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ABSTRACT 

The Three Gorges Project (TGP) introduces significant flow and sediment variations after its impoundment, 
due to which remarkable geomorphic adjustments prevail in the Jingjiang reach of the middle Yangtze River. 
The present study deals with the hydro-morphological equilibrium, considering both the dam operation and 
large-scale bank protection works along the reach. Based on available data, the equilibrium is, by means of a 
regime-based approach of maximum flow efficiency, analysed for the reach. The study shows that the flow 
discharge of the reach has not changed considerably after the TGP impoundment in 2003. After the 
impoundment, the suspended load into the reach descends drastically and but comes to a relatively stable 
level after 2006. The reach had not come at a hydro-morphological equilibrium before 2012; there is 
seemingly a tendency to reach a new equilibrium with time. The maximum flow efficiency method is useful to 
explore equilibrium conditions of a large river if flow and sediment conditions are modified. 
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1. INTRODUCTION
Climate change and anthropogenic activities such as dam construction, sediment extraction and

channelization affect both spatially and periodically flow and sediment conditions of a river system (Yang et 
al., 2015; Eaton and Millar, 2016). The alteration of flow and sediment modifies the existing hydro-
morphological equilibrium, leading to reciprocal adjustments and a new equilibrium (Xu, 1990; Yalin and Da 
Silva, 2001; Richard et al., 2005; Dai and Liu, 2013; Lai et al., 2017). The river adjustments include bed down-
cutting, channel width reduction, channel patterns and sinuosity changes, etc. (Surian and Rinaldi, 2003). 
These modifications are also influenced by regional geology, hydrology, social and administrative factors 
(Petts, 1980). The time to reach a new equilibrium state varies from place to place. For example, the channel 
downstream of Cochiti dam on the Rio Grande River reached its equilibrium condition 28 years after the dam 
construction (Richard et al., 2005). As observed by Shin and Julien (2010), Hwang River downstream of 
Hapcheon dam, constructed in 1982, hadn’t reaches a new equilibrium until  2004. The equilibrium conditions 
for both rivers were examined using downstream hydraulic geometry relations method, established by Julien 
and Wargadalam (1995). 

To check how a river course reaches its equilibrium, in the presence of both dam operation and bank 
protection measures, the Jingjiang reach is investigated in the study. The reach, a part of the middle Yangtze 
River has been influenced by the construction of large dams upstream including the Three Gorges Project 
(TGP) and large-scale bank embankment works along both banks. At the beginning of the TGP impoundment, 
the amount of suspended load bypassing the dam declined drastically, which caused rapid bed down-cutting 
along this section (Xia et al., 2016). After 10 years, the annual sediment amount discharged from the dam 
seemed to become stable (Dai and Liu, 2013; Lai et al., 2017), indicating that a new hydro-morphological 
equilibrium was reached. 

The study investigates the flow and sediment variations before and after the TGP impoundment and the 
down-cutting equilibrium after the impoundment. Data are collected from sources inclusive of Annual 
Hydrological Report and other publications. The equilibrium state is examined with the help of the regime-
based approach of maximum flow efficiency (MFE) (Huang et al., 2014; Nanson and Huang, 2018). 

2. STUDY SITE
The Yangtze River, with a catchment area of 1.8×107 km2 and a length of 6300 km, originates from the

Qinghai-Tibet Plateau and ends in East-China Sea (Figure 1). The Jingjiang reach is 347 km long and extends 
from Zhicheng to Chenglingji hydrological stations. The Yichang hydrological station (at the Gezhouba dam 
site) is 38 km downstream of the TGP. The beginning section of the reach is at Zhicheng and 102 km 
downstream of the TGP. The reach features deep alluvial deposits above the bedrock. Based on the 
difference in sediment characteristics, bank materials, and channel patterns, it is divided into the upper and 
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lower reaches. The former, 172 km long, is between Zhicheng and Ouchikou; the latter, 175 km long, is 
between Ouchikou and Chenglingji. To prevent the reach from flooding, levees or embankments are 
constructed along both banks (Xia et al., 2016). Both the levee structures and the TGP affect the flow and 
sediment along the reach. 

To evaluate the river-bed changes along the reach, Yangtze River Water Resources Commission set up 
171 measurement cross-sections (Figure 1b). 96 of them reside along the upper reach and 75 along the lower 
reach. Since 2002, annual post-flood surveys have been conducted of the cross-sections (Xia et al., 2016). 

Figure 1. (a) Yangtze River basin; (b) Sketch map of Jingjiang reach (adapted from Xia et al., 2016). 

3. DATA COLLECTION AND METHODOLOGY

3.1 Data collection 
Data at four hydrological stations, Yichang, Zhicheng, Shashi and Jianli, are collected from the Chinese 

Hydrological Almanac. For Yichang and Jianli, daily data of flow discharge, concentration of suspended load, 
water levels and annual cross-sectional profiles are available between 1981‒1987 and 2002‒2014. For 
Zhicheng and Shashi, corresponding data are available only from 2002 to 2014. 

The data required by the MFE approach are mean annual bankfull flow discharge Q (m3/s), bed-load size 
D50 (mm), bankfull width B (m), bankfull depth h (m) and slope S. Typical features of the data obtained from 
(Xia et al., 2016) are shown in Table 1. 

Table 1. Temporal changes in reach-scale parameters of Jingjiang Reach. 

Year Q (m3/s) D50 (mm) B (m) h (m) S B/h 

2003 19185 0.213 1381 14.36 0.0000498 96.17 

2004 17944 0.209 1382 14.55 0.00004961 94.98 

2005 19919 0.233 1384 14.73 0.00004792 93.96 

2006 11568 0.241 1388 14.62 0.00004921 94.94 

2012 19705 0.269 1387 15.58 0.00004474 89.02 

3.2 MEF approach 
The regime-based approach can be an empirical approach, an extremal hypothesis or a rational method. 

A review of these methods was made by Singh (2004), Paik and Kumar (2010), Gleason (2015) and Joshi et 
al (2018). The MFE applications by Nanson and Huang (2008), Huang et al. (2014) and Nanson and Huang 
(2017, 2018) suggested that it was suitable for calculations of equilibrium geometry of rivers with high flow 
discharge. Providing the values of Q, S and D50, the regime approach predicts the channel geometry at 
equilibrium (equilibrium width Br and equilibrium depth hr) (Eaton and Millar, 2016). 

MFE is defined as the maximum bedload transport capacity per unit available power: 

MaxFe(ζ) = Max 
Qb

Ω
α (ζ) [1]
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where Fe is the flow efficiency, Qb is the bedload transport rate, Ω is the total energy of the flow (Ω = γQS), γ is 
the specific weight of water and ζ = B/h. Parameter α is an exponent (<1.0) dependent on the bedload 
transport equations adopted. 

Using the Manning-Strickler flow resistance Eq. [2] and Meyer-Peter and Müller bedload Eq. [3], Huang 
et al. (2014) derived the Br and hr expressions in Eq. [4] and [5]. The MFE approach acts as an optimization 
criterion.  

V = Cf√gRS(
R

D50

)

1/6

[2] 

ɸ = cb(τb
* − τc

* )
β [3] 

Br = (
Q

Cf√gSb

)

3 8⁄

D50
1 16⁄

ζ
m

3 8⁄
(ζ

m
 + 2)

1 4⁄ [4] 

 hr = 
Br

ζ
m

[5] 

where cb is a constant equal to 6, V is the flow velocity, R is the hydraulic radius, g is gravity acceleration, Cf is 
the frictional coefficient dependent on Manning’s coefficient (n) by Eq. [6], ɸ is the dimensionless sediment 

transport rate defined by Eq. [7], τb
*  is the dimensionless flow strength parameter by Eq. [8], τc

*  is the 

dimensionless critical shear stress of flow (= 0.047), β is an exponent (= 5/3) and ζ
m

 is the ratio of optimum

channel width to depth, determined by solution of Eq. [9] 
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where qb is the bedload discharge per unit width, τo is the shear stress of the flow, γ
s
 is the specific weight of

the sediment and k2 is a coefficient given by 

k2 = 
S

13/16

(
γ

s

γ
− 1)D50

15/16
(

Q

Cf√g
)

3/8

[10] 

In Eq. [10], the calculation of Q is described in Wu et al. (2008). For the Jingjiang reach after the TGP 
impoundment, there is only a slight change in B with the elapse of time, which is mainly owing to the bank 
protection structures. This is shown in Figure 2. 
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Figure 2. Variation in B of Jingjiang after TGP impoundment in 2003 

The adjustments to the changing flow and sediment conditions are exhibited through the changes in H 
and S (Xia et al., 2016). hr is approximated by 

 hr = 
B

ζ
m

[11] 

For simplicity, B is treated as constant, Bb = 1388 m for the upper reach and 1380 m for the lower reach. 

4. Results and discussions

4.1 Changes in flow discharge and sediment concentration 
The TGP impoundment began in 2003. To figure out the variations of flow and sediment along the reach, 

the monthly averaged flow discharge (denoted by Qm) and monthly averaged sediment concentration 
(denoted by Sm) are calculated at two stations Yichang and Jianli.  Figure 3 plots the Qm changes between 
1981‒1987 and 2003‒2014. Figure 4 illustrates the corresponding Sm variations. The results show that, before 
and after the dam impoundment, there were slight changes in Qm. However, Sm declined in a drastic manner. 

Figure 3. Changes in Qm before and after the dam impoundment at (a) Yichang station and (b) Jianli station. 

Figure 4. Changes in Sm before and after the dam impoundment at (a) Yichang station and (b) Jianli station. 
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The TGP’s active reservoir storage account for approximately 4% of the total annual inflow volume. 
Before and after the dam impoundment, there were no significant changes in the temporal distribution of the 
flow discharge. The slight reductions in Qm discharged from the dam were attributable to the TGP operation. 
Owing to the reservoir regulation, Qm became lower in the flood seasons and higher in the dry season.  

The drastic decrease in Sm at both Yichang and Jianli was mainly due to the TGP impoundment. 

However, the decline was not attributed to the TGP regulation alone because other climatic factors also 
played a role (Yang et al., 2014; Yang et al., 2015). The decrement in the sediment passing the dam led to 
less sediment downstream, which resulted in the river-bed erosion in both the upper and lower reaches. The 
cumulative volume of the channel scour between 2002−2013 amounted to 3.9×108 m3 for the former and 
3.1×108 m3 for the latter (Xia et al., 2016). Both the reaches featured sediment deposition before the TGP 
impoundment (Dai and Liu, 2013; Lai et al., 2017).  

Figure 5 shows, after 2002, temporal variations of suspended sediment volume (denoted as Vs) at 
Yichang, Zhicheng, Shashi and Jianli stations. The results show that, after the impoundment, Vs decreased 
sharply from 2002 to 2003 at all the stations. The Vs values became seemingly stable after 2006. Vs was lower 
in 2011, which was a year of drought (Dai and Liu, 2013; Yang et al., 2014). This Vs trend at the four stations 
suggested that the Jingjiang reach has plausibly achieved a new hydro-morphological equilibrium. 

Figure 5. Temporal variation of Vs at different hydrometric stations of (a) Yichang, (b) Zhicheng, (c) Shashi 
and (d) Jianli. 

4.2 Cross-sectional changes of the reach 
Temporal changes in the cross-sectional profiles at Shashi and Jianli stations are plotted in Figure 6. The 

measurements show that there were no significant changes in the river course width, but obvious changes in 
river-bed elevations, which was due to down-cutting action of the flow. River banks remained also stable. The 
stable banks and unchanged widths were confined by the levee structures. This implies that the river adjusted 
its bed elevation (depth) and along-river slope to the altered flow and sediment conditions. The changes in the 
cross-sections were in contrast with changes in reach scale-width on a braided Yellow River reach due to the 
operation of the Xiaolangdi hydropower scheme. The bankfull width increased by 390 m during 1999−2012 
(Xia et al., 2016). 
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Figure 6. Temporal changes in cross-sections. (a) Shashi (b) Jianli 

4.3 Hydro-Morphological equilibrium 
For each year after first the TGP impoundment in 2003, the calculated hr values are plotted against the 

observed h values in Figure 7, referring to both the upper and lower reaches. The ten-year averaged B value 
was 1388 m and 1380 m for the upper and lower reaches, respectively. The results show that both upper and 
lower reaches were not at a state of hydro-morphological equilibrium state before 2012 but were approaching 
it. That the data points approach the 45° lines with the elapse of time after 2003 clearly demonstrates this 
trend. 

Figure 7. Comparison of hr and h. (a) Upper reach. (b) Lower reach 

These findings were supported by the results of Lai et al. (2017). They found that the sediment carrying 
capacity declined at Shashi station on the upper reach and at Jianli station on the lower reach, which is shown 
in Table 2. Even Yichang station, 38 km downstream of the TGP, exhibited lower capacity results. The 
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sediment capacity was based on the formula by Zhang (2007), which was used in the study of sediment 
transport of the Yangtze River. 

Table 2. Decreasing sediment carrying capacity at hydrometric stations (Lai et al., 2017) 

Station Pre-dam 2003 2004 2005 2006 2007 2008 

Yichang 0.258 0.151 0.189 0.127 0.08 0.04 0.001 

Shashi 0.246 0.228 - 0.248 - 0.195 0.072 

Jianli 0.243 0.31 0.273 0.219 0.219 0.199 0.135 

CONCLUSIONS 
The riverbed down-cutting equilibrium is evaluated using the regime-based approach of maximum flow 

efficiency (MFE) with the modified flow and sediment conditions downstream of the Three Gorges dam. The 
flow and sediment along the Jingjiang reach are affected by both the dam and levee structures. Data from 
Chinese Hydrological Alamac and other sources are collected to demonstrate its flow and sediment variations. 
After the TGP impoundment in 2003, the results indicate that the monly flow discharge changes slightly and 
the suspended load declines drastically during the first three-year operation. The incoming sediment from the 
reach upstream has become seemingly stable since 2006. The Jingliang reach did not reach a state of down-
cutting equilibrium before 2012; but there is a tendency that the reach approaches a new equilibrium in the 
near future. 
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