
ORIGINAL PAPER

Hydrodynamic-sediment transport response to waterway
depth in the Three Gorges Reservoir, China

Yi Xiao1
& Wenjie Li1 & Shengfa Yang1

Received: 22 October 2020 /Accepted: 7 April 2021
# Saudi Society for Geosciences 2021

Abstract
Since the Three Gorges Dam began operation in 2003, hydrodynamic-sediment conditions changes have occurred not only
downstream but also in the Three Gorges Reservoir, contributing to variations in the navigation conditions of the backwater area.
Based on the measured channel data from 2003 to 2018, this study investigates changes in the waterway dimension and the
factors that impact navigation conditions. The navigation-obstructing channels in the permanent backwater area (PBA) mainly
resulted from the occurrence of fine grained sedimentation, which led to a decrease in the effective navigable width. Meanwhile,
in the fluctuating backwater area (FBA), bed load behavior during the falling stage fromApril to June lowered navigation depths.
Decreasing sediment supply can alleviate reservoir sedimentation andmaintain navigation safety in the PBA, while it is necessary
to focus on the waterway depth clearance that is sensitive to temporary deposition during the falling stage of high water-sediment
discharge years in the FBA.Water level variation near gravel excavation pits indicates that sediment mining decreases waterway
depth, negatively impacting the navigable dimension, especially during low water discharge. These findings provide useful
information for assessing the sustainable development of the navigation in the Three Gorges Reservoir, and aid economic
development in the Yangtze River.

Keywords Navigation condition .Water-sediment discharge . Sedimentation . Bed load behavior . Three Gorges Reservoir . 2D
numerical model

Introduction

Over the past century, many of the world’s major rivers have
been modified for the purposes of flood mitigation, power
generation, and commercial navigation (Munoz et al. 2018).
The Yangtze River is Asia’s longest (6300 km) river and the
fifth largest in the world (Milliman and Meade 1983). The
upper Yangtze River comprises alluvial gravel, riffle, and pool
channel form, wherein its bed passes through geologically old
gravel deposits (Chen et al. 2001). The river flows through the
subtropical region with a mean temperature and precipitation
of 20 °C and 870 mm, respectively (Wang et al. 2007). The
Three Gorges Dam (TGD) on the upper Yangtze River is a

key project for the river’s flood control, navigation, and water
resource development (Jia et al. 2013). After the impound-
ment of the TGD, the normal pool level was 175 m with a
water storage capacity of 39.3 billion m3, and a flood control
level of 145 m with a flood control capacity of 22.15 billion
m3 (Zheng 2016). The TGD holds a reservoir that is 660 km
long, stretching from Yichang to Jiangjin Town in
Chongqing, and is divided into permanent and fluctuating
backwater areas at the Fuling station (Fig. 1).

The operation of the TGD has led to sedimentation in the
backwater area (60% of that predicted in the planning stage),
and widespread scouring in the reaches below the dam was
caused by a rapid decrease in the downstream sediment load
(CWRC 2019). Regarding the TGD downstream, several
studies have documented the spatial and temporal changes
of water-sediment discharge (Xu and Milliman 2009; Xiong
et al. 2009; Dai and Lu 2014; Mei et al. 2015; Li et al. 2018a;
Xiao et al. 2019a; Ren et al. 2020), channel adjustment pro-
cesses (Li et al. 2009; Sun et al. 2012; Dai and Liu 2013; Zhou
et al. 2017), material fluxes and water exchanges between the
downstream and large lakes (Yuan et al. 2015; Huang et al.
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2014; Cheng et al. 2018), and the influence of regulations on
downstream navigation (Yan et al. 2019; Yang et al. 2019;
Zhang et al. 2019). Compared with the existing downstream
research, previous Three Gorges Reservoir (TGR) research
focused on the impact of channel siltation (Lu et al. 2010;
Xiao et al. 2015; Li et al. 2018b) and environmental and
land-slip impacts (Yan et al. 2008; Yang et al. 2010; Wolf
et al. 2013; Huang et al. 2016; Song et al. 2018), while little
attention has been paid to the navigation condition changes in
the reservoir area.

With the increasing economic development in China, the
Yangtze River waterway has been used to motivate the con-
struction of the Yangtze river economic zone, called the
“Golden Waterway” (Cao et al. 2010). Although the impound-
ment of the reservoir in a watershed directly increased the wa-
terway depth in the reservoir area, reservoir sedimentation is a
global concern as sediment retention can reduce reservoir ca-
pacity and navigation depth (Li et al. 2018b). After the first 15
years of operation, sedimentation in the TGR reached 1.59
billion tons (CWRC 2019), 92% of which accumulated in the

permanent backwater area (PBA). Moreover, the serious silta-
tion of fine-grained sediments has a potential negative influence
on the channel dimensions (Xiao et al. 2015). Further, although
the fluctuating backwater area (FBA) presents a scouring pat-
tern, the bed load behavior and limited deposition in some river
sections have significantly influenced the navigation depth
(Xiao et al. 2019b). Currently, there are few preliminary studies
that discuss the interaction of multiple factors, such as water-
sediment discharge, reservoir sedimentation, and sediment min-
ing, in response to the sustainability of the navigation condi-
tions in the TGR (Wang et al. 2016).

This study aims to investigate changes in the navigation
conditions after the operation of the TGD. Using water-
sediment data from the major hydrological stations along the
TGR and the river bed level collected from 2003 to 2018, we
evaluate the factors responsible for navigation condition
changes in the FBA and PBA, and analyze the influence fac-
tors of water-sediment discharge, reservoir sedimentation, and
sediment mining on the sustainable development of naviga-
tion conditions in the TGR.

Fig. 1 Backwater area of the Three Gorges reservoir (TGR)
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Changes in navigation conditions after TGD
operation

Since the 175-m pilot retention stage was realized in 2008, the
navigation dimensions of the TGR significantly improved. In
particular, the annual maintenance waterway depth increased
from 2.9 to 4.5 m in the PBA, and in the FBA, the minimum
maintenance waterway depth from Fuling to Chongqing and
Chongqing to the Jiangjin reach increased from 2.9 and 2.7 m
in 2003 to 3.5 and 2.9 m, respectively, in 2018. The details of the
monthly maintenance waterway dimension are listed in Table 1.

Navigation problem in the PBA

From 2003 to 2018, the sedimentation in the PBAwas 1.5575
billion m3, of which the median grain size D50 was 0.002–
0.004 mm (IRTCES 2019). As illustrated in Fig. 2 a, the fine-
grained deposition along the PBA is obvious, annual deposi-
tion density decreased with time, and the most intense depo-
sition occurred in the TGD channel from Guandaokou and
Baidicheng to Guandaoxia. Variations in the thalweg from
the TGD to the Fuling reach are shown in Fig. 2 b. The fluc-
tuating range of the bed level reaches 62 m near the dam area.
Compared with the variation in the water level along the res-
ervoir when the pool level decreased to 145 m, the waterway
depth is more than 10 m below and less than 5 m above the
Zhongxian river reach. This implies that the navigation prob-
lem in the PBA is the result of the fine sediment deposits
above the Zhongxian river section. The Huanghuacheng chan-
nel, located 350 km upstream from the TGD, deposited 155
million m3 during the study period, and its maximum deposi-
tion thickness reached 50 m (Xiao et al. 2019a).

The scour/deposition distribution in the Huanghuacheng
channel is shown in Fig. 3 a. The accumulated sedimentation
resulted in a continuous expansion of the side bars toward the
main channel, and a gradual decrease in its effective waterway
dimension. The river pattern of the Huanghuacheng channel is
basically meandering, wherein a central gravel bar becomes
exposed during low flows. The left branch of the channel
experiences serious siltation, leading to navigational changes
for ships traveling upstream from the original left flow route to
the right flow route during the flood season (Fig. 3b).

Navigation problems in the FBA

The FBA eroded 0.074 billion m3 after the operation of the
TGD, and its scour/sedimentation density is shown in Fig. 4 a.
Considering the influence of the TGR, the annual erosion
density increased with increasing distance from the TGD
(Fig. 4b). During the falling stage, when the pool level reduces
from 175 to 145 m (April–June), the FBA transfers to the
natural channel, stopping TGD control. Meanwhile, with rap-
idly decreasing water levels along the reservoir, water power
increases trigger a bed load transport peak, leading to tempo-
rary deposition in some river sections.

The Qingyanzi channel, located 565 km upstream from the
TGD, exhibits a scouring pattern andwas eroded by 10.51million
m3 from 2003 to 2018. The scour/deposition distribution between
February 1 and June 30 in 2017 is shown in Fig. 5 a. Note that a
few gravel deposition areas remain located in the main channel,
causing a decrease in the waterway depth. As shown in Fig. 5 b,
the waterway depth clearance is only 0.5 m and is sensitive to
deposition thickness, implying that shipping risk increases when
the pool level is below 149 m in the falling stage.

Table 1 Monthly maintenance waterway depth in the Three Gorges reservoir (TGR)

Reach section Maintenance waterway depth(m)

Jan. Feb. Mar. April May June July Aug. Sept. Oct. Nov. Dec.

Dam to Fuling 4.5

Fuling to Chongqing 4.5 4.0 3.5 3.5 3.5 3.5 4.0 4.0 4.0 4.0 4.5 4.5

Chongqing-Jiangjin 2.9 2.9 2.9 2.9 3.2 3.5 3.7 3.7 3.7 3.5 3.2 2.9

Fig. 2 Changes in the (a) annual deposition density and (b) thalweg of the permanent backwater area (PBA)
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The amount of the sediment scour in the Changshou chan-
nel which is located 580 km upstream from the TGD, is not
obvious, reaching approximately 1.31 million m3, and its de-
position location is in the entrance of the right branch (Fig.
6a). In its falling stage, the water level changes with time,
implying that miniscule sedimentation influences the naviga-
tion clearance, increasing shipping risks (Fig. 6b). The Luoqi
channel, located 599 km upstream from the TGD, was eroded
by 8.21 million m3 from 2003 to 2018. It contains some steep-
walled excavation pits near the channel boundary, of which
the depth of these pits reach 22m (Fig. 7a). By comparing the
navigable water level during the falling stage with that of the
borrow pits and that prior to the sediment mining, it was found
that the channel water level decreased, tending to maintain the
minimum waterway level (Fig. 7b). This result reveals that
uncontrolled gravel excavation could lead to a negative effect
on navigation conditions.

Influencing factors on TGR navigation
conditions:methods

Regarding navigation condition changes in the TGR, the
main navigable problems in the PBA and FBA are related
to fine grained sedimentation, bed load behavior, and sedi-
ment mining. Inlet water-sediment discharge is useful in

determining sediment transport and river bed deformation.
To investigate the change in the waterway dimension of the
TGR, the Mann-Kendall (M-K) test and rescaled range
(R/S) analysis were employed to predict the trends of the
runoff and sediment discharge. Then, a 2D hydro-sediment
numerical model was used to evaluate the impact of bed
load behavior and sediment mining on navigation condi-
tions in the FBA.

Mann-Kendall test and R/S analysis

TheM–K test and rescaled range (R/S) analysis have typically
been used to detect the temporal–spatial distributions of the
variations in annual runoff–sediment transport and their
changing trends (Yue et al. 2002). The details of the methods
are fully described in Xiao et al. (2019a).

The 2D hydrological-sediment transport numerical
model

Description of 2D numerical model

The 2D numerical model applied herein incorporates hydro-
dynamic, sediment transport, and morphodynamic sub-
models.

Fig. 3 Changes in the (a) river bed level and (b) lowest navigable water level of the Huanghuacheng river reach

Fig. 4 Changes in the (a) deposition density and (b) thalweg of the fluctuating backwater area (FBA)
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The hydrodynamic sub-model solves the Reynolds averaged
Navier-Stokes mass and momentum conservation equations in
an orthogonal curvilinear grid system as follows (Xiao 2013):
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Fig. 5 Changes in the (a) river bed level and (b) water level versus the lowest maintenance water level in the Qingyanzi channel

Fig. 6 Changes in the (a) river bed level and (b) water level versus the lowest maintenance water level in the channel of Changshou
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where:
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in which ξ and η are orthogonal curvilinear coordinates, h1
and h2 are the lame coefficients, U and V are the depth-
averaged velocity components in the ξ and η directions of
curvilinear coordinate, respectively, and the flow discharge

components/unit width are q*¼ q; pð Þ ¼ UH ;VHð Þ. Further,

Z is the water level based on the reference datum, β is the
correction coefficient considering the non-uniform vertical
velocity, f is Coriolis coefficient, g is the acceleration of grav-
ity, C is the Chezy coefficient, υe is the depth-averaged vortex
viscosity, Zs and Zb are the water and bed elevation, respec-
tively, and D11, D12, D21, and D22 are the depth-averaged
dispersion stress terms that consider the secondary flow.

The sediment transport sub-model includes the non-
equilibrium suspended-load and bed-load transport equations,
written as (Xiao et al. 2014, 2015):
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where subscript k indicates the size group, Ck and C*k are
the depth-averaged suspended load concentration and trans-
port capacity of the kth size group, respectively (the value of
C*k is provided in Xiao et al. (2015)), εξ, εη are the depth-
averaged longitudinal and transverse diffusivity coeffi-
cients of the sediment, respectively, kl and kt are the longi-
tudinal and transverse components of the depth-averaged
diffusivity coefficient, respectively, ωk denotes the fall ve-
locity of the kth size group, qbk is the bed load transport rate
for the kth size group,U is the depth-averaged velocity, αbξ,
αbη are the projections of the ξ, η directions, respectively,
and qb*k is the kth size group transport capacity for equilib-
rium transport.

Bed deformation can be calculated using the overall
mass balance equation for the sediment as follows (Xiao
et al. 2014):
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where Zk is the thickness of the sediment layer and ak
is the saturation recovery coefficient for size group k.

The numerical solution is based on the Beam and Waring
alternating- direction implicit (ADI) scheme, of which the
basic source code and solution process is provided in Xiao
(2013). The verification of the 2D hydrological sediment nu-
merical model includes the fluvial process of the physical
meandering channel, the TGD downstream, and the PBA in

Fig. 7 Changes in the (a) river bed level and (b) water level versus the lowest maintenance water level in the channel of Luoqi
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the TGR. Additional details on numerical model application
can be found in Xiao et al. (2014, 2015, 2016).

Verification of the 2D numerical model in the FBA

After TGD pool level rose to 175 m in 2008, the 232-km-long
fluctuating backwater zone stretched from Fuling to Jiangjin.
As the study area is slightly meandering (Fig. 1), an orthogo-
nal curvilinear coordinate system was applied to 3255 × 60
grids in the computational domain with a time interval of t = 8
s. The grid spacing in the ξ and η directions are 20–30 m and
15–20 m, respectively (Fig. 8). The river bed level in October
2009 was taken as the initial topography. From 2009 to 2016,
the observed daily water discharge at the Cuntan station and
the water level at the Qingxichang station were used as the
inlet and outlet boundary conditions, respectively (CWRC
2017). The range of the sand grain size along the FBA is
0.157–0.238 mm, wherein a median grain size of D50 was
adopted for simulation (Table 2). Based on the composition
of the bed material in each river section, the gravel bed load
calculation was divided into four groups ranging in diameter
from 12 to 90 mm (Table 3). A real time period of ten years
was selected, and the simulation results of water level, flow
velocity, and river bed level changes were compared with the
measured data for validation.

The calculated water levels at the measured control hydrau-
lic stations in the FBA were in agreement with the field mea-
surements from September 2009 to December 2016 (Fig.
9).The relative error at the 2 reference stations was < 0.06 m
under various discharges. Further, the observed and simulated
cross-sectional distributions of the depth-averaged velocity at
typical cross sections are shown in Fig. 10. The velocity per-
formance was found to be slightly higher than that of the
measured value at the meandering river section, which con-
tributed to the accuracy of the secondary current simulation.
This discrepancy decreased with decreasing sinuosity, where-
in the maximum deviation was less than 0.08 m/s. These re-
sults indicate that the 2D numerical model can reproduce the
flow pattern in the FBA and support the sediment transport
process simulation findings.

The amount of sedimentation in the Qingyanzi,
Changshou, and Luoqi river sections (Table 4) shows that
the total sediment deposit deviation was below 25%.
Moreover, the simulated maximum deposition thicknesses
were 3.16 m, 0.87 m, and 0.67 m, which is only 69%, 79%,
and 77% of the observed values in the Luoqi, Changshou, and
Qingyanzi channels, respectively. These deviations may result
from the uncertainty of the sediment supply and bed material.
A comparison of the calculated and observed deposition pat-
terns in these channels showed that the simulated sedimenta-
tion is smaller than that of the field observations.

Table 2 Median sand grain size (D50)

Year 2009 2010 2011 2012 2013 2014 2015 2016

D50 (mm) 0.262 0.178 0.143 0.138 0.160 0.154 0.147 0.152

Table 3 Fraction of
gravel bed load in
simulation

Group 1 2 3 4

D (mm) 12 22 45 90

Fig. 8 Computational domain and mesh from Chongqing to the Fuling reach in the fluctuating backwater area (FBA)

Page 7 of 17     775Arab J Geosci (2021) 14: 775



Moreover, a comparison of changes in the bed topography
between the simulated and measured data indicated that the
calculated scour and deposition distributions are in agreement
with those observed in the Luoqi, Changshou, and Qingyanzi
river sections (Figs. 6, 7, 8, and 11). However, the maximum
deposition thickness was 2.5 m, which is smaller than the field
measurements, reaching only 85% of the observed value. This

finding underestimates the influence of sediment mining ac-
tivity. A comparison of changes in the bed level at typical
cross sections showed that with increasing time, the cross-
section patterns becamemeasurements with acceptable ranges
of error (Fig. 12). Thus, the 2D numerical model can predict
the variation in the river bed level with reasonable agreement
with the measured data.

Fig. 9 Calculated and measured water levels along the reaches in the fluctuating backwater area (FBA) of the Three Gorges reservoir (TGR)
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Fig. 10 Measured and calculated distributions of flow velocity over a typical cross-section
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Results and discussion

Variations in TGR water-sediment discharge

The TGR control hydraulic station is the Cuntan station
(Fig.1). Considering the sediment characteristics for depo-
sition in the backwater area, the measured sediment trans-
port data were divided into suspended, sand, and gravel
bed loads. The dataset of the daily water discharge and
sediment supply is provided in Sediment-Panel (2018).
Xiao et al. (2019a) used an M-K test and R/S analysis
to obtain the UF-UB and R/S curves for the mean annual
runoff-suspended load discharge from 1954 to 2017 at the

Cuntan station. Their results showed that the decreasing
trend of inlet flow discharge is not significant, and the
decline of the fine-grained sediment supply would allevi-
ate the sedimentation process in the PBA. The change of
deposition density versus fine-grained sediment supply
for the Huanghuacheng channel is shown in Fig. 13. Its
results imply that the sedimentation tends to stabilize with
decreasing annual suspended load supply, thereby con-
tributing to safe navigation conditions in the PBA.

Temporal variations in sand and gravel bed loads at
the Cuntan station from 1991 to 2017 (Fig. 14) showed
an overall declining pattern. In particular, the UF values
of sand discharge were less than 0, indicating that its

Table 4 Comparison of the deposition volumes during 2009 to 2016

Channel Measured maximum deposition
thickness
(m)

Simulated maximum deposition thickness
(m)

Measured volume (104

m3)
Calculated volume (104

m3)

Luoqi 4.6 3.16 11.6 9.53

Changshou 1.21 0.87 10.8 8.94

Qingyanzi 2.01 0.67 57.2 44.6

Fig. 11 Calculated and measured scour/deposition changes in typical channels: a Qinyanzi, b Changshou, and c Luoqi river sections
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decrease is slight, and would be maintained after 2005.
A significant decrease in gravel bed load occurred in
2003, and the UB values were greater than 0 after
2011, implying that a slight increase took place between

2011 and 2012. Then, the fluctuating range decreased
and maintained the present level. The changing trends
of the sand and gravel bed loads at the control station
(Fig. 15) have H values of 1.19 and 1.12, respectively,

Fig. 12 Calculated and measured scour/deposition changes in typical cross sections
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demonstrating that their decline would remain at the cur-
rent levels. Although the bed load discharge decline de-
creases, to some extent, deposition in the FBA,

temporary bed load deposition, and transport during the
falling stage should be further examined regarding wa-
terway depth clearance.

Analysis of bed load behavior in the navigation-
obstructing channels in the FBA

Changes in the water-sediment discharge of the TGR show
that, in 2012, there was a high water-sediment discharge pro-
cess, which negatively influenced navigation conditions. In
this study, the sedimentation process was reproduced to inves-
tigate the navigation obstructing time and its response to the
flow discharge conditions with increasing sediment supply.
The bed topography of the FBA in 2012 was set as the initial
condition, and the water discharge, sediment supply, and wa-
ter level at the control stations from 2012 to 2013 were
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Fig. 14 UF-UB curve of sand and gravel supply at the Cuntan station. a Change in sand discharge and b change in gravel load discharge

Fig. 15 R/S curve of sand and gravel supply at the Cuntan station. Change trends of (a) sand discharge and (b) gravel load discharge
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adopted as boundary conditions. Note that the other simula-
tion parameters were the same as those in the verification case.

The amounts of sediment deposition in the navigation-
obstructing channels are summarized in Table 5. The deposi-
tion patterns of the Luoqi, Changshou, and Qingyanzi chan-
nels in a typical year revealed that sediment deposition
reached 1.385 × 105 m3, 0.875 × 104 m3, and 5.763 × 104

m3 after the falling stage, respectively. Then, sedimentation
density increased with increasing water-sediment supply,
reaching 27.89 × 104 m3, 8.6945 × 104 m3, and 10.46 × 104

m3 after the flood season, respectively. During the water re-
tention stage, as the TGD pool level increased, the deposition
density decreased to 3.615 × 105 m3, 1.399 × 105 m3, and
1.209 × 105 m3, respectively, before the subsequent falling

Table 5 The sedimentation
process during a high water-
sediment discharge year

Channel 01/2012–05/
2012

(104 m3)

06/2012–09/
2012

(104 m3)

10/2012–03/
2013

(104 m3)

Averaged deposition depth (m)

Luoqi 13.86 27.93 36.15 0.064

Changshou 0.875 8.694 13.992 0.04

Qingyanzi 5.763 10.46 12.09 0.037

Fig. 16 Deposition process and water level changes during a typical year in the Qinyanzi channel (a) after the falling stage, (b) after the flood season, (c)
before the next falling stage, and (d) water level variation of the central channel
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stage in 2013. Overall, the total averaged deposition depths of
these channels were 0.064 m, 0.082 m, and 0.12 m,
respectively.

Figure 16 a–c show that the main sedimentation of the
Qinyanzi occurs in Jinchuanqi, with its thickness increas-
ing to 0.32 m after the falling stage, 0.53 m after the flood
stage, and 0.59 m before the next falling stage with in-
creasing water-sediment supply and time. The water
depths along the main channel during its three stages are
presented in Fig. 16 d, wherein the navigable water depths
are above 8 m during the entire year, with the exception
of the right boundary near Jinchuanqi, which is 5.6 m
during low flow discharge. These results indicate that
the water depth near Jinchuanqi should be of focus during

the subsequent falling stage in order to maintain the safe
shipping.

The scour and sedimentation changes in the Changshou
channel after the low-flow, high-flow, and water storage pe-
riods are shown in Fig. 17 a–c. Overall, the maximum depo-
sition occurred in the navigable boundary of the left branch.
Meanwhile, the water depth during the falling period shows
that the minimum navigable depth is 6.3 m, which occurs at a
maximum deposition of 0.21 m. As the sedimentation depth
was only 3.33% of the navigable depth, the influence of de-
position on safe navigation can be neglected during this peri-
od. After the high-flow period, the sedimentation depth in-
creased to 0.45 m and the average water depth increased to
15 m. Finally, after the water retention stage, the maximum

Fig. 17 Deposition process and water level changes during a typical year in the Changshou channel (a) after the falling stage, (b) after the flood season,
(c) before the next falling stage, and (d) water level variation of the central channel
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deposition was 0.61 m, and the water depth declined to 4.9 m
in the main sedimentation area during the next falling stage
(Fig. 17d). This small bed load deposition reduces the navi-
gable depth, negatively impacting the navigation conditions.

Figure 18 shows the changes in the bed topography and the
water depth in the central channel during the falling, flood,
and water retention stages in the Luoqi river section. A max-
imum deposition thickness of 0.24 m occurred in the main
channel of Xialuoqi (Fig. 18a). The water depth of the channel
was greater than 6.5 m during the whole falling stage, imply-
ing that navigation was safe. The scour/deposition distribution
of the Luoqi channel after the flood season shows that the
maximum deposition depth reached 0.46 m (Fig. 18c).
However, the water depth increased rapidly to 15 m along
the main channel; thus, the influence of sedimentation can

be ignored. The maximum deposition thickness increased to
0.53 m in subsequent falling stage, and the corresponding
water depth was 5.8 m (Fig. 18d), indicating that the mainte-
nance depth is sensitive to deposition in the next falling stage
after a high water-sediment discharge year.

Influence of sediment mining on TGR navigation
conditions

Based on the river bed levels of the TGR in 2007 and 2016,
sediment mining activities occurred mainly in the gravel
shoals near the river bank of the FBA, especially in the
Wumu zhuang-Zhanqizi and Cuntan-Mudong channels (Fig.
19). The total amount of sediment mining reached 1.61 × 104

million m3 in 2017, and the Guangyangba, Luoqi, Changshou,

Fig. 18 Deposition process and water level changes during a typical year in the Luoqi channel (a) after the falling stage, (b) after the flood season, (c)
before the next falling stage, and (d) water level variation of the central channel
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and Qingyanzi channels were the main gravel excavation
areas in the FBA (Xiao et al. 2019b). Excavation pits can
cause increases in water area, decreases in local water levels,
and damage bed structures and ecological environments.

For the TGR waterway conditions, the flow patterns under
the low, middle, and high flow scenarios were simulated to
investigate the impact of the sediment mining on navigable
water level in FBA. Two types of topography parameters were
adopted herein based on data in 2017. The first type is the bed
level considering sediment mining activity, and the other is no
sediment extraction. The inlet and outlet boundary conditions
of the simulation scenarios are summarized in Table 6.

Figure 20 shows the changes in the water level along the
main channels of the Guangyangba, Luoqi, Changshou, and
Qinyanzi river reaches. The impacts of sediment mining on
the water level in the main channels were gradually negligible
with the increasing flow discharge of each river section. In
particular, in the Guangyangba channel, the sand excavation
pit is approximately 100 m × 50 m, and the water levels up-
stream and downstream decrease during low flow discharge at
a decline range of 0–0.07 m. Further, the maximum fluctua-
tion occurred near the borrow pit, at approximately 0.07 m,
and the decreasing trend approached zero when the distance
increased to 1.2 km downstream (Fig. 20a). The river pattern
of the Luoqi reach is relatively straight. It has sediment mining

that results in a very small water level decrease near its exca-
vation pits, at a magnitude of approximately 0.025 m (Fig.
20b). Moreover, its influence propagation can extend to
1.5 km downstream. Conversely, the Changshou and
Qinyanzi channels meander, creating more intense changes
in their gravel extraction areas than in the Luoqi channel,
decreasing by up to 0.047 m and 0.043 m, respectively (Fig.
20c, d). These results indicate that the sand excavation pits
near the main channels can lead to a decrease in the navigable
water level, and the influence density for navigation condi-
tions can be determined by the sediment mining site and the
magnitude of the flow discharge.

Conclusions

Herein, changes in the TGR navigation conditions were inves-
tigated, and the influencing factors of water-sediment discharge
supply, sediment behavior, and sediment mining were ana-
lyzed. In 2008, after the operation of the TGD, minimummain-
tenance waterway depths in the PBA and FBA changed from
2.9 and 2.7 m to 4.5 and 2.9 m, respectively. In the PBA, a
decline trend in the water-sediment supply may have further
alleviated fine grained sedimentation, helping to maintain the
navigable depth in the navigation- obstructing channels

Fig. 19 Distribution of the excavation pits in the fluctuating backwater area (FBA)

Table 6 Initial and boundary
parameters of numerical model No. Flow discharge (m3/s) Outlet water level (m) Sediment mining

SC-1 4500 146.53 No

SC2 4500 146.53 Yes

SC-3 9400 150.03 No

SC-4 9400 150.03 Yes

SC-5 14600 152.53 No

SC-6 14600 152.53 Yes
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experiencing fine sedimentation. Conversely, in the FBA, bed
load movement and temporary deposition led to a shortage of
navigation depth clearance during the falling stage, especially
in the Luoqi, Changshou, and Qingyanzi channels. Thus, dur-
ing a high water-sediment discharge year, these channels
should focus on maintaining the minimum waterway depth
both in the falling stage and the subsequent falling stage.
Moreover, sediment mining in the TGR decreased the naviga-
ble water level near the excavation pits, negatively impacting
waterway depth during low flow discharge. Further, we found
that sediment mining has an influence area that ranges from 1.0
to 1.5 km, as determined by the scale and site of the sediment
excavation. These findings provide useful information for
assessing navigation maintenance in the TGR. In addition, a
2D hydrological sediment numerical model was employed to
predict channel patterns, wherein the correction terms for bed

load transport of the secondary flowwere empirical. The results
of this model could be improved if a 3D model was applied to
simulate the helical flow of the river bend. Further, additional
research is necessary regarding the governing equation of allu-
vial river evolution in order to ensure the availability of the
numerical models. Also, extreme hydrological years should
be considered to investigate the change trends of navigation
conditions in the subsequent next falling stage.

Funding This research is supported by the National Key R&D Plan
(2016YFC0402104).

Declarations

Conflict of interest The authors declare no conflict of interest.

-0.015

-0.005

0.005

0.015

0 500 1000 1500 2000 2500

)
m(level reta

w eht ni segnah
C

Distance from the sand extraction pits(m)

Changshou Reach
SC2-SC1

SC4-SC3

SC6-SC5

Sand extraction pit

-0.015

-0.005

0.005

0.015

0 300 600 900 1200 1500

)
m(level reta

w eht ni segnah
C

Distance from the sand extraction pits(m)

Qingyanzi

SC2-SC1

SC4-SC3

SC6-SC5

Sand extraction pit

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 1000 2000 3000 4000 5000 6000 7000

)
m(level reta

w eht ni segnah
C

Distance from the sand extraction pits(m)

Guangyangba

SC2-SC1

SC4-SC3

SC6-SC5
Sand extraction pit

-0.035

-0.025

-0.015

-0.005

0.005

0.015

0.025

0.035

0 500 1000 1500 2000 2500 3000 3500

)
m(level reta

w eht ni segnah
C

Distance from the sand extraction pit(m)

Luoqi Reach

SC2-SC1

SC4-SC3

SC6-SC5

Sand extraction pit

Fig. 20 Changes in the water level after sediment mining activity in the channels of (a) Guangyangba, (b) Luoqi, (c) Changshou, and (d) Qinyanzi
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