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The accumulation of sand induced by wind poses a significant challenge
to the safety and maintenance of railways in arid and desert regions.
Accurate calculation and prediction of sand accumulation are crucial for
ensuring continuous railway operation. This research is centered on the region
significantly impacted by sand accumulation along the Ganquan Railway. Wind
speed, wind direction, and sand carrying capacity data near this section were
monitored. Using the collected wind speed, wind direction, and wind-sand flow
density data, numerical simulations were conducted using the Computational
Fluid Dynamics (CFD) method to predict the amount of sand accumulation
within the sand mitigation measures of the Ganquan Railway. Monitoring
results indicate that the dominant wind direction in spring and summer is
due west, while in autumn and winter it is southwest, with an average wind
speed of 12 m/s. A positive correlation was observed between wind-sand flow
density and wind speed. The wind-sand flow density above 2 m was nearly
zero, indicating that the wind-sand flow structure is concentrated within 2 m
from the ground, with an average wind-sand flow density of 3.50×10−5 kg/m3.
Through numerical simulation, the characteristics of the wind field and sand
accumulation distribution within the calculation domain were determined. A
relationship equation between sand accumulation mass and width over time
was derived. Initially, the sand accumulation width increases uniformly and then
stabilizes, while the sand accumulation mass rises uniformly to a plateau before
in-creasing rapidly. From these findings, the optimal period for sand removal
was identified as between 350 and 450 days after the sand mitigation measures
are put into operation.

KEYWORDS

windblown sand, environmental monitoring, Euler two-phase flow model, sand
accumulation calculation, railway infrastructures

1 Introduction

With the global climate warming, there has been an increase in drought phenomena,
thereby exacerbating the problem of land desertification. In arid and semi-arid regions,

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2024.1443030
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2024.1443030&domain=pdf&date_stamp=2024-07-15
mailto:ttma@whrsm.ac.cn
mailto:ttma@whrsm.ac.cn
https://doi.org/10.3389/feart.2024.1443030
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2024.1443030/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1443030/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1443030/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1443030/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1443030/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Huang et al. 10.3389/feart.2024.1443030

large-scale high-speed railway construction projects are already
underway or planned. In such areas, the wind-induced
accumulation of sand is one of the specific key design challenges
threatening safety and affecting serviceability and maintenance
of railways in such regions (Bruno et al., 2018b). The Ganquan
Railway starts from Wanshuiquan South Station in Baotou City,
Inner Mongolia Autonomous Region, and ends at the Chinese
border port of Ganqimaodu in the north. The total length of the
line is 354.8 km, and it belongs to the Class I electrified heavy-duty
railway of China Railway. It is an international energy corridor
jointly developed by the National Energy Group for the coal
resources in the Tabentaulegai mining area of South Gobi Province,
Mongolia, and shoulders the function of an international logistics
node on the China Mongolia border. Due to the Ganquan Railway
being located in a semi-arid grassland with arid climate and sparse
precipitation, the winter is cold and long, with sparse rainfall and
sparse vegetation. The climate is dry and windy with sand, and the
scope of sand erosion and accumulation damage is expanding year
by year (An et al., 2018). Sand accumulates on the slopes adjacent
to the railway embankment, at the foot of the slopes, and in the
cutting sections, compromising the safety of train operations. In
severe cases, sand accumulation can halt train operations entirely,
resulting in rescue costs (Zhang et al., 2022b). Addressing these
challenges necessitates the implementation of comprehensive sand
mitigation measures tailored to the specific characteristics of wind
and sand flows in the region. Furthermore, understanding the
patterns of sand accumulation and accurately predicting the timing
for necessary sand removal are essential for ensuring uninterrupted
railway operations.

In recent years, sand mitigation measures have been
continuously improved. Based on the wind and sand environment of
transportation routes, different sand mitigation measures have been
developed according to local conditions (Watson, 1985; Bruno et al.,
2018a; Luo et al., 2023; Ahmadzadeh et al., 2024; Miao et al., 2024;
Ren et al., 2024). For areas with arid climates and abundant sand
sources, plant sand control systems are difficult to implement.
Therefore,mechanical sandmitigationmeasures are oftenused, such
as vertical sand barriers, grid shaped sand barriers, etc. (Xin et al.,
2021). But as time goes by, the amount of sand accumulation
near the high vertical sand barrier gradually increases, and its
windbreak and sand fixation effect will gradually decrease, and sand
burial phenomenon will also occur synchronously inside the sand
mitigation measures (Raffaele et al., 2022). Therefore, it is necessary
to develop a reasonable plan for the cleaning and maintenance of
railway sand mitigation measures, reduce maintenance costs, and
extend the service life of sand mitigation measures while ensuring
the stable and effective operation of the sand mitigation measures.

The methods for simulating the sand accumulation and
distribution characteristics around mechanical sand mitigation
measures include wind tunnel model experiments (Dong et al.,
2011; Zhang et al., 2015; Luca et al., 2018; Raffaele et al., 2021;
Sherzad and Goossens, 2022; Xin et al., 2023) and computational
fluid dynamics (Andrea Lo et al., 2019; Horvat et al., 2020;
Lo Giudice and Preziosi, 2020; Zhang et al., 2022a; Horvat et al.,
2022). The former is based on wind tunnel model experiments,
combined with imaging technology, which can to some extent
describe the collision mechanics process of sand particles and
obtain the distribution of accumulated sand around mechanical

sand mitigation measures. However, due to the fact that the static
wind in the wind tunnel fails to reflect the influence of wind sand
two-phase flow, as well as the similarity between sand particles
and sand mitigation measures, the applicability of wind tunnel
model tests has also been widely questioned. Computational Fluid
Dynamics (CFD), based on fluid mechanics theory, can establish
a 1:1 on-site model on a computer and combine visualization
methods to optimize the parameters of mechanical sand control
structures. CFD technology has become an important means to
solve the response law of sand control structures to wind sand
two-phase flow (Lima et al., 2020).

CFD provides detailed insights into complex fluid-particle
dynamics that are challenging to capture through experimental
methods alone. CFD simulations allow for the analysis of various
parameters, including wind speed, direction, and turbulence, as well
as particle size and distribution, which are critical for understanding
sand transport mechanisms. Andrea Lo et al., 2019 provided
an extensive overview of mathematical models for wind-blown
particulate transport based onCFDmethods. Researchers have used
CFD to model sand transport over dunes, erosion processes, and
the effectiveness of various sand mitigation structures (Lo Giudice
and Preziosi, 2020; Zhang et al., 2022a; Horvat et al., 2022). These
studies have demonstrated the capability of CFD to provide accurate
predictions of sand movement and deposition patterns under
different environmental conditions. However, current research has
mainly focused on numerical experiments on the motion laws of
wind sand two-phase flow, with little involvement in the quantitative
calculation of sediment accumulation.

This study conducts research on the region significantly
impacted by sand accumulation along the Ganquan Railway.
Environmental monitoring of wind speed, direction, sediment
carrying capacity and other data near the experimental section has
been carried out for nearly a year, and the characteristics of the
wind and sand environment in this section have been mastered.
According to the test results, it is planned to set up composite sand
mitigation measures for joint use. Combined with environmental
data, CFD method was used for numerical simulation to determine
the wind-blown sand accumulation near the mechanical sand
mitigation measures over time, providing a theoretical basis for
determining the reasonable maintenance cycle of railway sand
control facilities.

2 Project profile of Ganquan railway

The area of Ganquan Railway belongs to the mid-temperate
continental arid climate, the temperature difference between day
and night is large, the rain is concentrated, and the rain is hot
at the same time. The average annual temperature is 3.5°C–7.2°C,
the average temperature in January is minus 10.3°C, the highest
extreme temperature is 38.7°C, the lowest extreme temperature is
minus 39.4°C, the average relative humidity is 46.9%, the average
temperature in July is 23.0°C. The annual average precipitation is
between 115–250 mm, mainly concentrated in June to September,
accounting for 78.9% of the annual precipitation. The average
sunshine duration is 3,098 ∼ 3,250 h, and the sunshine percentage
is 71%–73%.
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Thissection is located in themicro-hill beltof theChuanjingBasin.
The terrain presents a geomorphological form of gently undulating
round mountains and wide gentle depressions distributed alternately.
The effect of surface runoff is weak, and gullies are not developed.The
surface of the wind-deposited sand is wavy, with a few sand dunes
developed. The surface sand thickness is 0.2 ∼ 0.3 m, the sand layer
covers a large area, and the vegetation coverage rate is 30% ∼ 40%.

2.1 Sand hazard characteristics

Thesandhazard formof theGanquanRailway ismainly degraded
grassland sandhazard, characterized by sheet andpile sandburial, and
there is also a serious risk of wind and sand flow. The current sand
mitigation measures mainly use high-standing PE net sand barriers.
Field surveys show that the sand accumulation phenomenon in the
above-mentioned section of the road cut is severe, the ground on both
sides of the roadbed is sandy, small sand dunes are developed locally,
often accompanied by plants, the dune height is about 0.2 ∼ 0.5 m,
the sand thickness is 0.2 ∼ 0.4 m, and the roadbed sleeper has a burial
phenomenon, requiring multiple cleanings on site.The previously set
protective fences on both sides have very serious sand accumulation,
and some sections of the sand barrier have been almost completely
buried, causing the sand mitigation measures to fail, forming a new
source of sand, and gradually approaching the line under the action of
wind. The sand accumulation on the Ganquan Railway sand section
line causes the rail to be buried, which has seriously affected the safety
of driv-ing and is a typical Class I sand hazard.

2.2 Proposed sand mitigation measures

Figure 1 shows the layout of the proposed sand mitigation
measures for this section. On the side of the dominant wind
direction, three high-standing PE net sand barriers are set up, with
a ventilation rate of 40%.The first sand barrier is close to the foot of
the line slope, which is a 2.0 m high straight line sand barrier with
a length of 320 m; the second is a 1.5 m high zigzag sand barrier,
the zigzag near intersection is 20 m away from the roadbed, and the
zigzag far intersection is 40 m away from the roadbed, with a zigzag
angle of 90°; the third is a 1.5 m high zigzag sand barrier, the zigzag
near intersection is 80 m away from the roadbed, and the zigzag far
intersection is 100 m away from the roadbed, with a zigzag angle
of 90°. Between the second and third sand barriers, a 20 m wide
1.0 m × 1.0 m × 0.2 m reed grid is laid out. A sand cleaning channel
is set up at K297 + 380 for regular cleaning of accumulated sand.

3 Sand environment characteristics of
the test section

3.1 Arrangement of the sand area
environmental perception analyzer

As shown in Figure 2, a sand area environmental perception
analyzer is arranged at a vertical distance of 100 m from the line at
the test section K297 + 650. It monitors on-site sand environment
parameters such as wind direction, wind speed, sand flow density,

humidity, sunlight radiation, etc., and uploads the data to the online
data management system in real time.This paper focuses on the wind
speed, wind direction, and sand flow density data from 20 August
2022, to 2 July 2023, within a range of 0–4 m from the ground, to
provide basic parameters for the calculation of sand accumulation in
sand mitigation measures.

3.2 Sand environment characteristics

3.2.1 Analysis of environmental monitoring
results

Through the field observation and the existing empirical model
analysis, the sand-startingwind speed is determined to be 8 m/s, that is,
when the environmental wind speed exceeds 8 m/s, the sand particles
on the ground will roll and saltate (Kok et al., 2012). Figure 3 is a wind
speed anddirection rose diagram indifferent seasons of the test section,
where the maximum wind velocity per month is also given. The wind
speed and direction data greater than the sand-starting wind speed are
counted in the figure, and the data with wind speed less than 8 m/s are
listed as “calm wind”.The frequencies of quiet wind in spring, summer,
autumn and winter were 77.8%, 87.5%, 87.0% and 72.6%, respectively.
Among them, thedominantwinddirection in springandautumn isdue
west; the dominant wind direction in autumn and winter is southwest.
The frequencyofwind speeds greater than the sand-startingwind speed
is higher in spring and winter, at 22.2% and 27.4% respectively; the
frequency of wind speeds greater than the sand-starting wind speed is
slightly lower in summer and autumn, at 12.5% and 13% respectively.
There are a total of 69 days in the year with wind speeds greater than
the sand-startingwind speed, the averagewind speed is 12 m/s, and the
maximumwind speed occurred on 11May 2023, at 26.4 m/s.

3.2.2 Characteristics of wind-sand flow density
structure

Some monitoring data of the online wind-sand flowmonitoring
system can monitor the real-time wind speed and wind-sand flow
density at different heights in real time. Here, wind-sand flow
refers to the movement and behavior of sand particles driven by
wind forces. The wind-sand flow density is defined as the mass of
sand contained in the unit volume of air flow. The wind-sand area
environmental perception analyzer has a built-in sand collection
entrance of a specific area and is equipped with a weight sensor.
Combined with the monitored wind speed, the wind-sand flow
density at a specific height can be obtained. Due to the design
limitations of the monitoring device, we were unable to monitor the
wind-sand flow density in areas below 0.5 m. The structure of the
wind-sand flow changes exponentially with height, and the wind-
sand flow density near the ground is larger, so the actual wind-sand
flow density may be under-estimated to a certain extent. The wind-
sand flow density measured at different heights is shown in Figure 4.
This monitoring result shows the typical characteristics of the wind-
sand flow structure, that is, as the elevation increases, the wind-sand
flow density rapidly decreases, showing an exponential decay rule.
When the height from the ground is greater than 3 m, the measured
wind-sand flow density is almost 0. Observations of the material
collected in the sand collection box located at the 2 m position found
that: there are fewer sand particles in the collected solid material,
and the sand collection box is mainly composed of broken roots
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FIGURE 1
Arrangement method of sand mitigation measures.

FIGURE 2
Wind and sand zone environmental perception analysis instrument.

and seeds of sea buckthorn.Their density is much smaller compared
to sand particles, easy to be blown away by the airflow, and has a
small impact on the railway. Therefore, in numerical calculations,
we choose a height of 2 m from the ground as the distribution range
of the wind-sand flow. Through numerical averaging, the overall
average wind-sand flow density is obtained as 3.50 × 10−5 kg/m3.

4 Numerical simulation experiment of
sand accumulation in sand mitigation
measures

4.1 Euler-Euler two-phase flow model of
wind-sand flow

4.1.1 Governing equation
The process of wind blowing sand is simulated by CFD

technology using the Euler-Euler two-phase flow model. This
model treats both wind and sand particles as continuous phases

(Gidaspow, 1986). The control equations that need to be considered
during calculation mainly include the mass conservation equation
(continuity equation) and the momentum conservation equation.
For the numerical simulation of wind-sand two-phase flow, the
temperature exchange process between sand particles and air is
usually not considered, so this model does not involve the energy
conservation equation. In the Euler two-phase flow model, the
spatial occupancy rate of the sand particle phase in the calculation
domain is expressed by the volume fraction. The speed of the air
phase is small and can be regarded as an incompressible fluid,
so it satisfies the conditions for using the Navier-Stokes equation
describing viscous incompressible fluid. The general form of its
continuity equation is shown in Eq. 1 (Ferziger et al., 2020).

∂ρ
∂t
+
∂(ρui)
∂xi
= 0 (1)

where ρ is density, kg/m3; t is time, s; ui is the component of the
velocity in the i direction.

The momentum equation of the sand particle phase is
shown in Eq. 2:

∂αsusi
∂t
+ αsusi

∂usi
∂xi
= −

αs
ρs

∂p
∂xi
+ vs

∂2usi
∂xi∂xj
+ Ss (2)

where usi is the component of sand particle velocity in i direction; αs
is the volume fraction of sand particle phase; ρs is themass density of
sand particle phase; p is the pressure shared by sand particles and air;
vs is the motion viscosity coefficient of sand particle phase; Ss is the
source term, including gravity, drag force and other volume forces.

In this model, the gravity subject to the air phase is ignored, so
the momentum equation of the air phase is shown in Eq. 3:

∂αgugi
∂t
+ αgugi

∂ugi
∂xj
= −

αg
ρg

∂p
∂xi
+ vg

∂2ugi
∂xi∂xj

(3)

where ugi is the component of the air phase velocity in the i direction;
αg is the volume fraction of the air phase; ρg is the mass density of
the air phase; vg is the kinetic viscosity coefficient of the air phase.

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2024.1443030
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Huang et al. 10.3389/feart.2024.1443030

FIGURE 3
Wind speed, wind direction rose diagram for different seasons in the experimental sections: (A) Spring; (B) Summer; (C) Autumn; (D) Winter; (E)
Maximum wind velocity.
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FIGURE 4
Wind-blown sand density at different heights.

4.1.2 Turbulence model
When solving turbulent motion, the Reynolds stress term in the

Reynolds equation group is unknown, so the Reynolds equation
group is not closed, and a turbulence model needs to be used to
describe complex turbulent phenomena. The standard k-ε model
introduces two independent transport equations (turbulent kinetic
energy k and turbulent dissipation rate ε) to achieve closure of the
Reynolds stress term. It is a widely used turbulence model that
can handle various complex turbulence problems. In the Euler two-
phase flow model, ignoring the compression of the air phase and
the influence of the source term on the turbulence equation, the
corresponding Eqs 4, 5:

(1) Turbulent kinetic energy equation:

∂(φgρgkg)

∂t
+
∂(φgρgkgUgi)

∂xi
= ∂
∂xj
[(μ+

μi
σk
)
∂εg
∂xj
]+Gkg −φgεg

(4)

(2) Turbulent dissipation rate equation:

∂(φgρgεg)

∂t
+
∂(φgρgεgUgi)

∂xi
= ∂
∂xj
[(μ+

μi
σε
)
∂εg
∂xj
]+C1ε

εg
kg
Gkg −C2εφgρg

ε2g
kg

(5)

where kg is turbulent kinetic energy; μi is turbulence viscosity,
expressed as μi = φgρgCμk

2
g/εg ; εg is turbulence dissipation rate;

Gkg is the turbulent kinetic energy generated by the velocity
gradient,Gkg = μi(∂Ugi/∂xj + ∂Umj/∂xi) ; C1ε and C2ε is an empirical
constant; σk and σε is the Prandtl number corresponding to

TABLE 1 Model parameters of the standard k-εmodel.

Parameter C1ε C2ε Cμ σk σε

Value 1.44 1.92 0.09 1 1.3

the turbulent kinetic energy and the turbulent dissipation rate;
Ugi and Ugj are the components of the velocity in the i and
j directions. The parameters used in the calculation are shown
in Table 1.

4.1.3 Drag force
The sand particles are subjected to gravity, pressure gradient

force and drag force. In the simulation of wind-sand two-
phase flow, drag force can often be described by Syamlal-O'Brien
model (O’Brien and Syamlal, 1993), which takes into account
the influence of the volume fraction of sand particles on drag
force. The larger the volume fraction of sand particles is, the
more significant the interaction between particles will be, and
the greater the drag force the particles will be subjected to.
The formula of drag force f given by Syamlal-O'Brien model is
as follows in Eq. 6:

f =
CDResαg
24v2r,s

(6)

where CD is drag function; Res is the relative Reynolds
number; αg is the volume fraction of the gas; vr,s is the solid
settling rate.

The drag function is Eq. 7:
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FIGURE 5
Boundary names and dimensions of the numerical model.

CD =(0.63+ 4.8

√ Res
vr,s

) (7)

The functional relation of the relative Reynolds number is Eq. 8:

Res =
ds(Us −Ug)

vg
(8)

where ds is the particle diameter; Ug and Us are the velocities of
sand particles and air, respectively; vg is the kinematic viscosity
coefficient of gas.

Free settling coefficient of solid is Eq. 9:

vr,s = 0.5(A− 0.06Res +√(0.06Res)
2 + 0.12Res(2B−A) +A2) (9)

where A = α4.14s , B = α2.65s .

4.2 Model establishment and grid division

As shown in Figure 5, a reasonable calculation domain size was
determined through gridless simulation. The final two-dimensional
calculation domain is 200 m long and 23 m high. The upright sand
barrier close to the embankment is 2 m high, the other two sand
barriers are 1.5 m high, and the grass grid is 0.2 m high, with a
length and width of 1 m each. The size of the numerical simulation
model is set entirely according to themeasured size on site, satisfying
similarity at the geometric level. Due to the complex structure of the
sand mitigation measures, it is necessary to simplify the calculation
model. The zigzag sand barrier is equivalent to a straight line type,
and the position is set at the midpoint of the zigzag sand barrier; the
road cut is simplified to a trapezoidal rigid body; the upright sand
barrier is simplified to a rigid body with a certain thickness and a
porosity rate of 40%.

Due to the micro-geometric size features in the porous sand
barrier and grass grid in the calculation domain, it is difficult
to divide the structured grid in the calculation domain, so the
meshing module in AnsysWorkbench software is used to divide the
unstructured grid in the calculation domain. The volume growth
rate of the grid is 1.1. Local grid encryption technology is applied
near the sand barrier and grass grid. In order to improve the
overall grid quality and ensure the stability of the calculation, no
boundary layer grid is divided near the ground. Finally, 130,000
unstructured grids were divided, the average grid quality was
0.88, and the aspect ratio was 1.18. The grid division situation
is shown in Figure 6.

4.3 Boundary condition setting and
calculation control

4.3.1 Boundary conditions
To ensure the applicability and accuracy of the model, it is

necessary to set appropriate boundary conditions for the calculation
domain. The wind-sand flow in reality is a very complex physical
phenomenon. The wind speed and wind-sand flow density are
significantly different at different time periods, and there is a certain
correlation between the wind-sand flow density and wind speed.
It is very difficult to fully simulate this phenomenon. Therefore, it
is necessary to simplify it according to the existing computational
fluid dynamics theory. In CFD simulation, we simplify the wind-
sand flow into a steady flow that blows into the calculation domain
at a constant wind speed and constant wind-sand flow density. The
inlet is set as a velocity inlet boundary, and it is set in Eq. 10:

v(y) =
v∗
k

ln(
y
y0
) (10)

where v∗ is the friction wind speed. Based on the wind speed data
obtained from the environmental monitoring of the test section
mentioned above, the speed at the inlet is set to a more extreme
wind speed, so v∗ = 0.6 can be determined; k is the von Karman
coefficient, taken as 0.4; y0 is the roughness length, taken as 0.005; y
is the height from the ground.The final determined inlet wind speed
profile line is shown in Figure 7.

The boundary condition of the outlet on the right is set as a free
Out flow boundary, that is, ∂v/∂x = 0. The boundary conditions of
the ground and the road cut section are set as No-slipWalls, and the
wall function is selected as the Enhanced wall function. The top of
the calculation domain is set as a Symmetry Boundary.

4.3.2 Solution method
Table 2 shows the model parameters used in the numerical

simulation model. The particle size and density of the sand particles
are measured according to the sieving method and specific gravity
bottle method in the “Geotechnical TestMethod Standard”. Analysis
of environmental monitoring data found that when the height from
the ground is greater than 2 m, themeasuredwind-sand flowdensity
is almost 0. Therefore, in the numerical simulation experiment, the
sand particle phase is only blown in within 2 m from the ground at a
volume fraction of 0.02%, and the speed of the sand particles (vsand)
is equal to the wind speed (vair) (as shown in Eq. 11):

v(y) =
v∗
k

ln(
y
y0
) (11)
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FIGURE 6
Schematic diagram of the mesh division and local refinement in the numerical model.

FIGURE 7
Wind speed profile at the velocity inlet.

The wall roughness constant/m is 0.05. This numerical
simulation experiment uses the Phase Coupled Simple method
for pressure-velocity coupled iteration. To ensure the accuracy
of the calculation, the pressure uses second-order accuracy; the
interpolation methods of momentum, turbulent kinetic energy,
and turbulent dissipation rate use the Second Order Upwind; the
volume fraction uses the high-order Quick format. At the same
time, relaxation factors are set for each solution parameter, and
it is considered to converge when the iterative residual drops
below 10–5. The entire simulation process calculates a total of
40 s, the time step is 0.002 s, and each time step iterates 20
times. In the calculation process, the volume fraction of sand
particles is set to 0 in the first 10 s, that is, only wind is blown
into the calculation domain; in the last 30 s, the sand particle

phase enters the calculation domain at a volume fraction of
0.02. The purpose is to make the flow field distribution of the
entire calculation domain uniform before the sand particles
are added, thereby improving the stability and accuracy of
the calculation.

4.4 Numerical simulation experiment
results

4.4.1 Distribution characteristics of flow field and
sand accumulation area in calculation domain

Figure 8 is a time-varying flow field and time-varying sand
accumulation distribution cloud map in the calculation domain.
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TABLE 2 Model parameter values in the computation.

Parameters Value Parameters Value

Acceleration of gravity/(m∙s-2) 9.8 Sand particle viscosity/(kg∙m-1∙s-1) 0.047

Air density/(kg∙m-3) 1.225 Turbulence intensity 0.05

Air viscosity/(kg∙m-1∙s-1) 1.7894×10−5 Turbulence intensity scale/m 1

Sand particle density/(kg∙m-3) 2,681 Sand particle collision recovery coefficient 0.91

Average size of sand particles/mm 0.15 Wall specular reflection coefficient 0.01

Sand particle phase filling limit 0.63 Sand phase volume fraction 0.02

Wall roughness constant/m 0.05

FIGURE 8
Time-varying flow field and time-varying sand accumulation distribution within the computational domain: (A) Velocity; (B) Volume fraction.

The calculation time of 10 s corresponds to the state of the
calculation domain without sand particles and the wind field
reaching stability. When the airflow passes through the sand barrier,
it is squeezed at the top and separated, forming a shear layer.
The pressure difference on both sides of the shear layer makes
the streamline become a downward inclined straight line. The
upper part of the sand barrier is a blunt body with a sharp
edge, and the boundary layer separates when the airflow passes
through; therefore, the airflow above the sand barrier after the
sand barrier forms a vortex and becomes a faster turbulence; the
airflow below is slower, preventing the sand barrier After the sand
accumulation is re-sanded. Because the sand barrier is a porous
sand barrier, the airflow can pass through the pores of the sand
barrier, so no obvious backflow phenomenon is found after the
sand barrier. But as more sand particles enter the calculation
domain, the streamline gradually concaves, and the inflection point

of the streamline eventually coincides with the ground at the
first grass grid.

From the sand accumulation distribution map, it can
be found that as the sand entering the calculation domain
gradually increases, the sand accumulation after the first sand
barrier in the sand mitigation measures gradually increases,
and gradually spreads to the inside of the grass grid, but
the spread speed is very slow, until the entire calculation
time ends, the sand accumulation has not reached the second
sand barrier.

4.4.2 Movement rules of wind-sand flow
Figure 9 is the velocity cloud map of the sand particle phase in

the calculation domain, and the movement law of the wind-blown
sand flow can be visually seen. When the wind-blown sand flow
passes through the first sand barrier, part of it is blocked by the first
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FIGURE 9
Velocity contour map in the computational domain under stable conditions.

FIGURE 10
Variation of sand accumulation mass per meter over time.

sand barrier, and the other part of the sand particles are thrown to
a higher position or directly through the pores of the sand barrier,
and fall behind the sand barrier. The grass grid behind the barrier
can play a fixed role in sand accumulation, so the sand velocity
corresponding to the grass grid position in Figure 10 is almost 0.
However, with the passage of time, the accumulation of sand behind
the barrier continues to increase, and spreads to the last two sand
barriers, and a secondary sand phenomenon appears. At this point,
the last sand barrier will throw the wind flow into the air, so that it
directly across the cutting, channeling to the other side of the line,
will not affect the line.

The latter two sand barriers are located outside the protective
distance of the first sand barrier, mainly to deal with the
secondary sand formation outside the protective distance of the
first sand barrier. In the case of extreme weather and serious
secondary sand formation, the latter two sand barriers can play
a very good protective effect. All in all, this not only avoids
the impact of sand on the line, but also reduces the sand
clearing cost caused by the accumulation of sand near the
sand barrier.

5 Calculation of sediment
accumulation of Ganquan railway
sand mitigation measures

Since the blown sand flow density of the actual project site is
relatively discrete and cannot be directly used, the instantaneous
blown sand flow density curve monitored on site in the test section
from 20 August 2022. to 2 July 2023, and the actual accumulated
sand in the sand box are calculated in this paper., and the measured
average blown sand flow density is calculated as 3.5 × 10−5 kg/m3. In
the numerical calculation model, the sand particles are stably input
in the form of wind velocity contour and according to a certain
volume fraction, and the total sediment transport time is 30 s. In
order to normalize the actual sediment transport amount and the
sediment transport amount of the numerical calculation model, it
is necessary to make some corrections to obtain the actual sediment
transport time corresponding to the numerical calculationmodel (as
shown in Eq. 12):

T =
ψc

ψr
t (12)
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FIGURE 11
Variation of sand accumulation width within the sand mitigation measures over time.

where T is the real time, day; ψc is the wind sand flow density
in numerical simulation experiment, kg/m3; ψr is the actual wind
sand flow density; t is the calculation time of numerical simulation
experiment, s.

The calculation results select the sand accumulation cloud
maps at 5 s, 10 s, 15 s, 20 s, 25 s, and 30 s. Then, using
Tecplot post-processing software, the spatial distribution of
the sand accumulation volume fraction behind the sand
barrier corresponding to each time is analyzed to obtain the
sand accumulation amount and sand accumulation width. A
mathematical formula is used to fit this curve, and a preliminary
relationship equation between the sand accumulation amount, sand
accumulation width, and set calculation time is obtained, as shown
in Figures 10, 11.

According to the relationship equation obtained between the
sand accumulation amount, sand accumulation width, and time,
it can be seen that in the first 350 days, the sand accumulation
width and sand accumulation mass in the entire sand mitigation
measure are in a state of rapid rise; in the range of 350 days–450
days, the sand accumulation mass and sand accumulation width in
the sand mitigation measurement are in a state of slow increase,
indicating that the sand accumulation in the sand mitigation
measurement has sufficient height at this time, and most of the
sand particles can cross the sand barrier and be thrown into
the air; but after 450 days, the sand accumulation width in the
sand mitigation measurement remains almost unchanged, while
the sand accumulation mass significantly increases, indicating that
all the grass grids in the sand mitigation measurement have been
filled at this time, the height of sand accumulation continues to
increase, and when the height of sand accumulation exceeds the

sand fixing ability of the grass grid, the sand accumulation in the
sand mitigation measurement will become a new source of sand,
and its secondary sanding phenomenon will affect the road cut
section.Therefore, the appropriate time for sand cleaning is between
350 days and 450 days.

6 Conclusion

This study provides a comprehensive analysis of wind-blown
sand accumulation along the Ganquan Railway through on-site
monitoring and numerical simulations using Computational Fluid
Dynamics (CFD). The key findings are as follows:

(1) The dominant wind direction in the Ganquan Railway test
section is due west during spring and winter, and southwest
during autumn and winter. The average wind speed is 12 m/s.
The wind-sand flow structure is predominantly distributed
within 2 m from the ground, with an average wind-sand flow
density of 3.5 × 10⁻⁵ kg/m³.

(2) In the absence of sand accumulation, the streamline of the
wind field in the calculation domain is a downward inclined
straight line. As sand accumulates behind the sand barriers, the
topography and geomorphology of the area change, causing
the wind field streamline to gradually become concave. The
inflection point of the streamline eventually coincides with the
ground at the first grass grid.

(3) The width of sand accumulation in the test section initially
increases uniformly before stabilizing. The mass of sand
accumulation, however, rises uniformly to a plateau and then
increases rapidly with time.The optimal time for sand cleaning
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is between the 350th and 450th days after the sand barrier is
implemented.

(4) This study integrates field data with CFD simulations to
provide a more accurate and comprehensive understanding
of wind-sand dynamics, which enhances the reliability of
sand accumulation predictions. By analyzing the temporal
evolution of sand accumulation, the study identifies
an optimal timeframe for sand removal, which can
significantly improve maintenance efficiency and reduce
operational costs. The methodology and findings can be
applied to other engineering projects facing similar sand
accumulation challenges.
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