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Abstract: Blown sand transport plays a pivotal role in determining the optimal placement of sand
protection facilities along railways in sandy areas. Surface vegetation cover significantly influences
blowing sand activities along the Oshang Railway (from Otog Front Banner to Shanghai-Temple
Town). In this study, the spatial characteristics of aeolian sand transport along the railway were
derived from field observations conducted at five different locations, each with varying fractional
vegetation cover (FVC). The results indicate that sand-transport intensity does not fully correlate
with the wind energy environment, primarily due to differences in surface vegetation cover among
the observation sites. We utilize the dimensionless ratio Q-g-f/(0.136 x DP-p,) to represent the
sand transport rate (Q), the sand-moving wind frequency (f) and drift potential (DP), exhibiting a
negative exponential trend with FVC. Sand transport is effectively restrained when FVC is greater
than or equal to 20%. Conversely, when FVC is less than 20%, sand transport intensity exponentially
increases with decreasing fractional vegetation cover. After careful analysis, we propose a simple
empirical expression that incorporates the influence of both the wind field and fractional vegetation
cover to assess sand transport on a flat surface. The study offers valuable insights for designing
wind-blown sand protection measures along railways and evaluating wind-blown sand movement
on a flat surface affected by vegetation.

Keywords: Oshang Railway; aeolian sand transport; vegetation cover; spatial distribution; field
observation

1. Introduction

The Oshang Railway lies on the border of the Mu Us desert [1] in China’s Inner
Mongolia Autonomous Region [2]. This area frequently experiences high wind speeds,
with 25-30 windy days (equivalent to or greater than grade 8 wind [3]) occurring mainly in
spring (March-May) each year. The region’s climate is arid, characterized by significant
evaporation, averaging about 2462 mm annually, while rainfall is sparse and concentrated,
averaging approximately 264 mm annually. Over recent years, certain areas have witnessed
varying degrees of degradation in herbaceous plants due to both human activities [4] and
a dry climate [5,6]. Consequently, some sand sources have gradually become exposed,
creating a patchy landscape with interspersed grass and sandy areas (see Figure 1). This
transformation can trigger intense blowing sand movement, leading to wind-sand disasters
that threaten both human livelihoods and the ecological environment [7-10]. They can
cause damage to infrastructure such as transportation [7,8] and power facilities [9]. For
example, a wind-sand disaster on the Oshang Railway poses potential hazards to the
ecological environment [10] and safe railway operations [11,12]. This not only affects
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(a) 2013

people’s traveling activities and daily life but may also be an obstacle to the sustainable
economic and ecological development of the region.

(c) 2023

Figure 1. Evolution of desertification along the Oshang Railway.

To mitigate wind-sand disasters along the railway, it is imperative to establish a ratio-
nal sand-control system for the railway [13-16], considering the spatial distribution charac-
teristics of local aeolian sand transport [12]. Researchers have proposed several effective
sand-control measures [17-19], including plant-based measures [20-22] and engineering-
protection measures [23,24]. These measures have shown positive effects on sand-blocking
and stabilization [17,18]. Although the fundamental principles of protection measures
have been outlined [13,19,25-32], a practical solution for the sand-protection system of
railways still needs to be established based on local sand-transport information [11,12,25].
Unfortunately, there is insufficient information available on blown sand transport along
the Oshang Railway. This lack of data complicates the guidance for on-site construction of
sand-control measures in the region. Therefore, we conducted field observations of wind
and aeolian sand transport and quantitatively assessed blown-sand activities in the area.

Researchers have typically utilized Fryberger’s approach [33,34] to quantitatively
assess sand transport intensity. This method utilizes wind field data to evaluate sand
transport intensity and proves particularly effective for loose, flat sandy surfaces [34].
However, it disregards surface properties, leading to a significant discrepancy between the
drift potential (DP) and actual sand transport Q [35]. To address this, Wasson et al. pro-
posed two modified versions of Bagnold’s equations [36] to describe blown sand transport
influenced by shrub vegetation [36]. The modified equation one assumes that vegetation
cover reduces surface wind speed without altering the critical wind speed. However, the
modified equation two assumes that vegetation cover increases the critical wind speed
without changing the surface wind speed. The latter approach aligns with Lyles and Alli-
son’s [36,37] or Marshall’s [38] approach. In practical applications, vegetation cover may
affect both surface and critical wind speeds. Wasson's assessment approach encounters
the challenge of selecting between these two equations. In contrast, Huang et al. applied
Fryberger’s method [33] to propose the sand-transport factor combined with DP to evaluate
sand transport in complex environments [35]. This approach yielded favorable outcomes
in practical applications. However, the sand-transport factor derives from extensive field
observation data, limiting the method’s generalizability. In conclusion, there is currently
a paucity of unified and effective assessment models for sand transport that accurately
evaluate the impacts of vegetation degradation on flat surfaces.

This study conducted field observations along the Oshang Railway to analyze the
aeolian sand transport conditions in the region with the aim of guiding the implementation
of wind and sand protection measures along this railway line. Additionally, inspired by
Fryberger’s framework [33], an empirical expression was proposed to assess sand transport
on flat surfaces affected by vegetation cover, thereby enriching the field of aeolian physics
research. Furthermore, the study investigated threshold conditions for the significant
impact of vegetation cover on sediment transport rates, providing insights on sparse
afforestation strategies to mitigate wind-sand erosion in the area.
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2. Methods
2.1. Observation Positions and Instruments

The railway extends over 116 km, stretching from Aogaoturi Station in Otog Front
Banner to Shanghai-Temple West Station in the western direction (see Figure 2a). Five
observation sites were strategically chosen along the railway to account for variations in sur-
face herbaceous vegetation cover across different regions, as detailed by Casado et al. [39].
In our selection process of observation positions, we not only considered variations in
fractional vegetation cover but also factored in the angles between the main wind direction
of sand transport and the railway (spanning from acute to right angles). This approach aims
to enhance the accuracy of wind and sand monitoring results, ensuring they more faith-
fully depict the genuine sand-transport characteristics around the railway. Ultimately, this
guides the effective execution of sand-control projects for the railway. These locations are
visually depicted in Figure 2. The terrain surrounding the observation sites predominantly
features flat topography, characterized by sandy surfaces and herbaceous vegetation.

Legend

Railway Q Aogaoturi Railway Station @ Shanghai-Temple West Station

? Position 1 ? Position 2 ? Position 3 ? Position 4 ? Position 5

B A 93

() (b)

Figure 2. Observation positions (a) and instruments arrangement (b).

The observation instruments used in each observation position are an anemometer
and a rotating sand collector, as shown in Figure 2b. The anemometer has an overall height
of 3 m, with wind cups at heights of 1 m, 1.5 m, 2 m and 3 m, with a sampling frequency of
1/180 Hz. The rotating sand collector monitors the cumulative amount of sand transported
by blowing wind at different directions and heights and can be rotated 360° with the
direction of the wind. The sand collector is 50 cm tall and comprises five layers of sand
inlet channels, each with double sand inlets. The first layer of the sand trap is positioned
2.5 cm above the ground, and the vertical distance between the two channels is 6.25 cm.
The sand trap has geometric dimensions of 5 x 5 cm (length x width), and each sand inlet
is accompanied by a bag with a sand capacity of 4 kg. The experimental observation period
lasted five months, from March to June 2023.

2.2. Data Processing and Hypotheses

The DP (Drift Potential) [33] is utilized to assess the sand-transport potential along
the railway:
DP =v?(v —vu) - f 1

where the DP is the drift potential (VU), v is the average wind speed at a height of 10 m
(knot, 1 knot = 0.514444 m/s), v+ is the threshold speed (knot), and f is the sand-moving
wind frequency, expressed as a percentage (%).

The RDP is derived from the synthesis of drift potential vectors, reflecting the net
drift potential. Additionally, RDD represents the direction of synthetic sand transport,
indicating the net direction of sand transport potential. Fryberger categorized the wind
energy environment into three levels: the low wind energy environment (DP < 200 VU),
the medium wind energy environment (200 VU < DP < 400 VU), and the high wind energy
environment (DP > 400 VU) [33]. RDP/DP serves as the wind direction variability index,



Sustainability 2024, 16, 3940

40f19

with smaller values indicating greater wind direction changes, and vice versa. When the
value is less than 0.3, it signifies low wind variability, 0.3-0.8 indicates medium wind
variability, and above 0.8 suggests high wind variability [33].

To study the assessment of sand transport under the influence of fractional vegetation
cover, we propose the following hypotheses:

Hypothesis 1. Following the Fryberger’s framework [33], the sand transport rate is assumed to be
proportional to drift potential. Thus, we posit that vegetation impacts drift potential, consequently
influencing the sand transport rate.

Hypothesis 2. The precise computation of threshold wind speed under the influence of fractional
vegetation cover holds paramount importance in evaluating drift potential. In their recent study, Sun
offers an empirical formula for the impact threshold wind speed in the absence of rebound, derived
from meticulous numerical simulations of randomly dispersed, discontinuous crusts [40]. This
situation parallels wind-sand movement under sparse grass cover, thus, we posit that employing this
formula to assess initiation wind speed under fractional vegetation cover influence yields relatively
accurate results.

Hypothesis 3. The area is characterized by grass vegetation. Building on Wasson et al.’s re-
search [36], we solely focus on fractional vegetation cover (FVC), disregarding the effects of plant
height and porosity.

The threshold wind speed (v, the minimum wind speed to maintain wind-blown
sand) was calculated:

Vot = 5.751,lg (ZZO) )

where u+ is the impact threshold wind speed; z is the height (m), taking 10 m; zj is the
aerodynamic roughness (m).

According to hypothesis 2: the impact threshold wind speed (u+, the minimum wind
speed to maintain wind-blown sand) of 250 pm sand particles was calculated according to
Sun’s formula [40]:

Uyt = 0.066 - €035 + 0.13 3)

where FVC is the average fractional cover of crust or grass vegetation (%).

Drawing from Bagnold’s research findings [41], we ascertain that the initiation wind
speed correlates with the square root of the particle size. To refine our understanding, we
will extrapolate this equation for further correction.

Uy = Vd/D (0.066 el 4 0.13) @)
where d is the mean particle size (um); D is the reference particle size (250 um).

Particle size analysis is conducted on the sand source within the experimental area,
and the following formula is applied to obtain the median particle size and distribution

through fitting [40]:
2
y—Aexp<—0.5<XBd> > )

where A and B are the fitting parameters; d is the mean particle size (um).
The average aerodynamic roughness zj at the observation location is obtained by [42]:

lgzy, — tlgz
Ig(z0) = B2 —8 ©®)

where t = v, /vy, vp and vj are the average wind speed at the reference height z, and
z1 (m/s), respectively.
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The 10 m height average wind speed at the observation location is extrapolated by the
logarithmic wind speed profile equation [42]:

v 1 V4

~ —_In(Z 7

vie K n (Zo ) @
where K is Von Karman constant, v is the wind speed at the reference height z (m/s), and
v+ is the friction wind speed (m/s).

In vertical space, the cumulative sand transport flux in all wind directions is fitted
using a negative exponential function [12]:

f,=a-exp(—z/b)+c (8)

where f, is the cumulative sand transport flux in each direction at z height (kg/(m?-a)) and
a, b and c are the fitting parameters.

The cumulative unit-width sand transport rate for all wind directions can be expressed
as follows:

F :f f,dz )

The unit-width sand transport rate Q; for each wind direction i can then be expressed

as follows:
F x DP;
Qi =

16 (10)
Y. DP;
i=1

where Q; is the unit-width sand transport rate in wind direction i (kg/(m-a)); F is the

cumulative sand transport rate in all wind directions (kg/(m-a)); DP; is the drift potential
in direction i (VU); RQ is the vector synthesis of Qs which represents the net sand transport
rate, and the direction of RQ is the net sand-transport direction.

3. Results
3.1. Wind Field and Sand Source

The intensity of the wind field dictates the potential for sand transport. Initially, we
gathered data on the raw monitored wind speeds, and proceeded to generate wind rose
diagrams and determine sand-moving wind frequencies [25], and ultimately we computed
the drift potential.

Figure 3 depicts wind speed rises that are plotted at 2.5 m/s intervals at all observation
positions. The wind speeds at locations 1, 2, and 5, which belong to the strong-wind zone,
are graded 2-3 levels higher than the wind speeds at locations 3 and 4, which belong to the
weak-wind zone.

At position 5, the wind speed is divided into six gradients with the maximum wind
speed ranging from 12.5 to 15 m/s and the main wind direction being east. The wind speed
of 0-2.5 m/s accounts for 56.8% of the total wind speed, and the proportion of calms is 1.8%.
At position 4, the wind speed is divided into four gradients with the maximum wind speed
range being 7.5-10 m/s, and the main wind direction being west. The wind speed range of
0-2.5m/s is as high as 66.6%, and the proportion of calms is 2.88%. At position 3, the wind
speed is divided into four gradients. The maximum wind speed range is 7.5-10 m/s, with
the main wind direction being W and SW. The wind speed range of 2.5-5 m/s accounts for
as much as 50.4%, and the proportion of calms is 0.79%. At position 2, the wind speeds
are divided into six gradients, with maximum speeds ranging from 12.5 to 15 m/s. The
primary wind directions are S, SW, and W. The proportion of wind speeds between 0 and
2.5 m/s accounts for 61.8% of the total wind speeds, while the proportion of calms is 6.1%. At
position 1, the wind speed was divided into seven gradients, with the maximum wind speed
ranging from 15 to 17.5 m/s and the main wind direction being NE and S. The proportion of
wind speeds between 2.5 and 5 m/s accounted for 43.9% of the total wind speed, while the
proportion of calms was 0.34%.
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Figure 3. Wind Roses (af 3 m heght)in at different monitoring positions (5-1), (a—e) represent position
5 to 1, respectively.

The sand-moving wind frequency [25] varied significantly (see Figure 4) among the
observation positions, with the high frequency at location 3 (90.55%) and the low frequency
at the remaining locations. At location 5, the total sand-moving wind frequency was 41.39%,
with the main wind directions for sand movement being N, NE, E, SE, S, SW, W, and NW,
with values of 4.52%, 5.8%, 8.4%, 4.9%, 4.1%, 6.4%, 4.0%, and 3.1%, respectively. The
sand-moving wind frequency at location 4 is 30.54%. The main values of sand-moving
wind frequency are 11.4%, 8.5%, and 5.7% for N, NE, and E directions, respectively. At
the location 3, the total sand transport wind frequency is 90.55%. The main directions for
sand-moving wind frequency are S, SW, and W, with values of 5.5%, 37.0%, and 44.9%,
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Pencentage: %

30

respectively. Location 2 has a total sand transport wind frequency of 32.05%. The main
directions for sand-transport wind are S, SW, W, and NW, with values of 5.3%, 11.1%,10.8%,
and 4.1%, respectively. Location 1 has a total sand transport wind frequency of 34.16%. The
main directions for sand transport wind are N, NE, E, S, SW, and W, with values of 3.6%,
16.24%, 2.9%, 4.7%, 3.3%, and 1.9%, respectively.
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Figure 4. The sand-moving frequency at different monitoring positions (5-1).

Sand samples were collected from various monitoring positions and subjected to
particle size analysis the results of which are displayed in Figure 5. These results were
analyzed using Equation (5) to attain the median particle sizes. At location 5, the fitting
parameters of Equation (5) A and B are 31.4 and 53.4, respectively, resulting in a median
particle size (d) of 257 um and a coefficient of determination (R?) of 0.99. At location 4, the
parameters A and B are 22.1 and 57.9, leading to a median particle size of 200 um and an
R? of 0.96. At location 3, A and B are set at 15.9 and 51.7, resulting in a median particle size
of 142.5 um and an R? of 0.95. At location 2, with parameters A and B of 42.8 and 39.3, the
median particle size is 274 um and the R? is 0.97. Lastly, at location 1, the parameters A
and B are 24.9 and 66.6, resulting in a median particle size of 271 um and an R? of 0.96.
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Figure 5. Cont.
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Figure 5. Particle size distribution monitoring positions (5—1), (a—e) represent position 5 to

1, respectively.

We used Equation (6) to determine the mean aerodynamic roughness and fitted the
mean wind speeds at different heights (1 m, 1.5 m, 2 m and 3 m) to extrapolate the wind
speeds at the 3 m height to the wind speed at the 10 m height (by Equation (7)). Next, we
calculated the threshold speed v+ and impact threshold wind speed ux (see Table 1) for the
region (Equations (2) and (4)) by combining the results of the grain size (refer to Figure 5).
The particle size of the sand source and fractional vegetation cover determine the threshold
wind speed. The greater the fractional vegetation cover and sand source particle size, the

higher the threshold wind speed.

Table 1. The threshold speed v+ and impact threshold wind speed .

Position ux (m/s) Threshold Speed at 10 m Height vx; (knots)
5 0.28 9.9
4 0.21 6.9
3 0.22 6.2
2 0.24 8.6
1 0.38 13.5

The determination of the DPs at each observation position (refer to Figure 6) was
performed by utilizing the threshold wind speed along with the extrapolated wind speed
at a 10 m height, as derived from Equation (1) [33]. Observation positions 2-3 are situated
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in high wind energy environments, while position 4 experiences low wind energy, and
positions 5 and 1 reside in a medium wind energy setting. Synthesized sand plumes at
positions 5, 3, and 2 exhibit directions between W and WSW, whereas those at positions
4 and 1 align between NE and NNE (refer to Figure 5). The RDP/DP values for positions
5-1are 0.22,0.72, 0.88, 0.77, and 0.6, respectively. Notably, the wind direction at position
5 exhibits significant variability. At position 3, the sand-moving wind direction remains
nearly constant, primarily west-southwesterly. For the remaining observation positions,
the sand-moving wind-direction index ranges from low to medium levels [33].
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200 - \ Y,

300 SW ! ! SE
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Position 1

Figure 6. The DPs at different monitoring positions, (a—e) represent position 5 to 1, respectively.

3.2. Surface Fractional Vegetation Cover

The experimental site features a predominantly flat terrain. Anthropogenic activi-
ties, highlighted by Wang et al. [4], have substantially degraded the grassland. Figure 7
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illustrates significant variations in FVC [39] among observation positions. During the
monitoring period, the average fractional vegetation cover at positions 1-5 is 51.6%, 20.3%,
13.2%, 11.1%, and 33.3%, respectively. Positions 1 and 5 fall into the category of medium
fractional vegetation cover, while position 2 is characterized by low fractional vegetation
cover. Due to pronounced surface degradation, positions 3 and 4 are designated as having
ultra-low fractional vegetation cover.

60

516
50 7L_

40 4

0

5

30

Frc

20
10

0 I 1 1 I I
Position5 Position4 Position3 Position2 Positionl

Figure 7. The fractional vegetation covers at different monitoring positions (5-1).

3.3. Sand Transport Characteristics

Figure 8 illustrates the cumulative sand fluxes in all wind directions at different
observation positions. The sand fluxes exhibit negative exponential changes with height
(Equation (8)), which aligns with the monitoring findings of Wang et al. [12]. The coefficients
of determination (R?) of the fitted regression equations are all higher than 0.98. As shown
in Figure 9, the cumulative unit-width sand transport rates were calculated using the
cumulative sand fluxes in all wind directions (by Equation (9)). At the observation positions
5-1, the cumulative unit-width sand rates were 5.40 kg/(m-a), 303.70 kg/(m-a), 228.60
kg/(m-a), 102.90 kg/(m-a), and 5.80 kg/(m-a) for all wind directions 1-5, respectively
(see Figure 9). The strongest sand transport is observed at positions 4, 3, and 2, which is
significantly higher than that at positions 5 and 1.

@ Position 5
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= Position 3
. @ Position 2
=) Position 1
= 2500 —— Eq.8 fitting, a=138.09, b=0.053, c=1.763, R>=0.996
< —— Eq.8 fitting, a=3629.07, b=0.195, c=-176.29, R*=0.989
. Eq.8 fitting, a=2359.61, b=0.102, ¢=355.76, R*=0.985
S~ 2000 —— Eq.8 fitting, a=1516.61, b=0.130, c=-20.51, R?=0.998
% Eq.8 fitting, a=68.54, b=0.051, c=13.77, R*=0.988
=
5 1500
(=9
&
=1
<
&
< 1000
=1
<
w
2
= 500
=
=
g
O 0 -
T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Height z: m

Figure 8. The cumulative fluxes of sand transport of all wind directions at different positions (5-1).

Figure 10 presents the average unit-width sand transport rate (calculated by
Equation (10)) for each wind direction at each observation position. Observation posi-
tions 5-1 had an annual average maximum net sand-transport rate of 1.20 kg/(m-a), 218.00
kg/(m-a), 201.00 kg/(m-a), 80.00 kg/(m-a), and 3.70 kg/(m-a), respectively. The main sand
transport direction at observation positions 5, 3, and 2 was between WSW and W, while the
main sand transport direction at observation positions 4 and 1 was between NNE and NE.
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Comparing Figures 6 and 10, the direction of synthesized drift potential (RDD) dictates
the net sediment transport direction. As illustrated in Figure 6, the DP values at location
5-1 are 330.3 VU, 122.2 VU, 1044.4 VU, 1399.7 VU, and 382.9 VU, respectively. Figure 10
reveals that the net sand transport rates at the same location are 1.2 kg/(m-a), 218 kg/(m-a),
201 kg/(m-a), 80 kg/(m-a), and 3.8 kg/(m-a). Contrary to Fryberger’s viewpoint [33], the
magnitude of DP does not perfectly align with the sediment transport rate. This discrepancy
arises because the DP accurately characterizes the sand transport traits of loose and flat
surfaces [33,34]. However, vegetation coverage and sand particle size introduce significant
disparities between the sand transport rate and drift potential [35,36,43]. This is evident
in locations with minimal vegetation coverage experiencing heightened sand transport
(e.g., locations 4 and 3), while areas with dense vegetation coverage exhibit pronounced
suppression of wind and sand flow (e.g., locations 5 and 1).

4. Discussion
4.1. Spatial Characteristics of Aeolian Sand Transport along the Oshang Railway

Referring to the monitoring findings mentioned earlier, we have pinpointed the trans-
port rate characteristics along the Oshang Railway by the orthogonal decomposition,
offering valuable insights to inform the implementation of on-site measures for wind and
sand protection.

Figure 11 illustrates the sand transport characteristics along the railway. At obser-
vation position 5 in the Liujiawan area, the net synthetic unit-width sand transport rate
is 1.20 kg/(m-a), with components of 0.93 kg/(m-a) perpendicular to the railroad and
0.76 kg/(m-a) parallel to it. The angle between the railroad and its direction is 51°. At
observation position 4 in the Brickwell area, the net synthetic unit-width sand transport rate
is 218.0 kg/(m-a). The angle between the railroad and its direction is 24°, with components
perpendicular and parallel to the railroad being 199.1 kg/(m-a) and 88.7 kg/(m-a), respec-
tively. At observation position 3 in the Baga Zhouluegai area, the net synthetic unit-width
sand transport rate is 201.0 kg/(m-a). The angle between the railroad and its direction
is 21°, with components perpendicular and parallel to the railroad being 72.1 kg/(m-a)
and 187.6 kg/(m-a), respectively. At observation position 2 in Amuleng, the net synthetic
unit-width sand transport rate was 79.7 kg/(m-a). The angle between the railway and
its direction was 19°, with sand transport rates of 75.36 kg/(m-a) perpendicular to the
railway and 25.95 kg/(m-a) parallel to it. Observation position 1 in Sandaoquanzi Village
has a net synthetic unit-width sand transport rate of 3.80 kg/(m-a). The angle between the
railroad and its direction was 86°, and the sand transport rate perpendicular to the railroad
direction was 3.78 kg/(m-a).

Liujiawan area

Baga ZhOUl@gal pe \Sa.udaoquanzi village
cg) (O Ao e
yoL O ¥ £ 1%
1.2 kg/(m-a) > ” e o

Brickwell area

218.0 kgima) Oshang Railway

Figure 11. The sand transport characteristics along the railway.

Drawing from the aforementioned observed characteristics, we have delineated the
sediment transport distribution pattern along the Oshang Railway: the intensity of sand
transport along the Oshang Railway decreases successively in the Brickwell, Baga Zhoulue-
gai, Amuleng, Sandaoquanzi Village, and Liujiawan areas (see Figure 10). Perpendicular
to the railway’s direction, the sand transport intensity in typical areas follows this order:
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Brickwell area > Baga Zhouluegai area > Amureng > Sandaoquanzi Village > Liujiawan.
Similarly, parallel to the railroad, the sand-transport intensity sequence is as follows: Brick-
well area > Baga Zhouluegai area > Amureng > Liujiawan > Sandaoquanzi Village.

Our monitoring results reveal that in the intense blown sand transport regions (loca-
tions 4, 3, and 2), the primary sand transport direction forms acute angles with the Oshang
Railway, measuring 24°, 21°, and 19°, respectively. This observation is consistent with the
guiding principles for railway alignment in such environments, emphasizing alignment
parallel to the prevailing wind direction to mitigate sand deposition and wind erosion [44].
When implementing sand control measures along the railway, it is crucial to consider
both perpendicular and parallel wind-sand transport directions relative to the railway.
Hence, we recommend deploying zig-zag-shaped sand barriers [18] to shield against sand
movement at locations 4, 3, and 2.

4.2. Factors Affecting Sand Transport

Table 2 displays statistical findings regarding DP information, surface fractional vegeta-
tion cover (FVC), and sand transport rate (Q) at observation points along the Oshang Railway:.

Table 2. Statistics on drift potential, net unit-width sand transport rate and surface properties at each
monitoring position along the Oshang Railway.

Unit-Width Net Sand Angle between the RQ

iy o,
Position DP(VU) RDP/DP Trar(\ls(];;)é:1 E:)x;e Q and the Railway (°) Surface FVC (%)
5 330.3 (medium) 0.22 1.2 51 Medium turf (33.3%)
4 122.2 (low) 0.72 218 24 Sandy surface (11.1%)
3 1044.4 (high) 0.88 201 21 Sandy surface (13.2%)
2 1399.4 (high) 0.77 80 19 sparse turf (20.3%)
1 563.4 (high) 0.66 3.8 86 Hard turf (50.6%)

The results reveal that dense grass cover significantly impedes blown sand transport,
irrespective of the wind energy environment (Observation Position 1) or (Observation
Position 5), resulting in negligible blown sand flux. Observation data at Position 4 indicate
persistent blown-sand activity on sandy surfaces with severe surface degradation, despite
their low wind energy environments. Moreover, Observation data at Position 3 illustrate
that when grasslands reach the critical state of surface sanding, high sand transport oc-
curs due to the interplay between the high wind environment and surface characteristics.
Conversely, for sparse turf surfaces at Observation Position 2, sand transport activity re-
mains moderate despite the high wind energy environment. These results further affirm
that sparse vegetation (with fractional vegetation coverage of 15-25%) effectively miti-
gates wind-drift sand flow [45]. Blown sand transport is primarily governed by surface
properties [21] and wind field characteristics, aligning with the findings of Huang et al. [35].

Based on the findings of previous studies [33,34], it is established that the sediment
transport rate is directly proportional to the sediment transport potential (QexDP). To delve
deeper into the relationship between fractional vegetation cove and these variables, we
employed correlation analysis techniques [46-48] to assess the correlation between the
sand transport rate-to-drift potential ratio and fractional vegetation cover. The results are
summarized in Table 3. Notably, there exists a strong negative correlation between the
sand transport rate to drift-potential ratio (R = Q-f/DP) and fractional vegetation cover,
as evidenced by the Pearson correlation, Kendall correlation, and Spearman correlation
coefficients of —0.54, —0.80, and —0.90, respectively.

Table 3. Correlation analysis of the ratio of Q to DP with the FVC.

Correlation Analysis FvC

Pearson correlation -0.54

The ratio of Q to DP, R = Q-f/DP Kendall Correlation -0.80
Spearman Correlation -0.90 *

Note: * represents significant correlation.
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4.3. Characterisation of Sand Transport under the Influence of Vegetation

The factors influencing sand transport are numerous, including wind conditions [41,
49,50], sand particle size [41,49,50], sand moisture content [51], and fractional vegetation
cover [43,52]. Along the railway line, the minimal rainfall but significant evaporation means
we disregard the influence of sand source and moisture content on sediment transport.
Instead, fractional vegetation cover and drift potential become the primary factors affecting
sand transport in the area (see Section 4.2). We will delve into the functional relationship
between sand transport rate Q, drift potential (DP), f is the sand-moving wind frequency and
fractional vegetation cover (FVC).

To facilitate comparison with Wasson’s results, we have normalized the above vari-
ables. The dimensionless ratio of the sand transport rate (Q) and the sand-moving wind
frequency f to drift potential (DP) is regarded as a function (refer to Equation (11)) of the
alteration in normalized fractional vegetation cover, illustrated as follows:

[ _ Q& f ]
0.136 x DP - Pa ] Normalized

where Q is the unit-width sand transport rate (kg/(m-s)); g is the gravitational acceleration
(9.81 m/s?); DP is the drift potential (VU); p, is the air density (1.290 kg/m?3); FVC is
the fractional vegetation cover; f is the sand-moving wind frequency; e, p and r are
fitting parameters.

The presence of fractional vegetation cover on flat surfaces emerges as a pivotal factor
mitigating drift potential, thereby influencing the actual sand transport rate. In Figure 12,
the dimensionless ratio Q-g-f /(0.136 x DP-pa), representing the sand transport rate (Q) and
DP, exhibits a negative exponential trend correlating with increasing normalized FVC in this
locale, aligning with Wasson'’s study results [36]. Table 4 presents the empirical parameters
(e, p, r) and the coefficient of determination (Rz). Blown-sand activity diminishes when
FVC equals or exceeds 20.3%.

=ex eXp(*[FVC]Normalized/p) +r (11)

\ @ our experiment
' —— fitting of ours
O Wasson’s method one at 8m/s
— fitting of Wasson’s method one at 8m/s

1.0

0.8 Wasson’s method one at 10 m/s

Grassy land from our study fitting of Wasson’s method one at 10 m/s
[> Wasson’s method one at 13 m/s
— fitting of Wasson’s method one at 13 m/s

0.6

Wasson’s method one at 15 m/s
Shrub land from Wasson’s study fitting of Wasson’s method one at 15 m/s
®  Wasson’s method two at 8 m/s
— — - fitting of Wasson’s method two at 8 m/s
Wasson’s method two at 10 m/s
fitting of Wasson’s method two at 10m/s

> Wasson’s method two at 13 m/s

0.4

0.2

ng/(o 136X1)]de) Normalized

0.0 1 — — - fitting of Wasson’s method two at 13m/s
. : : - : . | . | . | Wasson’s method two at 15 m/s
0.0 02 04 0.6 0.8 1.0 fitting of Wasson’s method two at 15 m/s
[F VC] Nommalized

Figure 12. Normalized relationship between the dimensionless ratio of sand charge (Q) and drift
potential (DP) and fractional vegetation cover (FVC).
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Table 4. Statistics on parameters of fitting Equations (Equation (11)).

Type e p r R2 Condition

Q from observation data, Ours 0.992 0.038 0.0079 0.99 this paper
1.058 0.15 —0.04 0.908 8m/s
Q Calculated from Wasson’s method one, 1986 [36] 1.019 0.166 0.0034 0.97 10m/s
Q=B x (Vg - f(FVC) — V;) 1.010 0.174 —0.018 0.996 13m/s
1.053 0.2456 —0.039 0.994 15m/s
1.12 0.138 —0.038 0.916 8m/s
Q Calculated from Wasson’s method two, 1986 [36] 1.02 0.256 —0.0133 0.996 10 m/s
Q=B x (Vg — Vi-g(FVQ))3 1.03 0.189 —0.028 0.996 13m/s
1.027 0.251 —0.032 0.996 15m/s

Note: Vj is incoming velocity, V is threshold wind speed, f(ryc) and gryc) are the influencing functions of
vegetation cover FVC on Vj and V3, respectively.

According to Buckley’s findings [53], it holds for FVC > 17% and implies any given V
at which Q falls to 0. Our results indicate that with vegetation cover below 20.3%, sand
transport experiences exponential growth as vegetation degrades. This value surpasses
Buckley’s findings [53] yet falls below Wasson’s [36]. The variance between Wasson’s and
Buckley’s findings [36,53] and our study may stem from the diverse impacts of herbaceous
plants and shrubs on blowing sand, as well as differences in plant geometry and layout [53].
While our study does not attempt to incorporate these factors into its equation, it still
provides valuable insights for guiding sand-control initiatives along the regional railway
and assessing blown sand movement on flat surfaces influenced by vegetation. Therefore,
we formulated an empirical equation for the sediment transport rate tailored to this region
under the influence of vegetation coverage:

Q=Cirvo)- %“VZ(V ~ V) (12)

This formula enhances Lettau’s sand transport rate equation [54] in two key aspects
Q= %VZ(V — V.t), where C(ryc) is a parameter representing surface properties), en-
abling it to effectively depict sand transport rates during grassland degradation. Our
improvements include: firstly, integrating the empirical formula proposed by Sun [40] for
more accurate calculations of Vs, as described in Equations (2) and (4), which considers
the impact of vegetation coverage, particle size of sand source, and surface roughness. Sec-
ondly, we introduced a dimensionless function C(ry ) controlled by fractional vegetation
cover (FVC) to adjust the Lettau formula:

Crvey= Co x exp(to/ [FVC —1]) (13)

where FVC denotes vegetation coverage (0-1), while Cy and tg serve as fitting parameters,
each assigned values of 2.2 and 48.54, respectively. The fitting determination coefficient R2
stands at 0.99.

4.4. Recommendations for the Implementation of Sand Control Measures in the Future

Based on the aforementioned and previous research findings, it is indeed necessary
to implement sand-control measures to ensure the sustainable operation of the newly
constructed Oshang Railway. We have summarized some recommendations as follows:

For areas prone to significant sand transport such as Brickwell, Baga Zhoulegai, and
Amuleng, where the angle between the main sand transport direction and the railway line
is small, we suggest employing zig-zag-shaped sand barriers [17,18] for perimeter sand
prevention. Utilizing two to three layers of sand barriers [18,19,25] is preferable, as this
configuration can effectively contain blown sand within the barrier system.

In areas with minor sand transport like Sandaoquanzi Village and Liujiawan, where the
angle between the main sand transport direction and the railway line exceeds 51°, upright
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sand barriers are recommended for sand prevention. It is advisable to install one to two layers
of upright sand barriers [19,25] perpendicular to the main sand transport direction.

Regarding fractional vegetation cover, maintaining a sparse vegetation cover of at
least 20% can effectively inhibit the development of blown sand. We suggest planting
sparse grass vegetation between sand barriers and the railway line to resist blown sand
effectively. This planting method [45] can efficiently impede blown sand development
without compromising environmental capacity and can also reduce planting costs.

Implementing these suggestions should contribute to reasonably safeguarding the
sustainable operation of the railway and mitigating the impact of blown sand disasters to
some extent.

5. Conclusions

This paper displays the spatial characteristics of blown sand transport along the
Oshang Railway via field observation and utilizes an empirical expression to quantitatively
assess sand transport under varying vegetation cover. This not only lends support to the
implementation of wind and sand protection systems along the railway, providing essential
reference data for the sustainable management of wind and disasters along the railway line
and the preservation of regional environments but also contributes to the advancement of
foundational research in aeolian physics. The findings of this study are as follows:

1.  Sandaoquanzi Village, Amuleng, and Baga Zhoulegai areas along the railway are cat-
egorized as high wind energy environments, while Brickwell is classified as medium
and Liujiawan as low. The Baga Zhoulegui area experiences minimal changes in wind
direction, predominantly from the west to southwest, whereas other observation sites
encounter significant directional variations.

2. The intensity of sand transport along the railway diminishes in the Brickwell, Baga
Zhoulegai, Amuleng, Sandaoquanzi Village, and Liujiawan areas, with values of
303.70 kg/(m-a), 228.61 kg /(m-a), 102.94 kg /(m-a), 5.81 kg/(m-a), and 5.4 kg/(m-a),
respectively. Similarly, the intensity of sand transport perpendicular to the railway
decreases in these areas, with values of 88.7 kg/(m-a), 72.1 kg/(m-a), 25.95 kg /(m-a),
3.78 kg/(m-a), and 0.93 kg/(m-a), respectively. Moreover, the intensity of sand trans-
port decreases in Brickwell, Baga Zhoulegai, Amuleng, Liujiawan, and Sandaoquanzi
parallel to the direction of the railway, with values of 199.1 kg/(m-a), 187.6 kg/(m-a),
75.36 kg/(m-a), 0.82 kg/(m-a), and 0.26 kg/(m-a), respectively. When implementing
sand control measures along the railway, it is crucial to consider both perpendicular
and parallel wind-sand transport directions relative to the railway.

3.  The dimensionless ratio of sand transport rate (Q) to drift potential (DP) on a flat
surface follows a negative exponential trend with increasing normalized fractional
vegetation cover (FVC). When the vegetation cover exceeds 20% (vegetation cover
threshold), it effectively mitigates the development of blown sand flux.

4. We offer recommendations for implementing sand protection measures along the
Oshang Railway, adhering to the principle of “intensive protection for severe disasters
and lighter protection for mild ones”. Our suggestion includes utilizing two to three
layers of zigzag-shaped sand barriers in Brickwell, Baga Zhoulegai, and Amuleng
areas, and one to two layers of high upright sand barriers in Sandaoquanzi Village
and Liujiawan areas. Additionally, we propose planting sparse grass vegetation with
a coverage rate exceeding 20% between the sand barriers and the railway to effectively
suppress the development of blown sand.
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