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Introduction: Most of the sand fixation technologies utilized locally and internationally are static or dynamic, making it challenging for a single sand fixation mode to function in a harsh environment. Therefore, the development of a sand fixation mode that combines resistance and consolidation has emerged as a trending topic in sand control research. Our team developed the wing bag sand barrier, which is a static and dynamic combination of sand fixation mode.
Methods: In this study, we examined the characteristics of airflow velocity field and sand resistance near double-row wing bag sand barrier under different wind conditions to screen out the optimal mode of wing bag sand barrier. The analyses were conducted under nine configuration modes through the wind tunnel simulation experiment and the field experiment.
Results: The inflection point of the airflow was always 5H on the windward side of the wing bag sand barrier, regardless of the wind speed. The protection range of the wing bag sand barrier with the same specifications was gradually weakened with the increase of the wind speed. However, there was an upward trend in both total sand accumulation and sand accumulation of each height layer. When the wind speed was slower than 8 m/s, the sand accumulation behind the barrier was mainly concentrated in the 0–10 cm height layer, and when the wind speed was 12 m/s, it was mainly concentrated in the 30–60 cm height layer. At the leeward side of the wing bag sand barrier, sand particles were rejected in the range of 0–30 cm; however, they were conducted in the range of 30–60 cm. The protective effect of the wing bag sand barrier simulated in the wind tunnel experiment was consistent with that of the field experiment.
Discussion: For a wind speed of slower than 6 m/s, the recommended specification for the field-installed wing bag sand barrier was 25 cm × 20 cm or 30 cm × 20 cm. The specifications 25 cm × 20 cm and 25 cm × 25 cm were recommended at an inlet wind speed of 8 m/s. When the wind speed was greater than 12 m/s, the recommended specifications were 25 cm × 25 cm, 25 cm × 20 cm, and 20 cm × 25 cm.
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1 INTRODUCTION
China is one of the countries with the largest area of desertification in the world, covering around 2.7 million km2, which accounts for 27% of the total land area. The desertification in China has severely threatened the country’s ecological security and sustainable economic and social development activities. Wind erosion is one of the main forms of sandy desertification caused by wind-blown sand movement and is the main contributing factor to desertification in China. About 70% of the desertified area (1.832 million km2) in China has been caused by wind erosion (Yang, 2016; Guo, 2021).
Frequent and severe wind and sand activities in arid and semi-arid areas have damaged roads, railways, power transmission towers, and farmland in these regions (Gao, 2022). The wind-sand disaster prevention system can be divided into three categories: mechanical, biological, and chemical. The mechanical sand control system is the leading wind-sand disaster prevention system owing to its low price, convenient construction, quick effect, and less environmental pollution (Wu et al., 2003; Qu et al., 2014). The sand barrier is also called a mechanical sand barrier or wind barrier and is one of the main engineering sand fixation measures (Sun et al., 2012; Han et al., 2021a). It is constructed on the sand surface using firewood, straw, clay, branches, slats, pebbles, and other materials (Wu, 2003; Li et al., 2022).
According to Neuman et al. (2013), the roughness elements on the surface can significantly reduce the transport and migration of fine-grained sediments under wind action. Hu et al. (2002) conducted a comprehensive study on the protection techniques for preventing highway sand disasters. They observed a 26.1%–71.3% decrease in sediment transport following setting up a mechanical sand barrier which led to an increase in the surface roughness by 40–88 times compared to the mobile dune (Hu et al., 2002). A study by Li J Y et al. (2020) found that mechanical sand barriers have a clear positive impact on sand fixation and control and can effectively reduce wind erosion and improve the ecological environment. In addition to mechanical sand barriers, there are other types of traditional sand barriers, such as grass-checkered sand barriers (Qiu, 2004; Xu et al., 2018; Wang et al., 2020; Wang et al., 2021), clay sand barriers (Chang et al., 2000; Liu, 2008), geotechnical sand barriers (Dong et al., 2007; Bai, 2009; Nie, 2012), living sand barriers (Miao et al., 2018; Wang et al., 2018), branch sand barriers (Meng et al., 2014; Shi et al., 2021; Liang et al., 2022) and gravel sand barriers (Zhang et al., 2012; Li et al., 2022). All these traditional sand barriers have good wind-proof and sand-fixing effects. However, the above-mentioned traditional sand barriers have many drawbacks, such as being vulnerable to various forms of damage, degrading readily, being difficult to construct, having short material life, being expensive, and having limited practical applications (Dong, 2004). Therefore, developing advanced and efficient sand-fixing materials without the aforementioned drawbacks is urgently required to replace the conventional sand-fixing materials employed in current wind-sand disaster prevention and control systems.
A static sand fixation approach is used in conventional sand fixation methods, such as grass-checkered sand barriers or clay and gravel. In conventional sand fixation methods, sand mobility is very strong, and the sand burial process is passive (Wu, 2009). Plant sand fixation methods are dynamic and have strict environmental requirements during planting; hence, they cannot be applied under harsh natural environments (Luo, 2005). Therefore, it is crucial to develop a low-cost sand fixation technology that can adapt to the fluidity of sand and collect sand in situ. In the future, dynamic and static sand fixation methods will be the key breakthrough direction of desertification control research.
Wing bag sand barrier is developed based on the conventional sand barrier and consists of dynamic and static sand-fixing methods deviating from the standard approach of the single sand-fixing mode concept of a mechanical sand barrier (Yang et al., 2017). It is a new type of sand barrier with wind and sand resistance properties and has multiple benefits, including long service life, resistance to aging, convenient construction, durability, and controllable porosity (Gao, 2021). In the wing bag sand barrier, a wing is attached to the traditional bag-shaped sand barrier that can fluctuate with the wind (Han et al., 2021b). The wing attached to the sand barrier can make the sand wind more resistant and slow it down layer by layer, which will cause sand to settle in the bottom bag. The wing can reduce the wind by fluctuating, which also improves its wind-proof and sand-fixing effects (Gao et al., 2019). Furthermore, the coast can be reduced by increasing the distance between the two rows of sand barriers. Unlike other sand barriers, the size and the height of the wing bag sand barrier can be adjusted according to the topography and wind speed, which are not subject to the specifications and materials of the wing bag sand barrier. The selection of materials for the wing bag depends entirely on the location of the barrier and the climatic zone, and both can influence the best protective effect.
At present, the wing bag sand barrier technology has International and Chinese patent authorization and the support for significant special achievement authentication from the Ministry of Science and Technology and the Inner Mongolia Science and Technology Office. Nevertheless, the optimum specifications required to achieve the best protective effect by the wing bag sand barrier under different wind conditions are still unknown. Therefore, the main purpose of this study is to determine the best combination mode between the wing bag sand barrier bottom pocket diameter and the wing height under different wind conditions. This study carried out the wind tunnel simulation, field measurement of airflow velocity, and sand resistance characteristics near the double-row wing bag sand barrier under nine configuration modes. Furthermore, the airflow movement law, the action law of wind sand flow under the action of wing bag sand barrier, and its sand resistance efficiency were also analyzed. The study provides new ideas and techniques that can be applied to prevent and control sand disasters, and the theoretical basis and data support for the application of wing bag sand barriers in the future.
2 MATERIALS
The wing bag sand barrier was built using a biodegradable plant base as raw material, which is decomposed into carbon dioxide and water by microorganisms in the soil. This is an environmentally friendly biological sand control material as it is non-toxic and does not cause pollution (Figure 1A). Based on the wind tunnel simulation the field test material was thickened, and weather and wind erosion resistivity were enhanced to better adapt to the harsh field environment (Figure 1B).
[image: Figure 1]FIGURE 1 | Experiment diagram of wing bag sand barrier. Note: (A) wind tunnel test chart, (B) field layout of wing bag sand barrier.
3 METHODS
3.1 Construction and setting up of the wing bag sand barrier model
The wing bag sand barrier is a new type of combined sand barrier with two parts: the bottom bag and the wing. The bottom bag can fix the quicksand, and the wing can eliminate the wind by fluctuating. As a result, the conventional static sand fixation approach is transformed into a dynamic sand fixation. The field experiment was conducted at three bottom bag diameters (20 cm, 25 cm, 30 cm) and three wing heights (20 cm, 25 cm, 30 cm), with a total of nine configurations. A ratio of 1:2 (equal scale reduction) was employed between the wind tunnel simulation test and field-measured data to maintain comparability between the two data sets in the sand barrier model. For example, a 20 cm × 20 cm wing bag sand barrier was used in the modeling process (Figure 2). The dimensions of the material used in the sand barrier preparation were 10 m (Figure 2A) × 1.02 m (Figure 2B). Two 0.05-m adhesive strips were stitched on both ends of the material (Figure 2C), and the distance between the two adhesive strips was the wing height (Figure 2D). In the field construction, the sand barrier bottom belt (Figure 2E) was first irrigated before being filled with sand (Figure 2F) collected from the site. The sand content of the bottom belt exceeded 95% after joining the two rows of the adhesive belt. Secondly, the shrapnel (Figure 2G) was inserted up to 2/3 of the bottom pocket, and the top of the shrapnel was flush to the top of the adhesive tape to increase the wing strength. The spacing between the shrapnel (Figure 2H) was 0.3 m. Finally, the modeling was completed by gluing the double rows of adhesive tape. The wing bag sand barrier was simple to operate and implement in the field.
[image: Figure 2]FIGURE 2 | Wing sand barrier production flow chart (taking the size of 20 cm × 20 cm as an example). Note: (A) denotes the length of the material used (10 m), (B) denotes the width of the material used (1.02 m), (C) denotes reserve wing height (0.2 m), (D) denotes the width of the sticky bag (0.05 m), (E) denotes the circumference of the bottom belt (circumference 0.62 m), (F) denotes sand, (G) denotes the wing shrapnel which is made up with wire mesh (0.26 m × 0.05 m), (H) denotes width between two shrapnel (0.3 m), and (I) denotes the bottom band diameter (20 cm).
3.2 Wind tunnel simulation experiment
The wind tunnel (Shapotou Soil Wind Tunnel Laboratory, Institute of Environment and Engineering in Cold and Arid Regions, Chinese Academy of Sciences) (Figure 1A) used in this experiment was initially built in 1990 and was expanded in 2003. It is a DC closed-blowing, low-speed tunnel and is composed of five parts: power section, rectifier section, sand supply device, experimental section, and diffusion section. The other features of the wind tunnel are as follows: the total length is 40 m, the length of the experimental section is 21 m, the cross-sectional area is 1.2 m × 1.2 m, and the thickness of the boundary layer is 50 cm. Wind speed can be adjusted continuously from 0 to 40 m/s. The experiment can be synchronized through the speed control module. The source and the particle characteristics of sand material do not impact the wind tunnel experiment of the wing bag sand barrier. The sand material used in the wind tunnel experiment was obtained from Tengger Desert, China.
The main topics of wind-sand physics research have always been the wind velocity profile and wind-sand flow structure. In this study, the wind velocity profile and wind-sand flow structure were changed at different points to reflect the effect of the wing bag sand barrier on preventing wind and sand. Specific observation points are as follows:
(1) Airspeed: The clean air free of sand and other impurities has nine modes of wind speed. Three wind speed grades of 6, 8, and 12 m/s were selected for the present experiment. Once the airflow was stabilized, the wind speed started to blow. The recording frequency and recording time of wind speed were 1 and 20 s, respectively. The wind speed was measured using a sand prevention wind speed profile and a pitot tube connected with a digital pressure acquisition instrument. The computer automatically recorded acquisition heights at 0.4, 0.8, 1.2, 1.6, 3.2, 6.4, 12, 20, 35, and 50 cm (Figure 3). The measuring points before the model were 0.5H, 1H, 2H, 3H, and 5H, and after the model were 0.5H, 1H, 1.5H, 2H, 2.5H, 3H, 4H, 4.5H, 0.5H, 1H, 2H, 3H, 5H, 7H, and 10H (H is the model height) (Figure 3).
(2) Aeolian sand flow: Without using a model, the aeolian sand flow was measured before and after the cavity under carrying wind and sand conditions. Three wind speeds applied were 6, 8, and 12 m/s, and the corresponding steady blowing times were 10, 5, and 3 min. The structure of aeolian sand flow was measured by a continuous equal-step sand collector. The aeolian sand flow observation position was 1 m behind each row of sand barrier (Figure 3). The sand collector had a height of 60 cm (60 layers) and a cross-section of 0.5 cm × 1 cm.
[image: Figure 3]FIGURE 3 | Layout diagram of measuring points of wind cup in the wind tunnel test.
3.4 Sand barrier rejection rate/conductivity rate
The concept of rejection rate is proposed as it is assumed that the erosion process of surface sand is the superposition effect caused by pure wind shear stress and sand-bearing wind impact wear (McEwan and Willetts, 1993). That is, the number of eroded sand particles passed through the sand barrier can be calculated as the proportion of trapped/transported sand particles to the total sand. The formula is as follows (Eq. 1):
[image: image]
Where, n is the sand barrier interception rate/conductivity; W is the open-air sediment transport flux at the same height, g/(cm2·min); Q is the residual sediment transport flux after the influence of the sand barrier, g/(cm2·min).
4 RESULTS
4.1 Variation of the horizontal airflow velocity field in the wing bag sand barrier
The horizontal airflow field of the wing bag sand barrier was investigated under nine different configuration modes and three bandwidth spacing modes. After that, the optimal configuration mode and the layout spacing of the wing bag sand barrier were selected under various wind conditions.
4.1.1 Variation of the horizontal airflow velocity field of the wing bag sand barrier with different configurations
Figure 4 shows the horizontal airflow velocity field of the double-row wing bag sand barrier (distance 1.5 m) under wind speeds of 6, 8, and 12 m/s. The flow field characteristics of the wing bag sand barrier were similar under different configuration modes. The airflow started fluctuating at −5H, and the inflection point appeared at −2H. Due to the interference of the sand barrier, the lower airflow steadily raised, resulting in a strong airflow area at the top of the sand barrier. The wind speed decreased sharply when airflow passed through the barrier, and weak and calm wind regimes were developed inside and behind the barrier. The airflow returned to its original state as it moved away from the barrier.
[image: Figure 4]FIGURE 4 | Horizontal airflow velocity field of wing bag sand barrier at different configuration modes.
In the same configuration mode, the protection range of the wing bag sand barrier was decreased by 2–4H with the increase in wind speed. However, the varying wind speed had little impact on the airflow field’s variation. Also, the specific value of the disturbance effect of the wing on the wind speed was unaffected by the wind speed. The protection range of the nine configuration modes exceeded 16H when the wind speed was 6 m/s. For the wing bag sand barrier with specifications of 10 cm × 15 cm and 12.5 cm × 10 cm, the wind speed was only 2.78 and 3.24 m/s at the height of 50 cm of the measuring point within 16H. The inlet wind speed reached 8 m/s for three wing bag sand barrier specifications: 12.5 cm × 10 cm, 12.5 cm × 12.5 cm, and 10 cm × 15 cm. The thickness and protection distance of the static wind layer on the ground near the leeward side of the second-row sand barrier were better than those of the other configuration modes. When the wind speed was increased to 12 m/s and a wing height of 12.5 cm, the protection range decreased in the order of 0–14H > 0–12 H for 12.5 cm × 12.5 cm sand barrier and > 0–10 H for 15 cm × 12.5 cm sand barrier. The results showed that at 12 m/s wind speed and constant wing height, the diameter of the bottom bag was inversely proportional to the protection range. Table 1 shows the wind-proof effect of the wing bag sand barrier with different specifications at a wind speed of 12 m/s. For the 10 × 15 wing bag sand barrier, the best protective effect of up to 83.25% occurred at a wind speed of 2.01 m/s at 10H and 0.2 m height on the leeward side. The wing bag sand barrier with a bottom belt diameter of 10 cm showed a better protective effect than those with other specifications. The wing bag sand barriers with specifications of 12.5 × 15 and 12 × 12.5 showed relatively poor (both less than 50%) protective effects, proving the size of the wing bag sand barrier had minimum impact on the protective effect.
TABLE 1 | Comparison of the wind-proof effect of the sand barrier of wing bag of different specifications (indicating wind speed of 12 m/s).
[image: Table 1]4.1.2 Variation of the horizontal airflow velocity field of the wing bag sand barrier at different spacing
The airflow field variation under different spacing was investigated by taking the wing bag sand barrier specification of 10 cm × 15 cm. Figure 5 shows the wind velocity diagram of the wing bag sand barrier with a distance of 1, 1.5, and 2 m under different wind speeds. At 6 m/s wind speed, the effective protection range after the barrier was 14H, 16H, and 18H for a distance of 1, 1.5, and 2 m, respectively.
[image: Figure 5]FIGURE 5 | Horizontal airflow field diagram of wing bag sand barrier with different spacing.
The protection range at 8 m/s wind speed was 14H, 14.5H, and 18H, respectively, for the same distances, and when the wind speed increased to 12 m/s, the protection range was 12.5H, 13H, and 18H, respectively. Under the same wind speed, an increase in bandwidth spacing increased the protection range by 0.5–5H, and the protection area by 0.27–1.79 m2 (Table 2). Under the same bandwidth, the increase of wind speed led to a decrease in the protection range before and after the barrier by 0.5–1.5H and 0–3H, respectively, and the protection area by 1.91–4.06 m2, indicating a significant influence by bandwidth spacing while little impact by wind speed on the protection distance. The reduction of the protection area was mainly attributed to the gradual decrease in the thickness of the static wind layer above the surface. The best protective effect of the wing bag sand barrier was observed for a bandwidth of 2 m, followed by that of 1.5 m. The bandwidth of 1 m was too narrow, resulting in an overlap of the protective effect on the barrier, thereby generating a relatively weak protective effect.
TABLE 2 | Protective range and area of wing bag sand barrier.
[image: Table 2]4.2 Variation law of the vertical airflow velocity profile
The vertical airflow profile variation at various positions of the wing bag sand barrier with different specifications is shown in Figure 6. Figure 6A shows the vertical airflow profile of the wing bag sand barrier at a distance of 2 m and a specification of 10 cm × 12.5 cm under different wind speeds. The barrier settings used were: before the barrier (0.5H, 5H), in the barrier (0.5H, 4H), and after the barrier (0.5H, 7H). The vertical air velocity profile was unaffected by the wind speed, as shown by the negligible change of air velocity profile at three wind speeds and the same position of the wing bag sand barrier. Figure 6B shows the airflow profile variation of the wing bag sand barrier at various specifications and positions under one wind speed (12 m/s). The changes in the wind speed profile on both windward and leeward sides of the wing bag sand barrier were disturbed by varying degrees. The wind flow at the upwind side at −5H∼−2H was not disturbed by the wing swing of the sand barrier. However, wind flow at the −1H∼−0.5H fluctuated by varying degrees due to the influence of the sand barrier. The leeward airflow profile could be divided into three zones according to their shapes. In the first zone, the airflow velocity profile tended to have an “S” shape and was the best protection area, in which 0.5H–4H was the most affected by the sand barrier. The second zone was an airflow fluctuating area behind the barrier, and the airflow velocity profile tended to have an “S” shape in which 0.5H–7H is fluctuating state due to the influence of the sand barrier. The third zone was the airflow recovery area, and the airflow velocity profile tended to have a “semi-U” shape in which 10H was far away from the sand barrier and was not affected by the sand barrier.
[image: Figure 6]FIGURE 6 | Air velocity profiles of different wing bag sand barriers.
In front of the barrier, the wind speed at 0–1H was increased by varying degrees with the increase in height. There, the airflow below 3 cm was significantly affected by the sand barrier. The average wind speed of nine wing bags was decreased to 5.01–6.49 m/s, among which the decrease of 10 cm × 10 cm was the most obvious. The acceleration process of the airflow was increased by 13%–32% with the increase in vertical height, and the most significant enhancement of the airflow was observed at the wing bag sand barrier specification of 12.5 cm × 12.5 cm. In the barrier, the airflow produced a strong vortex near both sides of the sand barrier due to the swinging of the wings. The velocity of the airflow was decreased when the vortex collided with the incoming airflow. The sand barrier had a noticeable impact when the wind was quiet, below 0.2 m, and in the range of 0–4H. At the wing bag sand barrier specification of 12.5 cm × 15 cm, the airflow in the range of 0–5H fluctuated by the sand barrier. However, the airflow greater than 7H was not affected by the sand barrier. The airflow velocity higher than 20 cm was not affected by the sand barrier and returned to the indicated wind speed.
4.3 Variation of the characteristics of wind sand flow structure
Under three wind speeds of 6, 8, and 12 m/s, the vertical distribution of wind-blown sand flow in the middle and 1 m behind the barrier at nine configuration modes of the double-row wing bag sand barrier is shown in Figure 7. The change in wind speed had a significant effect on sediment transport (Figure 7). The total sediment volumes under the wind speeds of 6, 8, and 12 m/s were 0.134 g·cm−2·min−1, 0.673 g·cm−2·min−1, and 4.274 g·cm−2·min−1 respectively. In the 0–10 cm height layer behind the barrier, the sediment content accounted for 100%, 63%, and 31% of the total sediment content, respectively. In the 30–50 cm height layer, the sediment content accounted for 0%, 15%, and 16%, respectively, and in the 50–60 cm height layer, 0%, 21%, and 48%, respectively. At 6 and 8 m/s wind speeds, the deposited sand was mainly distributed in the 0–10 cm height layer. However, it was mainly distributed in the 50–60 cm height layer when the wind speed was 12 m/s. This was because the bottom of the bag of the sand barrier was sealed, and the swing of the wings disturbed the wind. Although the sand-carrying strong airflow can be blocked in a short time, it can be raised with a gradual increase in the wind speed. The specific gravity of sediment transport was gradually decreased at the height of 0–10 cm in the middle and behind the barrier, while that was steadily increased at the height of >10 cm. Table 3 shows the total amount of sand transport inside and after the sand barrier for different wing bag specifications at the wind speed of 12 m/s. The wing bag sand barriers with specifications of 10 × 10 and 10 × 15 had a relatively weak ability to reduce sediment transport. The wing bag sand barrier with the specification of 15 × 15 had the strongest ability to reduce sediment transport, which accounted for a reduction of 78.50%. The wing bag sand barriers with specifications of 12.5 × 15 and 15 × 12.5 decreased the sediment transport by 75.00% and 71.00%, respectively. The three bottom zone specifications (10 cm) cm showed a relatively weak ability to reduce sediment transport, indicating some degree of influence on sediment transport.
[image: Figure 7]FIGURE 7 | Vertical distribution of wind-blown sand flow on the wing bag sand barrier.
TABLE 3 | Total sand transport of the wing bag sand barrier of different specifications (indicating wind speed 12 m/s).
[image: Table 3]Table 4 shows the changes in interceptions/transmissibility on the leeward side of three wing bag sand barrier specifications with the bottom bag diameter of 12.5 cm at various heights and at wind speeds of 6, 8, and 12 m/s. The leeward side of the sand barrier functions as an interceptor in the 0–10 cm and 10–30 cm height layers and as a transporter in the 30–50 cm and 50–60 cm height layers. With the increase in wind speed, the interception rate in the 0–30 cm height layer decreased, while the conductivity in the 30–60 cm height layer increased. The interception rate increased with the wing height and was closer to 100% when the wind speed was 6 m/s. The increase in the wing height from 10 to 15 cm increased the interception rate of the sand barrier by 8% on average, mainly due to less amount of sand transported by the wind at low wind speed. When the wind speed increased to 12 m/s, the wing of the sand barrier appeared to be lopsided due to being in a higher position. Consequently, the interception effect of the wing bag sand barrier with the specification of 12.5 cm × 15 cm reduced (54%) at the height of 10–30 cm. At the height of 30–60 cm, the conduction effect was significant, and the average conductivity was 99%. At different wind speeds, the average interception rate at 0–30 cm height was 95%, and the conductivity rate at 30–60 cm height was 96%. Based on the results in Table 4, it is evident that the effect of the wing bag sand barrier with the specification of 12.5 cm × 15 cm was better than that of 12.5 cm × 15 cm and 12.5 cm × 10 cm.
TABLE 4 | Rejection rate/conducting rate of the wing bag sand barriers.
[image: Table 4]4.4 Field effect evaluation
4.4.1 Study area
The study area is located in the Ulan Buh Desert in the south of the sand-crossing highway of Dengkou-Ejina Banner, China (40°22°19″- 40°22°35″ and 106°48°35″- 106°49°4″) (Figure 8). The surface wind erosion in the area is strong due to frequent wind and sand activities. The main wind direction is NW-WNW, and the annual sand wind frequency accounts for 54% with 85 annual wind sand days. The annual average and maximum wind velocities are 3.7 and 21 m·s−1, respectively. A large number of horizontal dunes and dune chains are distributed across the study area, with low surface vegetation coverage. The area has sufficient sand sources and strong wind power, which can provide dynamic conditions for wind-blown sand activities. Therefore, the study area is an ideal place to investigate the protective effects of sand control measures.
[image: Figure 8]FIGURE 8 | Geographical location of the study area.
4.4.2 Measurement of field wind speed and flow field
A total of 15 wind speed values were measured at points in front of the sand barrier, in the middle of the barrier, behind the barrier, and in the wilderness using wind speed and direction collector (HOBO, United States). The measuring points were located at 4, 2, and 0.5 m in front of the barrier, at 0.5, 1.5, and 2.5 m in the middle of the barrier, and 1, 2, 3, 4, and 5 m behind the barrier. The control measuring points in the field were in the wilderness, and the heights of the wind cups in the wilderness measuring points were 0.3, 0.5, 1.0, 1.5, and 2.0 m. The heights of the wind cup at the other measuring points were 0.1, 0.2, 0.3, and 0.5 m (Figure 9). The observation step of the wind speed was 10 s, the observation time of each measuring point was not less than 30 min, and the measured wind speed was instantaneous.
[image: Figure 9]FIGURE 9 | Schematic diagram of field wind cup measuring point layout.
4.4.3 Verification of wind-proof effect in the field
Figure 10 shows the change in the wind-proof effect at the height of 0.2 m near the surface of nine configurations of double-row wing bag sand barriers with 4 m spacing at different positions and under the action of wind speed of 6.06, 8.50, and 10.07 m/s. As the airflow gradually approached the wing bag sand barrier, the inflection point was developed at −4H. The sand barrier exerted a protective effect and achieved the best wind protective effect as the airflow passed through the first row of sand barriers and gradually decreased as the airflow moved away from the sand barrier. The Windbreak effect increased steadily before the second row of the wing bag sand barrier, then decreased and gradually returned to the initial state. The overall wind proof effect was an “M” shape. In the wilderness, the increase in the wind speed weakened the wind proof effect of the same wing bag sand barrier. However, the wind proof effect law remained unchanged with the change in the wind speed.
[image: Figure 10]FIGURE 10 | Field windbreak effect of double-row wing bag sand barrier dune and the direction of movement.
When the wind speed was 6.06 m/s, the effective protection range behind the sand barrier with nine modes of specifications was more than 7.77 m. Among which the protective effect by the wing bag sand barrier having the specifications of 25 cm × 20 cm (10.43 m), 30 cm × 20 cm (9.78 m), and 25 cm × 25 cm (9.43 m) showed a better protective effect compared to the other modes. When the wind speed was 8.50 m/s, the three-wing bag sand barrier mode having a bottom bag diameter of 25 cm was the best. When the wind speed increased to 10.07 m/s, the effective protection distances of the sand barriers with specifications of 25 cm × 25 cm, 20 cm × 30 cm, and 25 cm × 20 cm were 8.91, 8.16, and 8.10 m, respectively, which were better than that of the other sand barriers. However, from the perspective of protective effect (Table 5), at the wind speed of 10.07 m/s, the protective effect of the wing bag sand barriers with specifications of 20 cm × 30 cm, 20 cm × 25 cm, and 25 cm × 30 cm showed a better protective effect at 8H on the leeward side and was accounted for 77.40%, 69.15%, and 65.76%, respectively. The protective effect of the three specifications with the bottom band diameter of 30 cm was relatively poor. The results of the wind tunnel simulation experiment were consistent with those of the field experiment.
TABLE 5 | Different specifications of wing bag sand barrier field wind-proof effect (indicating wind speed of 10.07 m/s).
[image: Table 5]5 DISCUSSION
5.1 Air velocity characteristics of wing bag sand barrier
The wing bag sand barrier is a combination of both dynamic and static sand fixation methods and has a “wing” added to the conventional bag sand barrier, which can fluctuate with the wind. The inclusion of a wing in the sand barrier can eliminate the wind, thereby increasing the resistance of sand wind and slowing down the sand wind layer by layer. This process facilitates fixing sand in the bottom bag, thereby improving the effect of wind prevention and sand fixation. The wing bag sand barrier can increase the wind protective effect by an average of 48% compared with the conventional banded sand barrier (without wings) (Gao et al., 2019) and the effective protection distance by 14.24H–41.70H (Han, 2022). During operation, the fluctuating wing has a significant effect on the wind speed. The wing part of the wing bag sand barrier used in this study was made up of airtight material. Consequently, the near-surface airflow formed a reverse vortex at different degrees in and behind the double-row wing bag sand barrier. When the reverse vortex collided with the incoming flow, the airflow weakened, forming a low-speed/calm wind zone in and behind the sand barrier. This phenomenon is similar to that of the conventional airtight sand barrier; however, the dynamic wing has a better wind energy weakening effect. In the wing bag sand barrier, both the scope of the leeward static wind zone and the thickness of the near-surface static wind layer of the wing have been improved compared to the conventional airtight sand barrier (Yuan et al., 2019; Yan et al., 2021).
The wing bag sand barriers with different specifications have an effective protection distance between 1 and 2.5H before the sand barrier, indicating that the wing swing also has a certain interference effect on the airflow. The protection area of the sand barrier of the wing bag decreased by 2–4H with the increase in the wind speed in the same configuration mode; however, the trend of the horizontal airflow field remained unchanged, indicating that the fluctuation of wind speed has no significant influence on the change law of the airflow field. Although the disturbance effect of the wing on the wind speed has a certain value, it also remained unaffected by the increase in the wind speed. The sand barrier specification effect was better for bottom bag diameter of 12.5 and 10 cm than that of 15 cm at three wind speeds, indicating a better effect as the specification increases. If the wing is too high, it can easily dislodge and affect the effective protection area behind the barrier. Bandwidth spacing is a key factor affecting the wind-proof effect of the double-row sand barrier. When spacing is too narrow, the protective benefit areas in the barrier can be overlapped, and when spacing is broad areas without protective benefits can be developed (Zhang et al., 2005; Jia, 2019; Li et al., 2019; Chen et al., 2020; Jia et al., 2020; Xi et al., 2021). In this study, the windbreak effect of the sand barrier was in the order of 2 m > 1.5 m > 1 m. In future research, the optimal distance between double-row wing bags and the maximum protection benefit can be achieved by modifying the bandwidth spacing. Han (2022) evaluated the impact of single and double rows of the wing bag sand barrier on sand resistance and showed that the protection range of the double row of the wing bag sand barrier could be increased by 1.04–1.96 times compared with the single row of the wing bag sand barrier. According to Xi’s research on the protective benefit characteristics and optimal configuration of nylon sand fixation barrier, the double sand barrier has significantly improved the sand blocking ability compared with the single sand barrier (Xi, 2022). Wang et al. (2008) measured the influence of nine kinds of ribbon sand barriers on wind speed, surface roughness, and near-surface sediment transport rate. The best effect was shown in the three-line belt with a height of 1.5 m and spacing of 1.5 and 10.5 m. The second best was a two-line belt with a height of 1.5 m, spacing of 1.5 and 7.5 m. The third was a three-line belt with a height of 1 m, spacing of 1, and 7 m. Therefore, Single line sand barriers, regardless of height, are not cost-effective (Wang et al., 2008). In practical application, the number of sand barrier rows determines the effectiveness of the sand barrier to a large extent. The best effect cannot be achieved with a few sand barrier rows. Conversely, a greater number of rows will increase the cost. Therefore, a low-cost sand barrier mode that provides benefits using fewer materials should be selected to obtain maximum output. The wind tunnel simulation pre-test on the wind and sand preventing effect of single-row, double-row, and triple-row wing bag sand barriers, showed that both double-row and triple-row wing bag sand barriers had better wind and sand preventing effects. Nevertheless, the double-row wing bag sand barrier was shown to be the best sand control mode when considering both wind and sand preventing effect and cost input.
5.2 Wing bag sand barrier wind sand flow structure characteristics
Based on the vertical distribution of wind-sand flow, the sediment transport per unit time per unit area was in the order of cavity > in the barrier > behind the barrier. The change in wind speed has a significant effect on sediment transport. At constant wing bag sand barrier size, the total sediment volume and sediment height increased gradually with the increase in wind speed. Previous research on the motion characteristics of aeolian sand flow shows that the sand content in the aeolian sand flow decreases with the increase of vertical height. A majority of the sand particles are transported within 30 cm near the ground, mainly in the airflow of 0–10 cm, and the increase of wind speed significantly increases the sediment transport (Chepil and Woodruff, 1957; Luo et al., 2019). According to Mao (2011), the amount of sediment transported within 30 cm height accounted for 64%–83% of the total amount of sediment transported. A study by Zhang et al. (2004) in Tengger Desert showed 96% of total sediment transport in the height range of 10 cm from the surface. Xu et al. (2013) reported 70% of total sediment transport within the height below 10 cm on the surface of the mobile dune in the Ulan Buh Desert. According to their study, the movement of wind-blown sand is a process of sand transport close to the surface (Xu et al., 2013).
Similarly, in this study, a significant effect on intercepting the sand load of the wind-blown sand flow below 20 cm was observed by setting the wing bag sand barrier with the diameter and height of the bottom bag of 20–30 cm. The difference observed in this study compared to the previous studies is that the wind-blown sand flow was affected by the wing bag sand barrier, which changed the original law and characteristics. The sand content in wind-blown sand flow decreased with the increase in vertical height. More than 81% of sediment transport in and after the barrier was distributed in the 0–10 cm when the wind speed was 6 m/s. When the wind speed was 12 m/s, sediment transport in the barrier accounted for only 28% of the 0–10 cm height. This was due to blocking the strong airflow carrying sand by the sand barrier when it was being passed through the wing bag sand barrier in a short time. As the sand-carrying airflow gradually raised, sediment transport at the height of 0–10 cm gradually decreased in and after the barrier. However, the amount of sediment transported above 10 cm increased gradually, and in the 30–60 cm height layer, the wind-blown sand flow raised twice after the second row of sand barriers. This was due to the wind-proof property of sand barrier material, which led to noticeable air uplift at high wind speed. Some scholars have used wind tunnel simulation to show the direct effect of nylon net sand barriers with different porosity on the penetration ability of sand particles (Zhang et al., 2004). They further stated that the nylon net sand barriers with different porosity also changed the turbulent characteristics of the airflow, which has a crucial impact on the protection benefits of sand barriers (Zhang et al., 2004).
The porosity of wings can change the overall wind-proof and sand-fixing effect of sand barriers. The effect of the wing bag sand barrier on sand grains in the 0–10 cm and 10–30 cm height layers was to block the leeward side of the barrier, and the effect of 30–50 cm and 50–60 cm height layers was to transport the sand grains, which is consistent with the research results of Yan et al. (2021). The interception rate in the 0–30 cm height layer decreased as the wind speed increased, while the conductivity in the 30–60 cm height layer steadily increased, indicating that the change in wind speed plays a dominant role in sand barrier interception rate/conductivity. In addition, Gao’s research team has already explained the surface erosion around the wing bag sand barrier (Gao, 2021). Their field and wind tunnel simulation experiments using the wing bag sand barrier with different specifications showed wind erosion before the sand barrier and accumulation of sand after the sand barrier. These results suggested effective sand fixation by wing bag sand barrier and reduced erosion of the sand surface by the wind.
5.3 Prospect
Conventional static sand-fixing can change into dynamic sand-fixing by lifting the sand barrier when the sand barrier is buried by quicksand. Hence, the theory of “the barrier grows with the sand, and the sand grows with the barrier” can be achieved. Therefore, dynamic sand fixation and dynamic-static sand fixation modes will be the new trends in the next few years.
The wind tunnel experiment is the commonly used simulation method to regulate experimental conditions more accurately. Moreover, wind tunnel experiment results are highly precise, and the experiment process is safer, with high efficiency and low cost. However, there are some limitations. The airflow in the wind tunnel test is DC down-blowing, which can well reflect the airflow variation around the sand barrier under a single wind direction. Nonetheless, there are some errors in the simulation of the airflow field of the sand barrier with a grid wing bag suitable for multiple wind directions. In future studies, the mode and specification of the wing bag sand barrier should be adjusted and tested in the field under windy conditions to fill the blank of the wing bag sand barrier under multi-wind conditions. Long-term monitoring studies on the vegetation coverage of the field study area should be combined with remote sensing interpretation methods (Huang et al., 2020a; Huang et al., 2020b; Huang et al., 2020c). Furthermore, the effect of the wing bag sand barrier on windbreak and sand fixation should be verified laterally.
6 CONCLUSION
The wing bag sand barrier is a new type of sand barrier with the advanced technology, breaking the single sand-fixing mode of the mechanical sand barrier for the first time. To select the best configuration mode of the wing bag sand barrier under different wind conditions, this paper compared and analyzed the wind-proof and sand-fixing effects of the double-row wing bag sand barrier with nine configuration modes. The findings are as follows:
(1) For the same specifications, the range of weak or still wind area on the leeward side of the wing bag sand barrier decreased with the increase in wind speed. At three wind speeds, the effective protection range of sand barriers was better for the sizes of 10 cm × 15 cm and 12.5 cm × 10 cm than that of the other specifications, and an optimal protective effect was observed when the bandwidth was 2 m.
(2) When the wind speed was less than 8 m/s, sand accumulation in and behind the barrier was mainly concentrated in the 0–10 cm height layer. As the wind speed reached 12 m/s, sand accumulation was significant in the 30–60 cm height layer, and behind the barrier, it was 58%–82% in the same height layer. Sand transport could be reduced by 21%–95% in the front row when airflow was affected by the sand barrier compared with that in the hollow. Sand transport could be reduced by 68%–99% in the second row when airflow passed through the sand barrier, and the sand resistance effect was apparent.
(3) The effects of the 0–30 cm layer and the 30–60 cm layer of the sand barriers on the sand particles were shown as interception and transport, respectively. With the increase in wind speed, the interception rate decreased while the conductivity decreased. At different wind speeds, the average retention rates of sand barriers with the specification of 12.5 cm × 12.5 cm were 94% at 0–30 cm height and 96% at 30–60 cm height, which were better than the specifications of 12.5 cm × 15 cm and 12.5 cm × 10 cm.
(4) In the field, at wind speeds less than 6 m/s, the recommended specifications of the wing bag sand barrier were 25 cm × 20 cm or 30 cm × 20 cm. At an inlet wind speed of 8 m/s, the recommended specifications were 25 cm × 20 cm and 25 cm × 25 cm. When the wind speed was greater than 12 m/s, specifications of 25 cm × 25 cm, 25 cm × 20 cm, and 20 cm × 25 cm were recommended.
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