (asp UUs) = —aVp — Vp, + V1, + APy
+ Ky(U, - Uy), (4)

where @, a; are the volume fraction of gas phase and sand phase,
respectively; ¢ is the time; pg, p; are the density of gas phase and
sand phase, respectively; vy, 7; are the velocity vector of gas phase
and sand phase, respectively; U, Uj are the velocity of gas phase
and sand phase, respectively; 7,, 7, are the surface stress tensor of
gas phase and sand phase, respectively; p is the same pressure
shared by two phases; p, is the sand phase pressure; g is the
gravitational acceleration; Ky = K, which is the momentum
exchange coefficient of gas phase and solid phase, respectively.

This study used the standard k-¢ turbulence model. Air was
defined as an incompressible flow without heat exchange. Based
on multiphase fluid theory, the gas phase was the main phase,
and the sand phase was the dilute phase. The volume fraction of
the sand phase was 0.02 (Wang et al., 2020). The turbulence was
assumed to be fully developed.

Turbulent Kinetic Energy Equation:

o)y ak)_ @ u\ ok
ot P 0x; _ij ‘u+0k 0x; *Ge=pe )
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FIGURE 1
The grid independence test and time step test.
Turbulent Dissipation Rate Equation: mesh type was Tetra/Mixed, and Robust (octree) was used for
the turbulent boundary layer. The wind-sand flow field around
e e 2 i\ e e £ . v oayer: The .
PT + Puig = %, U+ P Py + C1.Gr i Cup © the railway embankment was simulated, which was closely
1 ! ‘ ! ©) related to the wind speed. Therefore, take the wind speed of

where u; is the component of velocity along the i direction; ¢ is the
time; p is the air density; k is the turbulent kinetic energy; ¢ is the
turbulent dissipation rate; y is the dynamic viscosity; u, is
turbulent viscosity; Gy is the turbulent kinetic energy
generated by the average velocity gradient; oy, 0. are the
Trump constant corresponding to the turbulent kinetic energy
and dissipation rate, o = 1.0, 0. = 1.3; C;, and C,. are the
constants, C;, = 1.44, C,, = 1.92.

Geometric modeling and meshing

ICEM CFD in ANSYS Workbench was used to establish a
three-dimensional model and meshing. The length of the
calculation domain was 250 m, the width was 15 m, and the
height was 30 m. The embankment model is a class-I double-
track railway based on the Design Specifications for Railway
Subgrade (TB10001-2016, China), which conforms to the
relevant provisions of embankment design in blown-sand
areas. The embankment was 8 m at the top width and 5m in
height. The slope ratio was 1:1.75 (slope angle was 30°). The
embankment model was set 40 m away from the entrance to
develop the wind-sand flow fully. The direction of the wind-sand
flow at inlet was constant, and the embankment trend was
changed, so that the angle between them changed. Six angle
between the model and the wind direction (15°, 30°, 45°, 60°, 75°,
and 90°) were selected. To improve the computation efficiency
and ensure the accuracy of numerical simulation, the numerical
model used an unstructured mesh to meet the flow domain. The
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section x = 40 m for independence verification, and compare
the wind speed at three points (40, 7.5, 5), (40, 7.5, 15), and (40,
7.5, 25). Take the grid number of 0.57, 0.73, 1.13, 1.53, and
3.8 million for grid independent verification, and take 0.01,
0.025, 0.05, 0.1, and 0.2s for step time independence
verification. It can be seen from Figure 1 that with the
increase of the grid number, the wind speed of the three
points changed little, indicating that the grid number had
little impact on the calculation results. The wind speeds were
basically unchanged under different time steps. Considering the
calculation accuracy and calculation period, the number of
grids in the calculation was 1.13 million, and the time step
was 0.1s. The grids on the ground and embankment are
relatively dense, and the rest is relatively sparse. The average
grid quality was about 0.85. The average grid aspect ratio and
average orthogonal quality coefficient were greater than
0.85 and close to 1, indicating that the grid quality was
good. The model dimension and model mesh are shown in

Figure 2.

Boundary condition definition and
calculation parameters

The left side of the model was defined as Velocity-inlet. The
right side of the model was the outlet, which adopted the fully
developed outflow boundary condition (Outflow). The top and
both sides of the boundary were set as Symmetry, and the ground
and the embankment were defined as nonslip walls. The wind
speed at the inlet adopted the logarithmic equation of wind speed
profile by user-defined operations:
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FIGURE 2
The simulation domain and model mesh.
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where y is the horizontal wind speed at height z; k is the Karman
constant (0.4); u~ is friction velocity; z, is the bed roughness. The
friction velocities of 0.43ms™' and 0.53 m s are selected for
numerical simulation, and the corresponding bed roughness is
0.0013 and 0.0011 mm, respectively (Xie et al., 2020Db).

The Euler two-fluid model was used to simulate the unsteady
wind-sand flow. In the simulation process, the inlet turbulence
intensity was set to 5%. The spatial discretization used the
second-order upwind method. The Phase Coupled SIMPLE
was used to solve the model. The time step was set to 0.1s.
Sand diameter is generally 0.075-0.25 mm in the wind-sand flow
(Li et al, 2016). Therefore, the parameters in Fluent were as
follows: sand particle size d; = 10*m, sand density p, =
2650 kg m™?, sand viscosity y; = 0.047 kg (ms)™" (Wang et al,
2020), air density p, = 1.225 kg m™~>, and air viscosity y, = 1.789 x
107° Pas. The gas pressure was set as standard atmospheric
pressure. Granular was selected for collision viscosity,
Schaeffer was selected for frictional viscosity, and the packing
limiting was 0.63. Considering the force between the gas phase
and the solid phase, the lift coefficient was Saffman-mei, and the

drag coefficient was the Syamlal-obrien.

Numerical validation

To ensure the reliability of the numerical simulation results,
wind tunnel experiments were conducted to determine the flow
field characteristics under a wind speed of 12 m s with a wind
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angle of 90°. The layout of wind tunnel experiment was shown in
Figure 3. The field mobile wind tunnel of the Key Laboratory for
Desert and Desertification, Chinese Academy of Sciences (CAS)
was used for experiments, and the test section had dimensions of
6 % 0.63 x 0.63 m. The boundary layer thickness at the bottom is
12-15cm. The embankment model of the wind tunnel
experiment was created in the proportion of 1:100. The
blockage ratios was 7.94%. The numerical simulation used the
same calculation domain and initial conditions as the wind
tunnel experiment. This experiment basically meeted the
similarity of flow state and wind speed profile distribution,
and conformed to the similarity principle. As shown in
Figure 4, a comparison of the wind speed profiles at the
entrance, windward slope foot, embankment top center, and
leeward slope foot in wind tunnel experiment and numerical
simulation reveals that the two results were consistent, verifying
the rationality of the flow field setting in the numerical
simulation. Then, the setting was used to calculate the flow
field around the embankment with different wind angles.

Results and analysis

Flow field characteristics around the
embankment

Figure 5 shows the velocity field nephograms around the
embankments at various wind angles under different friction
velocities. They were selected to analyze the flow field variations
with calculation time t = 20 s and the section y = 7.5 m. The wind-

sand flow was blocked when crossing the embankments,
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FIGURE 3
Layout photograph of the wind tunnel experiment

destroying the natural balanced conditions. Different wind speed
zones, which could be divided into windward slope deceleration
zone, speed lifting zone, embankment high-speed zone, and
leeward slope deceleration zone were formed around the
embankments (Zhang et al., 2010; Shi et al.,, 2014). The figure
shows that the existence of an embankment weakened the wind
speed near the ground on the windward side. With the decrease
in wind direction angle, the slope of the section where the wind-
sand flow crossed the embankment slowed down, and the slope
length of that become longer. The retarding effect of
and the
deceleration zone at the windward side slope foot decreased.

embankment on airflow decreased, range of
The airflow on the windward slope was lifted in the vertical
direction when it was close to the embankment, and it rapidly
climbed along the windward slope. When the airflow converged
at the windward slope shoulder of the embankment, the wind
speed increased to form an acceleration zone. With the decrease
in wind angle, the range of the conflux acceleration zone above
the embankment gradually decreased. The leeward slope was
located in the wind shadow zone, where the wind-sand flow
jumped over the embankment and decelerated at the slope foot to
generate a vortex and form a turbulent flow zone. As shown in
Figure 6, its range decreased with the decrease in wind angle.
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When the airflow was far away from the embankment, it started
to diffuse, its speed increased slowly, and it returned to the initial
state. Regardless of the friction wind velocity, the turbulent flow
zones on the leeward side of the embankment under the wind
angles of 15° and 30° were not evident. A comparison of the
velocity nephograms of embankments with different wind angles
under the friction wind velocity of 0.43 and 0.53 ms™', revealed
that the flow field distribution near the embankment was the
same. With an increase in friction wind velocity, the range of the
acceleration zone above the embankment and the deceleration
zone on the leeward side widened. In addition, regardless of the
friction wind velocity, the range of the deceleration zone at the
windward side slope foot of the embankment, the acceleration
zone above the embankment, and the turbulent flow zone at the
leeward side all widened with the increase in wind angle.

Variation characteristics of horizontal
wind speed around the embankment

To explore further the distribution of wind-sand flow field
around the embankment and reveal the formation mechanism of
embankment sand hazard with different wind angles, the change of
wind speed at heights of 0.1, 0.3, and 0.5 m was analyzed. As shown
in Figure 7, the velocity of airflow near the embankment decreased
sharply, and the minimum wind speed at the windward slope foot
increased with the decrease in wind angle. The minimum wind
speeds at the height of 0.3 m with wind angles of 15, 30°, 45°, 60°,
75°, and 90° were 5.09, 3.86, 2.70, 1.77, 1.50, and 1.02ms,
respectively, which were almost all lower than the threshold
wind speed. Therefore, sand particles could easily accumulate
on the windward slope. After the airflow reached the windward
slope, the wind speed distribution became sharper along the slope,
forming an acceleration zone at the slope shoulder and a
deceleration zone at the lower area of the embankment
top. When the airflow crossed the embankment and reached
the leeward side, the wind speed declined sharply. The
minimum wind speed at the foot of the leeward side also
increased with the decrease in wind angle. The minimum wind
speed at the height of 0.3 m with wind angles of 15°, 30°, 45°, 60°,
75, and 90° were 10.16, 6.93, 3.33, 3.75, 2.67, and 1.98 ms™,
respectively. The wind speed on the leeward slope of the
embankment with a wind angle of 15 decreased twice, and the
minimum wind speed on the slope was smaller than the minimum
wind speed at the foot of the slope. Under wind angles of 15° and
30, the minimum wind speed at the foot of the leeward slope was
greater than the threshold wind speed. Therefore, compared with
embankments with other wind angles, sand particles did not easily
to accumulate at the foot of the leeward side slope at wind angles of
15" and 30°. In conclusion, the smaller the wind angle, the smaller
the variation range of wind speed along the embankment, which
indicated that the influence of the embankment on wind-sand flow
was smaller.
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Comparison of velocity profile between wind tunnel experiment and numerical simulation [(A). The entrance; (B). The windward slope foot; (C).

The embankment top center; (D). The leeward slope foot].

Characteristics of wind speed profile at
different positions of the embankment

Figure 8 shows the curves of wind speed profile at the
windward slope foot, windward slope shoulder, embankment
center, leeward slope shoulder, and leeward slope foot with
different wind angles. By comparing the wind speed profiles
at the characteristic locations of the embankment with different
wind angles, the change of flow field can be seen directly. The
figure shows that under the same characteristic location, the
variation trends of wind speed profiles at different wind angles
were consistent. The wind speed near the surface at the windward
slope foot increased with the decrease in wind angle. At about
9 m above the ground, the airflow tended to accelerate slowly
with the increase in height. The greater the wind angle, the larger
the air velocity. The airflow velocity of the windward slope
shoulder, embankment center, and leeward slope shoulder
increased remarkably within 5 m above the embankment. The
air velocity then became stable after 10 m from the embankment
surface and was similar at each wind angle. The air velocity
reached the maximum at a certain height with the increase of
height. The air velocity at this height increased with the increase
of wind angle. The slope foot on the leeward side was the
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turbulent flow zone, and the change of the flow field was
relatively complex. The air velocity considerably varied with
different wind angles. The height of the turning point where
the air velocity tended to be stable decreased with the decrease in
wind angle. In conclusion, the airflow at the leeward slope foot of
the embankment was greatly affected by the wind angle. The
smaller the wind angle, the smaller the enhancement of airflow
speed with height at the top of the embankment.

Characteristics of sand accumulation

Figure 9 shows the distribution of sand deposition under
different wind angles when the friction wind speed was 0.43 m s™*
and the calculation time was 20 s. The figure shows that when the
wind-sand flow passed through the embankments, the sand
particles were mainly distributed on both sides of the
embankment. The sediment amount on both sides of the
embankment decreased with decreasing of wind angle. Due to
the vortex flow on the leeward side, the sand accumulation on the
leeward side slope is less than that on the windward side slope.
For the embankment with a small wind angle, the embankment
acts as a lateral guide to the wind-sand flow on the windward
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side, and sand particles flow along the embankment. Especially
for the embankment with a wind angle of 15°, and there is almost
no sand deposition on the leeward side.

Different sand prevention measures shall be taken for
different wind angles. The smaller wind angle can avoid the
direct influence of wind erosion on the embankment. But the
sand on the windward side of the embankment shall be cleaned
regularly to prevent the sand particles from jumping onto the
track bed. At a larger wind angle, the airflow was obviously
separated, which was easy to cause sand accumulation and wind
erosion. Therefore, before the wind-sand flow reaches the
embankment, sand prevention measures shall be taken to
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reduce the sediment transport capacity of the wind-sand flow,
so as to reduce the sand deposition on the embankment surface
and leeward side.

The sand volume fraction of the windward slope and leeward
slope were calculated, which can more accurately compare the
sand accumulation state of embankment under different wind
angles. The sand volume fraction on the windward side with
wind angles of 90° and 75° were similar. The sand volume fraction
on the leeward side with the wind angles of 30° and 15° were
similar. The Table 1 shows that the amount of deposited
sediment was greater in friction wind speed of 0.53 ms™'
than that in friction wind speed of 0.43ms™'. With
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FIGURE 6

Streamline diagram of the leeward side of the embankments.

increasing of wind speed, except for the wind angle of 90°, the
sand deposition on the windward side slope of the
embankments with other wind angles decreased relatively;
Except for the wind angle of 15°, the sand deposition on the
leeward side slope of the embankments with other wind angles
increased relatively. Regardless of friction wind velocity, the
sand deposition on the windward side slope of the
embankment at each wind angle was greater than that on
the leeward side slope, and the sand deposition on both sides
decreased with decreasing of wind angle.
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Discussion

When the wind-sand flow crosses the embankment, the original
size of the embankment section is affected by the wind angle. As
shown in Figure 10, the top view of the embankment is on the left,
and the side view of the embankment is on the right. The red area
represents the embankment cross-section with the wind angle of 60°.
The blue area represents the embankment cross-section with the
wind angle of 90°. It is obvious that the size of embankment section
with an angle of 60° is larger than that with an angle of 90°. With
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FIGURE 7

Horizontal velocity variation of six intersection angles between wind direction and embankment direction.

decreasing of wind angle, the slope angle of the embankment section
decreases, the slope length becomes longer, and the top surface of the
embankment becomes wider. When the slope ratios increase, the
airflow is easily blocked and converges at the slope foot, resulting in
the pressure difference between the windward slope foot and the
slope shoulder increasing. Moreover, it accelerates airflow,
strengthening the wind erosion on the slope surface (Yu et al,
2018). The variation law in the embankment flow field with different
wind angles is similar to that with different slope ratios (Yang et al,,
2010). The range of the deceleration zone at the windward side foot,
the deceleration zone at the leeward side foot, and the acceleration
zone at the top of the embankment gradually decrease with the
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decrease in wind angle. With the decrease in wind angle, the wind
speed around the embankment is less affected and changes
more slowly, and the wind erosion effect on the embankment
decreases (Li et al., 2011). Sand sediment is closely related to
the change of wind speed around the embankment. When the
wind speed decreases, the corresponding sand transport
capacity decreases, and the sand particles are easily to fall
and accumulate on the roadbed. The greater the wind angle,
the stronger the variation range of wind speed around the
embankment, which seriously affects the sand movement.
Regardless of friction velocity and wind angle, the sand
accumulation amount at the windward side foot is greater
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Sand Distribution diagram of embankment under different wind angles.
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streamline is almost perpendicular to the embankment

—_— direction. With the decrease in wind angle, the streamline

g//// direction tends to be parallel to the embankment tendency.

?///7 The sand particles carried in the wind-sand flow move along

%/ 78 ; the guidance direction. Sand sediment is more likely to appear

pr— g on the windward side than that on the leeward side. In

y summary, the wind angle changes the size of the

7 embankment section and the wind speed component acting

= =t " on the embankment, leading to the change of the flow field and

FIGURE 11 the sand accumulation state around the embankment with
Streamline of the windward side of the embankments. different wind angles.

TABLE 1 Sand volume fraction on the windward side slope and the leeward side slope of the embankment.

Wind angle Friction wind velocity (m s™)

0.43 0.53

The windward side slope  The leeward side slope  The windward side slope  The leeward side slope

a=90 0.2684 0.1832 0.2724 0.2109
a=75 0.2680 0.1627 0.2652 0.1870
a =60 0.2486 0.1482 0.2182 0.1905
a =45 0.2245 0.1010 0.1881 0.1332
a=30 0.2016 0.0810 0.1751 0.0849
a=15 0.1959 0.0839 0.1729 0.0829

than that at the leeward side foot, which is consistent with Conclusion
other research results (Zhang et al., 2011). When the wind-

sand flow is close to the embankment, the velocity component Based on the Euler two-phase flow model, this research
is affected by the embankment direction. The streamline of the studied the characteristics of the flow fields near railway
section parallel to the ground under different wind angles is embankments with different wind angles, the law of wind
shown in Figure 11. The figure reveals that the embankment speed changes around embankments, and the sand
direction guides the wind speed streamline, and the velocity accumulation. The following conclusions are drawn: the wind-
component perpendicular to the embankment direction sand flow was blocked when it passed through the embankment
decreases. Under a wind angle of 90°, the direction of the and formed different wind velocity zones. With the decrease in
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wind angle, the deceleration zone at the foot of the windward
slope, the acceleration zone at the top of the embankments, and
the deceleration zone at the leeward slope of the embankment
became smaller. With the decrease of wind angle, the overall
change of wind speed near the surface tends to be gentle, and the
variation amplitude of wind speed profile at each characteristic
position decreases. The sand volume fraction on the slopes on
both sides of the embankment decreases with the decrease of
wind angle. The sand volume fraction on the windward side is
greater than that on the leeward side. Under different wind
angles, the form and amount of sand accumulation around the
embankment are obviously different, so different sand
prevention measures should be taken. When the wind angle is
small, the sand particles jumping into the track bed shall be
cleaned in time under smaller wind angle; The sediment
transport capacity of wind-sand flow should be reduced under
large wind angle.
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