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Abstract: Using the plane alignment design of the Wuhai-Magqin highway as the background of this
study, based on the Fluent-Euler two-fluid model, the response law of the wind—sand flow to the
embankment under different angles, different curve radii, and different surface windward factors
were studied. Additionally, the accuracy of the numerical simulation was verified by the distribution
of sand accumulation on the embankment site. The results show that when the wind-sand flow
passes through the embankment, and when the angle between the wind direction and the straight
embankment gradually decreases from 90° (vertical) to 0° (parallel), the speed-division range is
correspondingly shortened. Under the influence of plane alignment, the diversion effect leads to a
certain difference in the flow-field structure at different positions of the line. The convex windward
embankment has the effect of dredging the wind—sand flow outward. The concave windward
embankment has the effect of gathering the wind—sand flow inward. The dredging and gathering
effects of the flat curve on the wind-sand flow decreases with the increase in the radius. In the plane
linear design, line direction should be parallel to the dominant wind direction as much as possible. If
a flat curve needs to be set, the convex windward curve should be given priority, and a large radius
curve should be selected as much as possible.
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1. Introduction

Arid and semi-arid areas account for more than 30% of the global land area, and
deserts account for 10.3% of land area [1]. Among them, the desert area in China is about
700,000 km?, accounting for about 19% of the global desert area, mainly concentrated in
the inland basins and plateau areas in the northwest and north of China [2,3]. To promote
the economic development of the northwest region, highway construction has gradually
extended to desert areas, but desert highways are easily affected by wind-sand weather.
If the selection of plane alignment design parameters is unreasonable, it will further lead
to the occurrence of sand damage, such as sand accumulation and wind erosion on the
road embankment, which will affect driving safety [4,5]. For this reason, many researchers
have carried out a large number of wind-tunnel tests, numerical simulations, and field data
analyses to determine reasonable plane alignment parameters and ensure driving safety.

In recent years, scholars [6-9] have systematically studied the relationship between the
curve radius, the driving speed, and the driver’s heart-rate change by means of experiments
and modeling from the perspective of driving safety. The minimum and recommended
values of the road curve radius in the Gobi Desert area have been determined. According
to the experience gained from many lines built crossing the desert (Taklimakan Desert
highway, Lanzhou—Xinjiang high-speed railway, Iran railway), the influence of wind-sand
activity characteristics should be fully considered in the early design stage [10-13]. At
the same time, the data of existing lines where sand damage often occurs should also be
analyzed to provide ideas for later designs. Li and Chu [14] summarized and analyzed the
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route selection data of the Baotou-Lanzhou railway and found that the route selection in
the desert area should avoid the moving sand dunes as much as possible, and the flat curve
is easy to use as the large radius curve. Feng [15] summed up the experience of the route
selection of the Korla-Golmud railway and put forward the suggestion that the outer side
of the curve should face the main wind direction of the selected route in the sandstorm
area. Ma [16] put forward the plan to lead the road with bridges through the floating sand
dune area in a section of the Hotan-Ruogiang railway line. Although the above scholars
have elaborated on the basic principles of railway-line selection in the Gobi Desert area, the
mechanisms of action need further study.

Computational fluid dynamics (CFD) have been widely used in the fields of bridges [17],
railways [18], and construction engineering [19], and it has become an important way
for researchers to study wind-blown sand movement [20-23]. Therefore, scholars [24,25]
used numerical simulation to study the interaction mechanism between wind-sand flow
and embankments. In 2008, Wu [26] used the Fluent-Euler two-fluid model to describe
the mechanism of action between wind-sand flow and embankments and optimized
the parameters of the embankment under the action of wind-sand flow. Li [27] used
wind-tunnel experiments and numerical simulation to study the flow-field-distribution
characteristics of embankments and cuttings under the action of wind-sand flow. Shi [28]
used the Euler two-fluid model to analyze the flow-field changes and sand accumulation
characteristics when wind-sand flows through the embankment. At present, the research
on the response law of wind-sand flow and embankments is mainly based on wind-tunnel
experiments and numerical simulation, and the analysis is mainly carried out from a two-
dimensional perspective, but the three-dimensional numerical simulation of sand flow
combined with a flat-curve embankment is rarely involved.

The paper relies on the Tengger Desert section of the Wuhai-Maqin Highway, and
is based on the CFD software, as well as the angle between the wind direction and the
line direction. The embankment flow-field of different curve elements were numerically
simulated, and the influence of the angle and curve elements on airflow velocity was
systematically studied. In the present work, after comparing and verifying the sand accu-
mulation situation on the highway, the design points of the plane alignment parameters are
summarized, which provides a reference for the selection of highway routes in desert areas.

2. Numerical Simulation
2.1. Model Description

According to the embankment cross-section parameters of the Wuhai-Magin high-
way, a 3D simplified model was established. The width of the embankment surface was
26 m, the height of the embankment was 2 m, and the grade of the side slope is 1:3.
In the model, the angle between wind direction and the straight-line embankment was
recorded as « (« is taken as 30°, 50°, 90°). In order to ensure the full development of
the flow field, the calculation domain of the overall model after trial calculation adopted
XXYxZ=180m x 60m x 32 m [29,30], as shown in Figure la. The radius of the em-
bankment in the curved section was denoted as R (R =400 m, 1000 m, 2000 m, 3000 m),
and the computational domain adopted X x Y x Z=160 m x 300 m x 32 m, as shown in
Figure 1b.

According to the existing literature, in order to ensure the full development of the
flow field, the height of the model from the upper boundary of the computational domain
should be at least 5H (H is the height of the model, and the height of the subgrade model
in this paper was 2 m), at least 10H from the entrance, and at least 20H from the exit [31,32].
Therefore, the set computational domain size was reasonable and had no effect on the
simulation results.
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(a) Angled embankment model (b) Flat curve embankment model

Figure 1. CFD model of embankment.

2.2. Numerical Method

The sand particle size in the study area was 0.075~0.25 mm, the sand particle size
in the wind-sand flow was set to be 0.1 mm, the sand density was 2650 kg/m?, and the
sand kinematic viscosity coefficient was 0.047 kg/(m-s) [33]. The volume fraction of sand
grain phase was 0.03, the inlet wind speed adopted logarithmic flow wind speed, and the
maximum wind speed measured in the test section was 18m/s, so the axial wind speed at
the entrance of the model was 18m/s, and its typical wind speed profile can be calculated
using Equation (1) [34,35]:

Ve, Z
v(z) = " In - 1)
where v(z) is the velocity at the height of z, v, is the frictional wind speed, k is the Von
Karman constant, which is taken as 0.4. z is the height, and zj is the rough length.

Numerical simulations were carried out by the CFD code ANSYS Fluent (version
2020 R1). The desert wind-blown sand flow is generally in a saturated state, and the sand
volume fraction is large, so it should be simulated by a two-fluid model. Therefore, the
calculation model adopted the Euler two-fluid unsteady model, and the solution algorithm
adopted simplec [36,37]. The wind speed in the study area was not greater than 50 m/s,
and the sand was mainly affected by gravity. The wind—sand flow can be regarded as an
incompressible fluid. The heat exchange between wind-sand flows can be ignored, so
the energy equation was not considered. The two equations of the continuity equation,
momentum equation, and the k — e turbulence model were considered when studying the
characteristics of wind-sand movement. The calculated residuals are controlled to 1075 to
ensure that the results are convergent and accurate.

2.3. Boundary Conditions and Computational Mesh

The selection of boundary conditions for the 3D model is shown in Table 1.

Table 1. 3D model boundary conditions.

Constraint Type
Inlet velocity-inlet
Outlet outflow
Top vall symmetry
Two sidewalls symmetry
Bottom wall wall

The computational meshes used in this study were generated by SnappyHexMesh.
All the cells were unstructured hexahedral grids to adapt to complex model surfaces. In
addition, the area around the embankment was locally refined. The mesh size of the locally
refined part of the angled embankment model was controlled at 0.1 m, and the other area
was controlled at 0.4 m. In the flat-curve embankment model, the mesh size of the local
refinement was controlled at 0.1 m, and the other size was controlled at 0.5 m.
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2.4. Reliability Verification

In order to verify the reliability of the flow field in numerical simulation, a flow-field
model with the same size as the wind-tunnel test in Reference [38] was established in
this paper. On the basis of the above parameter settings, the wind-speed profile of the
numerical simulation and the wind-tunnel experiment were compared. The wind-tunnel
model established in the literature [38] was 1.45 m high x 22 m wide, and the frictional
wind speed was 0.6395 m/s. The measured wind speed and simulated wind speed are
shown in Figure 2. It can be seen that the wind speed profile results from the wind-tunnel
test and numerical simulation were in good agreement. Therefore, the flow-field structure
and related calculation parameters set in this paper were reasonable and reliable.
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Figure 2. Comparison of wind-speed profiles between wind-tunnel test and numerical simulation.

3. Results and Analysis
3.1. Analysis of the Results of the Angle Embankment Model
3.1.1. Distribution Characteristics of the Wind-Sand Flow Field

Taking the sand-carrying wind of 18 m/s as the inlet velocity of the flow field, the
wind-sand movement law of the straight embankment under different angles conditions
(0« =90°, 50°, 30°) is simulated, and the cross-section at the middle position of the flow field
(Y = 30 m) is taken to compare the flow-field structure changes around the embankment. It
can be seen from Figure 3 that, when the wind—sand flow passes through the embankment,
the speed is divided into zones. The wind-sand flow forms a deceleration zone, an
acceleration zone, a high-speed zone, and a low-speed zone at the windward side of the
slope toe, slope surface, road shoulder, road center, and the leeward side of the slope foot,
respectively. However, under the action of different angles, the structure of the wind-sand
flow field around the embankment is different. When the angle o is 90°, the wind-sand
flow can form an obvious deceleration and acceleration area at the toe of the embankment.
When « is reduced to 30°, the deceleration area on the windward side of the embankment
and the vortex area on the leeward side of the embankment are significantly reduced, the
changes of each wind speed block are difficult to distinguish, and the transition of the
wind-sand flow passing through the embankment is gentle.

It can be seen that, under the condition of constant wind speed, the degree of speed
change around the embankment decreases with the decrease in the angle o between the
wind direction and the line direction, and the speed-zone range of the wind—sand flow
when passing the embankment is also reduced. The reason for this is that the change of
the incoming wind direction changes the slope and the width of the road embankment.
When the angle o is 90°, the cross-section of the embankment passing by the wind—sand
flow is 38 m wide, the grade of the side slope is 1:3, the embankment has a great hindering
effect on the wind-sand flow, and the flow-field division of the embankment cross-section
is obvious. When the angle « is 30°, the cross-section of the embankment passing by the
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wind-sand flow is 76 m wide, and the grade of the side slope is 1:6. The increase in the
pavement width and the decrease in the grade of the side slope reduces the energy loss of
the wind-sand flow when passing through the embankment, the speed change is gentle,
and the zoning phenomenon is not obvious.
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Figure 3. Flow-field distribution of embankment cross-section at different angles.

In order to further study the law of wind-blown sand movement at different positions
along the line, when the angle « is 50°, flow-field analysis is carried out on the cross-section
of the embankment at different positions (Y =10 m, Y =30 m, Y = 50 m), and the results
are shown in Figure 4. It can be seen that there are obvious differences in the flow-field
distribution of the three embankment cross-sections. The variation of airflow around the
embankment under oblique wind conditions is different from the symmetrical flow-field
structure under orthogonal wind conditions. The flow-field distribution changes with the
position of the road, especially at the shoulder of the road: when Y = 10 m, the airflow
on the upper shoulder of the windward slope is relatively dispersed, and when Y = 50 m,
the airflow on the upper shoulder of the windward slope is gradually tight. The reason
for this is that when the oblique wind—-sand flow passes through the embankment, the
wind-sand flow at the starting point of the line first crosses the embankment. Due to the
angle between the wind direction and the line, the line has a lateral dredging effect on the
wind-sand flow, and part of the air flow is transported to the direction of the line, resulting
in a relatively dispersed airflow on the upper shoulder of the road at the starting point of
the line. When the guided airflow and the airflow behind the line converge, the airflow on
the upper shoulder of the windward slope behind the line gathers.
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Figure 4. Flow-field distribution of embankment cross-section at different positions of the line when
o =50°.
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It can be seen that, under the condition of constant wind speed, the distribution of the
flow field around the embankment is not only related to the cross-sectional parameters of
the embankment, but also to the position of the line.

3.1.2. Characteristics of Horizontal Wind Speed Distribution

The near-surface wind speed has a significant impact on the movement of sand
particles. The horizontal speed of the axis wind speed of 18 m/s at different heights
from the embankment is analyzed, and the variation law of airflow speed around the
embankment is studied, as shown in Figure 5.
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Figure 5. Wind-speed distribution at different heights from the top of the embankment. (a) Change
of wind speed at 0.3 m from the top of the embankment. (b) Change of wind speed at 0.5 m from the
top of the embankment.

It can be seen from Figure 5 that, at the same height at different angles, the speed of
the wind-sand flow is basically the same. When the angle « between the wind direction
and the line is 90°, 50°, and 30°, and when the distance from the top of the embankment
is 0.3 m and 0.5m, the maximum wind speeds are 16.45 m/s, 15.85 m/s, 14.29 m/s, and
17.46 m/s, 16.40 m/s and 14.65 m/s; they are 1.05, 1.00, 0.91, and 1.11, 1.03, 0.93 of the
initial wind speed, respectively. With the decrease in the angle, the wind erosion effect of
the airflow on the road shoulder gradually weakens.

On the slope of the windward side of the embankment, the speed decreases. At the
shoulder of the windward side of the embankment, the speed reaches the maximum due
to the influence of the current-collecting effect, and the speed decreases to the minimum
at the position of 1/3 of the embankment surface; the wind speed changes around the
embankment. It gradually decreases as the angle between the wind direction and the
line decreases.

3.1.3. Distribution Characteristics of Sand Accumulation on Embankment

Figure 6 shows the cloud map of sand accumulation around the embankment at t = 60 s
at different angles. When the angle o = 90°, the sand accumulation is mainly distributed
at the toe of the windward slope of the embankment, the toe of the leeward slope, and
the rear area away from the leeward slope. The distribution of sand accumulation is
relatively uniform. Comparing Figure 6b,c, it can be seen that the sand accumulation at the
starting position of the line is far less than that at the end of the line, and the smaller the
angle is, the greater the difference in the amount of sand accumulation on both sides. It
shows that, when there is an angle between the wind direction and the line, the line has a
lateral dredging effect on the wind—sand flow, so that some sand particles change from the
linear movement across the embankment to the lateral movement along the line direction,
resulting in the accumulation of sand particles at the far end of the line.
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@) a = 90°

(c) ¢=30°
Figure 6. Sand accumulation around embankment under different the wind direction conditions.

When there is an angle between the wind direction and the line direction, the wind
has a certain ability to transport and divert the sand accumulation on the roadside slope:
the smaller angle « is between wind direction and the line, the stronger the transportation
ability is and the less sand accumulation there is around the embankment. In the design
process, the angle between the line and the main wind direction should be minimized.

3.2. Analysis of the Results of the Flat-Curve Embankment Model
3.2.1. Distribution Characteristics of the Wind-Sand Flow Field

Taking the section at Y = 150 m in the middle of the line, the activity law of the wind-
sand flow field around the embankment under different curve radii is studied, as shown in
Figure 7. The distribution characteristics of the flow field of the embankment are similar
to those of the angle embankment model, and the value of the radius does not change the
distribution characteristics of the flow field of the embankment.
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Figure 7. Flow-field distribution at the cross-section of the embankment on the convex side windward
Y =150 m.
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When the radius is 1000 m, intercept the cross-sectional flow field of the embankment
when the curve is convex (concave) curve face the wind at the position of Y = 150 m,
as shown in Figure 8. The flow-field distribution of the two is similar, and the convex
and concave curve facing the wind does not change the flow-field distribution of the
embankment.
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(a) Concave windward R = 1000 m
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(b) Convex windward R = 1000 m

Figure 8. Flow-field distribution at the cross-section of embankment Y = 150 m under different
surface windward forms.

In order to further study the relationship between the flow-field distribution of the
embankment cross-section and the different positions of the line, when the radius of the
convex windward embankment was 400 m, two sections of Y = 10 m and Y = 150 m were
taken for flow-field analysis, and the results are shown in Figure 9. It was found that there
is a certain difference in the distribution of the flow field between the two, especially at
the shoulder position. When Y = 10 m, the wind-sand flow at the windward shoulder was
relatively tight, while it was relatively sparse at Y = 150 m. This is because the middle of
the line is in contact with the air flow first, and the convex windward curve has a lateral
conduction effect on the air flow, which causes the wind-sand flow at the shoulder at the
middle point of the line (Y = 150 m) to be more dispersed than the wind-sand flow at the
shoulders at the points on both sides of the line (Y = 10 m).
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Figure 9. Flow-field distribution of embankment cross-section at different line positions on convex
windward curve.

On the other hand, the two sides of the line on the concave windward embankment
contact the wind—sand flow earlier than the middle point, and the line had a converging
effect on the air flow.

3.2.2. Characteristics of Horizontal Wind Speed Distribution

For the section at z = 1.5 m on the windward side, the wind—sand velocity at positions
3m,5m,10m, 20 m (s =3 m, 5 m, 10 m, 20 m) was extracted from the midpoint of the
slope foot of the line. The results are shown in Figure 10. It can be seen that the wind speed
change of the sand-carrying wind is distributed in a “V” shape, the speed at the midpoint
of the line is the smallest, and the speed on both sides is the largest, and the speed change
range gradually decreases with the increase in the curve radius, indicating that the convex
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Figure 10. Wind-speed variation on the windward side of the Z = 1.5 m convex curve.

The horizontal wind speed of the concave windward curve is also extracted. The
results are shown in Figure 11. It can be seen that the wind speed of the sand-carrying
wind is distributed in an inverted “U” shape. As the value of the curve radius increases,
the difference in wind-sand flow velocity decreases gradually, indicating that the concave
curve embankment had a gathering effect on the wind—sand flow, and the smaller the
radius, the stronger the gathering ability is.
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Figure 11. Wind-speed variation on the windward side of the concave curve at Z =1.5m.

3.2.3. Distribution Characteristics of Sand Accumulation on the Embankment

When the simulation time is t = 60 s, the sand accumulation around the subgrade slope
does not change much. Therefore, the sand cloud map of t = 60 s is selected for analysis, as
shown in Figures 12 and 13. It can be seen that the convex windward curve embankment
has a lateral diversion effect on the wind—sand flow, and the wind-sand flow spreads to
both sides before reaching the embankment, and the sand accumulation in the middle of
the line on the windward side is less than that on both sides. However, when the radius is
small, the sand particles on both sides of the line will accumulate on the road due to the
excessive concentration, affecting driving safety. With the increase in the radius of the flat
curve, the distribution of sand accumulation in the line gradually becomes uniform, and
the large amount of sand accumulation on both sides is significantly reduced.

The phenomenon of sand accumulation on the concave windward embankment is
opposite to that of the convex windward. The sand accumulation is mainly distributed
in the middle area along the road. The reason for this is that the sand accumulates in
the middle part along the road after reaching the embankment. Therefore, it is easy to
generate sand accumulation; when the radius is 400 m, the gathering effect of the middle
part along the road is strong, and when the radius of the curve increases, the distribution
of sand accumulation along the road is gradually uniform, and the large amount of sand
accumulation in the middle area is significantly reduced.

To sum up, the convex windward embankment is conducive to the outward drainage
of the wind—-sand flow, while the concave windward embankment is easy to make the
wind-sand flow gather inward.



Appl. Sci. 2022, 12, 9579

110f15

{

(a) R=400 m

S

|

(b) R =1000 m (¢) R =2000 m (d) R =3000 m

P

Figure 12. Sand cloud map of the convex windward embankment (t = 60 s).

(b) R =1000 m (c) R=2000 m (d) R =3000 m

Figure 13. Sand cloud map of the concave windward embankment (t = 60 s).

4. Field Verification

In order to better grasp the characteristics of wind—sand activities in this area, a full-
element meteorological observation station was established at line K166 + 600, and the data
of wind speed and wind direction in summer 2021 can be counted. The calculation of drift
potential (DP) is listed in Equation (2) [39]. According to Equation (2), the sand-moving
wind rose, and the sand-drift potential in this area can be obtained, as shown in Figure 14.
In summer, the east-southeast (ESE) wind is dominant, and the resultant drift direction
(RDD) is 298.27°.

DP = V3V — Kt )

where DP is the drift potential, V is the average wind velocity at 10 meter height, V; is the
impact threshold wind velocity (V¢ = 5.75 m/s [40]), and ¢ is the time wind blew, expressed
as a percentage in a wind summary.
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Figure 14. The sand-moving wind rose and drift potential at K166 + 600 of Wuhai-Magqin highway.

In order to verify the accuracy of the numerical simulation in actual engineering, the
three-dimensional aerial survey of unmanned aerial vehicle was used to photograph and
process the sand distribution around the embankment at K166 + 100 in April and August
2021 (Figure 15).

7

(a) April 2021 (b) August 2021
Figure 15. Distribution of on-site sand accumulation at K166 + 100 of Wuma highway.

It can be seen from Figure 15 that the angle between the sand-moving wind direction
and the line direction is about 50°. There was basically no sand accumulation on either side
of the line in April 2021. In August 2021, it can be seen that there was a small amount of
sand at the foot of the windward side slope. There is a lot of sand accumulation at the foot
of the slope on the leeward side, and the sand accumulation on the lower side of the line
was far more than the sand accumulation on the upper side. Comparing with Figure 6b, it
can be found that the two have good consistency.

Figure 16 is a map of sand accumulation around the embankment with a curve radius
of R = 5500 m. The tangent of the curve is 1048 m. In this paper, only a circular curve with a
tangent length of 300 m from the center of the circle was selected, and the line direction was
at a certain angle to wind direction. It can be seen that there was some sand accumulation
on both sides of the embankment at the intersection of the curve, while there was almost
no sand accumulation on both sides of the embankment at the starting position of the
curve. Considering the influence of wind direction and the angle of the line on the sand
accumulation, it can also be seen that the concave curve had a gathering effect on the sand
particles, resulting in sand accumulation in the middle of the line. This phenomenon can
better verify the sand cloud map of the concave windward embankment.



Appl. Sci. 2022,12, 9579

13 of 15

References

Figure 16. Distribution of on-site sand accumulation at K167 + 670 of Wuhai-Maqin highway.

5. Conclusions

The plane alignment parameter has a great influence on the change of the flow-field
structure near the embankment, which not only changes the movement trajectory of the
wind-sand flow on the embankment surface, but also affects the movement mode and
gathering positions of the blown sand particles. Using numerical simulation, combined
with the analysis of the sand accumulation form in the field, the following conclusions
are obtained:

(1) When the oblique wind-sand flow crosses the embankment, the separation scale of
the moving wind-sand flow can be reduced, and the severity of the wind-speed change
around the road decreases with the decrease in the angle between wind direction and
line direction.

(2) The change of the flow-field structure of the plane alignment embankment is not
only related to the characteristics of the embankment itself, but the flow-field structure of
the road at different locations along the road is also different due to the diversion effect
generated when the oblique airflow passes through the embankment.

(3) The convex windward embankment has the effect of dredging the wind-sand flow
outward, and the concave windward embankment collects the wind-sand flow inward,
and the dredging and collection effects both weaken with the increase in the radius.

(4) In the design of plane alignment in desert areas, preliminary investigations should
be fully conducted to grasp the characteristics of local wind and sand, and a straight-line
parallel to the dominant wind direction. If a flat curve needs to be set to avoid obstacles, a
convex windward curve is preferred, and a small radius curve should be avoided.
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