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Abstract

:

In China’s Yangtze River Basin, systematic waterway improvement and dredging maintenance have increased the waterway water depth compared with that before the implementation of the Three Gorges Project. Although the water depth of the middle section increased from 2.9 m in 2002 to 4.2 m in 2021, it remains less than 6.0 m in the lower section and 4.5 m in the Three Gorges Reservoir area. This study explores the Chenglingji—Wuhan reaches in the middle section of the Yangtze River, using hydrological data from 1954 to 2021 and topographic data from 2002 to 2021 to analyze river channel scouring or deposition characteristics, verify the waterway scale with a multi-scale width of 4.5 m water depth, and propose waterway management countermeasures. After the implementation of the Three Gorges Project, the Chenglingji—Wuhan reaches were scouring using a low-flow channel (94.95%), thereby facilitating waterway depth improvement. A serious obstruction area was located in the branching channel, and an unstable relationship between the boundary of the continental bank and the branching channel was found to be the main factor hindering navigation, with a water depth below 4.5 m. The Chenglingji—Wuhan reaches waterway water depth has been raised from 2.9 m in 2003 to 4.2 m; it can be raised to 4.5 m through waterway scale improvement. This study explains the navigation obstruction characteristics of alluvial waterways, which has important reference value for waterway scale improvement and planning, and the efficient utilization of deep-water resources.
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1. Introduction


In recent decades, extreme natural conditions and human activities have severely affected the rates of riverbed scouring or deposition and water level adjustment [1], and the construction of reservoirs or dams has changed the original runoff–sediment–riverbed dynamic equilibrium [2,3]. Downstream of the dam, strong riverbed scouring and water level rise and fall occur to adapt to changes in runoff and decreases in sediment amount [3,4,5]. As a significant economic function of rivers, increasing waterway water depth is crucial for improving the economic benefits of shipping; however, this is constrained by an uneven riverbed scouring [6], continental bank boundaries [7,8], and branch channel divergence relationships [9,10], as well as by the need to consider additional aspects such as technical difficulties in waterway remediation [11], dredging, the ecological environment, and biological habitats.



Since 2003, the water depth in the middle-lower reaches of the Yangtze River (Changjiang River) channel has been significantly increasing by riverbed scouring, waterway improvement, and river potential control following the implementation of the Three Gorges Project [5,11,12]. For example, the water depths in the Jingjiang reaches [11], the Wuhan—Anqing reaches [11], and the Nanjing—Yangtze Estuary [10,13] have increased from 2.9 to 3.7 m, 4 to 6 m, and 8 to 12.5 m, respectively. The middle-lower reaches of the Yangtze River, known as the “Golden Waterway” [14,15], are crucial for the economic and social development of the basin. As of December 2022, the Yangtze River cargo volume of 32.6 × 108 t/y [16] has been ranked first in the world for inland waterway navigation. After the implementation of a large reservoir in the basin, the river channel downstream of the dam exhibited significant scouring and deep cuts. Where the average riverbed scouring depth was greater than the decrease in water level, the water depth of the waterway increased; otherwise, it decreased. For instance, the designed minimum navigable water level decreased in the middle reach of the Yangtze River near the Three Gorges Dam (approximately 400 km), which was not conducive to an increase in waterway water depth [17]. The minimum flow of the Three Gorges Reservoir discharge has been increasing [11], which directly increases the waterway depth during the dry period and creates favorable conditions for waterway scale enhancement in the near-dam section of the sand and cobble riverbed [18] and the upper Jingjiang reaches [19,20]. During waterway water depth improvement, the downstream deep-water waterway gradually extends upstream. Because the water storage of the reservoir directly increases the waterway water depth, the water depth downstream of the dam does not connect the upstream reservoir area to the downstream deep-water waterway [5,11], which restricts the sustainable development of waterway resources in the basin. China’s 14th Five-Year Plan for the Development of a Modern Comprehensive Transportation System specifies that “the upstream part of the Yangtze River will actively promote the improvement of the key obstructed waterway in the Yibin—Chongqing reaches and the construction of the 4.5 m waterway in the Chongqing—Yichang reaches. In the middle section, the Yichang—Wuhan reaches of the waterway has improved in an orderly manner. We will steadily improve key waterways in the lower reach of the Anqing—Nanjing reaches and further improve the conditions of the deep-water (12.5 m) waterways below Nanjing” [21]. The implementation of systematic waterway improvement engineering is necessary to enhance the waterway scale and improve the navigation conditions. A systematic understanding of runoff and sediment conditions, geomorphological evolution processes, and trends is a prerequisite for the reasonable arrangement of waterway engineering and the determination of the main scale parameters. At present, the feasibility of the 4.5 m waterway water depth project is being tested for the Jingjiang reaches (Zhicheng—Chenglingji) in the middle sections of the Yangtze River. The 6-metre waterway improvement project for the Wuhan—Anqing reaches has been completed and accepted, while the waterway water depth for the Chenglingji—Wuhan reaches in the middle sections is only 4.2 m. Due to the lack of upstream and downstream water depth, the benefits of the golden waterway are restricted [11,19,20]. Therefore, taking the Chenglingji—Wuhan reaches in the middle sections of the Yangtze River as the object, it is necessary to further define the relationship between navigation obstruction, riverbed scouring and deposition, branch bifurcation ratio, and the morphology change in central bar and bank in the process of upgrading the waterway scale, so as to further support the improvement of comprehensive benefits of the “Golden Waterway” of the Yangtze River.



In this study, the Chenglingji—Wuhan reaches (the length of the river channel is 227.5 km) of the middle section of the Yangtze River were investigated to analyze waterway scouring or deposition characteristics using runoff and sediment data from 1954 to 2021 and topographic data from 2002 to 2021. Additionally, waterway verification was conducted at a water depth of 4.5 m and widths of 60, 150, and 200 m to propose management countermeasures for waterway scale enhancement.




2. Materials and Methods


2.1. Study Area


The Chenglingji—Wuhan reaches in the middle section of the Yangtze River are 227.5 km long (Figure 1); the Chenglingji—Panjiawan reaches (121.1 km) are a continuous coupled-joint branching channel. The Panjiawan—Shamaoshan reaches (74.4 km) are curved, and the Shamaoshan—Wuhan (Hankou) reaches are a straight branching channel of 33.0 km. The Chenglingji—Wuhan reaches have a sandy riverbed with hills on both banks forming nodes. The river channel morphology is basically stable, which also inhibits an evolutionary correlation between the upstream and downstream branching sections [22,23].




2.2. Research Data and Methods


2.2.1. Research Data


Data related to the flow rate, sand transport rate, and water level at the Luoshan and Hankou hydrographic stations from 1954 to 2021 were collected from the Changjiang Hydrographic Bureau to analyze and study the changes in incoming runoff and sediment conditions in the reach. Acoustic Doppler Current Profilers (ADCPs) were used in velocity and flow testing; Differential Global Navigation Satellite System (DGNSS) positioning and Global Navigation Satellite System (GNSS) compass were used for track correction and bow correction. The ADCP current measuring system adopts RDI-BBADCP (Research Development International –Broad-band ADCP) series 300 kHz, 600 kz, and 1200 kz instruments, and the data acquisition software version is WinRiver-II 2.20/2.18. The sediment content of suspended mass was tested using the filtration–drying–weighing method, and a 1/10,000 electronic balance was used for weighing. Topographic data of the Chenglingji—Wuhan reaches from 2001 to 2021 were collected and measured using the laser method. The test scale was 1:10,000, the maximum transverse distance of the measured section is less than 50 m, the maximum longitudinal distance is less than 100 m, and data were obtained from the Changjiang Waterway Survey Center and the Changjiang Hydrographic Bureau (Table 1).




2.2.2. Verification Method of Waterway Conditions


Navigational data include the water level H0 values corresponding to the position of a section and, usually, the water surface line along the river channel, with a 98% guarantee calculated using the synthetic duration curve method (Figure 2a). The difference between the water level from the navigational data and the elevation of the waterway bottom is equal to the water depth (h). The dimensions of a waterway include the water depth (H), width (B), bend radius (R), and navigation clearance height (Hmax). If the water depth corresponding to the actual lowest navigable water level (h) is less than the target navigation depth (H), a break will appear in the depth contour corresponding to H, a navigation obstacle because of the insufficient water depth (Figure 2b). If a location on the waterway has a h greater than H, the depth contour at H is not interrupted but has a width less than B; the location is a navigation obstacle caused by an insufficient navigable width. Similarly, if R is too small for a safe passage, route adjustments may lead to insufficient waterway width and/or depth.



Velocity measurements and flow calculations were conducted using boat-mounted Acoustic Doppler Current Profilers (ADCPs), with the horizontal measurement interval being 100 m. The calculation equations for cross-sectional flow were as follows:


   Q  ADCP   =    ∬ S   u ⋅ ξ d s     



(1)






  d s =  |   V b   |  ⋅ d z ⋅ d t  



(2)




where QADCP is the flow rate (unit: m3/s), S is the sectional area of the river (unit: m2), u is the flow vector at a particular point in the river section, ξ is the unit normal vector on the track of the measuring ship, ds is the microelement area on the river section, Vb is the velocity of the measuring ship, dz is the z degree of the vertical microelement area, z was calculated from the riverbed elevation (unit: m), and dt is the temporal microelement.



The sections along the navigation track were discretized into m micro-sections, and the flow was calculated as follows:


   Q  ADCP   =    ∫ 0 T    [     ∫ 0 H   u ⋅ d z     ]     ⋅ ξ  |   V b   |  ⋅ d t =    ∫ 0 T    [     ∫ 0 H    (  u ×  V b   )      ]  ⋅ k ⋅ d z d t =   ∑  i = 1  m      [   (  V ×  V b   )  ⋅ k  ]   i  ⋅  H i  Δ t       



(3)




where T is the navigation time for the cross-section (unit: h), Hi is the water depth at micro-section i (unit: m), m is the total number of micro-sections within the river section, Δt is the average step size of the measurement time corresponding to the micro-section (unit: s), and k is the vertical unit vector.



The split ratios of water ratios (Figure 2c) were calculated as follows: First, the total inflow of the braided reach Q was obtained. If the runoff flowing into each branch is Qi (i = 1, 2,…, n, where n is the number of branches), the split ratios of water distribution ratios ηi of each branch are given by the following equation:


   η i  =    Q i     Q 1  +  Q 2  … …  Q n    × 100 % =    Q i   Q  × 100 % ; i = 1 , 2 , … … n  



(4)








2.2.3. Calculation Method of the Navigation Scale


The Yangtze River Main Line Navigation Standards (JTS180-4-2015) recommend that the representative ship types of the Chenglingji—Wuhan reaches are a 5000-ton cargo ship and a 350 TEU (Twenty-foot Equivalent Unit) container ship, whose design draft water depth is 4.5 m; considering the rich water depth of 0.5 m, the actual ship draft water depth is 4.5 m. Based on the demand of the waterway and the actual size of the representative ship types, the minimum navigational width required for single-ship double-line navigation is 83–90 m. Additionally, the Yangtze River Main Line Navigation Standards propose to determine the width of the I-5 grade waterway by using the waterway grade I-2 representative ship type (316 × 48.6 × 3.5 m) in the “Inner River Navigation Standard,” and the minimum navigational width for two-lane navigation is 195 m. Combined with the actual situation of the waterway, three levels of waterway width are established in the 4.5 m navigational scale of the Chenglingji—Wuhan reaches. The first level meets the single-vessel two-way passage (60 m wide), the second level meets the single-vessel and fleet meeting the vessel two-way passage (150 m wide), and the third level meets the fleet two-way passage (200 m wide) requirements (Table 2).




2.2.4. Calculation of Riverbed Scouring or Deposition Volumes


A multi-beam sounder was used to measure the riverbed topography, and the scale of the measurement was 1:10,000. The proportion of the encrypted measurement of the waterway regulation building area was 1:2000, and the measurement error was less than 10 cm. The low-flow, bankfull, and flood channels of the Chenglingji—Wuhan reaches corresponding to the flow rates of 10,000, 30,000, and 45,000 m3/s were defined as the riverbeds below the runoff surface line at the Datong hydrographic station. The topography was calculated using the relationship between water levels and flows as in October 2001. Among them, the low-flow channel was a deep channel, the low banks were located between the low-flow and bankfull channels, and the high banks were located between the bankfull and flood channels. For the process of calculating the riverbed scouring or deposition using the section method, see Yang et al. (2022) [6]. The volumes of the bank and deep channel are calculated using the grid method. A triangular grid is used to dissect the computational domain, and the grid density is the same as the density of the measured terrain scatter points to ensure the consistency of the calculation results with the measured results (Figure 3). After dissection, each triangular cell forms a wedge, and the cross-sections of the isobaths at different depths and the bank are the straight sections of the wedge.



	(1)

	
Case 1: Internal grid of the computational domain


   V  i n   =   ∑  i = 1  m    1 3  (  h  i 1   +  h  i 2   +  h  i 3   )  S i     



(5)




where Vin is the volume of the triangular cells inside the computational domain, m is the total number of cells inside the computational domain, hi1, hi2, and hi3, are the distances from the cross-section to the riverbed at the grid nodes, and Si is the area of the triangular cells.




	(2)

	
Case 2: Boundary grid of the computational domain







Quadrilateral (hj4 = 0, hj5 = 0)


   V  o u t − q u a   =   ∑  j = 1  n    1 3  (  h  j 2   +  h  j 4   +  h  j 5   ) g  S  j 1     +   ∑  j = 1  n    1 3  (  h  j 2   +  h  j 3   +  h  j 5   ) g  S  j 2     =   ∑  j = 1  n    1 3  (  h  j 2   ) g  S  j 1     +   ∑  j = 1  n    1 3  (  h  j 2   +  h  j 3   ) g  S  j 2      



(6)




where Vout-qua is the volume of the quadrilateral cells at the boundary of the computational domain, n is the total number of quadrilateral cells at the boundary of the computational domain, hj2 and hj3 are the distances from the cross-section to the riverbed at the grid nodes at the boundary of the computational domain, and Sj = Sj1 + Sj2 and Sj are the areas of the shaded quadrilateral in the boundary cells of the computational domain.






3. Research Process


3.1. Runoff and Sediment Conditions


The runoff volumes at Luoshan hydrographic station (Hankou hydrographic station) from 1954 to 1980, 1981 to 2002, and 2003 to 2021 were 6414 × 108 m3 (7046 × 108 m3), 6516 × 108 m3 (7228 × 108 m3), and 6255 × 108 m3 (6977 × 108 m3), with reductions of 4.01% (3.47%) and 3.18% (2.11%) from 2003 to 2021 compared to 1980–2002 and 1954–2002, after the start of the Three Gorges Project (Figure 4, Table 3). The amount of sediment during 1954–1980, 1981–2002, and 2003–2021 at Lusohan hydrographic station (Hankou hydrographic station) was 4.25 × 108 t (4.29 × 108 t), 3.90 × 108 m3 (3.60 × 108 t), and 0.83 × 108 t (0.95 × 108 t), respectively. The reductions were 78.72% (73.61%) and 79.71% (79.31%) from 1980 to 2002 and 1954 to 2002, respectively, after the start of the Three Gorges Project.




3.2. Changes in Riverbed Scouring or Deposition


After the start of the Three Gorges Project, the incoming sediment in the upstream basin was considerably reduced, and a scouring trend was observed in the Chenglingji—Wuhan reaches (Figure 5). From 2001 to 2021, the riverbed scouring volumes of the low-flow and the bankfull channels in the Chenglingji—Wuhan reaches were 6.65 × 108 m3 and 6.93 × 108 m3, respectively, and the scouring volume of the low-flow channel accounted for 94.95% of the bankfull channel. The elevation points of the thalweg were lower in November 2020 compared with November 2003. After the start of the Three Gorges Project, the overall scouring and undercutting trend in the Chenglingji—Wuhan reaches was conducive to the improvement of the channel bathymetry. Low bank scouring (bank between the bankfull and low-flow channels) since 2016, accounting for 5.05% of the total scouring volume, mainly corresponds to the scouring of the head of the continental body and the waterward area of the upper reach of the side bank; the impact of continental bank scouring on the boundary conditions of the river channel should be considered.




3.3. Waterway Condition


Based on the measured topography from 2016 to 2021, the selected water depth was 4.5 m, and the widths were 60, 150, and 200 m for waterway scale verification (Figure 6a). The verification results show that most of the water depth conditions from the Chenglingji—Wuhan reaches are good, and the minimum water depth satisfies the 4.5 m condition. The last five years or the last five topographies show that the waterway scale of a total of five waterways, namely Jiepai (Figure 6b), Longkou (Figure 6c), Jiayu (Figure 5d), Yanziwo (Figure 6e), and Wuqiao (Figure 6f), cannot satisfy the requirements of 4.5 × 200 m and 4.5 × 150 m.



	(1)

	
Jiepai waterway: in the south branch waterway, the water depths for 200, 150, and 60 m navigational widths under the driest conditions were 4.17–5.37 m, 4.37–6.37 m, and 5.57–7.17 m, respectively. The waterway scale met the requirement of 4.5 × 60 m, but for a few years, it did not meet the requirements of 4.5 × 200 m and 4.5 × 150 m. In the north branch waterway, the water depths under the driest water level for 200, 150, and 60 m navigational widths were 2.77–4.37 m, 2.77–4.77 m, and 3.07–4.97 m, respectively. The waterway scale did not meet the requirement of 4.5 × 200 m; for a few years, it was below 4.5 × 150 m and 4.5 × 60 m.




	(2)

	
Longkou waterway: at the mouth of the main river channel in the left waterway, the water depths for 200, 150, and 60 m navigational widths under the driest conditions were 4.37–6.17 m, 4.37–6.67 m, and 4.67–8.07 m, respectively. The waterway scale met the requirement of 4.5 × 60 m, and for a few years, it was below 4.5 × 200 m and 4.5 × 150 m.




	(3)

	
Jiayu waterway: the water depths in the main waterway of the left branch at 200, 150, and 60 m navigation widths in the driest conditions were 3.44–5.74 m, 3.44–5.84 m, and 4.74–5.94 m, respectively, which did not meet the requirements of 4.5 × 200 m and 4.5 × 150 m for a few years.




	(4)

	
Yanziwo waterway: the water depths in the main waterway of the left branch at 200, 150, and 60 m navigation widths under the driest conditions were 2.99–7.59 m, 3.19–7.89 m, and 4.59–8.19 m, respectively, which did not meet the requirements of 4.5 × 200 m and 4.5 × 150 m for certain years.




	(5)

	
Wuqiao waterway: the water depths in the main waterway of the left branch at 200, 150, and 60 m navigational widths under the driest conditions were 3.45–6.95 m, 3.75–7.55 m, and 4.55–7.95 m, respectively; they did not meet the requirements of 4.5 × 200 m and 4.5 × 150 m for certain years.








3.4. Variation in Minimum Water Depth in the Design Navigation Waterway


Based on survey maps from 2016, the waterway conditions of the Chenglingji—Wuhan reaches were verified, and five waterways, namely Jiepai, Longkou, Jiayu, Yanziwo, and Wuqiao, did not meet the requirements (Table 4).





4. Results


Waterways with water depths of less than 4.5 m were analyzed from the perspective of navigation obstruction in Jiepai, Longkou, Jiayu, Yanziwo, and Wuqiao. The analysis was performed in terms of the differences in riverbed scouring or deposition, the morphology of continental bank, and the relationship between branching channels.



4.1. Obstructive Features in the Upgraded Scale of the Jiepai Waterway


The Jiepai waterway is a smooth and straight branching type waterway. In the past, the area around Guhuazhou experienced periodic uplift and downward shift, resulting in a shallow depth channel and obstructed navigation [24]. In 1994 and 2012, a comprehensive management project of the Jiepai waterway and the second phase of the waterway improvement of the Jiepai waterway were implemented, and the maintenance water depth was raised to 4.2 m during the dry period, starting in January 2019. In March 2017, the Luoshan side bank shallow bale appeared at the inlet of the south channel, and the width of the 4.5 m channel was less than 80 m by March 2018. The width of the 4.5 m channel was less than 50 m in March 2019, and dredging maintenance measures were taken to guarantee smooth passage during the dry periods in 2019 and 2020.



4.1.1. Riverbed Scouring and Deposition


From February 2012 to April 2020, the head scouring of the Luoshan central bar was 1–2 m, and the tail deposition was more than 3 m. The left groove exhibited scouring development, and the right groove inlet to the middle-upper sections deposition was 2–3 m (Figure 7a). The left waterway of the heart bank of Luoshan was scouring attitude along the left channel, and the outlet area was scouring depth of 3.0 m. Under the action of waterway management engineering, the silt level of the low bank surface increased by 3 m from February 2012 to April 2020, and the brush depth of the entrance of the right channel in the main river channel was 2–3 m. The backwaters of the Xinyuzhou branch were left and right backwaters. The maximum backwater depth of the left backwater at and inside the inlet was 5 m, whereas the backwater depth of the right backwater was 3 m.




4.1.2. Morphology of the Continental Bank


The location of the Luoshan central bar core bank was state, with a cumulative setback of 1000 m and a 25% reduction in area from 2018 to 2021 (Figure 7b). The constructed waterway improvement project stabilized the location of the right bank and the head of the Xinyuzhou central bar, with a setback of 70 m from 2018 to 2021 from the 0 m line at the head of the Xinyuzhou central bar.




4.1.3. Branch Channel Diversion Relationship


Since 2011, the diversion relationship between the two channels of the Luoshan and Xinyuzhou branches has been stable, and the south branch diversion ratio was 38.4% in February 2018 because of the development of the left channel of Xinyuzhou (Table 5). The north branch diversion ratio of Xinyuzhou showed a decreasing trend, with a 12% decrease in flow and a 20% decrease in the diversion ratio in August 2014 compared to August 2012. The south branch diversion ratio was 17.6% during the flood season in March 2018.



In summary, the analysis shows that the scouring of the head of the Luoshan bank in the Luoshan waterway and the left channel scouring right channel deposition decreased the right branch diversion ratio, causing the water depth of the right branch inlet to be less than 4.5 m. The deposition of the left branch of the Xinyuzhou central bar–right branch scouring reduced the left branch diversion ratio, and the water depth of the left branch was less than 4.5 m, making it difficult to realize the double channel–double branch 4.5 m penetration.





4.2. Obstructive Features in the Upgraded Channel Scale of the Longkou Waterway


The Longkou waterway is a slightly curved and relaxed river controlled by an outlet islet. The relaxation of the river type and the picking up of the flow by the islet at the outlet cause the flow velocity at the relaxation to slow down and the hydrodynamic axis to turn left; the left channel of the heart bank is prone to forming an obstructive shallow point.



4.2.1. Riverbed Scouring or Deposition


From February 2014 to April 2020, the riverbed scouring and bank deposition in the Longkou waterway, the upstream Luxikou waterway channel into the Longkou waterway confluence, reached a deposition thickness of 1–2 m (Figure 8a), and the extent of scouring in the right bank was 3 m. The Huangsiwan—Qiujiawan reaches had a left channel maximum scouring depth of 3 m and a right-side maximum deposition thickness of 3 m. The Qiujiawan—Shangyaojiadun reaches showed left scouring and right deposition of 1–2 m. In the Shangyaojiadun—Shiji reaches, the heart bank showed scouring of 1–2 m, the left channel of the heart bank was silted, and the right river channel showed scouring of 1–3 m.




4.2.2. Morphology of the Continental Bank


From February 2014 to April 2020, the bank on the right side of the 0 m channel was set back 60 m, and the location of the heart bank along the Shangyaojiadun was more stable, with a 0 m line area of 0.31 km2 (Figure 8b,c). The elevation of the heart bank was below 0 m in March 2016; the 0 m line area was 0.15 km in July 2019, dropping below 0 m by April 2020. From February 2014 to April 2020, the width of the 4.5 m channel in the Longkou waterway increased by 60 m, which is conducive to the improvement of the inlet waterway conditions; the location of the 4.5 m channel in the heart bank in the area of Shangaojiadun—Xiayaojiadun was more stable. Only in the middle of the river channel in March 2016, there were two shallow points with water depths of less than 4.5 m, covering an area of 0.02 km2, which may obstruct navigation.





4.3. Obstructive Features in the Scale Upgrade of the Jiayu Waterway


The Jiayu waterway plan is curved and relaxed, the inlet is controlled by the Jiayu rock node, and the central part is divided into three branches by Huxianzhou and Fuxingzhou. The left branch is the main navigation waterway channel.



4.3.1. Riverbed Scouring or Deposition Distribution Characteristics


From February 2014 to April 2020, the low bank at the head of the built bank protection project in the Jiayu waterway was silted up by 1–2 m, the scouring amplitude of the middle upper sections of the left edge of Fuxingzhou was 3 m, and the deposition of the lower section of the left edge of Fuxingzhou was 2–4 m (Figure 7a). The scouring amplitude of the channel in the main channel of the north branch of Fuxingzhou was 1–2 m from Bajiadun to Erjitou, and the scouring of the left edge of Fuxingzhou in the reach from Ertouji to Yejiabian was receding. The left bank side of the river channel was mainly siltated, the area below Yejiabian was left washed and right situated, and a small deposition body formed in the left branch.




4.3.2. Morphology of the Continental Bank


From February 2014 to April 2020, the implementation of the bank protection project in the Jiayu waterway controlled the trend of bank washback in Fuxingzhou. The 0 m line morphology was generally in a stable state, with inter-annual reciprocal changes along the left bank from the Wangjiazhou to Shijiazun reaches. In October 2018, there was a shallow package with less than 4.5 m water depth in the main waterway channel and an increasing trend, and dredging measures were taken from 2018 to 2020 to keep the navigation waterway open.




4.3.3. Branch Channel Diversion Relationship


Since 2001, the diversion relationship in the Jiayu branch has been stable, with a diversion ratio of 70% in the north branch (Table 6). The south branch was at a break during the dry season, with a maximum diversion ratio of less than 3% at flows greater than 15,000 m3/s.



Based on the analysis results, the main river channel of the Jiayu waterway is stable in terms of its diversion relationship, which is conducive to the hydrodynamic stability of the main river channel. The left edge of Fuxingzhou is scouring, causing the dispersion of water flow in the inlet reach, and the control of the boundary of the island bank should be strengthened to improve the water depth conditions in the north branch to 4.5 m.





4.4. Obstructive Features in the Waterway Scale Upgrade of the Yanziwo Waterway


The Yanziwo waterway is curved and constricted, with the outlet being controlled by the Yinjiajiao node and the right side of the river channel, including the central bar in Fuxianzhou and Xinzhou. There is a year-round heart bank in the river that divides the waterway into two branches. Since the start of the Three Gorges Project, the head of the Yanziwo waterway has been washed back, along with the south branch, causing deterioration of the waterway conditions. The years 2006 and 2015 witnessed the implementation of the waterway improvement project for the Jiayu—Yanziwo reaches and the Yanziwo waterway, and the maintenance water depth has been raised to 4.2 m during the dry period since January 2019.



4.4.1. Riverbed Scouring or Deposition


From February 2014 to April 2020 (Figure 9a), the deposition amplitude of the Xinzhou bank project area and the front edge was 1–3 m, and the middle section of the left edge of the central bar in Xinzhou downstream of the project area was scouring. The thickness of deposition in the river below the tail was 4 m; the scouring depth above Fenglewan in the left branch was 3 m. The scouring depth of the Fenglewan—Tianmen embankment reach, the inlet of the left trough, and the left bank was 3 m; the left deposition and right scouring in the left trough; the thickness of deposition on the left side was 1–3 m, close to the left edge of the Xinzhou central bar. The maximum scouring depth was 3 m, the right trough was in the overall deposition state, and a deposition zone was formed in the river in the outlet intersection reach, with a maximum deposition thickness of 4 m and brush depth of approximately 4 m on both sides of the bank.




4.4.2. Morphology of the Continental Bank


From February 2014 to April 2020, with the implementation of the waterway improvement project of the middle sections of the Jiayu—Yanziwo and Chibi—Panjiawan reaches (Yanziwo waterway), the low bank at the head of the heart bank (0 m line) was silted by 1200 m (from 2015 to 2018) (Figure 9b). In 2016 and 2017, the head of the heart bank and the left edge were scouring, and in central bar in the Xinzhou left branch, a shallow area of less than 4.5 m in water depth, obstructing navigation, was formed in the core of the river along the central part; dredging measures were taken to ensure a water depth of 4.2 m after the 2017 flood.




4.4.3. Impact of the Branching Channel Diversion Relationship


From 2011 to 2018 (Table 7), the diversion ratio of the northern branch of Yanziwo increased, indicating that the Yanziwo waterway improvement project efficiently regulated the diversion relationship.



Based on the analysis results, the north branch of the Yanziwo waterway increased, which is conducive to enhancing the hydrodynamic force of the main waterway. The water depth of the northern branch was greater than 4.5 m after the start of the constructed waterway improvement project, improving the waterway conditions. Deposition in the middle of the river channel at the outlet of the branch has brought potential adverse effects to the waterway, and it is difficult to achieve a long-term stable waterway scale of 4.5 × 200 m.





4.5. Obstructive Features in the Upgraded Scale of the Wuqiao Waterway


The Wuqiao waterway is slightly curved and branched. The river channel is divided into two branches by Baishazhou, of which the north one is the main branch channel. The downstream distribution of the submerged continents and the northern branch of the submerged continents are the main waterway. From 2011 to 2013, five straight groins were implemented. Since January 2019, the dry period maintenance water depth has been increasing to 4.2 m.



4.5.1. Riverbed Scouring and Deposition


From February 2014 to April 2020, the deposition thickness at the inlet of the left branch of Baishazhou was 1–2 m, the brush depth within the left branch was 2–3 m, and that within the right branch was 2–3 m (Figure 10a). The deposition of the bank body and downstream of the tail of Baishazhou, especially the deposition thickness downstream of the tail near the river channel center, was 3 m. The overall scouring of the right branch of the submerged island was 4 m at maximum brush depth.




4.5.2. Morphology of the Continental Bank


From 2010 to 2012, the 0 m line at the head of Baishazhou cumulatively retreated by 500 m and turned to deposition upward by 550 m in 2014. The head of the continent has been cut into a bank since 2014, forming two bank bodies aligned above and below (Figure 9b). From April 2017 to 2020, the cut upper bank body was head-washed back to the tail of the continent, the bank body was widened to the right, and the lower bank body moved down with the upper bank body as a head washback. From March 2010 to February 2014, the 0 m line of the submerged continent extended upward by 1600 m. From February 2014 to April 2020, the extent of the 0 m line of the submerged continent changed up to 300 m along the direction of the current.




4.5.3. Impact of the Branching Channel Diversion Relationship


From 2006 to 2019, the diversion ratio of the north branch of the WCBC was 90–94% (Table 8), and the branch diversion relationship was stable under the action of the waterway improvement project, which is conducive to stable waterway conditions.



Based on the analysis results, the Baishazhou branch channel divergence relationship is stable, which is conducive to the stability of the hydrodynamic conditions of the main waterway. The scouring of the continental body is not conducive to the stability of the river channel boundary, and the obstruction area with a water depth of less than 4.5 m appears in the left branching inlet relaxation reach.






5. Discussion and Analysis


5.1. Technical Aspects of Governance


As of December 2021, 423 waterway improvement structures were implemented along the Yangtze River mainline. For example, in the implemented waterway projects in the Jingjiang reach, Wuhan–Anqing reaches, and downstream of Nanjing, the waterway water depth has been raised from 3.2 to 3.8 m, 4.5 to 6.0 m, and 10.5 to 12.5 m, respectively, resulting in a mature waterway management technology [25]). Since 1994, seven waterway improvement projects have been implemented in the Chenglingji—Wuhan reaches of the middle section of the Yangtze River (Figure 5, Table 9), with a waterway bathymetry target of 3.7 m. Waterway improvement projects were implemented, and the overall scouring caused by the reduction of incoming sediment was raised to a maintenance bathymetry of 4.2 m in February 2021 in the Chenglingji—Wuhan reaches [26].



With a water depth of 4.5 m as the target, the water depth was raised from 4.2 to 4.5 m, which is smaller than the raising rate of the implemented waterway improvement project in the middle-lower sections of the Yangtze River. Additionally, it is technically feasible to raise the water depth of Chenglingji—Wuhan reaches to 4.5 m.




5.2. Ecological Aspects


The Lipotes Vexillifer National Nature Reserve in the Xin–Luo reaches of the Yangtze River stretches from Luoshan to Xintankou and mainly protects the Baiji dolphin, finless porpoises, and their habitat. The reserve is included in the Hubei ecological protection red line, and 11 waterways in the Chenglingji—Wuhan reaches from Jiepai to Baishazhou are located in the reserve (Figure 11), including the Bailuoji, Jiepai, Luxikou, Jiayu, and Wuqiao waterways. According to the relevant requirements of the Chinese government for ecological protection zones, anthropogenic activities are prohibited in the core protection zones of nature reserves. Developmental and productive construction activities are strictly prohibited in other areas, and only limited anthropogenic activities that do not cause damage to ecological functions are allowed under the premise of complying with existing laws and regulations, with the exception of major national strategic projects. However, many ecological structures and new materials have been used in waterway improvement projects along the Yangtze River mainline, producing better ecological effects [27,28]. To protect the ecological environment as well as to minimize the impact on the water ecology, although there are 17 Class I water resources protection zones distributed in the Chenglingji—Wuhan reaches, it is not recommended to implement the waterway improvement project to upgrade the scale of the channel in view of the ecological sensitivity and impact. Waterway improvement projects have been systematically implemented on the Yangtze River trunk line using various environmentally friendly structures, including tetrahedral frames [29,30], dolosse [31], W-shaped dams [32], ‘fish tank’ bricks [31,33], D- and X-shaped rows, and grass-planting and sand-fixing structures [34,35]. A large number of ecological bank protection structures [36] and groin dam structures [37] have also been developed internationally, which have been applied in river management projects such as the Mississippi River [38,39] and the Rhine River [40]. According to long-term observations since 2013, these structures have had a significant positive effect on the ecological environment of the Yangtze River [41,42,43]. Onsite monitoring results have revealed that after the implementation of the first-phase project of the Jingjiang reach, vegetation in the high bank increased considerably. For example, the Daokoujiao central bar has gradually transformed from a bear bank into a lush-vegetation area [34], and the growth of vegetation effectively stabilized the bank. Fish abundance near the constructions has also increased, and benthos has been recovered [44,45]. The ecological restoration measures adopted by the waterway improvement project with a 12.5 m depth downstream of Nanjing, including artificial fish nests and ecological floating beds, have had significant effects because the floating bed plants have been growing significantly and the number of plankton in fish nests has been increasing [46]. In the planning of waterway improvement projects to increase the Chenglingji—Wuhan reaches waterway water depth to 4.5 m, considering novel environment-friendly waterway regulating structures is vital to ensure that the ecological environment of the Chenglingji—Wuhan reaches benefits from the projects.




5.3. Dredging Maintenance Aspects


Dredging maintenance can directly improve the waterway bathymetry [47,48], and although there is the issue of large deposition return rate after dredging [10,13], its ecological impact can be minimized. In response to the current condition of the 4.2 m maintenance water depth, dredging measures have been taken since 2018 in the Jiebei, Jiayu, and Yanziwo waterways. Overall, 98 × 104 m3 and 38 × 104 m3 were dredged in 2019 and 2020 for the Jiebei waterway; areas of 70 × 104 m3, 78 × 104 m3, 27 × 104 m3, and 66 × 104 m3 were dredged. For the 4.5 m × 200 m waterway scale, the annual dredging volume of the Chenglingji—Wuhan reaches is 150–200 × 104 m3, which is slightly larger than the 4.2 m water depth conditions in 2019 (125 × 104 m3) and 2020 (104 × 104 m3). In the past 20 years, immense experience has been accumulated regarding the use of dredged spoils in the Yangtze River mainline waterway [49] and ecological protection during dredging [50,51], and a 12.5 m water depth penetration downstream of Nanjing in the Yangtze River has been achieved through the combination of waterway improvement works and waterway dredging [10,13]. In the United States, dredging measures have effectively improved the waterway scale [48]. With the combination of the waterway improvement project and dredging measures, the Yangtze River Estuary has fully penetrated the 12.5 m deep-water waterway [52] and gradually extended to Nanjing city [10]. In the middle reaches of the Yangtze River that have serious obstructions to navigation, due to the implementation of waterway dredging measures, the waterway scale meets the planning requirements [19,53]. On the whole, dredging is one of the necessary means to realize the integration of the improvement scale.



The operation of the Three Gorges Dam and the upstream cascade reservoir has significantly reduced the sediment volume in the middle-lower sections of the Yangtze River and caused cumulative scouring in the middle-lower sections of the Yangtze River [6,9,53,54,55]. For a period of time in the future, the amount of sediment in the middle-lower sections of the Yangtze River will remain at a low level [56,57,58], and the continuous erosion will bring favorable conditions for the stability and improvement of waterway water depth. It is technically feasible to increase the water depth of the Chenglingji—Wuhan reaches of the waterway from 4.2 to 4.5 m through waterway improvement engineering measures. Considering the impacts on the ecological environment protection zone and water quality resource protection zone, it is recommended to achieve a 4.5 m × 60 m, 4.5 m × 150 m, and 4.5 m × 200 m waterway scale in the Chenglingji—Wuhan reaches through dredging.




5.4. Runoff and Sediment Conditions


Under the comprehensive influence of the joint operation of the Three Gorges and the upstream cascade reservoir group and soil and water conservation, the sediment flow into the middle and lower sections of the Yangtze River has been significantly reduced [6,7], and the riverbed is in a significant scouring situation [6,7,54,55,56], and this trend has been extended to the Yangtze River Estuary [10,58]. Riverbed scouring has brought favorable conditions for the enhancement of waterway scale. Under the action of channel regulation engineering and river regime control engineering, the waterway scale of the Yangtze River Basin has been significantly improved [11,17,19]. With the increase in reservoir capacity in the upper section of the Yangtze River, the amount of sediment entering the middle-lower sections will remain at a low level or decrease in the future, and the scouring situation of the riverbed will continue [6,9,54]. At the same time, the south bank of the Jingjiang reaches into Dongting Lake through three diverts, and Chenglingji (Yueyang City) rejoins the Yangtze River, forming a complex river–lake material exchange system [20,55,59,60,61,62,63]. Compared with 1954–2002, the runoff of Luoshan hydrographic station from 2003 to 2021 was 6460 × 108 m3 and 6255 × 108 m3, with a decrease of 2.86%, and the sediment volume was 4.09 × 108 t and 0.83 × 108 t, respectively. The reduction is 79.71% (Figure 12a). From 2003 to 2021, the runoff of Chenglingji hydrographic station was 2930 × 108 m3 and 2492 × 108 m3, respectively, with a decrease of 14.95%, and the sediment volume was 0.418 × 108 t and 0.174 × 108 t, respectively. The reduction was 58.37% (Figure 12b). From 1954 to 2002, the proportions of runoff and sediment transport from Dongting Lake into the Yangtze River at Luoshan hydrographic station were 45.36% and 39.84%, respectively, and during 2003–2021, they were 10.22% and 20.96% (Figure 11). From 2003 to 2021, the proportion of runoff of Dongting Lake into the Yangtze River decreased, while the proportion of sediment increased, that is, the influence of Dongting Lake into the Yangtze River on the Chenglingji—Wuhan reaches was strengthened. In the future, although the sediment inflow in the basin will remain at a low level or decrease, it is still necessary to pay attention to the influence of the change in the relationship between Dongting Lake and the Yangtze River trunk on the waterway conditions.



In terms of waterway management, dredging, and maintenance technology, it is feasible to increase the waterway scale of Chenglingji—Wuhan reaches to 4.5 m × 200 m. Although some waterway regulation projects may be in the ecological protection zone, ecological protection measures can be adopted to reduce the impact on the ecological environment.





6. Conclusions


In this study, we analyzed the relationship between the changes in riverbed deposition, continental bank morphology, branch channel divergence, and the degree of obstruction to navigation considering depths from 4.2 to 4.5 m. We also explored the countermeasures for waterway scale enhancement in terms of waterway management technology, ecological environmental protection, and dredging maintenance in the middle section of the Yangtze River.



	(1)

	
After the start of the Three Gorges Project, the decrease in sediment inflow caused a scouring situation in the Chenglingji—Wuhan reaches of the Yangtze River, and 94.95% of the scouring was concentrated in the low-flow channel, which created a favorable foundation for the improvement of waterway water depth.




	(2)

	
Considering the connection between the water depth of the upstream and downstream waterways, the representative ship type, and navigable width and other factors, waterway scale verification was conducted with 4.5 m × 200 m, 4.5 m × 150 m, and 4.5 m × 60 m. Only five waterways failed to meet the planning scale, and the length of obstructed navigation accounted for 2% in the total length of the reach.




	(3)

	
Under the combined effect of waterway engineering and riverbed scouring, the waterway water depth for the Chenglingji—Wuhan reaches has been raised from 2.9 m in 2003 to 4.2 m, and it is technically feasible to raise the water depth to 4.5 m through waterway regulation. It is beneficial to explore dredging and maintenance measures to protect the ecological environment.
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Figure 1. Location map of the Chenglingji—Wuhan reaches in the middle reach of the Yangtze River. (a) Location of the study area; (b) waterway division map of the Chenglingji—Wuhan reaches. 
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Figure 2. Calculation of waterway depth and ratios of runoff and sediment. (a) Determination of the lowest navigable water level; (b) waterway water depth calculation; (c) calculation of navigation obstruction ratios of runoff and sediment. 
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Figure 3. Calculation of the volume of the bank and river channel. 
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Figure 4. Variations in runoff and sediment conditions at Luoshan and Hankou hydrographic stations. 
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Figure 5. Characteristics of riverbed scouring or deposition in the Chenglingji—Wuhan reaches. (a) Amount of riverbed scouring or deposition; (b) proportion of low-flow channel scouring; and (c) thalweg of the riverbed. 
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Figure 6. Changes in the 4.5 m depth waterway conditions. (a) Changes in the waterway conditions; (b) Jiepai waterway; (c) Jiayu waterway; (d) Yanziwo waterway; (e) Longkou waterway; and (f) Wuqiao waterway. 
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Figure 7. Changes in riverbed scouring or deposition and bank morphology in the Jiepai waterway. (a) Distribution of riverbed scouring or deposition; and (b) change in the 0 m isobath. 
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Figure 8. Changes in riverbed scouring or deposition and continental bank morphology in the Longkou—Jiaoyu reaches. (a) Distribution of riverbed scouring or deposition; and (b,c) changes in the 0 m isobath. 
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Figure 9. Changes in riverbed scouring or deposition and continental bank morphology in the Yanziwo waterway. (a) Distribution of riverbed scouring or deposition; and (b) changes in the 0 m isobath. 
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Figure 10. Changes in riverbed scouring or continental bank morphology in the Wuqiao waterway. (a) Distribution of scouring or deposition in riverbed; and (b) changes in the 0 m isobath. 
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Figure 11. The Lipotes Vexillifer National Nature Reserve in the Xin—Luo reaches of the Yangtze River. 
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Figure 12. The runoff–sediment relationship between the Yangtze River and Dongting Lake. (a) The relationship between runoff; (b) relation of sediment transport. 
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Table 1. Data characteristics and sources.






Table 1. Data characteristics and sources.





	
Number

	
Profile Name

	
Data Type

	
Time

	
Source






	
1

	
Luoshan, Hankou Station

	
Runoff, sediment

	
1954–2020

	
Changjiang Waterway Bureau; Changjiang Hydrology Bureau of Changjiang Water Resources Committee




	
2

	
Chenglingji to Hankou reaches

	
Terrain

	
2003–2021
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Table 2. The design representing the ship shape.
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Classification of Ship Type (Cargo Tonnage Class)

	
Length

(m)

	
Width

(m)

	
Depth of Immersion (m)

	
Prosperity Depth (m)

	
Waterway Depth (m)

	
Waterway Width (m)




	
Single Line

	
Two Lines






	
5000-ton cargo ship (through gate)

	
130

	
16.3

	
4.0

	
0.5

	
4.5

	
42

	
83




	
5000-ton cargo ship

	
110

	
19.2

	
4.0

	
0.5

	
4.5

	
45

	
90




	
350TEU container ship (through gate)

	
130

	
16.3

	
4.0

	
0.5

	
4.5

	
42

	
83




	
350TEU container ship

	
110

	
17.2

	
4.0

	
0.5

	
4.5

	
41

	
83




	
Waterway class I-2 represents ship type

	
316

	
48.6

	
4.0

	
0.5

	
4.5

	
104

	
195
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Table 3. Runoff and sediment characteristics at Luoshan and Hankou hydrographic stations.
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Time

	
Luoshan Hydrographic Station

	
Hankou Hydrographic Station




	
Runoff

	
Sediment

	
Runoff

	
Sediment




	
Average

	
Max

	
Average

	
Max

	
Average

	
Max

	
Average

	
Max






	
1954–1980

	
6414

	
8956

	
4.25

	
5.21

	
7046

	
10,130

	
4.29

	
5.79




	
1981–2002

	
6516

	
8299

	
3.90

	
6.15

	
7228

	
9068

	
3.60

	
4.89




	
2003–2021

	
6255

	
8156

	
0.83

	
1.46

	
6977

	
8794

	
0.95

	
1.74




	
Range of 1

	
–4.01

	
/

	
–78.72

	
/

	
–3.47

	
/

	
–73.61

	
/




	
Range of 2

	
–3.18

	
/

	
–79.71

	
/

	
–2.11

	
/

	
–76.13

	
/








Note: Range of 1 compares 2003–2021 with 1981–2002, and Range of 2 compares 2003–2021 with 1954–2002.
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Table 4. Minimum water depths at different waterway widths.
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Waterway

	
Year

	
Width (m)

	
Waterway

	
Year

	
Width (m)




	
200 m

	
150 m

	
60 m

	
200 m

	
150 m

	
60 m






	
South branch of the Jiepai waterway

	
2016

	
3.1

	
4.2

	
4.4

	
Northern branch of the Jiepai waterway

	
2016

	
1.1

	
1.2

	
1.2




	
2017

	
2.8

	
3.9

	
5.3

	
2017

	
2.0

	
2.4

	
3.1




	
2018

	
2.5

	
2.78

	
3.7

	
2018

	
0.9

	
0.9

	
1.5




	
2019

	
2.3

	
2.7

	
3.8

	
2019

	
2.3

	
2.3

	
2.3




	
2020

	
2.6

	
3.1

	
3.9

	
2020

	
2.6

	
2.9

	
3.4




	
Longkou waterway

	
2014

	
3.6

	
3.9

	
4.1

	
Yanziwo waterway

	
2018

	
4.7

	
4.9

	
4.9




	
2016

	
2.6

	
2.6

	
2.9

	
2019

	
5.5

	
5.5

	
5.8




	
2016

	
2.9

	
2.9

	
3.1

	
2019

	
4.9

	
4.9

	
5.5




	
2019

	
4.4

	
4.7

	
6.3

	
2019

	
5.2

	
5.5

	
6.2




	
Jiayu waterway

	
2016

	
2.7

	
2.8

	
3

	
2020

	
5.9

	
6.2

	
6.5




	
2018

	
3.1

	
3.0

	
3.2

	
Wuqiao waterway

	
2015

	
5.5

	
6.1

	
6.5




	
2018

	
1.7

	
1.7

	
2.0

	
2016

	
5.4

	
5.6

	
5.8




	
2019

	
3.7

	
3.7

	
3.7

	
2017

	
4.1

	
4.5

	
4.6




	
2019

	
3.5

	
3.6

	
3.8

	
2019

	
4.9

	
5.1

	
5.3
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Table 5. Boundary waterway branching channel diversion relationship.
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Time (Year-Month)

	
Flow (m3/s)

	
Luoshan Central Bar (%)

	
Xinyuzhou Central Bar (%)




	
North Branch

	
South Branch

	
North Branch

	
South Branch






	
2011-11

	
13,703

	
29.7

	
70.3

	
24.7

	
75.3




	
2012-08

	
38,646

	
/

	
/

	
34.1

	
65.9




	
2013-03

	
10,367

	
25.3

	
74.7

	
19.7

	
80.3




	
2014-02

	
8583

	
29.4

	
70.6

	
15.4

	
84.6




	
2014-08

	
33,353

	
/

	
/

	
17.6

	
82.4




	
2014-11

	
11,855

	
26.7

	
73.3

	
2.7

	
97.3
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Table 6. Variation in branching ratios in the Jiayu waterway.
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Time (Year-Month)

	
Flow

(m3/s)

	
Split Ratio (%)

	
Time (Year-Month)

	
Flow (m3/s)

	
Split Ratio (%)




	
North Branch

	
Middle Branch

	
South Branch

	
North Branch

	
Middle Branch

	
South Branch






	
2001-03

	
99.30

	
76.9

	
23.1

	
0

	
2011-03

	
9665

	
71.6

	
28.4

	
0




	
2001-07

	
17,500

	
74.4

	
23.3

	
2.3

	
2011-07

	
23,000

	
69.3

	
28.5

	
2.2




	
2001-11

	
20,500

	
73.6

	
23.4

	
3.0

	
2011-08

	
27,500

	
70.1

	
26.4

	
2.6




	
2004-02

	
5900

	
80.5

	
19.5

	
0

	
2011-10

	
11,700

	
70.2

	
27.5

	
0




	
2005-02

	
10,140

	
70.4

	
29.6

	
0

	
2012-02

	
10,200

	
72.2

	
27.8

	
0
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Table 7. Variation in branching ratios in the Yanziwo waterway.
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Time (Year-Month)

	
Flow (m3/s)

	
Split Ratio (%)

	
Time (Year-Month)

	
Flow (m3/s)

	
Split Ratio (%)




	
North Branch

	
South Branch

	
North Branch

	
South Branch






	
2011-03

	
9597

	
72.90

	
27.10

	
2015-02

	
9060

	
73.90

	
26.10




	
2011-07

	
23,104

	
74.31

	
25.69

	
2017-02

	
10,380

	
76.60

	
23.40




	
2012-02

	
10,200

	
71.70

	
28.30

	
2018-04

	
13,000

	
79.80

	
20.20











[image: Table] 





Table 8. Variation in diversion ratios in the Baishazhou branch channel of the Wuqiao waterway.
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Time (Year-Month)

	
Flow

(m3/s)

	
Split Ratio (%)

	
Time (Year-Month)

	
Flow

(m3/s)

	
Split Ratio (%)




	
North Branch

	
South Branch

	
North Branch

	
South Branch






	
2006-04

	
15,800

	
90.5

	
9.5

	
2009-11

	
10,974

	
93.7

	
6.3




	
2008-07

	
26,170

	
94.0

	
6.0

	
2009-12

	
7812

	
92.0

	
5.0




	
2008-11

	
19,920

	
90.9

	
9.1

	
2019-11

	
10,974

	
93.7

	
6.3
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Table 9. Implemented waterway improvement project works in the Chenglingji—Wuhan reaches.






Table 9. Implemented waterway improvement project works in the Chenglingji—Wuhan reaches.





	No
	Name of Waterway Improvement Project
	Time
	Construction Standard (m)





	1
	Yanglinyan waterway improvement project in the middle reaches of the Yangtze River
	2013–2016
	3.7 × 150 × 1000



	2
	Comprehensive treatment project of the Jiepai waterway
	1994–2000
	3.7 × 80 × 1000



	3
	Second-phase project of waterway regulation of the Jiepai reach in the middle reaches of the Yangtze River
	2012–2014
	3.7 × 150 × 1000



	4
	Luxikou waterway improvement project in the middle reaches of the Yangtze River
	2004–2011
	3.7 × 150 × 1000



	5
	Waterway improvement project of the Jiayu–Yanwo reach in the middle reaches of the Yangtze River
	2006–2010
	3.7 × 150 × 1000



	6
	Waterway improvement project of the middle reaches of the Yangtze River from Chibi to Panjiawan (Yanziwo waterway)
	2015–2017
	3.7 × 150 × 1000



	7
	Wuqiao waterway improvement project in the middle reaches of the Yangtze River
	2011–2013
	3.7 × 150 × 1000
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