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Abstract

:

The Lhasa–Linzhi Railway is located in the sandy area of the South Tibet valley, with high elevation and cold temperature. The Xierong section is a bridge section where blown sand hazards are severe. However, the disaster-causing mechanism of blown sand hazards in this section is currently unclear, thereby hindering targeted sand prevention and control. To address this problem, the wind dynamic environment of and causes of sand damage in this section are investigated through the field observation of the locale and a wind tunnel simulation experiment. Results show that the dominant sand-moving wind direction in the Xierong section is SSE. The wind speed, frequency of sand-moving wind, sand drift potential (DP), and maximum possible sand transport quantity (Q) in this section are relatively high during spring (March to May) and low during other seasons. The yearly resultant sand transport direction (RDD, RA) is SW. The angle between the route trend of this section and the sand transportation direction is 30°–45°, and the sand source is located in the east side of the railway. During spring, sand materials are blown up by the wind, forming blown sand flow and movement from the NE to SW direction. Increased wind speed area is formed between the top of the slope shoulder of the windward side of the bridge and the downwind direction of 3H, causing blown sand erosion. Meanwhile, weakened wind speed areas are formed within the distance of -3H at the upwind direction and from the downwind direction of the 3H to 20H of the bridge. These areas accumulate sand materials at the upwind and downwind directions of the bridge, thereby resulting in blown sand hazards. This research provides a scientific basis for the prevention and control of sand damage in the locale.
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1. Introduction


The Lhasa–Linzhi Railway passes southeast of the Qinghai–Tibet Plateau, the middle reaches of the Yalu Tsangpo River and its two tributary valleys of the Lhasa River and the Nyang River, and the railway west from Lhasa City, which is the terminus of the Qinghai–Tibet Railway. This railway is also along the Lhasa River down to Xierong, crossing the rest of the Gangdisi Mountain to the south, entering the Yalu Tsangpo River valley, and then turning to the east at Konggar County, following the Yalu Tsangpo River downstream. The Lhasa–Linzhi Railway also line strides the Yalu Tsangpo River 16 times; passes Zhanang County, Shannan City, Sangri County, Gyaca County, Nang County, and Mainling County; traces the Nyang River upstream after these counties; and finally arrives in Linzhi City, which is an important city in the southeast of Tibet (Figure 1). The total length of the Lhasa–Linzhi Railway is 436 km. The construction of this railway started in December 2014 and is expected to be completed and opened to traffic by the end of 2020. The land desertification along the Lhasa–Linzhi Railway is severe because of several factors, such as the dry and windy climate, the rich source of sandy materials, the sparse and low vegetation, the short growing season, and intensive human activities [1]. Large areas with moving dunes and semifixed sandy lands are distributed on the valley bottom, the valley slope, and the neck, especially in the broad river valley [2,3,4]. The ecological environment is fragile, and the blown wind activities are strong. These dunes/sandy lands not only have a complex and diverse morphology, but are also large in scale (with widths up to 1000–2000 m) and have a high distribution (a relative height difference of up to 600–700 m) and fast-moving speed (1–5 m·a−1) [5]. Meanwhile, owing to the unique blown sand environment with high elevation and cold temperature of the Qinghai–Tibet Plateau [6,7], the matter and energy balance of the system would be altered by any small disturbance [8,9,10]. The construction process of railways inevitably destroys the native sparse vegetation and the fragile ecological environment to a certain extent and exacerbates the surface blown sand activities along the railway [11,12]. The original, relatively stable dynamic balance of the blown sand movement of the plateau is particularly disturbed in the space domain with the appearance of the railway roadbed. Moreover, the moving path and intensity of the blown sand flow near the surface are altered. Consequently, blown sand hazards become prominent. Surveys and statistics indicate that the Lhasa–Linzhi Railway currently has 12 blown sand sections with a total length of 12.35 km [5]. These sections are mainly distributed in the river broad valley sections, such as Xierong, Shannan, and Mainling (Figure 1). Among them, the blown sand hazards in the Xierong section are severe. However, the dynamic environment of blown sand in this section is currently unclear, and the cause of blown sand hazards has not been reported, hindering targeted sand prevention and control. Therefore, through the field observation of the locale and a wind tunnel simulation experiment, the authors attempt to ascertain the characteristics of the blown sand dynamic environment and reveal the formation mechanism of sand damage in this section to provide a scientific basis for the prevention and control of sand damage in the locale.




2. Methods


2.1. Field Observation


Blown sand hazards cover 1.2 km of the Xierong section of the Lhasa–Linzhi Railway, which experiences serious blown sand hazards. The subgrade form of this section is all bridges, and the characteristics of the bridges are shown in Table 1. This section is located in the sandy area of the South Tibet valley with a high elevation and cold temperatures, and whose main landform types include plain sand land, Gobi, and climbing and falling dunes [13,14]. The observation site is located in the sand source area of the east side of this section (Figure 2), with geographic coordinates of 29° 22′45″ N, 90° 54′33″ E and an altitude of 3612 m. Meteorological sensors were installed at a surface height of 2 m to record the wind speed and direction in the locale every 5 min from September 2017 to August 2018. The collected observation data were used to statistically analyze the average wind speed and sand-moving wind conditions in this section. Afterward, the sand drift potential (DP), the resultant drift potential (RDP), and the resultant drift direction (RDD) were calculated according to a method proposed in the literature [15].


  DP = 8.95 ×  V 2  ( V −  V t  ) t  



(1)




where DP is the sand drift potential expressed in vector units (VU), V is the wind speed higher than the sand-moving wind (m·s−1), Vt is the sand-moving wind speed (m·s−1), and t is the time affected by the sand-moving wind and is expressed in frequency. The RDP (VU) and the RDD (°) were obtained by synthesizing the sand DP based on the vector synthesis rule, and the index of directional wind variability is the ratio of the RDP to the DP (RDP/DP). The sand DP reflects the potential sand transport capacity in a certain direction during a period of time.



The maximum possible sand transport quantity (Q), resultant quantity (RQ), and resultant angle (RA) of the maximum possible sand transport were calculated according to a method proposed in the literature [16,17].


  Q = 8.95 ×  10  − 1   ( V −  V t  ) × T  



(2)




where Q is the maximum possible sand transport quantity (kg·m−1·a−1), V is the wind speed greater than the sand-moving wind (m·s−1), Vt is the sand-moving wind speed (m·s−1), and T is the cumulative duration of wind speed with different ranges. In the calculation, the statistics of the frequency or time of different wind speed ranges at each direction were first obtained based on 16 directions. Then, the Q values in the 16 directions were calculated under different wind speed ranges to obtain the Q of each direction. The sum of the Q values in the 16 directions is the total Q (kg·m−1·a−1). Finally, the RQ (kg·m−1·a−1) and the RA (°) of the maximum possible sand transport were obtained by synthesizing Q in 16 directions based on the vector synthesis rule. The maximum possible sand transport quantity (Q) directly reflects the spatial distribution conditions of sand quantity, which refers to the maximum possible transport capacity of air flow for sandy materials when the sand source is sufficient, the sand surface is flat, bare, loose, and dry, and the air flow functioning on the surface of the drift sand is fully saturated. The maximum possible sand transport quantity is the theoretical limit value of sand transport quantity.




2.2. Wind Tunnel Simulation Experiment


Experiments were conducted in the wind tunnel of the Key Laboratory of Desert and Desertification, Chinese Academy of Sciences. The wind tunnel has a test section that is 6 m in length and has a 0.63 m × 0.63 m cross-section, and the boundary layer thickness is 12–15 cm. This tunnel is a direct current closed-blowing wind tunnel, and the wind speed could be continuously adjusted within the range of 0–20 m·s−1. The Lhasa–Linzhi Railway is a class I single-track heavy railway; the top and bottom widths of the subgrade are 3.5 and 31.5 m, respectively; and the slope ratio is 1:1.75 (i.e., the slope is 30°) based on the Design Specifications for Railway Subgrade (TB10001-2005, China). The bridge model of the wind tunnel experiment was in 1:100 scale (Figure 3); the height and length of the model are 8 and 62 cm, respectively.



Ten observation positions, namely, −30H, −25H, −20H, −15H, −10H, −5H, −3H, −1H, −0.5H, and −0H, were set at the upwind direction of the bridge. H represents the height of the bridge model, − indicates the upwind direction, + indicates the downwind direction, and -0H indicates the slope foot of the windward side of the bridge. Five observation positions, namely, the bottom of the slope middle of the windward side, the bottom of the slope shoulder of the windward side, the center of the bottom of the bridge, the bottom of the slope shoulder of the leeward side, and the bottom of the slope middle of the leeward side, were set beneath the bridge. Twelve observation positions, namely, 0H (representing the slope foot of the leeward side of the bridge), 0.5H, 1H, 3H, 5H, 10H, 15H, 20H, 25H, 30H, 35H, and 40H, were set at the downwind direction of the bridge (Figure 4). A pitot tube was set at the bottom center of the wind tunnel to measure the wind speed in each observation position at 10 different heights, namely, 0.6, 0.8, 1.3, 2.1, 8.3, 12.2, 16.4, 20.2, 24.2, and 28 cm. The wind speed was measured once every 2 s for 1 min (30 times) after the experimental wind speed stabilized, and the average value was taken as the result. The wind speed at the center of the entrance of the wind tunnel experimental section was taken as the experimental wind speed. Given the sand-moving wind speed of 5.0 m·s−1 in the Xierong section [18,19], the experimental wind speeds of the five groups were set to 6, 9, 12, 15, and 18 m s−1. The initial wind speed profile at the middle of the wind tunnel’s experimental section, which conforms to the logarithmic distribution law of wind speed with height (below 8.3 cm height) in nature, was measured under the five groups of experimental wind speeds without the bridge model before starting the bridge wind tunnel experiment (Figure 5). Afterward, the initial sand transport rate in the outlet of the wind tunnel experimental section was measured under the same experimental wind speeds without the bridge model (Figure 13).



Wind tunnel experiments have many requirements on similarity, such as geometric, dynamic, and kinematic similarities. However, these similarity requirements are rarely satisfied simultaneously, and some compromises must be adopted [20]. The models in this study were of 1:100 geometric scale, so attaining a strict Reynolds number scaling for dynamic similarity was impossible. Nonetheless, we attempted to generally meet the requirements of “Reynolds number independence” recommended by White for solid models [21]. Five wind velocities were investigated (i.e., 6, 9, 12, 15, and 18 m·s−1) so that the flow Reynolds numbers based on the thickness of the boundary layer (Re = Uδ/υ, where Re is the flow Reynolds number, U is the free-stream wind velocity, δ is the thickness of the boundary layer, and υ is the kinematic viscosity of air) ranged from 6.31 × 104 to 1.89 × 105. In addition, the Reynolds number calculated using the height of bridge model (8 cm) ranged from 3.37 × 104 to 1.01 × 105. Under these conditions, Reynolds number independence was essentially attained for the solid models used in this study [21,22,23].





3. Results and Analysis


3.1. Blown Sand Dynamic Environment


The average wind speed of observation time in the Xierong section is 1.93 m·s−1, the instantaneous maximum wind speed is 24.93 m·s−1, and the 5-min average maximum wind speed is 13.60 m·s−1. The average wind speed is high in May and low in December, and the other months are between them (Figure 6). The yearly wind rose diagram of the Xierong section shows the dominance of the SSE wind direction, which accounts for 13.16% of the yearly total, and the frequency of static wind is 18.15% (Figure 7). The frequency of the yearly sand-moving wind is 6.69%, the frequency of sand-moving wind is high in May and low in December, and the other months are between them (Figure 6).



The rose diagrams of the monthly sand-moving wind in the Xierong section reveal that the SE wind direction dominates in most months of the year (including the three directions: ESE, SE, and SSE) (Figure 8). The yearly sand-moving wind is dominated by the SSE wind, which accounts for 25.91% of the yearly total, followed by the NNE wind, which accounts for 20.97% of the yearly total, and the SE wind takes the third place, accounting for 19.61% of the yearly total. The yearly synthetic direction of the sand-moving wind is 128.05°, which indicates the SE direction (Figure 8).



According to the DP and Q calculation results, the DP, RDP, Q, and RQ in the Xierong section are relatively high during spring (March to May) and low during the other seasons (Figure 9). The resultant sand transport direction (RDD, RA) is dispersed (Table 2).



The yearly DP of the Xierong section is 24.90 VU, the yearly RDP is 9.49 VU, the yearly direction variability index (RDP/DP) is 0.38, and the yearly RDD is 235.22°, which indicates the SW direction (Figure 10). The yearly Q is 57.89 kg·m−1·a−1. The wind speed range with the maximum contribution is distributed between 7 and 8 m·s−1 (Table 3). The yearly RQ is 24.93 kg·m−1·a−1, and the yearly RA is 222.94°, which suggests a SW direction (Figure 10).




3.2. Influence of Railway Bridge on Wind Speed and Flow Field


According to the aforementioned wind tunnel experiment layout, the wind speeds of each observation position are shown in Figure 11. Taking the fifth height of 8.3 cm as the boundary, when the height is lower than 8.3 cm, the near-surface wind speed (i.e., wind speed at a height of less than 8.3 cm) significantly decreases from the -3H distance at the upwind direction of the bridge to the minimum upwind direction between the -0H (the slope foot of the windward side of the bridge) and the bottom of the slope middle of the windward side of the bridge. The near-surface wind speed rapidly increases after entering the bridge and reaches its maximum at the bottom of the slope shoulder of the leeward side of the bridge. After exiting the bridge, the near-surface wind speed drops quickly and drops to the lowest value at the 10H distance away from the downwind direction. The wind speed then slowly increases and is restored at the 25H distance away from the downwind direction of the bridge. When the height exceeds 8.3 cm, the wind speed at a height of greater than 8.3 cm significantly increases between the top of the slope shoulder of the windward side of the bridge and the downwind direction of 3H, slightly decreases from the downwind direction of 3H to 20H, and basically recovers after 20H distance away from the downwind direction of the bridge. In addition, the variation amplitude of the near-surface wind speed (at a height of less than 8.3 cm) is higher than that of the wind speed at a height greater than 8.3 cm.



When the height of the wind speed observation point is 8.3 cm, the wind speed varies dramatically because it is situated on the surface of the bridge pavement (the height of the bridge model is 8 cm). The wind speed is at its maximum at the slope shoulder of the windward side of the bridge and suddenly drops to the minimum (0 m·s−1) at the center of the bridge pavement. The wind speed at the slope shoulder of the leeward side of the bridge is also very low (near 0 m·s−1). The wind speed rapidly increases after passing through the bridge to the downwind direction of 0H (the slope foot of the leeward side of the bridge), slowly increases from the downwind direction of 0H to 20H, and basically recovers after 20H distance away from the downwind direction of the bridge.



The diagram of the wind flow field of the bridge and its upwind and downwind directions (Figure 12) indicates a significant increase in the wind speed area between the top of the slope shoulder of the windward side of the bridge and the downwind direction of 3H. Significantly weakened wind speed areas exist within the distance of -3H at the upwind direction of the bridge and from the downwind direction of 3H to 20H of the bridge. The latter weakened area shows a greater reduction in wind speed scope and degree than the former, indicating that the influence of the bridge on wind speed at the downwind direction is more significant than that at the upwind direction.





4. Discussion


The wind tunnel simulation experiment has many similarity requirements, and meeting all the similar conditions in the simulation process is difficult [24]. In this wind tunnel experiment, the bridge model was placed within the boundary layer of the wind tunnel test section, and the pitot tube was set at the bottom center of the wind tunnel test section. The measured initial wind speed profile is consistent with the natural distribution law. These conditions meet the requirements of the model blown sand environment experiments conducted within the wind tunnel and are consistent with the experiment arrangement of the wind tunnel simulation in most relevant investigations [25,26]. Generally, the greater the angle between the railway line and the resultant wind direction is, the more serious the blown sand hazards will be [27,28]. Given that this wind tunnel simulation experiment is mainly used to demonstrate the formation mechanism of bridge blown sand damage, the angle between the bridge model and the wind direction is set to 90° to make the problem clearer and highlight the damage of blown sand to the bridge model. Most of the relevant investigations are also set in this manner [29,30,31]. The route trend of the Xierong section is roughly toward the north–south direction (Figure 1). The dominant wind direction is SSE, and the resultant sand transport direction (RDD, RA) is SW. The angle between the railway trend (refers to the direction in which the railway line is present) and the dominant wind direction is approximately 60°, and the angle between the railway trend and the resultant sand transport direction is 30°–45°. A difference exists between the dominant wind and resultant sand transport directions, mainly because of the higher speed of the NNE wind. Although the proportion of the NNE wind is not the highest among the sand-moving wind directions (only ranking second, accounting for 20.97% of the yearly total), it plays a leading role in sand transport. Meanwhile, the proportion of SSE wind is the highest (25.91%), but it does not play a leading role in sand transport. These results can be confirmed by the direction variability index (RDP/DP). The direction variability index (RDP/DP) of the Xierong section is 0.38. According to the classification standards of the direction variability index [32], the direction variability index (RDP/DP) of this section belongs to the intermediate ratio (0.3–0.8) and the near low ratio (≤0.3), thereby suggesting a relatively dispersed wind direction. At least two blown sands of the NNE and SSE directions transport to the bridge of this section, further aggravating the blown sand hazards. In addition to the wind speed and direction, the actual sand transport capacity is also affected by environmental conditions, especially those closely related to the local conditions of sand sources. When the blown sand flow moves near the railway, its structure form and energy distribution vary because of the influence of the bridge, which is consistent with relevant research results [33,34,35,36]. Meanwhile, the bridge will also affect the process of transportation, accumulation, and erosion of blown sand flow near the ground surface, thereby accumulating sand materials in the weakened wind speed areas within the distance of -3H at the upwind direction of the bridge and from the downwind direction of 3H to 20H of the bridge. Consequently, blown sand erosion occurs in the increased wind speed area between the top of the slope shoulder of the windward side of the bridge and the downwind direction of 3H, thereby resulting in blown sand hazards. In particular, the sand source of this section is located in the east side of the railway, the flow field structure of blown sand flow and its transportation and accumulation conditions change because of the bridge, and the sand accumulation in the east side of the bridge is serious. The results of this bridge wind tunnel simulation experiment indicate that most of the sand materials accumulate in the east side of the bridge because the wind speed starts to decrease at the -3H distance away from the upwind direction of the bridge, and only a few accumulate in the west side through the bridge bottom. Under the bridge, the wind speed increases because of the “narrow pipe effect,” and most of the surface will not accumulate sand. However, the flow field of blown sand flow is adjusted by the terrain variation, and the sand material through the bridge bottom decreases with the thickening of sand accumulation in the east side of the bridge. When the thickness of sand accumulation in the east side exceeds the height of the bottom of the bridge, the sand material will jump onto the bridge abutment and deposit on the track bed, threatening railway safety. In addition, according to the experiment results of the wind tunnel simulation, the higher the bridge is, the weaker the influence on the blown sand movement will be. The bridge has no influence on the blown sand movement when the headroom reaches a certain height. Therefore, the bridge height can be increased to avoid the blown sand hazards in similar sandy regions, such as the South Tibet Alpine Valley, the Qinghai–Tibet Engineering Corridor, and the Hexi Corridor, which also has an important significance to the survey, design, and construction of traffic line projects in these similar sandy regions.



In addition, the measurement results of the sand transport rate of this wind tunnel experiment indicate that the initial sand transport rates measured under the five groups of experimental wind speed without the bridge model are 5.76, 68.37, 215.80, 311.52, and 588.25 g·cm−2·min−1, while the sand transport rates measured with the bridge model are 4.17, 36.40, 129.38, 250.25, and 381.13 g·cm−2·min−1. The latter measurements are obviously lower than the former measurements (Figure 13), indicating that the passing rate of blown sand flow decreased after the bridge appeared, and the transport of blown sand is partially blocked by the bridge, thereby leading to the accumulation of sand materials near the bridge.




5. Conclusions


The sand-moving wind direction is dominated by the SSE wind in the Xierong section. The wind speed, the frequency of sand-moving wind, the DP, the RDP, the Q, and the RQ are relatively high during spring (March to May) and low during other seasons. The yearly DP, RDP, Q and RQ are 24.90 VU, 9.49 VU, 57.89 kg·m−1·a−1, and 24.93 kg·m−1·a−1, respectively. The yearly resultant sand transport direction (RDD, RA) is SW.



The angle between the route trend in the Xierong section and the sand transportation direction is 30°–45°, and the sand source is located in the east side of the railway. During spring (March to May), sand materials are blown up by the wind, forming blown sand flow and movement from the NE to SW direction. The near-surface wind speed, the flow field of blown sand flow and its transportation, and the accumulation conditions are altered because of the bridge. Increased wind speed area is formed between the top of the slope shoulder of the windward side of the bridge and the downwind direction of 3H, causing blown sand erosion. Meanwhile, weakened wind speed areas are formed within the distance of -3H at the upwind direction and from the downwind direction of 3H to 20H of the bridge. These areas accumulate sand materials at the upwind and downwind directions of the bridge, thereby resulting in blown sand hazards.
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Figure 1. Sketch map of the Lhasa–Linzhi Railway and Xierong section. 
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Figure 2. Blown sand observation site in the Xierong section. 
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Figure 3. Railway bridge model used in the wind tunnel experiment. 
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Figure 4. Layout of the bridge wind tunnel experiment. 
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Figure 5. Initial wind speed profile of the wind tunnel experiment. 
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Figure 6. Monthly variations of the average wind speed and sand-moving wind frequency in the Xierong section. 
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Figure 7. Yearly wind rose of the Xierong section. 
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Figure 8. Monthly and yearly rose diagrams of sand-moving wind in the Xierong section. 
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Figure 9. Monthly variations of the drift potential (DP) and Q in the Xierong section. 
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Figure 10. Yearly rose diagrams of the DP and Q in the Xierong section. 
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Figure 11. Wind speed at each observation point of the bridge and its upwind and downwind directions. 
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Figure 12. Wind flow field of the bridge and its upwind and downwind directions. 
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Figure 13. Sand transport rate measured of the wind tunnel experiment with and without the bridge model. 
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Table 1. Characteristics of the bridge in the Xierong section.
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Xierong Grand Bridge

	
Length (m)

	
Width (m)

	
Average Height (m)

	
Number of Piers




	
1192

	
3.9

	
8

	
36
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Table 2. Monthly variations of the resultant sand transport directions in the Xierong section.
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	Month (Year/Month)
	RDD (°)
	Direction
	RA (°)
	Direction





	2017/09
	318.85
	NW
	312.79
	NW



	2017/10
	321.34
	NW
	320.20
	NW



	2017/11
	266.64
	W
	243.04
	WSW



	2017/12
	204.63
	SSW
	203.19
	SSW



	2018/01
	304.84
	NW
	303.22
	WNW



	2018/02
	10.89
	N
	3.87
	N



	2018/03
	210.57
	SSW
	208.91
	SSW



	2018/04
	206.24
	SSW
	203.80
	SSW



	2018/05
	226.30
	SW
	221.33
	SW



	2018/06
	318.72
	NW
	312.99
	NW



	2018/07
	291.90
	WNW
	278.85
	W



	2018/08
	330.61
	NNW
	332.11
	NNW
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Table 3. The Q of each wind speed range in the Xierong section.
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	Wind Speed Range (m·s−1)
	5–6
	6–7
	7–8
	8–9
	9–10
	10–11
	11–12
	12–13
	13–14





	Sept 2017 to Aug 2018 Q (kg·m−1·a−1)
	3.45
	11.92
	15.37
	10.14
	7.26
	5.25
	2.36
	1.38
	0.75
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