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Abstract: Based on wind velocity and wind direction data monitored by Qiemo and Ruogiang
Meteorological Stations, a systematic elaboration on the wind-sand hazards threatening railways
in the study area is given. The results indicate that the study area had an annual sand-moving
wind frequency of 7.63-20.09%. The prevailing directions of sand-moving wind were NE and
ENE. The annual drift potential (DP) of the study area fell within the range of 66.18-124.21 VU,
so the study area had a low-wind-energy environment. The yearly direction variability index fell
within 0.594-0.610, which was a medium ratio. The yearly resultant drift directions (RDDs) were
222.34° (SW) and 241.79° (WSW), respectively. The seasonal DPs and sand-moving wind frequencies
in various directions manifested consistent variation characteristics. The direction variability index
presented obvious seasonal variation characteristics. The surface particles in the study area were
primarily extremely fine sand, fine sand, and medium sand, which formed wind-sand flows under
the sand-moving wind, resulting in railway erosion and two forms of hazards (sand burial and wind
erosion) along railways. Following the “blocking-fixing” principle, sand control measures combining
mechanical and biological elements are taken along railways to ensure safe service.

Keywords: sand-moving wind; drift potential (DP); wind-sand hazard; sand control measures

1. Introduction

The Taklimakan Desert, located in the Tarim Basin, is the largest desert in China and
the second-largest drifting desert in the world [1]. It has an abundant supply of sand
materials from many different sources and comprises many mobile dunes inside [2] and
facing a harsh aeolian sand environment. Under the continuous action of sand-moving
wind, the Taklimakan Desert presents a trend of southward expansion [3]. Qiemo and
Ruogiang, two counties seated on the southeastern fringe of the Taklimakan Desert, have
constructed ecological protection projects [4] based on river systems such as the Qarqan
River and the Ruoqiang River, but wind-sand hazards still threaten them. The Hotan-
Ruogiang Railway is the main trunk railway passing through Qiemo and Ruogiang. The
section of the railway running through the two counties is about 261 km in length, of
which 58 km is the mobile dune section, 46 km the semi-mobile dune section, and 34 km
is the Gobi section. The combined action of rich sand sources and frequent sand-moving
winds poses serious threats to the safe service of the railway. In this context, controlling
wind-sand hazards is a critical challenge to the construction and maintenance of the railway.
Considering that wind is the driving force of wind-sand activities, a systematic study of
the characteristics of the local aeolian sand environment is direly needed.

Many studies have been conducted on aeolian sand environments in deserts, Gobi ar-
eas, and basins [5-9]. It was found that aeolian sand environments and the intensity of sand
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drift activities vary across different deserts and different regions of the same desert [10-14].
There are spatial differences in wind-sand activities. However, the characteristics of the
aeolian sand environment in the southeastern fringe of the Taklimakan Desert are rarely
systematically explored in the existing studies [15,16]. Thus, they cannot offer adequate
theoretical support to sand control along railways in the study area. There are obvious
spatiotemporal differences in the wind regime characteristics of the study area. Sand
drift activities are strongest in the spring and weakest in the winter. Sand drift activities
decrease in succession from spring to winter. From Ruogiang to Qiemo, the effect of the
northeasterly wind on railways is gradually weakened, whereas that of the northwesterly
wind is gradually enhanced. The landforms passed by railways in the study area are largely
alluvial and alluvial deposits with a loose surface, providing abundant sand materials for
wind-sand hazards along railways. A majority of railways in the southeastern fringe of
the Taklimakan Desert are distributed in dune and Gobi sections. Driven by wind, sand
materials move along the dominant direction of the sand drift. Both sand drift rate and
dune movement distance vary evidently across different mileage sections [17]. With the
continuous transport and accumulation of dunes, the possibility of derailment is greatly
increased, posing a huge potential safety hazard.

In recent years, repeated attempts have been made to prevent and control wind-sand
disasters, mainly through setting up obstacles to interfere with airflows, reducing the
transport of wind-sand flows, increasing surface roughness, and preventing dunes from
moving forward. The efficiency of various wind-sand control measures has been analyzed
by numerical simulation [18-21]. The main forms of sand hazards along railways in the
southeastern fringe of the Taklimakan Desert are wind erosion and sand burial. At present,
a series of measures proposed according to the “blocking-fixing” principle (sand blocking
and sand fixing) have been taken along the railway, including upright sand fences, reed
checkerboards, shelter forest belts, and natural environments [22-24]. However, some
upright sand fences have toppled under wind-sand action, resulting in weakened sand
control effects. As for shelter forest belts, it takes quite a long time to exert their effect fully.
The building of a sand control system must be based on a comprehensive consideration
of multiple factors. The wind is not only the driving force of dune movement but also a
major factor triggering wind erosion. This paper systematically analyzes the characteristics
of the aeolian sand environment in the southeastern fringe of the Taklimakan Desert and
thoroughly discusses the causes of wind-sand disasters and their impact on railway service
in this region. This way, it provides a theoretical basis for improving and optimizing follow-
up sand control measures along the railway, presenting great significance for preventing
and controlling sand hazards.

2. Overview of the Study Area

Qiemo and Ruogiang are located in the southeastern fringe of the Taklimakan Desert.
An area covering both counties (37.77°-39.38° N, 84.99°-88.74° E) was selected as the study
area (Figure 1). The study area has a typical continental temperate arid climate, with annual
average precipitation of less than 20 mm and annual average evaporation of over 2500 mm.
The evaporation is intense, and the diurnal temperature range is high. The annual average
temperature, highest temperature, and lowest temperature of the study area are 11.7, 41.3,
and —26.4 °C [4], respectively. The northeasterly wind dominates the study area and has
many windy days, especially blowing sand and floating dust days. Fortunately, the Qarqan
River and several other water systems in the southeastern fringe of the Taklimakan Desert
have nourished the Qiemo Oasis, made outstanding contributions to ecological protection
projects in the county, and created favorable conditions for biological sand control along
railways. The Hotan—Ruogiang Railway connecting the two counties passes through the
piedmont alluvial-proluvial inclined plain (Ruoqiang DK0+000-Washixia DK80+500) and
the alluvial-proluvial inclined plain in the southern margin of the Tarim Basin (Washixia
DK80+500-Qiemo DK261+000). The railway includes both passenger and freight traffic,
with trains traveling through the desert daily. The aeolian sand environment along the
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railway is harsh, and the surface is dominated by extremely fine sand, fine sand, and
medium sand. The complex topography and characteristics of the sandy environment affect
the formation and development of dunes [25]. Due to abundant sand sources, wind-sand
disasters are very serious here, posing grave threats to traffic safety. The angle between the
railway trend and sand-moving wind direction is under constant change and first increases
and then decreases from Ruogiang to Qiemo. Due to the variation in the angle, the railway
is exposed to sand hazards to varying extents. For sand control, mechanical and biological
measures have been combined along the railway in the study area.

78°0'0"E 81°0'0"E 84°0'0"E 87°0'0"E

40°0'0"N
40°0'0"N

38°0'0"N
38°0'0"N

78°0'0"E 81°0'0"E 84°0'0"E
85°30'0"E

39°0'0"N
T
39°0'0"N

Washixia

38°0'0"N
38°0'0"N

85°300"E 87°0'0"E 88°30'0"E
Figure 1. Overview of the study area.

3. Data Source and Research Method

The wind regime data used in this paper are hourly wind regime data collected
by Qiemo and Ruogiang Meteorological Stations in 2017-2020. The number of hours
with a sand-moving wind velocity of >4.5 m/s was counted. The sand-moving wind
frequencies of 16 directions were calculated on three-time scales, i.e., annual, seasonal, and
monthly. Drift potential (DP) was further calculated from wind velocity by the following
equation [26]:

DP = V3(V — Vi)t 1)

where DP (VU) denotes DP; V and V; denote sand-moving wind velocity and critical
sand-moving wind velocity, in knots (1 knot =~ 0.514 m/s); t denotes sand-moving wind
time, expressed as the percentage of the number of hours with the sand-moving wind in the
total number of hours observed. The critical sand-moving wind velocity of the Taklimakan
Desert is 4-5 m/s (4.5 m/s, on average, adopted in this paper) [27]. According to the
definition of Equation (1), five sand-moving wind velocity scales were introduced, namely,
45m/s<V<7m/s,7m/s <V<9m/s,9Im/s < V<1l m/s, 11 m/s < V<13 m/s,
and V > 13 m/s. First, the weight factors of these five wind velocity scales were solved,
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respectively. Then, the DPs of Qiemo and Ruoqiang areas were calculated. Finally, the
DPs of 16 directions were used to obtain the resultant drift potential (RDP) and resultant
drift direction (RDD). RDP/DP denotes the direction variability index, which is used to
characterize the directional variability of sand-moving wind in a region. According to
Fyberger’s [26] division of wind energy environments, DP > 400 VU means a high wind
energy environment, 200400 VU—a medium wind energy environment, and <200 VU—
a low wind energy environment. The direction variability index < 0.3 is a small ratio,
0.3-0.8 is a medium ratio, and >0.8—a large ratio. A larger direction variability index
means a more stable wind direction in the region and vice versa.

4. Results and Analysis
4.1. Landforms and Sand Sources

The landform units passed by the railway include the piedmont alluvial-proluvial
inclined plain and the alluvial-proluvial inclined plain in the southern margin of the Tarim
Basin. The overall terrain is high in the south and low in the north, with flat and open
topography and sparse vegetation. The section from Ruogiang (DK0+000) to Washixia
(DK80+500) has a surface elevation of 890-1000 m and is dominated by Gobi landform
(Figure 2a—) and distributed with isolated residual dunes locally. Here, the strata are
mainly alluvial-proluvial fine sand and fine round gravel soil. The railway mainly passes
through the front margin of the alluvial-proluvial inclined plain. By contrast, the section
from Washixia (DK80+500) to Qiemo (DK261+000) has a surface elevation of 970-1420 m.
The strata here are dominated by silty fine sand. The surface is largely distributed with
aeolian sand, which forms dunes locally. The railway mainly passes through the middle
of the alluvial-proluvial inclined plain, and oases, wetlands, and aeolian landforms are
developed along the railway. Roughly 52.5% of the railway in the study area is exposed to
dunes and Gobi areas. The areas affected by sand hazards along the railway were studied
by sections according to the mileage pile numbers. Table 1 provides the starting and ending
mileage pile numbers. Figure 2 shows the typical landforms along the railway in the study
area. To be specific, DKO-DKS80 are dominated by Gobi areas (a—c) and threaten railway
safety mainly in the form of wind-sand flows under the action of strong high-frequency
winds. DK113-DK261 are mainly mobile and semi-mobile dunes (d—f) with abundant
sand sources. Under the action of sand-moving wind, sand materials are transported and
accumulated to the railway, and the sand drift rate here is significantly higher than that in
Gobi areas (Table 1). Mobile and semi-mobile dunes constitute the primary sand source of
sand hazards in DK113-DK261.

Table 1. Landform types and sand drift rates along the railway.

No. Starting Ending Landform Vegetation Sand Drift Rate (m3/m.a)
Type Coverage
1 DKO DK50 Gobi 0-5% 3-5
5 DK50 DK55 Gobi 0-5% 10-15 (insufficient sand souSrces,
recommended to be 5 m?)
. o 5-10 (insufficient sand sources,
3 DK55 DKS80 Gobi 0-5% recommended to be 5 m3)
4 DK113 DK149 Mobile dune 0-5% >20
5 DKI49 DKI6l Semi-fixed 10-30% 3-5
dune
6 DK252 DK261  Mobiledune  0-15% >20 (artificial afforestation,

recommended to be 5-10 m3)




Appl. Sci. 2022, 12,9186

50f 15

Figure 2. Typical landforms of various sections along the railway: (a—c) Gobi; (d—f) mobile and
semi-mobile dunes.

4.2. Characteristics of Sand-Moving Wind

Sand-moving wind is the driving force of sand particle movement. Sand-moving
wind velocity refers to the critical wind velocity at which sand particles begin to move
after breaking through surface friction and gravity constraints. In this sense, research on
sand-moving wind offers an important basis for setting up sand-control projects.

4.2.1. Characteristics of Annual Sand-Moving Wind

Data analysis indicates that the annual average sand-moving wind velocities of Qiemo
and Ruoqiang were 5.99 and 6.11 m/s, respectively, and that the annual sand-moving wind
frequencies of Qiemo and Ruoqgiang were 20.09% and 7.63%, respectively. Figure 3 shows
that the prevailing direction and frequency of annual sand-moving wind in Qiemo were
NE and 10.38%, respectively, and that those of annual sand-moving in Ruoqgiang were
ENE/NE and 3.52/2.33%, respectively.
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Figure 3. Annual sand-moving wind frequencies in various directions.
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4.2.2. Characteristics of Seasonal Sand-Moving Wind

Figure 4a shows the seasonal sand-moving wind frequencies of Qiemo and Ruogiang.
Sand-moving wind frequency peaked in the spring, followed in succession by the summer
and the autumn, reaching its lowest value in the winter. The average sand-moving wind
velocities of Qiemo and Ruogiang peaked in the spring (6.15 and 6.34 m/s), followed in
succession by the summer and the autumn, and reached their lowest values (5.52 and
5.63 m/s) in the winter (Figure 4b). As shown in Figure 5a,b, the prevailing direction of
the seasonal sand-moving wind was consistent with that of annual sand-moving wind in
both Qiemo (NE) and Ruoqiang (ENE). The sand-moving wind frequencies of the four
seasons presented consistent variation trends in 16 directions. The prevailing directions of
sand-moving wind were concentrated in NE and ENE, and sand-moving wind frequencies
were extremely weak in SE and NW. The prevailing direction of the sand-moving wind in
the spring in Qiemo was NE. Sand-moving wind frequency in NE accounted for 61.3% of
the sand-moving wind frequency in the spring in Qiemo. The variation trends in various
directions in the autumn and the winter were consistent with those in the spring. In
the summer, sand-moving wind frequency presented a blunt bimodal pattern, while the
prevailing directions of sand-moving wind were NNE and NE, accounting for 23.8 and
35.5% of the sand-moving wind frequency in the summer in Qiemo, respectively. In the
contrary directions SW and WSW, sand-moving wind frequency increased abruptly, and
sand-moving wind was disorderly in the summer, accompanied by a complex wind regime.
In comparison, in Ruogiang, sand-moving wind in the spring was jointly dominated by NE
and ENE, which accounted for 38.7 and 49.5% of the sand-moving wind frequency in the
spring in Ruogiang, respectively. The variation trends in various directions in the autumn
and the winter were consistent with those in the spring. In the summer, the prevailing
directions of sand-moving wind in Ruoqgiang were NNE and SW, which accounted for 33
and 24.7% of the sand-moving wind frequency in the summer in Ruogiang, respectively.
The sand-moving wind frequency in the summer in Ruoqgiang presented a more significant

blunt bimodal pattern, suggesting that sand-moving wind was more disorderly in the
summer in Ruoqgiang.

e’ §

81 (a)

&
in

(b)

—a— Qiemo
—s— Ruogiang

—a—Qiemo
—s— Ruoqgiang

)
=

Sand-moving wind frequency/%5
'S
o
o

average sand-moving wind velocity/m-s
h

Spring Summer Autumn Winter

.0
Spring Summer Autumn Winter
Time

Time
Figure 4. Seasonal sand-moving wind frequency and velocity: (a) sand-moving wind frequency;
(b) average sand-moving wind velocity.

5
5 . 2.0 .
(a)Qiemo Spring (b)Ruogiang —=—Spring
7 —o— Summer —s—Summer
—+— Autumn 15 —a— Autumn

—— Winter

—v— Winter

) [

Sand-moving wind frequency/%

Sand-moving wind frequency/%

<

0.5 /\
N NE E SE S§ SW W NW " N NE E SE S SW W NW
Direction Direction

Figure 5. Sand-moving wind frequencies in various directions in the four seasons: (a) Qiemo;
(b) Ruogiang.



Appl. Sci. 2022,12, 9186

7 of 15

4.2.3. Characteristics of Monthly Sand-Moving Wind

There were differences among various months in the variation characteristics of sand-
moving wind frequency and velocity. As shown in Figure 6a, the variation trends of sand-
moving wind frequency in Qiemo and Ruogiang were consistent. Specifically, sand-moving
wind frequency gradually increased from January to April, peaked in April and May, and
presented a declining trend from April and May to December. For the two counties, the
extreme values of monthly average sand-moving wind velocity and monthly sand-moving
wind frequency occurred in the same periods. The monthly average sand-moving wind
velocity of Qiemo fell within the range of 5.33-6.28 m/s and reached its maximum and
minimum values in May and December, respectively. The monthly average sand-moving
wind velocity of Ruoqgiang fluctuated between 5.35 and 6.47 m/s and reached its maximum
and minimum values in April and December, respectively (Figure 6b). Figure 6¢,d indicates
that the variation trends of monthly sand-moving wind directions were consistent with
annual and seasonal sand-moving wind directions in the two counties. The prevailing
direction of the monthly sand-moving wind in Qiemo was NE, and the prevailing directions
of monthly sand-moving wind in Ruogiang were ENE and NE. Prevailing directions
accounted for large proportions of monthly sand-moving wind frequency in March, April,
and May. Specifically, in Qiemo, NE accounted for 69.02, 63.72, and 52.55% of monthly
sand-moving wind frequency in March, April, and May, respectively. In Ruoqiang, ENE
and NE accounted for 90.63, 89.73, and 84.78% of monthly sand-moving wind frequency
in March, April, and May, respectively. Sand-moving wind direction presented a blunt
bimodal pattern in June in Qiemo and Ruogiang. June is the beginning month of the
summer. The variation trend of its sand-moving wind frequency in various directions was
consistent with the overall sand-moving wind frequency in the summer. Among various
summer months, June accounted for the largest proportion of sand-moving wind frequency
and had a variable sand-moving wind direction and a harsh aeolian sand environment.
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Figure 6. Monthly sand-moving wind frequency and velocity: (a) sand-moving wind frequency;
(b) average sand-moving wind velocity; (¢) sand-moving wind frequencies in various directions in
Qiemo; (d) sand-moving wind frequencies in various directions in Ruoqgiang.



Appl. Sci. 2022,12, 9186

8 of 15

4.3. Characteristics of DP
4.3.1. Characteristics of Annual DP

According to Figure 7, the annual DPs of Qiemo and Ruogiang were 124.21 and
66.18 VU, respectively. The RDP, RDD, and RDP/DP of Qiemo were 73.81 VU, 222.34°, and
0.594, respectively, and those of Ruogiang were 40.73 VU, 241.79°, and 0.610, respectively.
Both counties had medium directional variability. The annual DP of Qiemo presented a
trend of dominance by a single wind direction, with a prevailing direction of NE, 62.82 VU.
The prevailing direction of the annual DP of Ruoqiang was ENE, 34.85 VU. According to the
division of wind energy environments, both counties had a low-wind-energy environment.
The intensity of sand drift activities in Qiemo was much higher than that in Ruoqgiang.
Medium direction variability suggests that the two counties have relatively stable sand-
moving wind directions on the annual scale, which are mainly concentrated in NE and ENE.

N
NNW NNE

NW

DP=124.21
RDP=73.81
RDD=222.34
RDP/DP=0.594

WNW ENE

DP=66.18
RDP=40.37
RDD=241.79
RDP/DP=0.610

WSwW ESE
SW
SSw SSE

Il Qiemo I Ruogiang

Figure 7. Characteristics of annual DP.

4.3.2. Characteristics of Seasonal DP

Figure 8 shows that the variation characteristics of seasonal DP were consistent with
the variation characteristics of seasonal sand-moving wind frequency in Qiemo and Ruo-
giang. Qiemo and Ruogqiang had the largest DPs (54.90 and 37.46 VU) in the spring, with
RDPs of 42.27 and 30.20 VU and RDDs of 226.30° (SW) and 238.84° (WSW), respectively.
Their RDP/DPs were 0.770 (medium ratio) and 0.806 (large ratio), respectively. The above
results indicate that the wind directions of the two counties in the spring are fixed and
not liable to variation. However, spring is also the season most susceptible to wind-sand
disasters, mainly because of the largest DP in this season. In the summer, the DPs of Qiemo
and Ruoqgiang were 46.91 and 16.30 VU, respectively. Their RDPs were 15.49 and 2.04 VU,
respectively. Their RDP/DPs were 0.330 and 0.125 only, respectively. The RDP/DP of
Qiemo in the summer was extremely close to a small ratio, while that of Ruogiang was
already a small ratio, indicating that wind directions are variable in the summer. As shown
in Figure 8, the DP in the direction opposite to the prevailing direction accounted for a
considerable proportion in the summer, resulting in a smaller RDP and a greater effect
on RDD in this season. The RDD of Qiemo in the summer was 213.22° (55W), and that
of Ruoqgiang was 259.77° (W). These results are different from the overall manifestations.
Although the summer had a lower intensity of sand drift activities than the spring, it is the
season with the most complex wind regime among the four seasons. In the autumn, the DPs
of Qiemo and Ruogiang were 19.98 and 9.03 VU, respectively. Their RDPs were 15.45 and
6.64 VU, respectively. Their RDP/DPs were 0.774 and 0.735 only, respectively. Compared
with the other three seasons, autumn has relatively stable wind directions. The RDDs of
Qiemo and Ruogiang in the autumn were 220.29° (SW) and 245.60° (WSW), respectively.
These results are in good agreement with their respective annual RDDs. Overall, autumn
has a low intensity of sand drift activities, a relatively stable wind regime, and simple wind
directions. Qiemo and Ruogiang had the smallest DPs (8.30 and 3.39 VU) in the winter,
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with RDPs of 6.78 and 2.00 VU and RDDs of 225.18° (SW) and 237.31° (WSW), respectively.
Their RDP/DPs were 0.816 and 0.589 (medium ratio), respectively. On the whole, there are
relatively stable wind directions and infrequent sand-drift activities in the winter.
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Figure 8. Characteristics of seasonal DP: (a) spring; (b) summer; (c) autumn; (d) winter.

The DPs of Qiemo and Ruogiang decrease in succession from the spring to the winter,
accompanied by a gradual decline in the intensity of sand drift activities. The prevailing
directions of seasonal DP and annual DP are consistent. DP activities are intense in
the spring and the summer. Wind directions are concentrated in the spring, making it
convenient for the transport and accumulation of sand to the railway and resulting in traffic
interruption. The complex wind regime makes it difficult to maintain stable wind directions
in the summer. RDD is manifested as the combined action of several opposite directions,
and sand drift activities in multiple directions pose great difficulties to sand control.

4.3.3. Characteristics of Monthly DP

The monthly DP and RDP variation trends were consistent with monthly sand-moving
wind frequency (Figure 9). Overall, the DPs of Qiemo and Ruoqgiang showed parabolic
fluctuations on the monthly scale. The DP of Qiemo peaks (22.4 VU) in May, and its RDD
and RDP/DP were 223.93° (SW) and 0.608 (medium ratio). In June, its RDP/DP ratio
was extremely low (merely 0.094), suggesting that sand-moving wind is highly variable
in this region; its RDP and RDD were 2.10 VU and 191.46°, respectively, which are much
different from the overall manifestations. The monthly DP of Ruoqgiang peaked (16.06 VU)
in May, after which it first dropped considerably, then increased slightly in October, and
finally declined gradually. According to Figure 9, the monthly fluctuation amplitude of
RDP/DP in Ruoqgiang was higher than that in Qiemo. The RDP/DPs of the two counties
dropped drastically in June and December, suggesting that the sand-moving wind direction
is disorderly in both months. On the whole, Qiemo has a more stable sand-moving wind
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direction, which means a greater threat from sand hazards on the upwind side of the
railway. By contrast, in Ruogiang, both sides of the railway are threatened by sand hazards
under the action of constantly changing sand-moving wind.
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Figure 9. Characteristics of monthly DP: (a) Qiemo; (b) Ruogiang.

5. Discussion on Wind-Sand Hazards and Sand Control along the Railway
5.1. Wind-Sand Hazards and Their Causes along the Railway

Because of landforms, an aeolian sand environment, and the angle between the railway
and sand-driving wind, the railway is exposed to different degrees and forms of wind-sand
hazards. Sand-driving wind and sand sources are necessary conditions for wind-sand activ-
ities, greatly affecting the shape and movement of dunes. The annual average sand-moving
wind velocity of the study area is 5.99-6.11 m/s, and its prevailing directions are NE and
ENE. The magnitude and direction of DP are consistent with sand-moving wind frequency
on multiple time scales and are greatly affected by sand-moving wind frequency [9]. Its
annual RDDs are SW and WSW, meaning that sand particles are transported along the
NE-SW direction, consistent with Dong’s [28] analysis of dune movement in different areas
of the Taklimakan Desert. The intensity of sand drift activities presents spatiotemporal
differences. Temporally, the spring and the summer account for large proportions of sand-
moving wind frequency and have intense sand-drift activities, while the autumn and the
winter have low wind energies. Spatially, the sand-moving wind velocity and intensity of
sand drift activities of Qiemo are much higher than those of Ruogiang.

Ruogiang is mainly distributed with flat sandy land and shrub-coppice dunes. Barchan
dunes and chains gradually appear from Ruogiang to Qiemo. The movement direction of
barchan dunes is consistent with RDD. Under the wind action, wind-sand flows strongly
impact the railway and seriously affect driving safety. Sand-driving wind regime and
DP show seasonal variation characteristics. Wind-sand activities are most frequent in the
spring, and the intense sand-drift activities and stable sand-drift directions in the spring
bring sufficient sand sources along the railway. Meanwhile, the passage of the railway
disturbs local wind balance and destroys dune stability, for which the railway is inevitably
exposed to sand hazards.

The railway runs along the NE-SW direction, and the angle between the prevailing
direction of the sand-moving wind and the dominant direction of sand drift is small
(Figure 10). The railway trend directions of Ruogiang and Qiemo are about 247 and
230°, respectively. The RDD of Qiemo was smaller than its railway trend angle in each
season (Figure 8). Sand drift activities mainly occur on one side of the railway, so sand
control should be strengthened on the upwind side. In the summer, Ruogiang has a highly
changeable wind direction, and its RDD was 259.77, greater than the railway trend. In the
spring, the autumn, and the winter, its RDD was smaller than the railway trend. That is,
sand drift activities occur on both sides of the railway in Ruogiang, and sand control on the
downwind wide cannot be ignored.
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Figure 10. Railway trend and annual RDD: (a) Qiemo; (b) Ruogiang.

5.2. Sand Control System
5.2.1. Mechanical Sand Control System

Studies have shown that single sand control measures fail and become ineffective
after a short while in aeolian sand environments [29], causing railways to be exposed to
wind-sand hazards again. On that account, a sand control mode combining mechanical and
biological measures has been adopted along the railway in the study area according to the
“blocking-fixing” principle to achieve a satisfactory sand control effect. Mechanical sand
control measures mainly include upright sand fences and reed checkerboards. Upright sand
fences, erected on the outermost side of the mechanical sand control system, realize wind
prevention and sand resistance by reducing incoming wind velocity and depositing sand
particles. The wind-sand flows intercepted by upright sand fences enter reed checkerboards,
which play a sand-fixing role by increasing surface roughness (Figure 11a). Aeolian sand
environments have spatiotemporal variation characteristics, so the setting of the sand
control system should fully consider the variations in the angle between railway and sand
drift direction and in sand-driving wind direction. The railway trend in the study area is
almost parallel to the sand drift direction, so sand-guiding measures should be stressed.
The upright sand fences on the outermost side are arranged in a folded pattern (Figure 11b),
as these can achieve a more significant sand accumulation effect than straight sand fences
can under this pattern. Wind directions in the summer are disorderly in the study area,
especially the Ruoqgiang area. The angle between the sand-drift direction and railway
is large in the summer, so straight upright sand fences were adopted in some sections
(Figure 11c).

Figure 11. Mechanical sand prevention system and its specific patterns: (a) overall layout; (b) folded
sand barriers; (c) straight sand barriers.

Sand control measures should be adapted to local conditions. Sand control width
should be set reasonably to reduce capital and human resource inputs. Spatial variations
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in aeolian sand environments require that sand control measures be adjusted accordingly.
Concerning areas facing serious wind-sand hazards, the number of rows of upright sand
fences and the width of sand-fixing checkerboards on both sides of the railway should
be adjusted for wind-sand hazards. Figure 12a shows the passage of the railway through
a mobile dune area. The upwind side is erected with three rows of upright sand fences,
which are 240 m away from the railway at the closest. The downwind side is erected with
two rows of upright sand fences, which are 170 m away from the railway at the closest.
Affected by the aeolian sand environment, the status of upright sand fences on the upwind
side is inferior to that on the downwind side. Figure 12a,b shows that the distances between
the upright sand fences on the upwind and downwind sides and railway are reduced by
30 m, and one row of upright sand fences is reduced on each side of the railway. As shown
in Figure 12¢,d, each side of the railway is erected with one row of upright sand fences.
Differing from Figure 12b, both Figure 12¢,d show reduced distances between the upwind
sand fences and railways and increased distances between the downwind sand fences
and railways. Additionally, in Figure 12d, the downwind side is arranged with lateral
guidance devices to lead wind-sand flows through railway culverts, thus weakening the
direct erosion of railway subgrade by the wind-sand flows.

Figure 12. Distribution of sand control system along railway: (a—d) distances between upright sand
fences on both sides and railway and number of upright sand fences. 1-3 represents the upright
sand fences.

5.2.2. Biological Sand Control Measures

Studies have revealed that the morphology of dunes varies greatly from one side of the
river to the other. The shrubs on both sides of the river intercept some sand particles. Their
growth also modifies the near-surface wind regime, reduces wind velocity, and increases
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the threshold of sand-driving wind velocity, playing an important role in wind prevention
and sand fixation. The Qarqan River section (DK149-DK161) parallel to the railway has
a high vegetation coverage rate. When wind-sand flows are slowed and intercepted by
vegetation and the river, the sand drift rates are significantly reduced, indicating that
vegetation provides effective protection for the railway. Therefore, vegetation coverage
along the railway can be gradually improved by fully utilizing the water systems flowing
through the study area. Biological and mechanical sand control measures can be combined
to reduce wind-sand hazards. The perennial rivers flowing through the study area include
the Ruogiang River, the Washixia River, and the Qarqan River. Originated mainly in ice and
snow melting water, these rivers show great differences in flow during wet and dry seasons.
Their flood peaks usually occur from June to August, i.e., the hottest period. The winter
and the spring are dry seasons. In the flood peak period, the downstream inclined plain
in the Gobi area is threatened by floods. The underground water level is highly variable
due to the topography or landforms. The study area has a harsh natural environment, so
the species selected for biological sand control must be able to withstand drought, cold,
high temperature, and wind erosion. Based on the natural environment and wild plant
resource distribution along the railway and the experience from built-up projects, this
paper proposes three ideal sand-fixing shrub species, i.e., Calligonum mongolicum, Tamarix
chinensis, and Haloxylon ammodendron.

It takes a relatively long period for biological sand control measures to exert their
effect fully. In an environment facing wind erosion and sand burial, sand fences are erected
by rows and columns along the outer edges of forest belts to protect plant seedlings and
guarantee their survival rate. Meanwhile, it is also necessary to ensure a sufficient water
supply. In deserts, drip irrigation is often adopted to reduce evaporation and supply water
directly to plant roots (Figure 13). The factors considered in setting the width of biological
sand control layout are the degree of wind-sand hazards along the railway and the angle
between the railway trend and sand drift direction. In the principle of “adapting sand
control measures to the severity of wind-sand hazards”, the width of the biological sand
control layout on the upwind side is greater than that on the downwind side. In case of a
larger angle between railway trend and sand drift direction, the shelter forest belt will also
be wider.

Figure 13. Setting of shelter forest belts along the railway.

6. Conclusions

Wind-sand hazards are the primary problem to be solved during railway operations.
This study systematically analyzes the wind energy environment and sand transport
activities along the railway and discusses the measures for wind and sand control in
combination with the railroad alignment. The control of wind-sand should integrate
multiple factors to achieve targeted, site-specific.
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The average sand-moving wind velocities of Qiemo and Ruogiang, located in the
southeastern fringe of the Taklimakan Desert, are 5.99 and 6.11 m/s, respectively. The
sand-moving wind frequency of Qiemo is higher than that of Ruogiang, and their annual
sand-moving wind frequencies are 20.09% and 7.63%, respectively. The sand-moving wind
frequencies of the two counties show obvious seasonal variations and are relatively syn-
chronous. The spring has the highest sand-moving wind frequency, followed in succession
by the summer, the autumn, and the winter.

The DPs of Qiemo and Ruogiang are 124.21 and 66.18 VU, respectively, so they are
both low-wind-energy environments. Their RDP/DPs are 0.594 and 0.610, respectively,
which are medium ratios. Their RDDs are 222.34° and 241.79°, respectively, and sand
particles are transported from NE to SW. The variation of DP is consistent with that of
sand-moving wind frequency on various time scales. Besides stable wind directions, the
spring also has the largest DP, followed in succession by the summer, the autumn, and the
winter. The aeolian sand environment is harsh in the summer, and the wind directions are
most variable.

The aeolian sand environment in the southeastern fringe of the Taklimakan Desert
shows obvious spatiotemporal variations. According to the “blocking-fixing” principle, a
sand control system combining mechanical (upright sand fences and reed checkerboards)
and biological (Planting sand-fixing shrubs) measures has been adopted along the railway
in the study area. The widths of upright sand fences and sand-fixing checkerboards in
mechanical sand control measures are also adjusted with a view of the spatial variations in
the aeolian sand environment to realize efficient and effective sand control.

Considering that single sand control measures are incapable of fully controlling sand
hazards, an integrated sand control system should be developed based on a comprehen-
sive analysis of sand drift rate, railway trend, the aeolian sand environment, and other
related factors.
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