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Abstract

:

Most of the pollutants carried by runoff accumulate in the form of sediment, impacting the capacity and water quality of reservoirs. To study the sediment distribution in the water-level-fluctuating zone (WLFZ) of a reservoir in North China with a long drying period and to explore its treatment, the Biliuhe Reservoir in Dalian, Liaoning Province, China, was selected as the study area. The sediment thicknesses along the thalwegs of the three tributaries were surveyed, including a detailed survey on the sediment thickness and particle size in Dapu, the inflow bay of the main river. According to our findings, the sediment distribution along the thalwegs is similar to the delta sedimentation. The inflow WLFZ, especially the inflow bay, is the main gathering area for sediment. Furthermore, the variation in sediment thickness in the top-set region has river siltation characteristics, which are mainly affected by the scouring and deposition of floods during the dry period. From the convex bank to the inside of the bay in Dapu, the hydrodynamic force of the sediment gradually weakens, the thickness gradually increases, and the bay is the main sedimentary area of the suspended load. A method of sediment reuse for vegetation buffer platform construction is proposed. This method can reduce the amount of sediment entering downstream and enhance the ability to remove the pollution along the bank of the reservoir.
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1. Introduction


The construction and operation of reservoirs change the natural runoff processes of rivers and block the transportation of pollutants along with the runoff downstream. Therefore, reservoirs play a significant role in collecting pollutants carried by runoff, especially during floods. Most of these pollutants accumulate in the form of sediment, which impacts the capacity and water quality of the reservoir. China is the country with the most serious reservoir deposition problem, with an annual average deposition rate of 2.3% [1], while the global average is 0.5–1% [2]. This means that without effective action, one-quarter of the world’s reservoirs will lose their storage to sedimentation in the next 25 to 50 years [3], and that this process will take less than 11 years in China. In addition to the reduction in reservoir capacity, the endogenous pollution caused by sediment accumulation after long operation has become a widespread water quality issue. The water supply of Guanting Reservoir in Beijing and Tanghe Reservoir in Liaoyang was once affected by sediment pollution [4]. Therefore, it is of great significance for the extension of reservoir service life and water quality protection to understand the distribution of sediment in reservoirs, to find and predict concentrated sedimentation zones, and explore reasonable treatment solutions.



Reservoir sedimentation is a complex process that varies with terrain and water storage. The mechanisms contributing to reservoir sedimentation are well known, but their physical contents are not yet fully understood theoretically [5]. According to the nonequilibrium theory of sediment transport, Han et al. divided reservoir sedimentation into three categories, delta siltation, vertebral siltation, and belt siltation, and established a mathematical model for sedimentation [6]. Delta siltation is considered to be the most common deposition pattern in reservoirs. It can be described as being formed by three regions, from upstream to downstream: top-set, fore-set, and bottom-set [7,8]. Fan and Morris studied the delta of Guanting Reservoir, Shanyiujiang reservoir, and Sanmenxia Reservoir, and analyzed the factors affecting the sedimentary form of the delta [9]. Lai and Capart proposed a simple morphodynamic theory of reservoir deltas prograding over bedrock, which they verified through the development process of the delta in Wushe reservoir [10]. Taking the Suchedniów reservoir as an example, Łukasz BĄK studied the sediment distribution characteristics of this small reservoir and found that existing methods could not accurately predict the sediment distribution [11]. In recent years, with the development of computer technology, the simulation of reservoir sediment has become a research focus. A numerical model [12], an artificial neural network [13], and 1d, 2d, and 3d models [14,15,16,17] have been applied to the simulation of reservoir sediments.



The water level of the studied reservoirs fluctuates periodically between the flood control level and the normal water level. Most of the time, when floods enter the reservoir, the water level is near the flood control level. Consequently, the end of the permanent backwater region is the main deposition area. Current studies also focus on the sediment in permanent backwater regions. However, the level of precipitation in North China is low and unevenly distributed in time and space. To adapt to the characteristics of incoming water, the reservoirs in this region often have high capacity adjustment coefficients, which also led to large fluctuations in water levels, long variation periods, and even lower water level operation for many years. Furthermore, the inflow water-level-fluctuating zone may be the main area of deposition. Compared with the permanent backwater region, the surface of the inflow water-level-fluctuating zone is strongly scoured by runoff during the drying period, making the sediment distribution more complex and changeable. Furthermore, the sediment is carried downstream by runoff. The long drying period in the water-level-fluctuating zone also provides favorable conditions for the land dredging of sediment, which is low in cost and highly efficient. However, the study of the sediment survey and treatment in the inflow water-level-fluctuating zones of reservoirs in North China is rare.



The aims of this study were: (i) to explore the distribution characteristics of the sediment in the inflow water-level-fluctuating zone, including those along the thalweg and in the inflow bay, which is the main deposition area; and (ii) to put forward treatment by land dredging and the nearby utilization of sediment as a resource. The Biliuhe Reservoir in Dalian, Liaoning Province, China, was selected as the study area. The sediment surveys along the thalwegs and in Dapu were carried out during the drying period, and the distribution characteristics were analyzed, as well as the particle size distribution of the sediment in Dapu. The land-dredged sediment was used for vegetation buffer platform construction, reducing the amount of sediment entering downstream and controlling coastal non-point source pollution, and the determination methods of the key parameters were studied.




2. Materials and Methods


2.1. Study Area


Biliuhe Reservoir is a large (II) reservoir built on the main stream of Biliuhe River in the north of Dalian. The confluence area on the dam is 2068 km2, with a total storage capacity of 930 million km3. It is the central water source of Dalian. At present, the water quality of the reservoir generally meets the class II standard, meeting the requirements of drinking water quality. However, there are also problems, such as the total nitrogen exceeding the standard, and iron and manganese exceeding the standard regionally and seasonally. It is a river-type reservoir with three main tributaries, named Biliu River, Geli River, and Bajia River. According to the sediment monitoring data of the Jianchang Hydrological Station upstream of the reservoir on the Biliu River from 2006 to 2017, the turbidity of the river is lower than the detection limit for most of the daily time, and the sediment is mainly carried into the reservoir by floods. The reservoir area is narrow and zigzagged. The floods in the basin rise and fall sharply, with high peak and rapid flow. The climate of the basin is a typical temperate monsoon climate [18]. The rainfall from June to August accounts for 75% of the annual total, and the interannual distribution of the rainfall is uneven [19]. Affected by the annual distribution of rainfall, the reservoir water level generally shows rapid growth in the flood season and a gradual decline in the non-flood season. According to the historical water level at the beginning of the decade, from 1985 to 2017, the average water level of the reservoir is 60.28 m in the beginning of July, while the flood control level is 68.1 m, meaning that floods in the early flood season often enter the reservoir when the water level is low.



Dapu is the inflow bay of the Biliu River. The area is surrounded by mountains to the east, west, and south, a village to the north, and a flood runoff outlet of the village on the northeast corner. The main stream of the Biliu River is on the west side of the area, and the river section has a turning angle close to 310°, forming a bay with weak hydrodynamic force to the east. In the vertical flow direction, the flow pattern varies greatly. The area’s terrain is flat, and the ground elevation is 61.40 m–67.00 m. According to the reservoir water level before 281 floods from 1985 to 2015, the water level before 89 floods was lower than 61.4 m which is the lowest elevation in Dapu, and the water level before 131 floods was in the range of 61.4 m–67.00 m, which is the elevation range of Dapu. During most floods, some areas are exposed to water in Dapu, making the sediment deposition complex.




2.2. Investigation, Sampling, and Analyses


The sediment thickness surveys were conducted in the inflow water-level-fluctuating areas of the Biliu River, Geli River, and Bajia River from July to October in 2017, taking advantage of the low water level in the reservoir. In total, 17 survey points were arranged along the thalweg in the inflow water-level-fluctuating zone of Biliu River, and 8 survey points were arranged along the thalwegs in the inflow water-level-fluctuating zone of Geli River and Bajia River, respectively (Figure 1). In addition to the survey points along the thalwegs, 28 survey points were arranged in Dapu. The height difference between the ground and the interface between the clay layer and the middle sand layer in the vertical sections, which were the sections beside the main channels or elf-excavated, was used as the sediment thickness [20]. The self-developed gravity sediment measuring instrument was used to measure the sediment thickness in the permanent backwater region, and six survey points were arranged. The main body of the self-developed gravity sediment measuring instrument is a bar with non-penetrating holes on both sides. After the instrument falls into the sediment, the sediment samples at various depths are collected by the holes as the protective sleeve mechanism is triggered, thereby acquiring stratification information about the underwater sediment [21]. Sediment cores were sampled from the 16 survey points in Dapu. After excavation, the vertical surface in contact with the spade was removed with a stainless-steel shovel before sampling. All sediment cores were sliced at 2 cm intervals for the upper 20 cm, at 5 cm intervals for 20–50 cm, and at 10 cm for the rest. Sampling stopped when the interface between the clay layer and the middle sand layer was encountered [22]. Next, the collected samples were transported to the laboratory in polyethylene bags, air-dried, ground, and sieved below 2 mm. Samples with depths of 4–6 cm, 14–16 cm, 25–30 cm, and 50–60 cm were selected for particle size analysis. The particle size distribution was analyzed by a laser particle size analyzer (Malvern Instrument Company, Malvern, United Kingdom, Mastersizer 2000), and the range of particle detection was 0–2 mm [23].




2.3. Sediment Particle Size Characteristics Analysis Method


The peak numbers of particle size frequency curves were counted and the particles were classified by Udden–Wentworth standard, according to the particle size distribution. The particles were divided into clay (<0.0039 mm), silt (0.0039–0.0625 mm), and sand (0.0625–2 mm) [24]. According to the classification results, a Morten Pejrup triangle diagram was created to reflect the hydrodynamic force of each point through the composition of the sediment structure [25]. Firstly, the sediments were divided into four groups, A, B, C, and D, by 10%, 50%, and 90% of sand content. Next, the sediments were divided into I, II, III, and IV four groups by 20%, 50% and 80% of silt/(silt + clay) [26].




2.4. Data Analysis


Data processing was performed using Excel 2013, ArcGIS 10.1 was used for sediment thickness interpolation analysis, and ArcGIS 10.1 and AutoCad2010 were used for figure preparation.





3. Results


3.1. Sediment Thickness Variation along the Thalwegs


The sediment thicknesses and reservoir width in the water-level-fluctuating zone along the thalwegs of the reservoir are shown in Figure 2. The distribution of sediment along the thalwegs of the three tributaries is similar to delta sedimentation [27]. The top-set region and fore-set region are all in the water-level-fluctuating zone, and the sediment thickness in the bottom-set region stabilizes at a lower value. Although the water-level-fluctuating zone of Biliuhe Reservoir has a long drying time, the initial sections of the tributaries are still the main sedimentary area of sediment. Overall, the sediment thicknesses along the thalwegs decreases gradually from the entrance to the front of the dam. The sediment thickness fluctuates greatly in the top-set region, which is different from the common delta sedimentation. In the top-set region, the variation trend of the sediment thickness along the thalweg is consistent with that of the reservoir width: with the increase in reservoir width, sediment thickness increases, and vice versa.



In Dapu, the peak sediment thickness is much higher than in other areas. In addition to the influence of reservoir width, the bay in Dapu is likely to play an essential role in the accumulation of sediment.




3.2. The Sediment Distribution in Dapu


3.2.1. The Distribution of Sediment Thickness in Dapu


The sediment thickness distribution in Dapu is shown in Figure 3. Sediment was deposited at all the survey points, including the points on the right bank as the convex side of the area. The sediment thicknesses of the survey points range from 0.2 to 1.3 m. According to the simulation results of the sediment thickness, the total sediment amount in Dapu is 1.55 million m3. According to the hydrological characteristic value in the scheduling manual of Biliuhe Reservoir, the annual average sediment discharge is 259.1 kilotons. Since the reservoir began operating in 1986, the total operation time of the reservoir, as of 2017, was 31 years, and the total amount of sediment in the reservoir was 8.03 million tons, equivalent 5.02 million m3. That is to say, the sediment in Dapu was about 30.88% of the total amount of sediment in the reservoir.



The sediment thickness on both sides of the main stream is consistent with the change in width of the reservoir section, showing a trend of first increasing and then decreasing. The sediment thickness of the left bank is higher than that of the right bank in the upper and middle reaches, and the sediment thickness on the right bank is gradually higher than that on the left bank downstream. This is consistent with the trend in which the convex bank shifts from the right bank to the left bank downstream.



In the direction perpendicular to the river, the average sediment thickness of the right bank is 0.38 m, which is much lower than that of the left bank, 0.78 m, without considering the survey points beside the main stream. The sediment thickness increases gradually from the convex bank to the bay on the concave bank, and the concave bank is the main sedimentary area in the inflow bay.




3.2.2. Sediment-Particle Size Distribution


The sediment composition and peak number of each sample in Dapu are shown in Figure 4. Compared with the sediment in the permanent backwater region, the sediment in Dapu has higher sand content and lower clay content. By contrast, the silt content changes little, indicating that its particle size is larger, which is consistent with previous research [28,29]. Points 1–7, 11, and 12, with high sediment sand content, are located in the right bank and the upstream and downstream of the left bank, respectively. Points 15 and 16, with the lowest sediment sand content, are located in the inner part of the bay, and the sand content of some samples is close to that of the samples in the permanent backwater region. The particle size frequency curves of the samples are mainly bimodal, the curves of the samples at Points 1, 2, and 4 on the right bank are mainly unimodal, and the curves of the samples of Points 12, 14 and one of Point 6, 7, and 13 feature three peaks.






4. Discussion


4.1. The Main Influencing Factors on Sediment Distribution in the Water-Level-Fluctuating Zone


The hydrodynamic conditions, turbidity currents, and waves are considered to be the three main factors affecting the distribution of reservoir sediment [30]. The turbidity currents are considered to be the main mechanism for distal sediment transport within reservoirs [5], and the turbidity currents have little effect on the distribution of sediments in the WFLZ. The hydraulic conditions are the main factors affecting the initial deposition of sediment. Waves mainly affect the redistribution of sediment.



The Morten Pejrup triangle of the samples in Dapu (Figure 5) shows that the hydrodynamic forces beside the main stream and on the right bank are the strongest, followed by the central part of the bay, and that the hydrodynamic force at the inner part of the bay is the weakest. There is an obvious negative correlation between the variation trend of the hydrodynamic force and sediment thickness in Dapu. This supports the above inference.



The variation trend of sediment thickness in the top-set region along the thalweg is consistent with that of the reservoir width, which is known to be negatively correlated with the flow velocity. The sediment-carrying capacity of the river flow is positively correlated with the flow velocity [31]. This is similar to the sediment distribution in the river [32] and inconsistent with the typical deposition patterns in the theory of the non-equilibrium of suspended sediment transportation in reservoirs [33,34]. In the area downstream of Dapu, the sediment thickness decreases significantly and then increases. It was inferred that it may be formed by the combined action of the scouring of runoff during the drying period and sedimentation during the flooding period. This may also simply be due to the reduced sedimentation during floods. In Dapu, the sand contents of the points in the middle reaches of the left bank are low, while the sediment sand content of Point 11 is high. The sorting of particle size is likely to be caused by the runoff scouring due to the conversion of the convex and concave bank downstream and the narrowing of the reservoir section. In view of the higher sand contents of the sediment at Points 1–7, which are on the convex bank upstream, it can be inferred that the convex bank is scoured by floods during the drying period. The decrease in sediment thickness in the area downstream of Dapu is also probably due to runoff scouring during the drying period.



Due to the scouring by runoff, a deep main stream was formed in Dapu, and no sediment was deposited at the bottom. According to historical satellite images, the main stream was stable and had not changed since the construction of the reservoir, but the depth had gradually increased. The points with lower levels of sediment thickness on the left bank of Dapu are mainly distributed in the diagonal area from northeast to southwest, and other points have uniform sediment thickness. It can be seen from the terrain that the ground elevation of this area is lower than that of the surrounding area, which makes the area the main path of the village flood runoff. As the distance from the village flood runoff outlet increases, the sediment thickness increases. Therefore, it can be inferred that the lower sediment thickness in this area is caused by village flood runoff scouring during the drying period. It can be inferred from the surrounding Points that the sediment thickness in this area would be more than 1 m without scouring. It can be seen that the scouring by runoff of surface sediment in the drying period can cause a large amount of sediment in the upstream to migrate downstream, but the secondary distribution effect of scouring by daily runoff and small floods on sediment mainly acts on the main stream, so the main runoff stream should receive more attention during treatment.



Waves mainly affect the redistribution of fine particles. There is a lack of wind and wave monitoring data in the reservoir. The impact of wind and waves can only be inferred from the sediment source information in response to the sediment particle size frequency curves. The maximum blowing distance of the waves is less than 3 km in Dapu and less than 4.5 km in the inflow water-level-fluctuating zone of the Geli River and Bajia River, due to the narrow, zigzagged shape of the reservoir area. This is likely to result in smaller waves. In Dapu, the peak number in the vast majority of the samples is two, which could be explained by the external source of the sediment, and few peaks occur in the interval of small particles. From this, it can be inferred that the effect of wind and waves on the sediment distribution in Dapu is weak. Based on this, the effect of wind and waves on the sediment distribution in other regions, which all have small maximum blowing distances and even greater water depths, may also be relatively small. This conclusion is different from those of studies on reservoirs with open water [35,36,37].




4.2. The Sedimentary Characteristics in the Inflow Bay


The peak number of the sediment particle size frequency curve can reflect the source of sediment [38]. The unimodal symmetry curve indicates that the sediment has a single source, and the multimodal asymmetry curve indicates that the sediment has multiple sources. The sediment in Dapu is mainly carried by the Biliu River, and a small amount is carried by the village flood runoff. The source of the sediment is relatively uniform. The peak number difference of sediment particle size curves in the region may reflect the sedimentation region of the suspended load and bed load. The particle size frequency curves of the samples are mainly bimodal, which indicates that the sediment is mainly affected by two sources of particles. The samples at Points 1, 2, and 4 on the right bank are mainly unimodal curves. Considering that the sediment is predominantly composed of sand, it can be inferred that the sediment is mainly from the bed load of the Biliu River. The samples of Points 12 and 14, and one of Point 6, 7, and 13, have a three-peak curve. Considering the location of Points 12 and 14, it can be inferred that the sediment sources of the two points include the suspended load and the bed load of Biliu River and the suspended load of the village flood runoff. However, only the sediment at the bottom has three peaks at Point 13, which is close to Point 12. This shows that Points 12 and 13 are close to the bed load sedimentation boundary. With the increase in sediment and the formation of the main stream, the sedimentation boundary bed load shrank. Points 15 and 16, with the lowest sediment sand content, are located in the inner part of the bay, and the sand content of some samples is close to the samples in the permanent backwater region. Therefore, the sediment sources of Points 15 and 16 may be the suspended load of the Biliu River and the village flood runoff. Therefore, it can be inferred that the sediment sources of Points 5–10 are the suspended load and bed load of the Biliu River.



In summary, the bed load is mainly deposited in the entrance and the upper reaches of the right bank, and a small part of the bed load is deposited near the main stream and slightly inside the bay. The suspended load is mainly deposited beside the main stream and in the bay. The sediment in the inner part of the bay is entirely derived from the suspended load of the Biliu River and the village flood runoff. The sedimentary characteristics of the sediment from the Biliu River are similar to those of sediment in the rivers with concave banks [39,40,41].




4.3. The Treatment of the Sediment in Dapu


The inflow water-level-fluctuating zone, especially inflow bay, is the main gathering area of sediment. Sediment impacts water quality during the submerging period and is carried downstream by the runoff during the drying period. With the increase in dry accumulation time, the surface is scoured to form a main stream, and the interception capacity of the sediment for daily inflow and small floods becomes very low. Building a water-blocking structure downstream to keep the area waterlogged can expand the overflow section and reduce runoff scouring, making the area similar to a pre-reservoir, but the impact of the sediment on the quality of the overlying water needs further research. Sediment dredging is a more common method. The sediment concentrations in the inflow water-level-fluctuating zones of the reservoirs in North China provide favorable conditions for low-cost land dredging. The disposal of sediment is the crucial problem of dredging work; nearby reuse is the most reasonable approach. The frequency of dredging should depend mainly on the occurrence of long drying periods, which are influenced by multi-year rainfall. Preferably, all sediment should be removed, and when constrained, the sediment in the areas with strong hydrodynamic forces, such the areas near runoff main streams and on convex banks, should be removed first.



Due to the limitations of terrain, land resources, and other factors, there are often coastlines around reservoirs, and non-point pollution sources such as roads and farmland are close to the water. Due to the lack of isolation space, pollutants directly enter reservoirs, impacting on the water quality and safety. The use of vegetation buffer strips has become an important and widely accepted management tool for controlling diffuse pollution [42]. However, the adaptability of vegetation to water-level fluctuation limits its application in reservoirs. Using dredged sediment to form a platform can avoid the influence of water-level fluctuation and ensure the utilization of sediment as a resource. Reasonable design can also make it play a variety of roles, such as ecological habitat, entertainment, and landscape. National Highway 305 is connected with the reservoir on the east side of Dapu. The road’s runoff pollution and road accidents pose potential threats to the water quality. Using the sediment in Dapu to build a vegetation buffer platform could remove the sediment and reduce the impact of water level fluctuation on the purification and isolation process of vegetation and pollutants by increasing the ground elevation. The key parameters, such as elevation, vegetation, and width, would determine the effect of this buffer platform.



4.3.1. Calculation of the Platform Elevation


Elevation is the decisive factor in guaranteeing the effectiveness of buffer platforms. Platforms work when their elevation is higher than the water level of the reservoir. The reasonable selection of platform elevation, to balance the operation’s guarantee rate, and the cost are the primary challenges in buffer platform design. The water level variation is the basis for the platform elevation selection. The formula is:


H = h1 + h2 + h3



(1)







In the formula, H is the elevation of the platform (m); h1 is the datum elevation (m), which is selected according to the water-level frequency curve of the reservoir; h2 is the reserved height for wind and waves (m); and h3 is the reserved height for land subsidence and other errors (m).



The assurance of the buffer platform in Dapu is not less than 95%. According to the water-level frequency curve of Biliuhe Reservoir from 1985 to 2005, the frequency of 68.5 m is 4.67%. Therefore, take h1 = 68.5 m, and take h2 = 0.5 m, h3 = 0.5 m, so that H = 69.5 m.




4.3.2. Vegetation Selection


The selection of the vegetation on the buffer platform is also an essential factor affecting the platform’s interception of pollutants. The selection of vegetation should follow the principle of combining arbors, shrubs, and herbs, and selecting varieties that are drought-resistant and survive easily under local conditions. Arbors, shrubs, and herbs are generally arranged from the waterside to the inside. Arbors are arranged on the Dapu vegetation buffer platform near the highway for intercepting vehicle accidents beside the reservoir. Guidance by natural survival provides the best approach to selecting the plants to be used [43]. After a long period of natural selection, some dominant species have emerged in the WLFZ. According to the investigation of vegetation, Salix matsudana was chosen as the arbor, Salix integra was chosen as the shrub, and no artificial intervention was carried out on the herbs. The planting space of the Salix matsudana was increased to facilitate the natural growth of herbs.




4.3.3. Calculation of the Minimum Width of the Platform


The width of the platform is the determinant of its size, effect, and sediment consumption. Pollutants are gradually detained along the runoff flow path, so the effect of the platform is gradually improved with the increase in width. The proper width of the buffer platform to guarantee the effect is an essential parameter for both pollutant removal and cost control. The requirements of the width of the buffer platform may vary due to differences in function, and the selection basis may also be different.



From the perspective of pollutant interception and the degradation of runoff, current research into vegetation buffer strips shows that a very narrow buffer strip can remove most of the particulates and pollutants adsorbed on it. Furthermore, the retention efficiency of sediment does not increase significantly with increases in width. A buffer strip with a width of 8 m can meet the needs of particulate retention, but the removal efficiency of soluble compounds increases as the width increases [44,45,46]. Furthermore, 8 m can be taken as the minimum width for runoff pollutant interception. Appropriately increasing the width when conditions allow is beneficial for the removal of soluble compounds. The log-normal relationships between buffer strip width and nutrient removal efficiency for total nitrogen (TN) and total phosphorus (TP) are in agreement with previous studies, as well as the linear relationships between the percentage buffer strip slope and the removal efficiency of TN and TP [47,48,49]. A slight slope can promote runoff and sheet flow, increasing pollutant removal efficiency [50]. Therefore, the buffer strip has an optimal slope to make the removal efficiency the highest possible. When the slope exceeds the optimal level, the removal efficiency decreases with the increase of the slope. When the slope is lower than the optimal level, the removal rate increases with the increase of the slope [47]. It can be inferred that the relationship between pollutant removal efficiency, width, and slope is as follows.


y = a1 × lnx1 + b1×(x2 − S) +c1 while x2 < S



(2)






y = a2 × lnx1 − b2×(x2 − S) + c2 while x2 ≥ S



(3)







In this formula, y is the removal efficiency for TN and TP, x1 is the platform width, x2 is the platform slope as a percentage, and b2 < b1.



The parameters can be obtained by experiments or the results of previous studies with similar conditions. Yang measured the removal efficiencies of TN and TP by vegetation buffer strips of different widths and slopes composed of equal-width Salix matsudana, Amorpha fruticosa, and Trifolium repens strips, and established a binary linear regression equation [51]. Given that the minimum width of the mixed Salix matsudana and herbs strip is two times of that of the Salix integra strip, the width of Salix matsudana, Salix integra, and herb strips can be considered equal. Based on the data reported by Yang, Formula (2) can be used to obtain the removal efficiency. A level of 10% was taken as the best slope percentage [47]. There is a lack of observational data on situations in which the slope is lower than the optimal level, and when the width is large, the slope has a relatively small effect on the removal efficiency. Therefore, b2 = b1 was selected in this study. In this way, the calculated removal efficiency tends to be lower. The results are shown in Figure 6. The R2 is higher than that reported by Yang. It can be concluded that a width of 24 m can meet more than 80% of the requirements of TN and TP removal efficiency when the slope is 0%. Compared with previous studies, the calculated removal efficiencies are within a reasonable range [47,52,53].



In addition to isolating the road runoff pollutants, the vegetation buffer platform in Dapu also isolates the road accident leakage pollutants. From the perspective of road accident pollution isolation, the minimum width should be greater than the maximum leakage distance of pollutants. First, the volume of leakage used should be chosen according to the road class and vehicle traffic conditions. Next, according to Formula (4), the leakage liquid pool area can be calculated. The fan-shaped liquid pool radius can finally be calculated as the minimum width required for road accident pollution isolation.


S = W/(ρ × Hmin)



(4)







In the formula, S is the pool area (m2), W is the mass of the leaking liquid (kg), ρ is the density of the liquid (kg/m3), and Hmin is the minimum liquid thickness (m).



The calculation of the minimum width of the buffer platform in Dapu is based on a 20 m3 leakage. According to Formula (3), W is 20,000 kg, ρ is 1000 kg/m3, and the vegetation type is grassland, Hmin is 0.02 m, so the leakage area is 1000 m2. Assuming that the liquid pool is 120° and fan-shaped, the radius is 30.9 m.



In summary, the width of the vegetation buffer platform in Dapu is 30–50 m, the width of the mixed Salix matsudana and herbs strip is 20 m, and the width of the Salix integra strip is 10–30 m.




4.3.4. The Environmental Efficiency of the Vegetation Buffer Platform


The environmental efficiency of the vegetation buffer platform is mainly focused on sediment removal and coastal pollution isolation.



About 0.2 million m3 of sediment on the left bank of Dapu, accounting for about 13% of the total sediment in Dapu, was used for the construction of the vegetation buffer platform. The turbidity of the surface water in the downstream section of Dapu after two floods with the close flow in 2013 and 2018, before and after the construction of the platform, was measured. The turbidity of the surface water in 2013 was 190.00 NTU, while in 2018, it was 145.34 NTU. The removal of sediment had a positive effect on turbidity reduction.



In addition to suspended solids (SS), nitrogen, phosphorus, and other nutrients, heavy metals, such as Pb and Cr, and toxic organic substances, such as oil and grease, gasoline hydrocarbons (PHC), and polycyclic aromatic hydrocarbons (PAHs) are the main pollutants of highway pavement runoff. SS is the main carrier of heavy metals in runoff. The high SS removal efficiency of the buffer platform also leads to a high heavy metal removal efficiency. Research by Liu et al. [54] showed that the average removal efficiency of Pb and Cr could reach 83.5% and 93.91%, respectively, with a 4 m wide arbor-herb mixed vegetation buffer strip. The width of the Dapu vegetation buffer platform is wider, so the removal effect could be higher than that of the above study. There is a lack of relevant research on the interception efficiency of buffer strips for toxic organic substances.






5. Conclusions


	
The distribution of sediment along the thalwegs of the three tributaries is similar to the delta sedimentation. Affected by flood scouring and deposition during the drying period, the variations in the sediment thickness in the top-set region along the thalwegs are consistent with that of the section width, showing similar characteristics to the scouring and deposition of rivers.



	
As the inflow bay, Dapu is the crucial area of sediment deposition of the Biliu River. From the convex bank to the inside of the bay, the hydrodynamic force of the sediment gradually weakens, and the thickness shows a gradually increasing trend. Sediment in the convex bank has high sand content, mainly from the bed load of the Biliu River. The sediment near the main stream and slightly inside the bay is mainly from the suspended load and bed load of the Biliu River. The sediment inside the bay is from the suspended load of the Biliu River and the village flood runoff.



	
The removal of sediment from the water-level-fluctuating zone can reduce sediment migration downstream, and it is also conducive to the interception of new sediment. It is an effective method for the in situ utilization of sediment for vegetation buffer platform construction, which can isolate coastal pollution. The vegetation buffer platform in Dapu can reduce the sediment entering the reservoir and have good removal effects on nutrients and heavy metals from National Highway 305.
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Figure 1. The distribution of the survey points. 
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Figure 2. Sediment thicknesses and the width of the reservoir in the WLFZ along the thalwegs of: (a) the Biliu River, (b) the Geli River, and (c) the Bajia River. 
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Figure 3. Sediment thickness in Dapu. 
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Figure 4. Sediment composition and peak number at each point in Dapu. 
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Figure 5. The Morten Pejrup triangle of the samples (the symbol ○ is used for the points on the right bank, the symbol ◊ is used for the points beside the main stream, the symbol ▲ is used for the points on the middle-left bank, and the ● symbol is used for the points on the inner-left bank). 
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Figure 6. The relationship between the TN and TP removal efficiencies and the width and the slope. (a) the relationship between TN removal efficiency, riparian buffer width, and slope, where y1 is the removal efficiency of TN; (b) the relationship between TP removal efficiency, riparian buffer width, and slope, where y2 is the removal efficiency of TP. 
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