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Abstract

Due to the significance of waterway depths in river development, the effect of the evolution of bars and troughs on waterway

expansion has always been interesting for river management and water depth conservation. In this study, the aim is to expand

the waterway dimensions of the Jingjiang Reach, and it is necessary to determine how river evolution processes relate to

its potential for waterway depth improvement and navigation hindrances. Therefore, the sedimentation, hydrological, and

terrain data of the Jingjiang Reach from 1950 to 2020 were analyzed to elucidate the aforementioned relationships After the

commissioning of the Three Gorges Dam, it was found that the scour of the low flow channel has accounted for 90.95% of

all scour in the Jinjiang Reach. Furthermore, its central bars and beaches have shrunken by 9.4% and 24.9%, respectively,

and 18.3% as a whole. In view of the bed scour and waterway regulation projects that occurred in the Jingjiang Reach, we

investigated the continuity of a 4.5 m × 200 m × 1050 m (depth × width × bend radius) waterway along the Jinjiang Reach,

and found that it is navigationally hindered over 5.3% of its length. Furthermore, part of the Jingjiang Reach is an important

nature reserve, and there are also many water-related facilities in this area; hence, these conditions inhibit the implementation of

waterway deepening projects. As a result, the study findings indicate that there are many challenges with regards to increasing

the waterway depths of the Jingjiang Reach.
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Abstract: Due to the significance of waterway depths in river development, the effect of the 8 

evolution of bars and troughs on waterway expansion has always been interesting for river 9 

management and water depth conservation. In this study, the aim is to expand the waterway 10 

dimensions of the Jingjiang Reach, and it is necessary to determine how river evolution processes 11 

relate to its potential for waterway depth improvement and navigation hindrances. Therefore, the 12 

sedimentation, hydrological, and terrain data of the Jingjiang Reach from 1950 to 2020 were 13 

analyzed to elucidate the aforementioned relationships. After the commissioning of the Three 14 

Gorges Dam, it was found that the scour of the low flow channel has accounted for 90.95% of all 15 

scour in the Jinjiang Reach. Furthermore, its central bars and beaches have shrunken by 9.4% and 16 

24.9%, respectively, and 18.3% as a whole. In view of the bed scour and waterway regulation 17 

projects that occurred in the Jingjiang Reach, we investigated the continuity of a 4.5 m × 200 m × 18 

1050 m (depth × width × bend radius) waterway along the Jinjiang Reach, and found that it is 19 

navigationally hindered over 5.3% of its length. Furthermore, part of the Jingjiang Reach is an 20 

important nature reserve, and there are also many water-related facilities in this area; hence, these 21 

conditions inhibit the implementation of waterway deepening projects. As a result, the study 22 

findings indicate that there are many challenges with regards to increasing the waterway depths 23 

of the Jingjiang Reach. 24 

Keywords：Beach trough evolution; Branching relationship; waterway deepening; Jingjiang 25 

Reach; Middle reaches of the Yangtze River 26 

1 Introduction 27 

Inland shipping plays an important role in global transportation and logistics system 28 

(Rohács et al., 2007; Willems et al., 2018); thus, the development of riverine shipping is 29 

significant for watershed resource utilization. The shipping potential of a river is limited by its 30 

carrying capacity, which mainly depends on hydrogeomorphic factors like river depth, width, 31 

flow rate, and duration of icing events (Hijdra et al., 2014). Furthermore, due to recent 32 

implementation of environmental conservation strategies in waterways, the effects of waterway 33 

engineering on river environments cannot be overlooked (Weber et al., 2017). The middle and 34 

lower reaches of the Yangtze River are known as the “Golden Waterway” (Cao et al., 2010; 35 

Wang et al., 2020a) as they play a central role in the socioeconomic development of the Yangtze 36 
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River. As of 2020, the Yangtze River trunk line has a freight volume of 3.06 billion tons per year, 37 

which accounts for 78.2% of China’s total inland waterway freight transport. 38 

The Jingjiang Reach, which is located at the middle reaches of the Yangtze River, is 39 

approximately 60 km away from the Three Gorges Dam (TGD) and has no major tributaries or 40 

confluences. Therefore, its hydrologic and sedimentary conditions are directly affected by the 41 

operations of the TGD. The runoff flowing through the Jingjiang Reach has not changed 42 

significantly over the past 60 years (Chai et al., 2019; Yang et a., 2019; Chai et al., 2020); 43 

however, its sediment load has decreased over time due to the implementation of water and soil 44 

conservation measures as well as dam construction in its upstream (Yang et al., 2006; Yang et al., 45 

2015a). Ever since the TGD began to hold back water, the downward trend in sediment load has 46 

intensified significantly (Hassan et al., 2010; Dai et al., 2018; Li et al., 2018a; Gao et al., 2020; 47 

Peng et al., 2020; Tian et al., 2021); this resulted in the Upper Jingjiang Reach (UJR) having the 48 

highest rate of scour over the Jingjiang Reach (Dai and Liu, 2013; Xia et al., 2016, 2017; Lyu et 49 

al., 2018). Furthermore, the sedimentary regime of the Lower Jingjiang Reach (LJR) changed 50 

from ‘groove scour with bar deposition’ to ‘groove and bar scour’ (Xu et al., 2011, 2013a, b; 51 

Yang et al., 2018). Additionally, there have been many instances of riverbank collapse (Xia et al., 52 

2016; Xia et al., 2017; Zong et al., 2017; Zhou et al., 2017; Deng et al., 2018; Deng et al., 2019; 53 

Lyu et al., 2020), shrinking beaches, and central bars (Yang et al., 2015b；Wang et al., 2018; Li 54 

et al., 2019) and unstable water diversion ratios (WDR) at the Jingjiang Reach (Wang et al., 2019; 55 

Hu et al., 2020; Yang et al., 2021a). The LJR has also showed chute cutoff at its tighter bends 56 

(He et al., 2020). These issues have made it challenging to stabilize and improve waterway 57 

conditions at the Jingjiang Reach. To address the increased rate of scour in the TGD’s 58 

downstream reaches since the beginning of its impoundment (Liu et al., 2017; Yang et al., 2017), 59 

the Ministries of Water Resources and Transport have implemented systematic river and 60 

waterway regulation projects, which have increased the waterway depth of the Yangtze River 61 

trunk line from 0.6 to 4.5 m compared to the beginning of the TGD’s operational period (Yang et 62 

al., 2019). However, at the Jingjiang Reach, river scour has caused the decrease of the dry-season 63 

water level per flow rate over time (Sun et al., 2011; Yang et al., 2017; Zhu et al., 2017；Han et 64 

al., 2017a); in addition, it has been shown by previous studies that this downward trend is still 65 

significant (Fang et al., 2012). Although a number of waterway regulation projects have been 66 

implemented at the Shashi Reach, the low beaches of this section are still being scoured. 67 

Furthermore, the main and tributary branches of the Taipingkou and Sanbatan central bars 68 

alternate with each other (Yang et al., 2021a). Moreover, floods that occurred in 2010, 2016, and 69 

2020 in the middle and lower reaches of the Yangtze River have exacerbated navigation 70 

hindrances at the Zhicheng–Dabujie section (Li et al., 2021) and the Shashi Reach (Zhang et al., 71 

2016; Yang et al., 2021a). The ecological effects of a waterway regulation project at the Jingjiang 72 

Reach were evaluated using the Analytical Hierarchy Process; it was found that the completion of 73 

this project would have a positive effect on the ecological health of the Yangtze River (Li et al., 74 

2017; Li et al., 2018b). Although a number of studies have examined the siltation processes, 75 

beach and channel evolution, navigation hindrances, and waterway regulation projects of the 76 

Jingjiang Reach, there has not been any investigation of the relationship between waterway 77 
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projects and potential water depth improvement in this area. To address this issue, we have 78 

conducted a study on the relationship between the potential water depth improvement and 79 

hydrogeomorphic factors of the Jingjiang Reach. The findings may help to elucidate the potential 80 

of the Jingjiang Reach for further waterway development. 81 

To this end, the hydrologic and sedimentation data between 1950 and 2020, and river bed 82 

measurements of the Jingjiang Reach between 1975 and 2020 were used to analyze the 83 

distribution of scour and deposition in its river bed, channel bars, and beaches on the waterway, 84 

and WDRs. In addition, we will study the suitability of the Jingjiang Reach for water depth 85 

improvement up to 4.5 m, based on its water levels, beach and central bar morphologies and 86 

WDRs. 87 

2 Study area and data 88 

2.1 Study area and hydrologic conditions 89 

The Jingjiang Reach is located at the middle reaches of the Yangtze River (Figure 1a), and 90 

it stretches 347.2 km from the Zhicheng hydrological station to Chenglingji. The Jingjiang Reach 91 

is divided at Ouchikou into the UJR and LJR, and their lengths are 171.7 km and 175.5 km, 92 

respectively. The Jingjiang Reach has a gravelly riverbed from Zhicheng Station to Dabujie, and 93 

a sandy riverbed from Dabujie and onwards. From 1950 to 2020, the runoff measurements of the 94 

Yichang station did not change in a substantial manner, as the average annual runoff of the 2003–95 

2020 period was only 4.6% lower than that of the 1950–2002 period (Figure 1a). However, the 96 

sediment transport rates measured by the Yichang station for the 2003–2020 periods are 92.9% 97 

and 91.5% lower than the sediment transport rates of the 1950–2002 and 1986–2002 periods, 98 

respectively. In comparison to the average monthly runoffs of the 1991–2002 period, the 2003–99 

2008 and 2009–2020 periods exhibit lower runoff levels in July, August and October, similar 100 

runoff levels in June and November, and higher runoffs from December to May (Figure 1b). 101 
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 102 

Figure 1. Location and river regime of river reach. (a) Yangtze River Basin; (b) Jingjiang Reach; 103 

(c) Annual runoff and sediment; (d)Annual process of Annual runoff and sediment 104 

 105 

The Jingjiang Reach includes 33 channels and 33 central bars or beaches (Table 1), 106 

including 12 central bars: the Guanzhou central bar (GZCB), Lujiahe central bar (LJHCB), 107 

Shuiluzhou central bar (SLZCB), Liutiaozhou central bar (LTZCB), Huojianzhou central bar 108 

(HJZCB), Mayangzhou central bar (MYZCB), Taipingkou central bar (TPKCB), Sanbatan 109 

central bar (SBTCB), Nanxingzhou central bar (NXZCB), Daokouyao central bar (DKYCB), 110 

Ouchikou central bar (OCKCB) and Wuguizhou central bar (WGZCB). From the 21 beaches, 15 111 

are located on straight sections or single bends: the Jincnegzhou beach (JCB), Jiuhuasi beach 112 

(JHSB), Jiaoziyuan beach (JZYB), Xinchnag beach (XCB), Tuoyangshu beach (TYSB), 113 

Nianziwan beach (NZW), Hekou beach (HKB), Jijiazui beach (JJZB), Laijiapu beach (LJPB), 114 

Bingyinzhou beach (BYZB), Guangxingzhou beach (GXZB), Fanzui beach (GZB), Xiongjiazhou 115 

beach (XJZB), Qigongling beach (QGLB) and Guanyinzhou beach (GYZB). Additionally, 6 are 116 

located on braided reaches, including the Zhangjiataoyuan beach (ZJTYB), Wujiadu beach 117 

(WJDB), Lalinzhou beach (LLZB), Yanglinji beach (YLJB), Xiangjiazhou beach (XJZB) and 118 

Xinhekou beach (XHKB). 119 

 120 

 121 

 122 
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Table 1. Caption 123 

Serial 

number 
Waterway 

Length 

(km) 
Beach name Form 

Main 

branch in 

dry season 

Branch 

length 

Type and position of beaches 

Type Position 

1 Zhicheng 6.0 / Straigth / / / / 

2 Guanzhou 10.9 Guanzhou Branch Rigth  Left＜Rigth Central bar Rigth bank 

3 Lujiahe 11.1 Lujiahe Branch Rigth  Left >Rigth Central bar Rigth bank 

4 Zhijiang 10.0 
Shuiluzhou Branch Rigth  Left＜Rigth Central bar Left bank bias 

Zhangjiataoyuan Bending / / Beach Rigth bank 

5 Liuxiang 5.6 Liutiaozhou Branch Rigth Left>Rigth Central bar Left bank bias 

6 Jiangkou 7.5 Wujiadu Straigth / / Beach Rigth bank 

7 Dabujie 11.3 Huojianzhou Branch Rigth  Left>Rigth Central bar Left bank bias 

8 Yuanshi 17.1 Mayangzhou Branch Rigth  Left＜Rigth Central bar Left bank bias 

9 Taipingkou 17.5 

Taipingkou 

Branch 

Rigth  Left=Rigth Central bar Midst 

Sanbatan Rigth  Left＜Rigth Central bar Midst 

Lalinzhou / / Beach Rigth bank 
10 Wakouzi 9.1 Jinchnegzhou Bending / / Beach Rigth bank 
11 Majiazui 12.5 Nanxingzhou Branch Rigth  Left＜Rigth Central bar Left bank bias 

12 Douhudi 9.9 / Bending / / / / 

13 Majiazhai 9.8 Ershengzhou Straigth / / Beach Left bank 

14 Haoxue 6.7 / Bending / / / / 

15 Zhougongdi 
10.1 Jiuhuasi 

Bending 
/ / Beach Left bank 

 Jiaoziyuan / / Beach Left bank 
16 Tianxingzhou 16.9 Xinchnag Bending / / Beach Left bank 

17 Ouchikou 7 

Tuoyangshu 

Branch 

/ / Beach Left bank 
Daokouyao and 

Ouchikou 
Left branch Left＜Rigth Central bar Rigth bank 

18 Shishou 10.0 Xiajiangzhou Bending / / Beach Left bank 

19 Nianziwan 17.0 Nianziwan Bending / / Beach Rigth bank 

20 Hekou 5.0 Hekou Bending / / Beach Left bank 

21 Tiaoguan 16.0 Jijiazui Bending / / Beach Left bank 

22 Laijiapu 12.0 Liajiapu Bending / / Beach Rigth bank 

23 Tashiyi 9.0 / Straigth / / / / 

24 Yaojilao 7.0  Bending     

25 Jianli 9.5 
Wuguizhou 

Branch 

Rigth 

branch 
Left>Rigth Central bar Left bank 

Xinhekou / / Beach Rigth bank 

26 Damazhou 10.5 Bingyinzhou Straigth / / Beach Left bank 

27 Zhuanqiao 9.0 / Bending / / / / 

28 Tiepu 12.0 Guangxingzhou Straigth / / Beach Rigth bank 

29 Fanzui 6.5. Fanzui Bending / / Beach Left bank 

30 Xiongjiazhou 7.5 Xiongjiazhou Bending / / Beach Rigth bank 

31 Chibakou 14.0 Qigongling Bending / / Beach Left bank 

32 Baxianzhou 8.0 Baxianzhou Bending / / Beach Left bank 

33 Guanyinzhou 10.0 Guanyinzhou Bending / / Beach Rigth bank 

2.2 Waterway engineering 124 

From 2002 to 2020, a series of waterway regulation projects were implemented at the 125 

Jingjiang Reach. This included bank protection works over 50 km of the reach, 71 beach 126 

protection belts, 30 spur dikes, and 8 bottom protection belts (Figure 2). Branch and WDR 127 

stabilization projects have been implemented at the Zhicheng–Changmenxi section, Shashi Reach 128 

and Jianli Reach. The projects for stabilizing beaches and bars have been conducted at the 129 

Zhicheng–Jiangkou section, Wakouzi channel, Majiazui channel, Tiaoguan–Lajiapu section, 130 

Zhoutian channel, Ouchikou channel, Damazhou channel, Tiepu channel, and Fanzui channel. 131 
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 132 

Figure 2. Layout of waterway regulation project 133 
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2.3 Data  134 

The runoff and sediment transport rates measured by the Zhiheng, Shashi and Jianli 135 

hydrological stations from 1955 to 2020 were collected to analyze changes in the inflow and 136 

sedimentary regime of the Jingjiang Reach (Table 2). The river topography data of the Jingjiang 137 

reach from October 2002 to October 2020 were collected to enable identification of changes in its 138 

distribution of scour and siltation, scour intensity, thalweg, and beach/bar morphologies. The 139 

water level data from fixed water level gauges in the Jingjiang Reach during the 2002–2020 140 

period were collected; then, they were combined with changes in channel depth and thalweg, so 141 

as to elucidate how the waterway’s dimensions changed during this period. The information of 142 

waterway regulation structures at the Jingjiang Reach from 2002 to 2020 was also acquired, 143 

which relates to the position, type, dimensions, and operational status of these structures; these 144 

data were used to analyze how waterway regulation projects affect the bar/beach morphologies 145 

and WDRs. These datasets were obtained from the Changjiang Waterway Bureau, Changjiang 146 

Water Resources Commission and Changjiang Waterway Bureau Survey Center.  147 

Table 2. Research data and sources 148 

Data type 
Period of 

time 
Data characteristics Data source 

Runoff and 

sediment 
1955-2020 

Zhicheng, Shashi, and Jianli Hydrographic 

stations Changjiang Waterway 

Bureau, Changjiang 

Water Resources 

Commission and 

Changjiang Waterway 

Bureau Survey Center 

River terrain 2002-2020 Scale1:10000 

Water level 2002-2020 Gauges and Hydrographic stations 

Waterway 

regulation 

structure 

2002-2020 Type, location and scale 

2.4 Research methodology 149 

2.4.1 Calculation of design water level, waterway dimensions, and WDR 150 

The lowest navigable water level (LNWL) is a term used in water transport engineering that 151 

denotes the lowest water level that permits normal navigation by a standard ship or fleet. This is 152 

an important parameter in the design of waterways, wharfs, and ports. The Navigation standard of 153 

inland waterway (GB50139-2014) specifies that the LNWL should be determined using a 154 

synthetic flow-duration curve in reaches that are non-tidal or insignificantly affected by tidal 155 

effects. If the water level at some cross-section of the Yangtze trunk waterway’s base level is H0, 156 

and the water level corresponding to the 98% navigation guarantee rate (given by the synthetic 157 

flow-duration curve) is H1, the changes in waterway depth may then be characterized as follows 158 

(Figure 3a): if H1 > H0, the LNWL has increased, and if the bed scour or sediment thickness is 159 

less than H1-H0, the waterway depth has increased. If H1 < H0, the LNWL has decreased, and if 160 

the depth of riverbed sedimentation or scour is less than H1-H0, the waterway depth has decreased. 161 

The dimensions of a waterway include its water depth (H), width (B), bend radius (R) and 162 

navigation clearance height (Hmax). If the water depth corresponding to the actual LNWL h is less 163 

than the target navigation depth H, a break will appear in the depth contour corresponding to H, 164 

i.e., a navigation obstacle due to insufficient water depth (Figure 3b). If a location on the 165 

waterway has h greater than H (i.e., the depth contour at H is not broken) but a width less than B, 166 
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this location is then a navigation obstacle caused by insufficient navigable width. Likewise, if R 167 

is too small for safe passage, route adjustments will lead to insufficient waterway width and/or 168 

depth. 169 

 170 

Figure 3. Calculation process of waterway depth and scale. (a) Determination of lowest 171 

navigable water level; (b) Waterway water depth calculation process; (c) Calculation of 172 

navigation obstruction and WDR. 173 

The calculation of the WDR (Figure 3c) is as follows: firstly, the total inflow of the braided 174 

reach Q is obtained by measuring the runoff at the cross-section of its inlet. If the runoff flowing 175 

into each branch is Qi (i = 1, 2, …, n where n is the number of branches), the WDR ηi of each 176 

branch is given by: 177 

1 2

= 100% 100%; 1,2,......
.....

  =  =
+

i i
i

n

Q Q
i n

Q Q Q Q
                                          (1) 178 

2.4.2 Calculation of riverbed scour and deposition 179 

Here, the low-flow and bankfull channels correspond to flow rates of 5000 m3/s (Q1) and 180 

30 000 m3/s (Q2) at Yichang Station, and the relationship between water level and flow rate was 181 

calculated based on the terrain that was surveyed on October 2002 (Figure 4a, b). The low-flow 182 

water level (h1) and bankfull water level (h2), i.e., the water levels of the low-flow and bankfull 183 

channels, were determined based on the relationship between water level and flow rate in the 184 

Jingjiang reach. The low beach is defined as the area between the low-flow channel and bankfull 185 

channel. 186 

From topographic cross-sections along the river (Figure 4c) of the upstream and 187 

downstream watercourses of the river channels, the cross-sectional areas were calculated 188 

according to Eq. (2): 189 

1 1( )
0,1, 2,3...

3

i i i i i

i

h h h h b
A i m+ ++ + 
= =                                                   (2) 190 

where Ai is the cross-sectional area (m2), ih  and 1ih +  are the water depths of two consecutive 191 
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points of a section (m), and bi is the width at two consecutive points (m). 192 

Using the truncated cone method, the volume of the river channel Vj (Figure 4d) between 193 

the upstream and downstream sections at the corresponding water level were calculated 194 

according to Eq. (3). Subsequently, the total river channel volume was obtained using Eq. (4): 195 

1 1( )
0,1,2,3...

3

j j j j j

j

A A A A L
V j n

+ ++ + 
= =                                                   (3) 196 

jV V=                                                                       (4) 197 

where Vj is the volume of the channel between adjacent sections (m3), Ai,j and Ai,j+1 are the areas 198 

of adjacent sections (m2), and Lj is the distance between adjacent sections (m). 199 

After calculating the volumes V1 and V2 of the designated river channel over two years and 200 

the difference between them (ΔV), the intensity of erosion/deposition (IED) in river channels per 201 

unit river length (L) and time (T) can be obtained according to Eq. (5): 202 

2 1=
Llength river

V V
V

T

−


IED

 

                                                             (5) 203 

where VIED is the erosion and deposition intensity of the unit river length over a certain period 204 

(104 m3·km-1·y-1), T is the length of time (years), and LRiver Length is the river length (km). 205 

 206 

Figure 4. Calculation process of riverbed erosion and deposition. (a) Water level and flow rate; (b) 207 

Typical cross section change; (c) Sections area; (d) Channel capacity. 208 
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3 Research process 209 

3.1 Relationship between erosion and deposition of water bed and distribution of channel 210 

The cumulative scours of the low-flow channel and bankfull channel from October 1975 to 211 

October 2002 are 4.31 × 108 and 4.38 × 108 m3 in the UJR, and 0.98 × 108 and 1.74 × 108 m3 in 212 

the LJR, respectively (Yang et al., 2018, 2019). Therefore, the scour was more intense in the UJR 213 

and LJR during this period. In the UJR, most of the scour occurred in the low-flow channel; in 214 

the LJR, the channel and beach were both scoured. From October 2002 to October 2020, the 215 

cumulative scours of the low-flow and bankfull channels of the Jingjiang Reach are 11.18 × 108 216 

and 12.29 × 108 m3, respectively, and the scour in the low-flow channel accounted for 90.95% of 217 

the bankfull channel’s scour. Therefore, the scour occurred in both the beach and channel (Figure 218 

5a). The cumulative scours of the UJR and LJR accounted for 71.5% and 28.5% of the Jingjiang 219 

Reach’s total scour in the 1975–2002 period, 41.8% and 58.2% between October 2002 and 220 

October 2009, and 69.1% and 30.9% in the October 2009–October 2020 period. Therefore, the 221 

scour was significantly more intense in the UJR than the LJR (Figure 5b). Furthermore, during 222 

the October 1975–October 2002, October 2009–October 2020, and October 2002–October 2009 223 

periods, the low-flow channel accounted for 98.4%, 90.5%, and 96.4% in the UJR, and 56.3%, 224 

76.7%, and 94.3% of the bankfull channel scour in the LJR, respectively(Figure 5c). 225 

 226 

Figure 5. Relationship between erosion and deposition of water bed and disributionof channel. (a) 227 

River bed erosion in Jingjiang reach; (b) Proportion of erosion and deposition in bankfull channel; 228 

(c-1) UJR, (C-2) LJR. 229 

After comparing the thalwegs of the Jingjiang Reach from October 2020, October 2009, 230 

and October 2002 (Figure 6), it was found that the sedimentary regime of the UJR was dominated 231 
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by scour. The LJR alternated between scour and deposition, even though the scour was dominant. 232 

From October 2002 to October 2020, the thalweg of the Jingjiang Reach deepened by 2.97 m on 233 

average, with the maximum depth of scour being 20.10 m in the Tiaoguan Reach. Based on the 234 

water level corresponding to the 98% navigation guarantee rate and the terrain in October 2020, 235 

the LNWL of the UJR was lower than the current navigation base level. The largest decrease in 236 

the LNWL (2.01–2.49 m) occurred at the Yuanshi–Majiazui section. In contrast, the LNWL of 237 

the LJR was higher than the current navigation base level; at the downstream end of the LJR 238 

(Chenglingji), the LNWL increased by 1.79 m. 239 

 240 

Figure 6. Relationship between thalweg and water level change 241 

3.2 Changes in bar and beach boundaries of the waterway 242 

In comparison to 2002, the area of central bars and beaches has decreased by 18.3% in 243 

2019 (13.9% in the section with the gravelly riverbed, 27.4% in the Shashi Reach, 10.45% in the 244 

Yanka–Ouchikou section, and 15.7% in the LJR) (Figure 7, Table 3), with beaches and central 245 

bars having shrunk by 24.9% and 9.4%, respectively. The areal changes of beaches and central 246 

bars in braided reaches could be divided into four distinct patterns: continuous decrease, increase 247 

and then decrease, decrease and then increase, and continuous increase. The central bars and 248 

beaches whose areas decreased continuously include the LJHCB, HJZCB, MYZCB, JCB, JZYB, 249 

XCB, TYSB, TGB, GXZB, GZB, QGLB, and GYZB. At the HJZCB and MYZCB, waterway 250 

regulation projects have not been implemented in these reaches, and their areas are decreasing 251 

due to the discharge of clear water. The areas of the LJHCB, JCB, JZYB, XCB, TYSB, Tiaoguan 252 

Beach, GXZB, and GZB are still decreasing despite the implementation of waterway regulation 253 

projects. Although their beaches and grooves have been stabilized by these projects, they are 254 

strongly affected by the discharge of clear water due to their proximity to the dam. As a result, 255 

the central bars and low beaches of these areas are still shrinking. The central bars and beaches 256 

whose areas initially decreased, and then, increased include the GCZB, ZJTYB, WJDB, SBTCB, 257 

OCKCB, XJZB, LJPB, and WGZCB. The areas of these beaches and central bars have increased 258 

due to implementation of river training and waterway regulation projects; in other words, their 259 

shrinkage was successfully reversed by human engineering. The beaches and central bars whose 260 

areas increased, and then, decreased include the LTZCB, SLZCB, TPKCB, and JHSB. These 261 

sandy areas became larger after the completion of waterway regulation projects, but their low 262 
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beaches are still being scoured. Therefore, additional work must be performed to ensure the 263 

integrity of these areas in waterway expansion works. The NXZCB is the only central bar whose 264 

area has increased continuously; this is due to continuous implementation of waterway regulation 265 

projects in the Wakouzi channel, which have succeeded in protecting the integrity of this central 266 

bar. 267 

 268 

Figure 7. Area of beach and central bar 269 

Table 3. Area of central bar and beach 270 

Year 2002 2008 2012 2016 2019 

Central bar  (km2) 38.39 37.96 38.51 33.37 34.79 

Beach (km2) 51.79 46.01 46.97 41.20 38.91 

Area of central bar and beach (km2) 90.18 83.97 85.48 74.57 73.7 

3.3 Changes in dry season WDR 271 

The braided reaches of the Jingjiang Reach are located at the GZCB, LJHCB, LTZCB, 272 

TPKCB, SBTCB, NXZCB, DKYCB, and WGZCB. The changes in the dry season WDR of these 273 

braided reaches are presented in the following list (Figure 8): 274 

(1) GZCB braided reach: From 1984 to 1987, the changes in WDR at the GZCB have been 275 

large, as the main and tributary branches have swapped with each other in a few years. The 276 

WDRs of this reach did not change significantly from 1987 to 2002, but the WDR of the left 277 

branch increased throughout the 2002–2016 period. The WDR per flow rate of the right branch is 278 

lower in the 2003–2017 period compared to the 1984–2002 period. After a waterway regulation 279 
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project was implemented in the Jingjiang Reach, the 2017 WDR of the left branch increased by 280 

10.1% in 2017 (when the flow rate at Zhicheng was 6404 m3/s) compared to 2012 (when the flow 281 

rate at Zhicheng was 6027 m3/s). 282 

(2) LJHCB braided reach: The WDR of the left branch decreased throughout the 2003–2014 283 

period, and the WDR per flow rate of the left branch was lower in the 2007–2014 period 284 

compared to the 2003–2007 period. After the completion of a waterway regulation project on the 285 

Jingjiang Reach, the WDR of the left branch in 2016 (when the flow rate at Zhicheng was 6058 286 

m3/s) increased by 10.9% compared to the 2014 level (when the flow rate at Zhicheng was 6347 287 

m3/s). 288 

(3) SLZCB braided reach: The WDR of the right branch has been increasing since 2007; by 289 

March 2019, the left branch stopped flowing altogether during the dry season. 290 

(4) LTZCB braided reach: the WDR of the LTZCB did not change significantly during the 291 

2003–2010 period, and the WDR between the left and right branches was 3:7. During the 2011–292 

2014 periods, the WDR of the right branch began to increase, which indicates that the waterway 293 

regulation project succeeded in restricting the WDR of the left branch. The bed scour in the left 294 

branch was significant from 2014 to 2019, as the WDR of the right branch decreased by 295 

approximately 25% during this period. 296 

(5) Shashi Reach: The Shashi Reach has two braided sections, i.e., Taipingkou and Sanbatan. 297 

An exchange between the main and tributary branches during the dry season has occurred in both 298 

of them. At the Taipingkou braided reach, this process occurred between 2004 and 2006, and 299 

ended with the right branch becoming the main branch in 2006. At the Sanbatan braided reach, 300 

dry season swapping between the main and tributary branches occurred three times, in the 1978–301 

1980, 1999–2000, and 2010–2011 periods. In terms of WDR per flow rate, the WDR of the left 302 

branch in Taipingkou decreased significantly between 2010 and 2017 compared to the 2001–2009 303 

period. In comparison to the 2003–2010 periods, the 2010–2017 WDRs of the right branch of 304 

Sanbatan were higher during floods and lower during the dry season. 305 

(6) NXZCB braided reach: The WDRs of this braided reach changed significantly during the 306 

2000–2011 period. From 2000 to 2001, the WDRs of the left and right branches were similar, but 307 

in the 2002–2007 periods, the WDR of the right branch increased and then decreased. After the 308 

implementation of waterway regulation projects, the WDR of the right branch increased 309 

significantly, reaching a point where the left branch was dry during the dry season. 310 

(7) OCKCB braided reach: The WDRs of the OCKCB braided reach were stable until the 311 

implementation of a waterway regulation project, which greatly increased the WDR of the left 312 

branch (up to almost 100%). The right branch is dry during dry seasons. 313 

(8) WGZCB braided reach: At the WGZCB, two exchanges between the main and tributary 314 

branches have occurred since 1970, i.e., in the 1977–1979 and 1990–1993 periods. The WDR of 315 

the right branch has been increasing since 1994, and its WDR per flow rate is higher between 316 

2003 and 2017 than in the 1994–2002 periods. This shows that the waterway regulation projects 317 

that were implemented after the impoundment of the TGD have been effective in regulating 318 

WDR. 319 
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 320 

Figure 8. Variation of WDR of main branch in dry season 321 

The time that has elapsed since the commissioning of the TGD may be divided into two 322 

periods: the first period begins from the impoundment of the TGD up to the point before 323 

waterway regulation projects were implemented, and the second one begins from the completion 324 

of the waterway regulation projects and continues to the present day. During the first period, the 325 

left branch of the GZCB (2014–2017), right branch of the LJHCB (2003–2014), right branch of 326 

the SLZCB (2007–2012), left branch of the LTZCB (2003–2010), right branch of the NXZCB 327 

(2004–2007), left branch of the OCKCB (2001–2009), and right branch of the WGZCB (2003–328 

2007) have all seen increases in their WDR. All of these branches have one thing in common, i.e., 329 

they are the shorter of the two branches. In the second period, the WDRs of the left branch of the 330 
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GZCB (since 2014), right branch of the LJHCB (since 2014), right branch of the SLZCB (since 331 

2012), left branch of the LTZCB (2012–2014), right branch of the NXZCB (since 2007), left 332 

branch of the OCKCB (since 2009) and right branch of the WGZCB (since 2007) have all 333 

increased. This shows that the waterway regulation projects have succeeded in achieving their 334 

goals. The TPKCB and SBTCB braided reaches in the Shashi Reach are straight and slightly 335 

curved, respectively, and their evolutionary processes are closely interconnected to those of 336 

beaches and bars in their upstream and downstream. Furthermore, they have been affected by 337 

numerous human interventions, including waterway regulation projects, construction of the 338 

Jingjiang Yangtze River Bridge, and sand mining activities. As a result, the main and tributary 339 

branches of these braided reaches frequently interchange with one another, and unlike other 340 

braided reaches, the WDR of the shorter branch did not increase after the commissioning of the 341 

TGD. 342 

4 Results and discussion 343 

4.1 Requirements analysis for waterway expansion 344 

In 2002, the dimensions of the Jingjiang Reach waterway were 2.9 m × 40 m × 300 m (for 345 

the 95% navigation guarantee rate). Due to the implementation of waterway regulation projects, 346 

by 2020, the waterway dimensions of the Zhicheng–Changmenxi, Changmenxi–Jingzhou, and 347 

Jingzhou–Chenglingji sections were 3.5 m × 100 m × 750 m, 3.5 m × 150 m × 1000 m, and 3.8 m 348 

× 150 m × 1000 m, respectively. This allowed the Jingjiang Reach to obtain a 98% navigation 349 

guarantee rate all year round (Figure 9). The combined waterway of the Jingjiang Reach has 350 

water depths between 3.5 and 3.8 m, which are shallower than those of the upstream TGD 351 

reservoir area (4.5 m), downstream Chenglingji–Wuhan (4.2 m) and Wuhan–Anqing (6.0 m) 352 

sections. Due to this mismatch in water depths, increasing the water depth of the Jingjiang Reach 353 

to 4.5 m will allow the upstream and downstream waterways of the Yangtze to become fully 354 

connected; this will significantly improve transportation efficiency in the Yangtze “Golden 355 

Waterway”. 356 

 357 
Figure 9. Water depth change of main channel of Yangtze River 358 

4.2 Inspection of waterway conditions 359 

The water depths of the Jingjiang Reach waterway were tallied based on the river 360 

topography that was surveyed on October 2020 (Figure 10). Given a waterway width of 200 m, it 361 

was found that there are 14 channels with water depths less than 4.5 m in the Jingjiang Reach. 362 

This includes the Guanzhou, Lujiahe, Zhijiang, Jiangkou, Dabujie, Yuanshi, Taipingkou, 363 
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Wakouzi, Zhougongdi, Jianli, Damazhou, Tiepu, Chibakou, and Guanyinzhou channels. The 364 

minimum water depths of the 19 remaining channels are all greater than 4.5 m. After drawing a 365 

4.5 m depth contour through the Jingjiang Reach, it was found that there are 13 channels with 366 

widths less than 200 m, i.e., the Zhicheng, Guanzhou, Lujiahe, Zhijiang, Jiangkou, Dabujie, 367 

Yuanshi, Taipingkou, Wakouzi, Zhougongdi, Jianli, Damazhou, and Guanyinzhou channels. All 368 

the other 20 channels have widths greater than 200 m on their 4.5 m depth contours. Given a 369 

waterway scale of 4.5 m × 200 m, the Jingjiang Reach is either insufficiently wide or deep in the 370 

Guanzhou, Lujiahe, Zhicheng, Jiangkou, Dabujie, Yuanshi, Taipingkou, Wakouzi, Zhougongdi, 371 

Jianli, Damazhou, Chibakou, and Guanyinzhou channels. These navigation hindering channels 372 

account for 5.3% of the Jingjiang Reach’s total length (18.4 km). 373 

 374 

Figure 10. Verification of waterway conditions. (a) Minimum water depth in 200m waterway; (b) 375 

Minimum width of 4.5 m water depth line; (c) Length of channel scale less than 4.5 m × 200 m. 376 

4.3 Characteristics of navigation hindrances and their relation to river evolution 377 

4.3.1 Navigation hindrances due to non-uniform decreases in water level 378 

The water levels of the Jingjiang Reach that correspond to a flow rate of 6000 m3/s at the 379 

Yichang Station in the 2003–2020 period are shown in Figures 11a and b. During the 2003–2009 380 
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period, the decrease in water level at the fixed water level gauges of the Jingjiang Reach ranged 381 

from 0.06 to 0.53 m, with decreases in water level at the Yichang–Zhicheng section and 382 

downstream reaches of Zhijiang being greater than those of the Zhicheng–Zhijiang section. The 383 

water levels of the Jingjiang Reach decreased between 0.27 and 2.66 m during the 2009–2020 384 

period. The water level decreases were large in the Changmenxi–Shishou section (downstream 385 

end of the UJR), but relatively small in the Yichang–Changmenxi section and LJR. The average 386 

thalweg depth of the UJR increased by 2.97 m from 2003 to 2020, whereas the corresponding 387 

water level decreased by an average of 1.21 m (0.27–2.66 m). Because the average decrease in 388 

water level was less than the average increase in thalweg depth, the water depth of the waterway 389 

had increased during the 2003–2020 period. 390 

The annual average decrease in water level between 2009 and 2020 compared to the 2003–391 

2009 period was smaller in the Yichang–Zhicheng section, significantly larger in the UJR, and 392 

smaller again in the LJR. The 4.5 m depth contour is continuous near the Changmenxi and 393 

Caojiahe–Wujiadu areas, but their widths are less than 150 m; in the Lijiadu–Zhangjiataoyuan 394 

and Qixingtai areas, there are breaks in the 4.5 m depth contour (Figure 11c). During the 2009–395 

2020 period, the water levels of the Changmenxi–Dabujie section decreased by 2.21 m, but the 396 

corresponding deepening of the thalweg was only 1.61 m on average. In other words, the 397 

decrease in water level was greater than the deepening of the thalweg; this led to the appearance 398 

of a navigation obstacle in the Changmenxi–Dabujie section. 399 

 400 

Figure 11. Waterway water depth conditions of sand cobble reach. (a) Water level of Jingjiang 401 

reach corresponding to Yichang discharge of 6000 m3/s; (b) Variation of water level; (c) 402 

Waterway conditions of 4.5m depth from Changmenxi-Dabujie reach. 403 
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4.3.2 Navigation obstacles due to unstable beach areas in curved sections 404 

The curved sections in the Jingjiang Reach are abrupt bends, like the Tiaoguan–Laijiapu 405 

section (22.5 km long) and Yangjianao–Chenglingji section (45.1 km long), which have a 406 

curvature of 2.65. The distribution of scour and deposition in these riverbeds from 2002 to 2012 407 

has previously been studied (Zhu et al., 2017). Here, we analyzed the 2012–2020 distribution of 408 

scour and deposition in the riverbed (Figure 12), and found that the scour tends to occur on 409 

convex banks whereas deposition occurs on concave banks. This trend is consistent with the 410 

findings of the study by Zhu et al. (2017). Due to water flow regulation by the reservoir and the 411 

consequent redistribution of flow rates in the LJR, the heterogeneity of the hydrodynamic axis 412 

actions on the convex and concave banks has increased over time. More specifically, this has 413 

greatly extended the duration in which the convex bank is poised within the mainstream 414 

compared to the concave bank, which exacerbated erosion in the former (Zhu et al., 2017；Han 415 

et al., 2017b). The erosion of the convex bank decreases the bend radius of the waterway, which 416 

can make it difficult for ships to safely navigate the bend. Although the 4.5 m depth contour is 417 

continuous in the Tiaoguan–Laijiapu section of the Jingjiang Reach, the decrease in its bend 418 

radius poses a navigation risk.  419 

The Yangjianao–Chenglingji section consists of four continuous abrupt bends; the Fanzui 420 

channel has a bend radius that is too small, whereas the Xiongjiazhou, Chibakou, Baxianzhou, 421 

and Guanyinzhou channels contain scattered sections with water depths less than 4.5 m due to 422 

outflows from the Dongting Lake (Lai et al., 2013). 423 
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 424 

Figure 12. Water depth condition of bend channel. (a) Sediment characteristics of October  2012 425 

- October 2020; (b) Tiaoguan-Laijiapu reach; (c) Yanchuantao-Chenglingji reach; (d) Variation 426 

characteristics of beach trough; (e) Influence of confluence ov water lewel of Dongting Lake. 427 
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4.3.3 Navigation hindrances due to unstable bars and WDRs in braided reaches 428 

Because the WDR can change with flow rate, the main and tributary branches of a braided 429 

reach may either alternate seasonally, or not at all. The braided reaches that alternate seasonally 430 

are the Guanzhou, Lujiahe, Taipingkou–Sanbatan, and Wuguizhou reaches, whereas the braided 431 

reaches that do not alternate seasonally are the Shuiluzhou, Huojianzhou, Mayangzhou, 432 

Nanxingzhou, and Ouchikou reaches. In particular, the Wuguizhou braided reach changed from a 433 

seasonally alternating braided reach into a non-alternating reach after the implementation of 434 

waterway regulation projects. The navigation hindering characteristics of these braided reaches 435 

are described below (Figure 13): 436 

(1) Braided reaches with channels that have no significant beaches, i.e., the Guanzhou, 437 

Lujiahe, Shuiluzhou, Liutiaozhou, Huojianzhou, Mayangzhou, Nanxingzhou, and Ouchikou 438 

braided reaches. Waterway regulation projects have not been implemented in the Huojianzhou 439 

and Mayangzhou reaches because their central and point bars have high elevations and are well 440 

preserved; thus, they show only small decreases in the area. Furthermore, the dry season WDRs 441 

of their main channels are greater than 80%, and the small amount of scour in their central bars 442 

only slightly affects the WDR. The 4.5 m depth contour is also continuous in these reaches. 443 

Although the positions of the LTZCB and LJHCB have stabilized after the implementation of 444 

waterway regulation works, their areas and dry season main branch have both decreased over 445 

time, and the resulting widening of their inlet sections have led to insufficient water depths (< 4.5 446 

m) or channel widths. After the installation of bottom protection structures in the left branch of 447 

the GZCB, the area of the central bar has increased; but the dry season WDR of the main branch 448 

is still decreasing over time. As a result, the main branch is sometimes insufficiently deep or wide 449 

for navigation when the hydrodynamic force at the inlet is weak. The implementation of 450 

waterway regulation projects has increased the areas of the OCKCB and NXZCB, and stabilized 451 

their dry season WDRs. However, according to the terrain that was surveyed on October 2020, 452 

some parts of the 4.5 m depth contour are insufficiently wide for safe navigation at these reaches. 453 

 454 

Figure 13. Relationship between beach evolution, WDR, and waterway conditions 455 
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(2) Braided reaches with multiple central bars and beaches whose changes are strongly 456 

correlated with one another, like the Shashi and Jianli Reaches. The Shashi Reach contains the 457 

TPKCB, LLZB, SBTCB, and YLJB (which only appears in specific years), and a number of 458 

waterway regulation projects have been carried out in this area, especially at the SBTCB and 459 

LLZB (Figure 14). The waterway regulation projects were implemented between 2001 and 2020. 460 

During this period, dry season switching between the main and tributary branches occurred at the 461 

TPKB and SBTCB. Therefore, waterway regulation projects are directly related to the evolution 462 

of central bars and beaches in these reaches. According to the WDRs and bar morphologies of the 463 

2001–2003 period, the southern branch of the TPKCB had a WDR of 41%. Furthermore, 25% of 464 

the runoff from the TPKCB’s northern branch flowed from a channel sandwiched by the tail of 465 

the TPKCB and head of the SBTCB into the southern branch of the SBTCB. Consequently, the 466 

southern branch of the SBTCB was the main branch from 2001 to 2003. In the 2004–2006 467 

periods, the scour and deposition occurred at the head and tail of the LLZB, respectively, which 468 

increased the WDR of the TPKCB’s southern branch. Furthermore, the changes in the 469 

morphology of the LLZB caused the flow to swing towards the northern branch of the SBTCB, 470 

which induced substantial amounts of scour in the SBTCB. From 2007 to 2013, the scour and 471 

deposition at the head and tail of the LLZB continued to progress, and the TPKCB also began to 472 

shrink, which increased the average WDR of the TPKCB’s southern channel to 59%. During this 473 

period, approximately 11% of the runoff flowed via the channel between the tail of the TPKCB 474 

and head of the SBTCB into the latter’s northern branch; this caused the main and tributary 475 

branches to switch around in the dry season for the first time. In the 2014–2018 periods, the 476 

weakening in the hydrodynamic force due to previous decreases in the WDR of the TPKCB’s 477 

northern branch caused the YLJB to grow substantially in the area. The LLZB also shielded the 478 

YLJB from erosion, which stabilized the head of the LLZB while allowing deposition to occur at 479 

its tail. The expansion of the LLZB and shrinkage of the SBTCB caused the WDR of the 480 

SBTCB’s southern branch to increase beyond 50%, thus completing another swap between the 481 

main and tributary branches. The Jianli Reach, which contains the WGZCB and XHKB, has 482 

undergone multiple river training and waterway regulation projects. Because changes in the 483 

WGZCB and XHKB are linked to each other, the WDRs of the WGZCB’s branches are unstable; 484 

this caused the groove of the WGZCB’s right branch to overlap with that of the Damazhou 485 

channel. The area of overlap between these grooves has water depths less than 4.5 m and an 486 

uneven route.  487 
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 488 

Figure 14. Relationship between beach evolution and branch diversion ratio in Shashi reach 489 

4.4 Relationship between waterway expansion and ecological environment 490 

The development of shipping functions is an important part of watershed resource 491 

utilization. However, there is a great deal of uncertainty associated with the use of natural scour 492 

alone to deepen waterways, and there is a certain limit regarding the amount of water depth that 493 

can be obtained in this way. Waterways often need to be expanded to satisfy growing demand for 494 

shipping; this is often performed by constructing reservoirs (Yang et al., 2019) , spur dikes, and 495 

canalized rivers (Wan et al., 2014; Wu et al., 2016), and dredging (Ford et al., 2013; 496 

Hajdukiewicz et al., 2016; Suedel et al., 2021). The construction of a reservoir will directly 497 

increase waterway depths in the reservoir area (Moretto et al., 2014; Smith et al., 2016); 498 

moreover, the regulation functions of the reservoir can be used to increase the minimum flow rate 499 

during the dry season, thus increasing water level and depth (Chai et al., 2021). Dredging is also 500 

a necessary part of waterway regulation, but it often leads to rapid back siltation (Helal et al., 501 

2020). Therefore, maintaining a waterway through dredging can become a very costly process 502 

(Ahadi et al., 2018). However, the implementation of waterway regulation projects or dredging 503 

works could lead to ecological damage, and its recovery will invoke even greater economic costs 504 

(Bernhardt et al., 2005; Szałkiewicz et al., 2018; Logar et al., 2019). In most rivers globally, their 505 

systematic development increases significantly the size of their waterways, like the Mississippi 506 

River (Yu et al., 2005), Rhine (Quick et al., 2020) and Yangtze River Estuary (Wan et al., 2014; 507 

Wu et al., 2016). 508 

The Jingjiang Reach has 124 sluices and drainage outlets (approximately 5.6 km per sluice 509 

or outlet), and the Jingzhou Port consists of 16 port areas, which cover 59.01 km of the shore, i.e., 510 
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17% of the Jingjiang Reach. There are 4 bridges that span the Jingjiang Reach, which are located 511 

at the Zhicheng, Taipingkou, Haoxue, and Nianziwan channels. The frequent exchange of main 512 

and tributary branches in the Taipingkou channel is partially a consequence of the construction of 513 

the Jingzhou Yangtze River Bridge. There are 36 river-crossing or steam ferries along the 514 

Jingjiang Reach, and their density along the coastline is approximately 10.4 km/ferry. It can also 515 

be observed that the water-related facilities overlap to some extent on the reach. Because 516 

waterway regulation projects must minimize their impact on water-related facilities, this poses 517 

difficulties for the implementation of these projects. However, using dredging alone to achieve 518 

water depth targets is very costly, and the need for annual maintenance is very significant for 519 

navigation safety. Furthermore, the Jingjiang Reach is an important area of activity for the 520 

Yangtze Finless Porpoise, and the Tian'ezhou National Nature Reserve is located in this reach as 521 

well (Figure 15). The nature reserve covers the Tianxingzhou, Ouchikou, and Nianziwan 522 

channels, and the implementation of waterway regulation projects in these areas is highly 523 

restricted. 524 

 525 

Figure 15. Tianezhoudolphin national nature reserve of Yangtze River in Hubei Province 526 

Waterway regulation projects have been systematically implemented on the Yangtze River 527 

trunk line using a variety of environmentally friendly structures, including tetrahedral frames 528 

(Wang et al., 2017), dolosse (Cao et al., 2018), W-shaped dams (Huang et al., 2019), “fish tank” 529 

bricks (Cao et al., 2018; Wang et al., 2020b), D- and X-shaped rows, and grass-planting and 530 

sand-fixing structures (Li et al., 2018c; Fan et al., 2020). Based on long-term observations since 531 

2013, these structures have had a significant positive effect on the ecological environment of the 532 
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Yangtze River (Li et al., 2017; Li et al., 2018b). During the planning of waterway regulation 533 

projects to increase the Jingjiang Reach’s waterway depth to 4.5 m, it is necessary to consider 534 

novel waterway regulating structures that are environmentally friendly so that the ecological 535 

environment of the Jingjiang Reach will benefit from such projects.  536 

5 Conclusions 537 

In this study, our aim was to expand the waterway dimensions of the Jingjiang Reach. Thus, 538 

it was necessary to determine how river evolution processes relate to its potential for waterway 539 

depth improvement and navigation hindrances. 540 

Ever since the TGD began to hold back water, the scour in low-flow channel has accounted 541 

for 93.1% of the scour in the Jingjiang Reach. This effect is beneficial for increasing waterway 542 

dimensions. The total area of central bars and beaches in the Jingjiang Reach has decreased by 543 

18.3%, with the former and latter decreasing by 9.4% and 24.9%, respectively; this effect 544 

destabilizes waterway boundaries. If a braided reach has large and intact central bars, the dry 545 

season WDRs of their branches tend to be stable. Conversely, if a braided reach has beaches and 546 

central bars, the WDRs of their branches are often unstable. 547 

Then, in the section of the UJR with a gravelly riverbed, the decrease in water level is 548 

greater than the downcutting of the riverbed; this has caused the waterway to become 549 

insufficiently deep. Due to convex bank scouring and concave bank deposition in the curved 550 

section, some of the more abrupt bends have a bend radius that is too small, which hinders safe 551 

passage through these sections. The shrinkage of beaches and central bars in braided reaches, 552 

which are often strongly interconnected, has resulted in unstable dry season WDRs. This has also 553 

resulted in swapping between the main and tributary branches during the dry season. 554 

Based on the current terrain of the Jingjiang Reach (which was surveyed in October 2020), 555 

the 4.5 m × 200 m × 1050 m waterway of the Jingjiang Reach is navigationally hindered over 556 

5.3% of its length. To improve waterway depth, attention should be drawn to the scour and 557 

deposition patterns of the Jingjiang Reach, changes in its central bars and beaches, and the WDR 558 

trends of the braided reaches. Although the Jingjiang Reach satisfies all requirements for further 559 

water depth improvement, it is necessary to consider the environmental effects of the waterway 560 

project. 561 
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