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Abstract: For the safety of railroad operations, sand
barriers are utilized to mitigate wind-sand disaster
effects. These disasters, characterized by multi-
directional wind patterns, result in diverse angles
among the barriers. In this study, using numerical
simulations, we examined the behavior of High
Density Polyethylene (HDPE) sheet sand barriers
under different wind angles, focusing on flow field
distribution, windproof efficiency, and sedimentation
erosion dynamics. This study discovered that at a
steady wind speed, airflow velocity varies as the angle
between the airflow and the HDPE barrier changes.
Specifically, a 90° angle results in the widest low-speed
airflow area on the barrier’s downwind side. If the
airflow is not perpendicular to the barrier, it prompts a
lateral airflow movement which decreases as the angle
expands. The windproof efficiency correlates directly
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with this angle but inversely with the wind’s speed.
Notably, with a wind angle of 90°, wind speed drops by
81%. The minimum wind speed is found at 5.1H (the
sand barrier height) on the barrier’s downwind side. As
the angle grows, the barrier’s windproof efficiency
improves, extending its  protective  reach.
Sedimentation is most prominent on the barrier’s
downwind side, as the wind angle shifts from 30° to
90°, the sand sedimentation area on the barrier’s
downwind side enlarges by 14.8H. As the angle grows,
sedimentation intensifies, eventually overtakes the
forward erosion and enlarges the sedimentation area.

Keywords: Multi-wind direction; HDPE sheet sand

barrier; Numerical simulation; Windproof efficiency;
Sedimentation erosion

1 Introduction

Wind-sand activities are natural geographic



events characterized by phenomena such as the
forward progression of quicksand, land wind erosion,
desertification, and the activation and movement of
fixed dunes. These processes culminate in wind-driven
sand erosion, transport, and accumulation. Western
China has long grappled with these disasters, which
have stymied its transportation development. Over
recent decades, while China has built many desert
railroads, they often suffer disruptions from such
disasters. Hence, addressing the effects of wind-sand
disasters is crucial to ensuring the sustainability and
operation of railroads in Northwest China (Raffaele et
al. 2019; Qu et al. 2007; Li et al. 2016). For decades,
continuous innovations in sand prevention and control
have led to notable contributions from scholars in
mitigating wind-sand disasters (Chen et al. 2019;
Parsons et al. 2004; Gillies et al. 2017; Cheng et al.
2016). Currently, three main strategies exist for wind-
sand protection: mechanical (Bruno et al. 2018; Sun et
al. 2004; Wang et al. 2017), chemical (Tie et al. 2013;
Wang et al. 2005; Lai et al. 2017), and biological (Hesp
et al. 2019; Xiao et al. 2004; Zhang et al. 2023).
Biological strategies are often deemed the most
effective. Yet, the challenging environment of
Northwest China, with its barren terrains and limited
rainfall, hampers the implementation of plant-based
solutions. Chemical methods, meanwhile, have seen
restricted use due to their economic and
environmental implications. Consequently,
mechanical methods have become the preferred
approach in combating wind-sand disasters.

Alpine and arid terrain in northwest China
necessitates the use of traditional wind and sand
protection materials, such as wheatgrass and reeds.
However, the limited lifespan of these materials,
combined with increasing demand, has resulted in
their scarcity. Consequently, there is an emerging shift
towards alternative, more sustainable materials for
wind and sand protection. A prominent alternative is
HDPE (High Density Polyethylene). Renowned for its
resistance to cold, heat, and ultraviolet rays, HDPE is
also favored for its efficient construction process. It is
particularly suitable for designing sand-blocking
barriers in areas like northwestern China, which are
prone to wind-sand calamities (Zhang et al. 2021).
Research has increasingly focused on the effectiveness
of HDPE sheet sand barriers. Zhang et al. (2019),
through numerical simulations, highlighted that
HDPE barriers with a 50% porosity offer optimal
protection. They recommended installing three
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successive barriers spaced 30 m apart for best results.
In a related study, Li et al. (2019) undertook on-site
evaluations in the Gobi region of South Xinjiang,
elucidating how HDPE barriers counter wind-sand and
gauging their protective efficacy. Qu et al. (2014), using
wind tunnel experiments, differentiated between
various HDPE barrier designs, weighing the merits of
both uniform and functional barriers. Complementing
this, Qi et al. (2021) explored the HDPE barrier’s
ability to mitigate flow fields and its comprehensive
role in wind-sand defense using similar testing
techniques.

Research from around the globe highlights the
protective merits of sand barriers (Wang et al. 2018;
Rosenbrand et al. 2022; McClure et al. 2017). These
studies emphasize the role of geometry, opening size,
and notably, porosity, in determining a barrier’s
aerodynamic and morphodynamic properties. Indeed,
porosity emerges as the pivotal factor for effective
protection (Li et al. 2015; Li et al. 2023). For instance,
wind tunnel experiments by Yu et al. (2012) revealed
that barriers with porosities of 36% to 56% are most
adept at combating wind-sand flow. Lima et al. (2020)
further corroborated this through
simulations, noting that when porosity hits 40%, the
barrier’s vortex flow diminishes, bolstering its
protective range. Similarly, Dong et al. (2006)
identified a porosity range of 30%-60% as optimal for
shielding. Drawing from these insights, barriers with
porosities between 40% and 60% are deemed most
effective. Consequently, our analysis focuses on a
barrier with a 50% porosity.

Research into wind-sand disaster protection
primarily centers on how variations in wind speed,
airflow characteristics, and wind-sand blocking
capabilities affect sand barriers’ benefits, especially
when the airflow is directly perpendicular to these
barriers (Sun et al. 2017). Yet, there’s an overlooked
area regarding the efficacy of sand barriers under
different wind angles. In practical settings, elements
like topography and constructional design influence
the wind-sand flow direction. Moreover, with railroads
often having curved layouts, sand barriers, which are
usually parallel to them, continuously face varying
angles with the wind-sand flow. Notably, the Golmud—
Korla Railway is heavily impacted by wind-sand
disasters (Cui et al. 2018; Liang et al. 2018) and
presents these challenges. Thus, a comprehensive
study on the protection offered by sand barriers
around the Golmud—Korla Railway across multiple

numerical
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wind directions is crucial.

This research investigates the effects of varying
wind directions on wind-sand flow, centering on the
Golmud—Korla Through  numerical
simulations, this paper evaluates the efficacy and
mechanisms of the HDPE sheet sand barrier at
different wind angles.

Railway.

2 Study Area

The study centers on the Gobi terrain near
Mangya Lake within the Qinghai stretch of the
Golmud-Korla Railway. This region is characterized
by its dominant Gobi landform and a rich deposit of
surface sand. Strong winds often stir these sand
particles, forming wind-sand flows that jeopardize the
railway’s integrity. As depicted in Fig. 1(a), data from
May 2019 to May 2020 provides insight into wind
patterns. It indicates that the primary wind directions,
namely WNW, NW, and W, account for 59.7% of the
annual Sand-driving wind. Conversely, secondary
wind directions, WSW and NNW, represent 17.1%. Fig.
1(b) uses Fryberger and Dean's (1979) formula to
showcase the annual sand drift potential (DP), which
stands at 223.56 VU, placing it in a medium wind
energy category. Of this, WNW, NW, and W contribute
to a potential of 196.24 VU, or 87.8% of the total.
Further, the annual sand resultant drift potential (RDP)
measures 186.93 VU, with the sand resultant drift
direction (RDD) of 122.68°. The rate of change in
sediment transport potential direction, RDP/DP,
equals 0.836, signaling a single-peak wind condition.
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3 Research Method and Validation

3.1 Computational model

3.1.1 Mathematical model

In this study, we utilize a three-dimensional
steady-state Reynolds-averaged Navier-Stokes (RANS)
model, based on the finite volume method, for our
simulations. The timescale for sand transport
significantly = surpasses that for turbulence
characteristics. This difference justifies neglecting non-
constant flow, making the RANS method ideal for
modeling wind-sand two-phase flow. We've
incorporated the SST k-w turbulence model, proven
effective in numerical simulations of solid sand barriers
and blunt body aerodynamics (Bruno et al. 2015).

The control equation is presented as:
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where V; and 7] is the average velocity component, 71
and V] is the pulse velocity component, X; and X is the

b)

DP=223.56VU
RDP=186.93VU
RDD=122.68°
RDP/DP=0.836
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Fig. 1 a) Rose diagram of wind speed and wind direction of sand-driving; b) Rose diagram of annual sand drift potential.
DP means sand drift potential, RDP means sand resultant drift potential, RDD means sand resultant drift direction.
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i and j direction along the x axis, u is the kinematic
viscosity of air, u=k/w is the turbulent kinematic
viscosity, P is the average pressure, p is the density of
air, K is the turbulent kinetic energy, o is the specific
dissipation rate, P, is the turbulent kinetic energy
generation term due to the mean velocity gradient. The
kinetic energy generation term P, is simulated by
introducing a limiter to prevent turbulence in the
stagnation region.

v, + ;i (5)

P = min(Py, 108" k w), p
fMex, ox, ex,

The constants 8*, oy, g, Cy1 and C,,, as well as
the hybrid function F1, follow the specifications set by
Horvat et al. (2021). To precisely gauge the effect of
aerodynamic roughness on the wind velocity profile,
the SST k- model was enhanced with a sand
roughness wall function tailored to the near-wall
surface.

In our numerical simulation, factors like
temperature and velocity primarily influence fluid
compressibility. Given the assumptions of a 20°C
temperature and a peak wind speed of 20 m/s, we
obtain a Mach number under 0.3. Using these criteria
and drawing on Nagata et al. (2016), we regard the
fluid as incompressible. The movement of wind and
sand exemplifies gas-solid two-phase flow. Adopting
the Eulerian-Eule rian methodology, both phases — gas
and sand — are treated as continuous media through
the Eulerian approach. The pertinent equations are
outlined below:

0
gas phase: 7 (@) +V (PP, V) (6)
==, Vp+V -1, + 1, +0,0.8
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0
solid phase: 7 @V )+V-(@pVV,) )
= pVp-Vp +V-1+f +opg

where ¢, and p, is the gas phase volume fraction and
density, ¢, and p; is the solid phase volume fraction
and density, and ¢, +¢; =1, p is the two-phase
shared pressure, P, is the solid phase pressure, g is the
acceleration due to gravity, f;, is the force between the
two phases, v, and v, is the velocity of the gas and solid
phases, 7, andz; is the stress-strain tensor for gas and
solid phases.

The three-dimensional model is illustrated in Fig. 2,
with the coordinate origin positioned at the lower wall
surface’s entrance. Constructed from HDPE sheet, the
sand barrier height (H) of 1.5 m, a thickness of 2 mm,
and a porosity of 50%, indicating that half the barrier’s
area is void. These voids are sized at 12 cm x 4 cm each.
The sand barrier interacts with the wind-sand flow at
angles (a) of 30°, 45°, 60°, and 90°, which are close to
the actual wind conditions. Determining the
appropriate size for the computational domain is a
pivotal aspect of the modeling process, as emphasized
by Bradley et al. (1983). A domain that’s too narrow an
area may result in underdeveloped airflow, affecting
the accuracy of results. On the other hand, an
excessively large domain increases mesh numbers,
leading to computational inefficiencies. After careful
consideration, especially concerning boundary
conditions, we set the computational domain
dimensions to 100H x 10H x 20H. Through
methodical trial calculations, we also defined a 40H
distance between the center of the sand barriers and
the watershed inlet.

Fig. 2 presents the boundary conditions for the

Symmetry(Sides)

- Symmetry(Top)
7 20H
Vclocity-i{n]>ct 77 Outflow ~
H
Upwind ground Downwind ground

(No slip)

(No slip)
10H

40H

60H

Fig. 2 Schematic of 3D model of HDPE sheet sand barrier.
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computational domain. The domain’s left side is a
Velocity-inlet, and the right is an Outflow. The front,
back, and top are labeled as Symmetry. The bottom
wall and the sand barricade surface are both termed
Wall, as elaborated in Table 1. Logarithmic winds
define the inlet, leading to the subsequent velocity
profile:

V@)= ®)

K 1z,
where V;(2) is the velocity at height z above the ground
surface, ug is the frictional wind speed, K is the von
Karmén coefficient, taken as K = 0.4, zo is the
aerodynamic roughness length, take zo= 0.003 m
(Zhang et al. 2021).

Table 1 Boundary condition setting the table

Setting Boundary condition

o s u, =z
Velocity-inlet Vo(2) = X lnz—

0

a
Outflow — =
S5 UV W, ke) =0
v, oV,
Symmetry Ve =V, =0,5,=5,=0
Wall No slip, fixed boundary

3.1.2 Numerical method

For optimal mesh quality, we employed the
Tetrahedrons method within Workbench Mesh for our
model’s unstructured meshing. This is evident in Fig.
3(a), which showcases the mesh across the entire
computational domain. A close look at Fig. 3(b) reveals
that we enhanced computational accuracy by
meticulously refining the mesh near the sand barriers.
It was essential to maintain the boundary layer height
vertically to guarantee an adequate grid resolution,
thereby effectively tackling the flow variable gradient
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issue (Blocken et al. 2007). The grid adheres to the wall
surface’s functional criteria, represented as 30 < n* =
nyuy/u < 200, where 71, denotes the height of the
boundary layer grid, and n, is the midpoint height of
that layer. The bottom wall was structured with 10
boundary layers, expanding at a rate of 1.2. Grid
quantities differ depending on the sand barriers used
and the size of the computational domain. For instance,
a 90° wind angle model encompasses roughly 2.8x10°
grids, whereas a 30° model houses about 4.5x106 grids.
All other models fall within this grid count range and
maintain a tilt rate below 0.7, indicative of the grid’s
superior quality, meeting the numerical simulation
criteria.

Our model uses a three-dimensional pressure
solver for accuracy. To further improve precision, a
double-precision calculation method is employed.
Given the trade-off between hardware capabilities and
desired accuracy, we chose the Simple algorithm,
which is renowned for its precision (Wang et al. 2018).
For areas near the wall, Standard Wall Functions are
utilized to ensure accurate results. When computing
solutions, the second-order windward format is chosen
for the discrete convection term, while the center-
difference format is used for the discrete diffusion term.
Iterations proceed in o0.1s intervals, targeting a
convergence residual of 1075,

3.1.3 Incoming winds and sand characteristics

For this simulation, we calibrated our parameters
based on the Golmud—Korla Railway’s observed
incoming wind speeds. At 10 m from the sand inflow
inlet’s surface, we established incoming wind speeds of
8, 12, 16, and 20 m/s. These speeds correspond to drag
wind speeds ug at the inlet of 0.46, 0.56, 0.65, and 0.75
m/s, respectively. Importantly, these values exceed the
critical drag wind speeds ug required to cause erosion
for the range of sand particle diameters de [0.063, 1.2]
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Fig. 3 (a) Overall computational domain grid; (b) Localized regional grid around sand barriers.
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mm (Kok et al. 2012).

In our wind-sand flow simulation, the parameters
are set as follows: a sand particle size d=0.1 mm; sand
density p,=2650 kg/m3; sand phase volume fraction of
0.01; air density p, =1.225 kg/ms3; and aerodynamic
viscosity 4=1.7894x105 Pa-s.

3.1.4 Data processing

Windproof efficiency, as outlined by Zhang et al.
(2022), measures how much wind speed decreases
after flows through a sand barrier. Evaluating this
efficiency reveals changes in wind speed around these
sand barriers. The calculation for this efficiency is
based on the formula:

. =[1-V—)§ij100% ()
V)Q

where ¢y, is the windproof efficiency of the HDPE

sheet sand barrier, Vy, is the wind speed at the

downwind ground (X, Z) point after the airflow passes

through the sand barrier, V'y, is the horizontal wind

speed when the airflow is not disturbed.

3.2 Validation

3.2.1 Wind tunnel test design

A wind tunnel test took place at the Gansu Institute
of Desertification Research, specifically in the key
laboratory specializing in desertification and wind-
sand disaster mitigation. The wind tunnel, measuring

a)

Sand bed Gravel bed
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16 m in length, boasts a cross-sectional area of 1.2
mx1.2 m and a boundary layer 0.5 m thick. During the
experiment, wind speeds were adjusted to 8, 12, 16,
and 20 m/s, with angles of 45° and 90° tested between
the airflow and sand barrier placement. The sand
barrier model, featuring a 50% porosity, had
dimensions of 1.1 mx0.002 mx0.15 m. A visual layout
can be seen in Fig. 4. The scale between the wind
tunnel and the numerical simulation was set at 1:10.
Given the wind tunnel's blockage ratio stood at 5.7%, it
satisfied geometric similarity standards (Wu et al.
2013).

To ensure that both the numerical simulation and
the wind tunnel test are based on the same initial
boundary conditions, this study compared their wind
speed profiles at the entrance, as illustrated in Fig. 5.
The data from both sources aligns well, following the
logarithmic motion law without significant variations
in the wind speed gradient patterns, thus satisfying the
motion similarity (Zhang et al. 2023). In the wind
tunnel test, we selected four inlet wind speeds. The
Reynolds number, represented by Re = pvL/u (with Re
for the flow Reynolds number, p for air density, v for
the flow's characteristic velocity, L as the characteristic
length, and u as the kinematic viscosity), spans from
8.26x105 to 2.06x10°. Importantly, once the Reynolds
number surpasses 105, the behavior of the fluid
becomes stable despite any additional increase in the
Reynolds number, denoting the attainment of kinetic

similarity (White 1996; Zhang et al. 2020).
Consequently, this wind
HDPE sheet sand barrier tunnel test meets the

standards of geometrical,

Velocity-inlet

kinematic, and dynamic
similarity in line with the
established similarity
principle (Raffaele et al.

2021).

Fig. 4 Wind tunnel test layout: a) sketch of wind tunnel test layout; b) layout when the
angle between the airflow and the sand barrier is 45°; ¢) layout when the angle between

the airflow and the sand barrier is 90°.

3.2.2 Validation of

results

During the experiment,
this study used a Bitot tube
to measure the wind speed
around the sand barriers,
collecting data at a 2 Hz
frequency over a span of 60
s. We focused on
contrasting the results of
the wind tunnel test and the
numerical simulation,
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particularly for conditions with a wind speed of 12 m/s simulations, yet on the whole, the datasets are
and an angle of 45°. The outcomes of this comparison remarkably aligned. This alignment attests to the
are depicted in Fig. 6. The figure illustrates that the accuracy of the numerical simulation in replicating
horizontal wind speeds from both methods display a real-world airflow conditions, validating the flow field
consistent trend. There are slight discrepancies settings used in the simulation.

between certain wind tunnel results and numerical

1.8 - - - 1.8 1.8
a Numberical simulation :
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1.5¢ 15F 1.5+
1.2¢ 1.2F 1.2}
= = =
E 0.9 E 0.9F Eo_g,
0.6F 0.6 0.6F
0.3r 0.3F 03}
0 i i i H 0.0— L L L L 0.0~ L L L H 0.0 i L L L
07 08 09 10 1.1 12 07 0.8 09 1.0 1.1 12 07 08 09 1.0 1.1 1.2 07 0.8 09 1.0 1.1 12
44 Viv, ViV, 48

n
Fig. 5 Comparison of wind tunnel test data and numerically simulated wind speed contours at the entrance (Hn
represents the sand barrier heights H and H1 in the numerical simulation and wind tunnel test, respectively, and Va
represents the velocity V and V1 at the height of the sand barrier in the numerical simulation and wind tunnel test,
respectively.): a) 8 m/s; b) 12 m/s; ¢) 16 m/s; d) 20 m/s.
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Fig. 6 Comparison of the results of wind tunnel test and numerical simulation: a) Vo=12 m/s, Z/H=0.2; b) Vo=12 m/s,
Z/H=0.9; ¢) a=45°, Z/H=0.2; d) a=45°, Z/H=0.9 (Vs is the incoming wind speed at the Velocity-inlet, Vx is the velocity
at height h above the ground surface.)
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4 Simulation Results and Discussion

4.1 Structural characteristics of the flow field

4.1.1 Variations in flow field with incoming
wind speeds

In order to understand the airflow patterns
around the sand barrier, we examined the flow field at
the Y = 7.5 m section of the computational profile. This
examination provides insights into the airflow changes
with different wind speeds and directions.

Fig. 7 depicts the velocity flow field around sand
barriers when subjected to different wind speeds at a
30° angle with the airflow. This illustration
demonstrates a remarkable consistency in the flow
field’s characteristics regardless of the wind speed. Yet,
variations are evident in the defined partitions. As the
wind-sand flow approaches the barriers, it encounters
resistance, creating a low-speed zone—Area A—on the
windward side. Upon contact with the barriers, a
segment of the airflow rises due to this obstruction,

generating a high-speed zone, Area B, over the barriers.

In contrast, the residual flow navigates through the
barrier pores, establishing a low-speed zone, Area C,
on the leeward side. Continuing on the leeward side,
the airflow’s speed gradually recovers, transitioning
into Area D: the dissipation recovery zone. The airflow
pattern around the sand barriers mirrors findings by
Chen et al. (2019) and Ding et al. (2021). Past this D
zone, the airflow proceeds unhindered, reverting to its
uninfluenced state. Evaluating the airflow distribution
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S
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on the leeward side across varying wind speeds, it
becomes apparent that an uptick in speed shifts the
stabilization point—marked by a red dot—further from
the barriers. This trend underscores that greater wind
speeds yield broader partitioned regions.

4.1.2 Variations in flow field with wind angles

At an incoming wind speed of 12 m/s, variations
in the velocity flow field around the sand barriers
emerge based on different wind angles, as depicted in
Fig. 8. As the angle between the airflow and the sand
barrier widens, there’s a marked reduction in airflow
velocity within the same area. Particularly at 60° and
90° angles, the velocity in Zone C, the low-speed
section on the leeward side of the barrier, decreases
considerably. This decrease is a result of the notable
difference in velocity between the high-speed Zone B
and low-speed Zone C, both located on the barrier’s
leeward side. This difference creates a reverse pressure
gradient, culminating in the establishment of a low-
speed recirculation zone, highlighted by the
negatively-valued red region. At a direct 90° angle to
the barriers, this zone becomes broader and slower.
Zhang et al. (2023) conducted research on the flow
field around embankments under different wind
angles. They found that at this 90° angle, the low-speed
region on the leeward side becomes more expansive, a
result consistent with our observations. In summation,
as the angle between the airflow and the barriers
increases, the partitioning characteristics of the airflow
grow more pronounced, amplifying the dynamics
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B
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Fig. 7 Velocity flow field cloud diagram around the HDPE sheet sand barrier at different incoming wind speeds when the
angle between the airflow and the sand barrier is 30°: a) 8 m/s; b) 12 m/s; ¢) 16 m/s; d) 20 m/s (A is the windward side low-
speed zone, B is the high-speed zone, C is the leeward side low-speed zone, and D is the dissipation recovery zone.)
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Fig. 8 Velocity flow field cloud diagrams around the HDPE sheet sand barrier at different wind angles when the

incoming wind speed is 12 m/s: a) 30°; b) 45°; ¢) 60°; d) 90°.

between the high and low-speed zones on the barrier’s
leeward side. In a related study, Sun et al. (2023)
assessed the wind protection of mechanical sand
barriers fitted with porous sand-fixing bricks, using
wind tunnel tests. They highlighted the wind pressure
sensitivity on sand barriers due to changes in wind
angle. The most significant drop in wind speed on the
barriers' leeward side occurred when the wind directly
faced the barriers. This observation aligns with our
findings, underscoring the optimal protective capacity
of the sand barriers at a 90° wind direction.

4.1.3 Airflow trajectories with different wind
angles

Using the three-dimensional trajectory map in Fig.

9, we provide a detailed representation of the airflow
patterns around sand barriers at different wind angles.
The map distinctly shows the variations in airflow
trajectories at a height range of H above the ground. At
a 30° angle between the airflow and the barriers,
there’s a noticeable lateral trajectory on the leeward
side. When the angle between the airflow and the sand
barrier is 90°, the lateral motion trajectory of the
airflow completely disappears. Horvat et al. (2021)
found that larger wind angles yield broader sand
sedimentation areas near tracks. This corroborates our
observation that the most significant airflow
attenuation around the sand barrier arises at a direct
90° wind angle. This attenuation results from the
reduced lateral motion of the airflow at this 90° wind
angle, which in turn lessens its interaction with the
barriers' opposing movement.
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Fig. 9 Trace plot of airflow trajectories around the HDPE
sheet sand barrier at different wind angles: a) 30°; b) 45°;
¢) 60°; d) 90°.

4.2 Characteristics of wind speed variations

4.2.1 Effects of incoming wind speeds on
horizontal wind speed

In this study, the variations in horizontal wind
speed around sand barriers at heights of z=0.1, 0.3, 0.5,
0.8, 1.5, and 2.0 m above the ground is examined. Fig.
10 presents the changes in horizontal wind speed
around the sand barriers at different elevations when
the angle between the airflow and the barriers is 30°.
These patterns of horizontal wind speed consistently
manifest across varying incoming wind speeds. At
lower heights (z = 0.1, 0.3, 0.5, 0.8 m), the wind speed
on the downwind side displays a “v” shaped pattern.



This “v” shape becomes more pronounced closer to the
ground, indicating a significant decline in wind speed
once the airflow bypasses the sand barrier, with an
even sharper decrease near the surface. These
observations align with those of Zhang et al. (2020).
Interestingly, the wind speed trends at heights of 1.5
and 2 m deviate from the aforementioned patterns.
Before the sand barrier, there’s a modest dip in speed,
but there’s a noticeable surge in speed just above the
barrier. This increase is attributed to part of the airflow
being directed upwards over the barrier, leading to an
acceleration. This phenomenon is in line with the
findings described in Section 4.1. Overall, starting from
the 10H point downwind, the horizontal wind speed
approaches stability. Simultaneously, the Vi/V, value
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for each graph at this location gradually increases.

4.2.2 Effects of wind angles on horizontal wind
speed

Fig. 11 illustrates the horizontal wind speed
distribution around sand barriers at various wind
angles, given an incoming speed of 12 m/s. Examining
this figure, one observes a uniform pattern of wind
speed changes at the barrier’s lower elevations,
specifically at z=0.1, 0.3, 0.5, and 0.8 m. To illustrate
this point, z=0.5 m is chosen for detailed analysis. As
wind angles change, significant variations appear in
the speed distribution. There’s an evident escalation in
wind speed attenuation with the increase in angle
magnitude. To put this into perspective, wind speeds

1 1
-20 -10 0 10 20 30
X'H

Fig. 10 Horizontal wind speed distribution patterns around the sand barriers at different wind speeds when the angle
between the airflow and the sand barriers is 30°: a) 8 m/s; b) 12 m/s; ¢) 16 m/s; d) 20 m/s. (On the graph, the windward
side of the sand barriers is located to the left of horizontal coordinate 0, while the downwind side is to the right).
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Fig. 11 Horizontal wind speed distribution patterns around the sand barriers at different wind angles when the incoming

wind speed is 12 m/s: a) 30°; b) 45°; ¢) 60°; d) 90°.

547



J. Mt. Sci. (2024) 21(2): 538-554

decrease by roughly 40%, 48%, 62%, and 81% at angles
of 30° 45° 60° and 90°, respectively. This data
suggests that the wind speed reduction at 90° is almost
twice as profound as at 30°. Moreover, Fig. 11
highlights that as the angle becomes more acute,
there’s a broadening in the region where wind speed
diminishes. At the aforementioned angles, the most
significant reductions are recorded at distances of 2.7H,
3.6H, 4.4H, and 5.1H downwind from the barriers,
respectively.

4.2.3 Wind speed profile changes with

incoming wind speeds

Wind speed profiles illustrate the variation in
speed with respect to height, as highlighted by Bauer et
al. (2004). In order to elucidate the wind speed profiles
at various locations within the basin, this study
examines points both upwind and downwind of the
sand barriers. We have chosen locations 5H (P1) and
2H (P2) upwind, as well as 1H (P3), 2H (P4), 5H (P5),

8H (P6), 10H (P7), and 15H (P8) downwind for
detailed scrutiny. In our evaluation, we treat both Z
and Vi as dimensionless. The horizontal coordinate is
the ratio of velocity Vi to Vu for each site, whereas the
vertical coordinate stems from the ratio of coordinate
Zto the height H of the sand barrier. It should be noted
that Vi encompasses velocities Vx in the X axis and Vz
in the Z axis. Meanwhile, Vu signifies the velocity
observed at height H from the ground level.

Fig. 12 displays the wind speed profile around the
sand barrier when the angle between the airflow and
the barrier is set at 30°. It differentiates wind speeds in
both X and Z directions: Vx: to Vx4 and Vzi to Vz,
corresponding to incoming wind speeds of 8, 12, 16,
and 20 m/s. This figure reveals a regular alteration in
the wind speed profile near the sand barriers.
Observations from positions P1 and P2 show
contrasting behaviors. At P1, the Vz/Vu ratio stays
consistent vertically. However, at P2, this ratio
becomes positive near a height of 1H, maintaining a
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Fig. 12 Wind speed profiles around the sand barriers (P1-P8) at different incoming wind speeds when the angle between

the airflow and the sand barriers is 30°.
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steady rate of change across varying wind speeds. For
the P3 and P4 points, the Vx/Vu showcases a
segmented logarithmic growth, reaching up to the
height H. Beneath this level, Vx/Vu increases with wind
speed; above, it decreases. At further distances from
the sand barriers, specifically between P5 and P8,
there’s a noticeable uptick in the slope of the Vx/Vu
curve under the 2H mark, indicating a return to the
logarithmic pattern for Vx/Va. Guo et al. (2017)
investigated wind speed profiles near sand barriers of
different shapes and materials. Their research
underscores that changes in the wind speed profiles
around these barriers chiefly depend on the barriers'
plane specification and exposed height. Thus, with
rising incoming wind speed, the wind speed profiles
variation pattern near the barriers stays consistent.

4.2.4 Wind speed profile changes with wind
angles

Upon analyzing the wind speed profiles around the

J. Mt. Sci. (2024) 21(2): 538-554

sand barriers at varying incoming speeds, a consistent
trend is observed. Using the wind speed of 12 m/s as
an example (Fig. 13), the profiles labeled Vx. to Vx, and
Vzi to Vz, denote wind speeds in the X and Z directions
at airflow angles of 30°, 45°, 60°, and 90° to the sand
barriers. In Fig. 13, the Vx/Vu ratio showcases a
logarithmic trend at both the P1 and P2 positions.
Interestingly, while the Vx/Vu remains consistent for
30° and 45° angles at the P2 position compared to P1,
it reduces at 60° and 90°. This decrease highlights the
enhanced efficacy of the sand barriers in wind
resistance and sand blockage at steeper angles. At the
P2 position, the barrier restricts airflow, constricting
the flow area. As a result, some airflow is channeled
above the barrier, requiring an increased flow rate for
consistent volume. This shift creates an accelerated
airflow zone on the barrier’'s upwind side, thus
amplifying the Vz/Vu values for different wind angles.
Positions P3 and P4, situated close to and on the
downwind side of the barrier, exhibit a segmented
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Fig. 13 Wind speed profiles around the sand barriers (P1-P8) at different wind angles when the incoming wind speed is

12 m/s.
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logarithmic growth in Vx/Vu, distinguished by the
height, H. The growth pattern below H originates from
airflow through the barrier’s pores, whereas above H,
it arises from the overhead airflow. Starting from the
P5 position, the Vx/Vu pattern deviates from this
segmented trend and reverts to a standard logarithmic
one, signaling a reducing impact of the barriers. This
trend persists from positions P6 to P8, with a
consistent decline in Vx/Vu as proximity to the barriers
increases. Essentially, wind speed profiles in the X
direction on the downwind side of the sand barriers
exhibit a segmented logarithmic growth trend around
height H, regardless of wind angles. Moreover, Vx/Vu
values exhibit a negative correlation with wind angle
below this height. In a related study, Yan et al. (2019)
investigated wind speed profiles on open-air roadways
under varying wind angles. Their findings underscored
the significant influence of wind direction angle on
wind speed profiles. As this angle widens, airflow
velocity on the roadway's downwind side decreases
more rapidly, aligning with our observations.

4.3 Windproof efficiency

In order to explore the influence of sand barriers
on airflow, we evaluated the windproof efficiency
downstream of the barriers at specific distances: 1H,
2H, 5H, 10H, and 20H. At each distance, we
considered six distinct heights from the ground—o.1,
0.2, 0.3, 0.5, 0.8, and 1.5 m—to determine the
efficiency. Subsequently, the average efficiency from
these heights established the windproof efficiency for
the respective distance.

Fig. 14 depicts the windproof efficiency of the sand
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Fig. 14 Windproof efficiency (¢«) around sand barriers at

barrier under different wind speeds with an airflow
angle of 30°. The data reveals that at wind speeds of 8,
12, 16, and 20 m/s, the sand barriers exhibit peak
efficiencies of 38.6%, 37.1%, 36.2%, and 35.3%,
respectively. Interestingly, the highest efficiency
consistently appears at the 2H position downwind
from the barriers. The data also indicates a trend: with
increasing wind speed, the barrier’s windproof
efficiency  marginally  decreases.  Additionally,
efficiencies at positions 1H, 2H, and 5H are
considerably higher than those at 10H and 20H.
Therefore, with a 30° airflow angle relative to the sand
barrier, its primary protective range lies between 0 and
5H.

Fig. 15 depicts the windproof efficiency of sand
barriers at various wind angles with a consistent
incoming wind speed of 12 m/s. Specifically, at an
airflow angle of 30° to the sand barrier, the highest
efficiency peaks at 37.1% at the 2H downwind position.
In contrast, at angles of 45°, 60°, and 90°, the top
efficiencies are 43.6%, 60.5%, and 76.2%, respectively,
all found at the 5sH downwind position. This trend
indicates that a larger airflow angle correlates with
increased windproof efficiency. Furthermore, the data
illustrates a notable efficiency trajectory on the
downwind side of the barriers: it increases initially
with distance, then tapers off.

4.4 Sedimentation-erosion characteristics
4.4.1 Sedimentation-erosion patterns with
incoming wind speeds

The sedimentation and erosion patterns of sand
near barriers depend largely on the local shear stress
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Fig. 15 Windproof efficiency (¢x.) around sand barriers at

different incoming wind speeds when the angle between different wind angles when the incoming wind speed is 12

the airflow and the sand barriers is 30°.
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on the surface and the sand’s critical shear stress. This
study introduces dimensionless ratios 7* and t* =

|‘:_X|I‘L'L| as outlined by Horvat et al. (2022). Specifically,
xl tt

pertains to the local shear stress on the surface, and 7,
to that in the X-direction. The sand particles’ critical

shear stress is represented by 7, . In our simulations,

with a sand particle diameter of d=0.1 mm, 7, is
equated to 0.045 Pa (Raffaele et al. 2016). Within this
framework, t* = +1 sets the erosion threshold.
Defined conditions include: 7* > 1 signaling the
forward erosion zone; —1 < 7* < 1 designating the
sedimentation zone; and 7* < —1 indicating the
backward erosion zone as detailed by Bruno et al.
(2018). The precise location where sedimentation and
erosion intersect is labeled the sedimentation point.

Fig. 16(a) depicts how varying wind speeds impact
the sand sedimentation and erosion around a sand
barrier, especially when the airflow’s angle with the
barrier is 30°. The labels 1# to 4# in this figure
correspond to the characteristic curves for wind speeds
of 8, 12, 16, and 20 m/s, respectively. A consistent
pattern emerges across these curves; for instance, the
1# and 2# curves follow a sequence: forward erosion,
sedimentation, then forward erosion again. However,
the 3# and 4# curves show only forward erosion. Fig.
16(b) delves into the specifics of sedimentation and
erosion distances of sand particles near the barriers at
these wind speeds, again at a 30° angle. At a wind
speed of 8 m/s, the sand starts eroding on the upwind
side of the barriers and begins sedimenting at 0.14H on
the downwind side, lasting until 28.15H. Forward
erosion then reoccurs from 28.29H. At 12 m/s, erosion
occurs on the upwind side, with sedimentation
beginning at 2.28H and continuing until 1.5H. Erosion
then resumes from 3.78H. For the higher speeds of 16
and 20 m/s, the surrounding area primarily witnesses
forward erosion. Conclusively, the data points to an
relationship between wind speed and
sedimentation regions, with erosion areas expanding
as wind speeds increase.

inverse

4.4.2 Sedimentation-erosion patterns with
wind angles

Fig. 17(a) presents how sand sedimentation and
erosion vary around sand barriers at different wind

angles, given a constant incoming wind speed of 12 m/s.

In this figure, labels 5# - 8# represent the
characteristic curves for airflow-barrier angles of 30°,
45°, 60°, and 90°. Analysis of these curves underscores
a consistent trend in sand sedimentation and erosion
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Fig. 16 Sedimentation and erosion around the sand
barrier at different incoming wind speeds when the angle
between the airflow and the sand barrier is 30°: a) 7*; b)
sedimentation and erosion distance of sand particles.
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Fig. 17 Sand sedimentation and erosion around the sand
barriers at different wind angles when the incoming wind
speed is 12 m/s: a) t*; b) sedimentation and erosion
distance of sand particles.

across these angles. Curves 5# - 7# can be categorized
into three main regions: forward erosion, followed by
sedimentation, and then forward erosion again. On the
upwind side, forward erosion is dominant. Conversely,
on the downwind side, as the angle between the airflow
and barriers grows, the distance between two
sedimentation points expands: the first point is nearer
to the barriers, while the second is farther. The 8#
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curve, however, comprises four distinct phases:
forward erosion, backward erosion, sedimentation,
and another forward erosion. It indicates forward
erosion on the upwind side and backward erosion right
at the barrier. As the angle reaches 90°, the gap
between the barriers and the second sedimentation
point reaches its maximum, highlighting the most
extensive sedimentation area on the downwind side.
As the angle between the airflow and the sand barrier
widens, sedimentation on the downwind side
increasingly supersedes the forward erosion. In
essence, a broader angle leads to an expanded
sedimentation zone on the barrier’s leeward side. The
research identifies two primary reasons behind this
trend. Firstly, a sharp angle between the airflow and
the barriers reduces their ability to shield against wind
and capture sand. Secondly, the research utilized
HDPE sheet barriers with a porosity of 50%. These
aspects lead to a reduced vortex in the leeward airflow
cyclone region. Furthermore, the airflow’s reverse
shear stress doesn’t meet the critical threshold of sand
particles, inhibiting any backward erosion. Fig. 17(b)
illustrates the sedimentation and erosion distances of
sand particles around sand barriers for different wind
angles, given an incoming wind speed of 12 m/s. The
labels 5# - 8# in the figure indicate sedimentation and
erosion lengths for airflow-barrier angles of 30°, 45°,
60°, and 90°, respectively. At a 30° angle, the upwind
region experiences forward erosion. Sedimentation
begins at 2.28H on the downwind side, covering a
distance of 1.5H, before forward erosion resumes at
3.78H. For a 45° angle, the upwind area is dominated
by forward erosion. Sedimentation starts at 1.11H,
spanning 5H, with forward erosion recommencing
from 6.11H. At 60°, forward erosion is evident upwind,
while sedimentation starts at 0.29H and stretches to
9.86H, with forward erosion returning at 10.15H. At
90°, despite the initial forward erosion upwind,
sedimentation initiates at 0.11H, extends to 16.33H,
and then forward erosion takes over from 16.44H.
Conclusively, as the angle between the airflow and
barrier increases, the sedimentation distance expands,
starting nearer to the barrier and ending further away.
In their study, Horvat et al. (2021) examined
sedimentation and erosion characteristics near tracks
under varying wind angles. Their findings suggest that,
for the same incoming wind speed, smaller wind angles
result in a larger erosion area near the track. Put simply,
as the wind angle increases, the sedimentation area
around the sand barriers also increases.
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5 Conclusion

In our study in the Golmud—Korla Railway region,
we employed numerical simulation to assess the
efficacy of the HDPE sheet sand barrier under different
wind angles. Our key findings are outlined below:

At a wind speed of 12 m/s, the maximum
reductions in wind speed at angles of 30°, 45°, 60°, and
90° between the airflow and the sand barrier are about
40%, 48%, 62%, and 81%, respectively. Notably, as this
angle widens, the airflow slows down more, and the
downwind low-velocity zone expands.

At angles of 30°, 45° 60°, and 90° between the
airflow and the sand barriers, the windproof efficiency
peaks at 37.1%, 43.6%, 60.5%, and 76.2%, respectively.
The efficiency escalates with a broader angle.
Additionally, on the downwind side, the efficiency first
increases with distance from the barriers and
subsequently diminishes. When the incoming wind
speed remains constant, sand barriers positioned at a
90° angle to the airflow offer the most effective wind
protection.

Around the sand barriers, patterns of forward
erosion and sedimentation change with varying wind
angles. When wind speeds reach 12 m/s, and the angles
between the airflow and sand barriers vary (30°, 45°,
60°, 90°), the sedimentation area lengthens
correspondingly: 1.5H at 30°, 5.0H at 45°, 9.9H at 45°,
and 16.3H at 90°. This pattern indicates that as the
angle widens, the sedimentation area increases in
length, gradually giving way to the forward erosion
area. In essence, a greater angle between airflow and
sand barriers extends sand sedimentation ranges,
augments sand sedimentation quantities, and bolsters
the protective effectiveness of the barriers.
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