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As influenced by human activities, including high dam construction, soil and
water conservation, and sand mining in the upper reaches of rivers, the amount
of sediment entering the lower reaches of the river decreases significantly.
Human activities disturb the natural balance between river evolution and water
as well as sediment movement and induce new characteristics of river
evolution. After the construction and operation of the Danjiangkou Reservoir
and the Three Gorges Reservoir of the Yangtze River (China), different degrees
of bend bypassing and shoal cutting in the bends downstream of the dams are
observed. The reason for this interrelation has not been explained sufficiently.
Based on the analysis of prototype observation data and physical model
experiments, we have investigated the evolution mechanism of different
topographic types of meandering rivers under the condition of decreasing
sediment inflow. The data generated by our model experiment document that
the sediment concentration of the convex bank flow with a large degree of
curvature of the bend is lower than that of the concave bank flow for a
reduction of the sediment concentration from 100% to 0%. Moreover, the
convex bank of the bend gradually collapses and retreats, whereas the main
channel of the river gradually swings, with a swing range of 0-800 m, toward
the convex bank. This phenomenon becomes more significant with progressive
reduction of the sediment inflow. Combined with theoretical analysis, we
interpret that the drastic reduction in the amount of sand that has destroyed
the relative natural balance of sediment transport in the riverbanks and river
channels in the meandering river section is the main reason for the occurrence
of bypassing and shoal cutting in the meandering river section of plain alluvial
rivers. Especially during the mid-to high-water period, the capacity of sediment
transport in the mainstream belt exceeds the sediment concentration in the
water body significantly and is coupled with the change of the runoff process
caused by the regulation of the reservoir operation. As a consequence, the river
beach is constantly scouring and developing. The evolution is generally
characterized by bend bypassing and shoal cutting. The results of our study
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can be transposed to other alluvial plain rivers and may constitute valuable

reference data.
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plain river, meandering river, bend bypassing and shoal cutting, sediment transport
capacity, sediment concentration, coupling mechanism

1 Introduction

The meandering river is one of the most common types of
natural rivers. Its evolution is closely controlled by the incoming
flow and sediment conditions, river boundary conditions, and
riverbed composition. The evolution of natural alluvial
the
characteristics of concave bank scour and convex bank

meandering  rivers  generally  follows evolution
siltation or bend bypassing and shoal cutting and cutting and
straightening after excessive bending. The evolution of the
affects the

protection, and utilization of water and soil resources along

meandering river flood control, navigation,
the shoreline. Therefore, to better control the evolution of
meandering rivers, river regulation has been conducted to
meet various needs. In recent years, the incoming flow and
sediment conditions as well as river boundary conditions have
been changed due to the aggravation of human activities that has
a major impact on the evolution of meandering rivers. Two main
methods for the study of meandering rivers exist 1. prototype
observation and analysis and 2. model experiments. In recent
years, many studies have focused on the downstream meandering

river after the construction of the barrage.

1.1 Prototype observation and analysis

The primary task of studying the evolution characteristics
of the meandering river is to observe and analyze the natural
river. The prototype observation data of the Mississippi River in
the United States (Fisk, 1945; Furbish, 1991; Harmar and
Clifford, 2010) and the Bollin River in England (Luchi et al.,
2010) have shown the phenomenon of bend bypassing and
shoal cutting in the meandering river. The characteristics of
bend bypassing and shoal cutting vary with different degrees of
curvature. Under the condition of natural sediment inflow, the
sediment transport in a meandering river is in relative
equilibrium. The maximum bed load transport zone follows
the outward movement of the maximum boundary shear force,
and the maximum sediment transport is close to the center line
of the river channel. The main factors affecting the lateral flow
and sediment movement are the river channel topography and
the transverse velocity distribution of the meandering river
channel, as documented in the Muddy Creek River in the
United States (Dietrich and Smith, 1984). Based on the
channel sediment supply mechanism and combined with the
channel satellite observation map, the variation characteristics
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of the floodplain shear force of the meandering river and the
evolution law of the floodplain of the meandering river under
different types of sediment supply and transport mechanisms
were analyzed (Constantine et al., 2014). Plants existing in the
meandering channel have an impact on the bank structure, the
floodplain flow, and sediment transport and can change the
topography of the meandering channel accordingly. The
evolution characteristics of the meandering channel in the
Tagliamento River (Italy) have been analyzed under the
influence of plants by using lidar observation technology and
prototype measured data (Zen et al., 2017). Based on satellite
observation data, the change data of curved river width are
counted, and a model is constructed that can simulate the
evolution of river banks and determine the model parameters.
The model can be used to calculate the long-term evolution
characteristics of meandering rivers and has been applied to a
section of the Ucayali River (Peru) (Sergio and Stefano, 2019).
Arnez et al. (2021) studied through remote sensing analysis and
field investigation, using 30 years of observation data, the
planform evolution and riverbed topography of the Ichilo
River (Bolivia), a small river located in the upper foreland
Amazon basin. Their findings show that cutoffs, climate, and
human activities are the main factors that control the meander
migration rates in the Ichilo River. With the construction of a
river barrage project, the river flow and sediment conditions
have changed, and the sediment transport in the meandering
river follows a new principle. Hence, continued prototype
monitoring is required.

1.2 Model experiment

Numerical simulation and generalized model experiments
are commonly used to study the characteristics of flow and
sediment movement in different meandering channels. The
model experiment of large-scale meandering reaches can
the
characteristics, bed terrain change characteristics, and the

explain flow characteristics, sediment transport
influence of the curvature on the plane shape of the sharp
meandering reach with a large degree of curvature (Whiting
and Dietrich,

combined with the average topographic depth model of the

1993). The two-dimensional flow model is

riverbed and the bank erosion model of the meandering
channel to simulate the riverbed boundary and riverbed
deformation of the meandering channel. The model is
corroborated by a flume experiment and measured data of the
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natural meandering channel and provides the possibility to
simulate the shear stress at the boundary of meandering
channels. However, the model is inapplicable for the accurate
simulation of quantifying the change characteristics of the
meandering channel (Darby et al, 2002). Kassem and
Chaudhry (2002) developed a two-dimensional model to
study the time variation of the riverbed deformation in a
meandering river. Comparing the data with the experimental
results of 140° angle and 180" angle meandering channel flumes
shows that the model is suitable for unsteady flow and
meandering rivers with irregular boundaries. The long-term
evolution principle of the channel has been analyzed from the
perspective of considering the dynamic process of different forms
of the meandering channel, and the shape and curvature of the
meandering channel are recognized as the main factors that affect
the morphological dynamic process of the evolution of the
meandering channel (Frascati and Lanzoni, 2009). Flume
experiments have been conducted to analyze the conditions
that are necessary to maintain meandering channels in coarse-
bedded rivers, and the experimental results show that the
characteristics of the incoming sediment are the main factors
that affect the topographic changes of curved river channels
(Braudrick et al, 2009). The flume experiments with large
curvatures have been used to analyze the flow movement
characteristics of a large amplitude meandering bend, and the
studies show that the counter-rotating circulation cell only
occurs in the case of a “small” width-to-depth ratio (Donatella
and Mafalda, 2011). Using a physical model, Giineralp and
Rhoads (2011)
floodplain flow on the evolution of plane riverbed in

studied the impact of the erosivity of

meandering channels and recognized that the complexity of
plane riverbed shape depends on the spatial scale difference
and random variability of erosion. Xu and Bai (2013) used the
generalized sinusoidal derivative curve to conduct an
experimental study on the meandering flume and analyzed the
characteristics of riverbed deformation in combination with the
in the

meandering channel with different degrees of curvature. He

characteristics of flow and sediment movement
proposed that the curvature of the meandering channel and
the boundary conditions of the channel itself affect the stability of
channel deformation. The instability of riverbed deformation
increases with the increasing degree of the channel curvature (Xu
and Bai, 2013). Keshavarzi et al. (2016), Amirhossein et al.
(2020), and Lindroth et al. (2020) have used physical model
experiments to investigate the impact of the type and distribution
of river vegetation on the meandering river. Their studies show
that the characteristics of the vegetation in the river channel have
an impact on the cross-sectional flow velocity, the sediment
distribution, and the riverbed shear stress of the curved river
channel; thus, they strongly affect the topographic changes of the
riverbed of the curved river channel. In future river training
projects, the impact of the vegetation can be used to control the
evolution of the meandering river.
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1.3 Study on the meandering rivers
downstream of the barrage

The empirical formula of the ideal meandering shape in the
middle and lower reaches of the Han River in China has been
established according to the morphological characteristics of
32 typical meandering channels in the middle and lower
reaches of the Han River (Zhang et al, 2007). The flow
conditions have been considered in the study as an important
factor causing the phenomenon of bend bypassing and shoal
cutting in the middle and lower reaches of the Han River. Qin
etal. (2009) have established a formula for the meandering radius
of the dynamic axis of flow suitable for the Jingjiang River reach
in China and have analyzed the relationship between the change
of the meandering radius of the dynamic axis of flow and the
phenomenon of bend bypassing and shoal cutting. After the
construction of the barrage in the river, the oscillation
characteristics of the dynamic axis of flow in the downstream
reach will change (Hooke and Yorke, 2011).

After the construction of the Three Gorges Reservoir in the
Yangtze River, the sediment inflow in the lower reaches of the
has the
characteristics of bend bypassing and shoal cutting have

reservoir gradually decreased, and evolution
appeared in the lower reaches of the meandering river. After
the operation of the Three Gorges reservoir, the flow, sediment,
and river regime downstream of the dam have significantly
changed, and the evolution characteristics of the Jingjiang
River reach of the Yangtze River have been adjusted. The
changes in flow and sediment conditions as well as the river
boundary conditions are the main factors for the river channel
adjustment of the Jingjiang river reach (Sixuan et al., 2018). The
change of the riverbed and the geological conditions have also
been considered to be the causes of bend bypassing and shoal
cutting in the meandering channel of the Jingjiang River (Li et al.,
2013). After the construction and operation of the Three Gorges
reservoir, the clear water has been discharged, the mainstream
line and thalweg of the meandering river course have shifted
strongly, and the cross-section shape of the river course changes
from V shape to W shape (Ruan, 2016). The change in the flow
process, the change of time distribution of the position of the
dynamic axis of flow, and the reduction of sediment inflow are
the main causes of “convex scouring and concave silting” in the
meandering channel of the lower Jingjiang River (Zhu et al,
2017). The observations indicate that the driving factors of the
meandering channel evolution are the changes of upstream river
regime, the river boundary conditions, and incoming flow and
sediment conditions (Fan et al., 2017).

Striking progress has been made in previous studies in the
understanding of the overall evolution characteristics and
which
provides a basis for further studies on meandering channels.

channel characteristics of meandering channels,
Rivers are complex systems. Flow and sediment movement, as

well as the geomorphic change caused by flow and sediment
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TABLE 1 Change of sediment transport in the Yangtze River and the Yellow River (China).

Tongguan hydrological station (Yellow River)

Particular year 1980-1989

Average annual sediment discharge (10°t) 7.803

Jianli hydrological station (Yangtze River)

Particular year 1981-1991

Average annual sediment discharge (10°t) 4.68

movement, may induce large-scale environmental problems. The
analysis of prototype observation data is an effective research
method, which can be used to analyze the evolution
characteristics and influencing factors of the meandering river
from a large-scale perspective. However, due to prototype
limitations, observation of large-scale rivers, especially
sediment movement, is difficult, and the internal processes of
the geomorphic change of the meandering river still need further
exploration. The physical model clearly and intuitively reflects
the characteristics of natural river geomorphic changes and
overcomes the limitations of sediment and geomorphic
monitoring. The physical model method is required to
corroborate the studies on the internal mechanisms of river
flow and sediment movement and river geomorphic change.
Based on the theoretical analysis of prototype observation data,
the physical model is used to simulate the natural river section,
control the sediment inflow, and study the influence mechanism
of sediment inflow on the geomorphic deformation of the
meandering river. In the present study, we focus on analyzing
the coupling mechanism between the sediment concentration of
the flow and the topographic change characteristics of the curved
channel to decipher the riverbed evolution characteristics of the
meandering river downstream of the barrage. Our findings will
provide a profound reference for river regulation, presumably

applicable to the study of other plain alluvial rivers in the world.

2 Prototype analysis

2.1 Variation of flow and sediment
conditions

The measured data of hydrology stations in the middle
reaches of the Yangtze River and the Yellow River in China
are analyzed (Table 1). In recent years, a dramatic decrease in the
sediment discharge in the river channels has been detected, with a
reduction in the Yangtze River and the Yellow River of about
80-90% since 2010. Human activities, including the construction
of high dams with large reservoirs, soil and water conservation,
and sand mining, are the main causes of the sediment decrease.
The
composition of the suspended sediment and bed material in

sediment discharge has decreased gradually. The
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1990-1999 2000-2009 2010-2016
7.90 3.12 1.57
1992-2002 2003-2007 2008-2017
3.44 0.93 0.33

the river channel and the sediment transport process have
changed. Moreover, the exchange of sediment carried by flow
and bed material shows new characteristics, and the river
landform exhibits a new pattern.

The flow and sediment data of the Shashi hydrological
station on the Yangtze River in China are selected for a
detailed analysis (Table 2). The selected time span ranges
from 1981 to 2017, which is divided into four periods and
two periods, respectively (the four periods are divided
according to the operation of the Three Gorges reservoir,
and the two periods represent the time before and after the
operation of the Three Gorges reservoir). The Shashi
hydrological station is located upstream of the continuous
meandering river section (Tiaoguan-Laijiapu reach and
Xiongjiazhou-Chenglingji reach) and is selected for the study
(Figure 1), and it is located about 180 km away from the
upstream Three Gorges dam. Water storage and operation of
the Three Gorges Reservoir started in 2003. The water inflow of
the Shashi hydrological station has not changed significantly
before and after the operation of the reservoir, but the sediment
load has decreased significantly after the operation of the
reservoir. After the operation of the reservoir (2003-2017),
the average annual sediment load was reduced by 86.70% when
compared with the data prior to operation (1981-2002). The
distribution trend of the average daily flow in the four periods
remained nearly constant (Figure 2). The highest flow level
occurred from June to October, whereas from November to
May, the flow level is low to moderate. After the operation of the
Three Gorges reservoir, the reservoir has played a major role in
the regulation of the discharge flow. Flow levels <5,000 m*/s
and >25,000 m’/s have decreased, and flow levels >5,000 m’/s
and <25,000 m’/s have increased. Moreover, the incoming flow
process has become progressively flattened. After the operation
of the Three Gorges reservoir, the daily average sediment
concentration has decreased significantly.

2.2 Topographic change

We have selected prototype geomorphological observation
data of two typical meandering reaches of the Yangtze River and
twelve observation sections and three observation years for the
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TABLE 2 Variation of annual runoff and annual sediment discharge of the Shashi hydrological station.

Time span 1981-1991 1992-2002 1981-2002 2003-2007 2008-2017 2003-2017

Shashi hydrological station Average annual runoff (10°m®) 4,080 3,994 4,037 3,720 3,836 3,797

(Yangtze River) Average annual sediment 4.68 3.44 406 0.93 033 0.54

transport (10%)

shashi Y angtze River Jingjiang Reach

Guanéigzou

A Hydrological Station :la:rll‘;,’i: zhou
Topographic Section \ o e
_#&d Chenglingji 3
— Shoreline Qigongling . : Chenglingji
Scale: 1:100000 Qigongling

FIGURE 1

Prototype observation reach.
analysis (Figure 1). The observed section is located in the middle nearshore central bar is formed on the concave bank side,
and lower reaches of the Yangtze River, including meandering and the river section changes from V shape to W shape. This
reaches with different radii of curvature. Most sections on the phenomenon is termed bend bypassing and shoal cutting,
right bank of the river are hilly terraces with strong anti-scouring which is different from the convex bank silting and concave
capacity. The left bank of the river is an alluvial plain. A double- bank scouring of the ordinary meandering channel that was
layer structure of recent river sediments dominates the riverbank. described in previous studies. According to the change of the
It is composed of a lower sand layer and an upper cohesive soil channel plane shape between 2002 and 2016 (Figure 4), the
layer with poor anti-scouring capacity. The riverbed is composed river channel was mainly scoured. The specific manifestations
of medium-to fine-grained sand with a median particle size of are beach scouring and deep channel siltation. The main river
about 0.165 mm. The pebble layer is deeply buried below the bed channel is shifted from the concave bank to the convex bank.
surface. The transition section of the bend is dominated by scouring,

We have selected the T-1, Q-1, and G-1 river sections for a and at the bend position, it is mainly characterized by convex
detailed analysis (Figure 3). The three sections are located in bank scouring and concave bank silting. The scouring and
the middle and upper positions of the meandering reach. The silting changes at sections T-1 and G-1 are relatively severe,
convex bank and edge beach at the three cross sections are and the maximum scouring depth and maximum siltation
scoured, and the riverbed elevation decreases. The concave thickness at the two positions are 13 m and 18 m (T-1), and

bank is silted and the riverbed elevation increases. The 29 m and 19 m (G-1), respectively.
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FIGURE 2

Variation of daily average discharge and daily average sediment concentration at the Shashi hydrological station.

2.3 Analysis of theoretical results

The change of the river landform is the mutual adaptation
and development of the riverbed and the flow and sediment
conditions. The riverbed will be adjusted to the changes in the
flow and sediment conditions. After the impoundment and
operation of the Three Gorges reservoir, no significant change
in the total amount of water coming from the lower reaches
occurred, but the flow process changed significantly. The increase
of the occurrence time of medium flow level (5,000-25,000 m */s)
was the main modification. After the operation of the reservoir,
the total amount of sediment inflow decreased significantly, and
the sediment concentration dropped gradually during sediment
inflow. The sediment concentration of flow cannot satisfy the
sediment carrying capacity of the flow. In order to satisfy the
sediment carrying capacity of flow, the flow will scour the
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riverbed. Therefore, the convex bank of the meandering river
is subject to cumulative scouring. As a consequence, the edge
beach of the convex bank continues to collapse, and the riverbed
elevation decreases. Finally, the phenomenon of bend bypassing
and shoal cutting is initiated. According to the observation and
analysis of the prototype data, the causes of this phenomenon are
the reduction of sediment from the river and the change in the
runoff process caused by the operation and regulation of the
reservoir. The prototype data observation allows analyzing the
causes for the change of the meandering channel landform under
the condition of sediment reduction from a macro perspective.
However, as the observation of large-scale rivers is difficult, it
remains problematic to obtain the cross-sectional distribution of
sediment, the velocity, and the change of topography under
different flow levels from natural rivers. Therefore, it is
necessary to study the flow, the sediment distribution, and the
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topographic change of the meandering channel under the
condition of sediment reduction through the physical model
experiment.

3 Physical model experiment
3.1 Experimental equipment

The experiments are conducted in the Ministry of Water
Resources Key Laboratory of River and Lake Control and Flood
Control in the Middle and Lower Reaches of the Yangtze River at
the Yangtze River Scientific Research Institute, Wuhan, China.
The scope of the model experiment is the Tiaoguan-Laijiapu
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meandering reach of the Yangtze River. The full length of the
prototype is about 40.8 km, and the length of the model is 102 m.
The composition of the water and sediment supply system for the
model experiment includes water circulation system, sediment
circulation system, flow regulating equipment, desilting basin,
side leaf adjustable tailgate, measuring equipment, and other
auxiliary equipment. The composition of the water circulation
system includes reservoirs, pumps, water pipelines, and
backwater channels. The composition of the sediment
circulation system includes reservoirs, pumps, a stir pool, a
sediment pipeline, and an add-on sediment
pump. The model adopts an electromagnetic flowmeter to

measure and control the inlet flow. In order to ensure that the

transport

water flowing into the experimental section is as smooth as
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FIGURE 5
Experimental set-up.
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Schematic diagrams illustrating the set-up of the experimental model.
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possible, the model inlet section is equipped with a forebay with a
flower wall and a steady flow grid. A transition section of about
3m is set in front of the experiment section. The measuring
equipment used in the experiment included the sediment
sampler, the ADV three-dimensional flowmeter, the Malvern
Mastersizer 2000 particle size analyzer, using laser diffraction
technology to measure the particle size of sediment, the
automatic water level meter, the electromagnetic flowmeter,
and the electronic balance (Figure 5).

3.2 Model set-up and validation

The model experiment includes two schemes: 1) a rigid bed
(Figure 6A) and 2) a mobile bed (Figure 6B). Using the rigid bed
the
characteristics of the meandering channel under different flow

experiment, we will mainly study flow variation
levels, whereas the mobile bed is suitable to investigate the
sediment distribution characteristics and topographic change
characteristics of the meandering channel under different
sediment inflow conditions.

In order to fulfill the accuracy of the experiment, to improve
the similarity between the research reach and the solid model,
and to better follow the flow movement and riverbed evolution
characteristics of natural rivers, the similarity of various factors
must be fully considered in the experiment design, and each
similar scale should be checked.

To ensure that the model and prototype flow are sufficiently
described by the same physical equation, the model must satisfy
the geometric similarity. Therefore, the model flow needs to fulfill

the following two constraints:

1) The model flow must be turbulent, and the model Reynolds
number R,,, is greater than 1,000-2,000.

2) The surface tension does not interfere with the flow of the
model, so the water depth of the model h,, is greater than
1.5 cm.

Under the current conditions, the water depth in the river
channel of the studied reach is generally >2.5 m in the period of
low flow, and the average velocity is about 1.2m/s. The
horizontal scale of 400 and the vertical scale of 100 are
selected as the geometric scales of the model. A minimum
Reynolds number of the model = 2,147 > 1,000-2,000 is
calculated for the model, and the minimum water depth of
the 1.5 which the
requirements. Based on this data, we calculated the flow

model is 2.5cm > cm, satisfies
movement scale to ensure that the flow inertia force, gravity,
inertia force resistance, and flow continuity of the model are
similar to those of the prototype.

The similarity of flow movement in the model must meet the
inertia force gravity similarity (Eq. 1), the inertia force resistance

similarity (Eq. 2), and the continuity similarity of flow (Eq. 3).
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ay = ‘XH% (1)
fxn=0cH%/th%, (2)
aQ = AgAHAy. (3)

According to the purpose and requirements of the
experiment, bed load and suspended load shall be modeled
simultaneously. For the suspended load, the bed material load
part in the suspended load mainly affects the scouring and silting
change of the riverbed. The amount of bed load in the studied
reach is far less than that of bed material load. Therefore, the
similarity of bed material load movement in suspended load is
mainly considered in the model design. Based on these findings,
we will determine the basic conditions for similar sediment
movement. Due to the purpose of the experiment, the model
mainly considers the scouring problem of the studied reach.
Therefore, the model set-up is mainly based on the premise of
satisfying the
movement. According to the measured data of the prototype

similar conditions of sediment incipient
river reach, the boundary particle size between bed material load
and wash load in the suspended load of the river reach is
0.05 mm, and the average median particle size of bed material
load in the suspended load is 0.195 mm. The median particle size
of the prototype bed material is 0.15-0.23 mm, and the average
particle size is about 0.194 mm.

The incipient velocity of prototype sediment is calculated by
Eq. 4 (Sha Yuging formula) and the incipient velocity of the
model sediment by Eq. 5. The fitting formula of the flume

experiment results from the study of Zhou (2015).

i
u= [0.43d%+ 1.1@] ks, (4)
U-= 0.9216<>0m<17.6 Ys 7Y 4., +0.000000016 10+H>m
50 2 dg,osss
~2.105.
(5)

The calculated incipient velocity of prototype bed sediment is
0.587-0.841 m/s, and the calculated incipient velocity of model
bed sediment is 6.45-8.93 cm/s for water depths of 5-30 m and a
model bed sediment median particle size of dsy = 0.254 mm. The
incipient velocity scale of bed sediment is 9.11-9.42, and it is only
slightly lower than the velocity scale of 10, indicating that the
selected model sediment basically satisfies the incipient similar
conditions. According to the incipient similarity criterion, a value
of 0.9 is determined for the particle size scale of the model, and
the median particle size of the model bed sediment is calculated
as 0.22 mm. The design grading curve of bed sediment in the
model is shown in Figure 7. The final values of sediment
concentration and sediment transport rate scale are
determined through the model validation experiment results.
The model sediment used in this experiment is synthetic plastic

sediment, and the bulk density is designed as 1.38 t/m>. The dry
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FIGURE 7
Design grading curve of bed sediment in the model.
TABLE 3 Model scale selection.
Similitude consideration Scale name Symbol Ratio
Geometric similarity Horizontal ar 400
Vertical ay 100
Velocity ay 10
Roughness a, 1.08
Similarity of flow movement Rate of flow aq 400,000
Time of flow o, 40
Subsiding velocity A 2.5
Dry capacity oy, 2.02
Similarity of suspending sediment movement Particle size ay 0.9
Sediment concentration o 0.442
Riverbed deformation time o, 183
Subsiding velocity A 2.5
Dry capacity ay, 2.02
Particle size ag 0.9
Similarity of bed load movement Starting velocity ay, 10
Bed load transport rate per unit width oy, 442
Riverbed deformation time o, 183
bulk density changes slightly with the change in model sediment the experiment. The water level may be affected by the bank
particle size. The value is 0.65 t/m”>. roughness under different flow levels. A minor difference
We selected water levels of the Shashi hydrological station between the natural measured water level and the model
under a flow of 40,100 m*/s on 20 July 1998, 28,600 m’/s on water level is observed, and the difference increases at the tail

24 July 2008, and 11,400 m*/s on 29 May 2011 for verification of of the model. However, the difference between the natural river
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TABLE 4 Rigid bed experiment flow conditions.

Case Prototype flow

(m?/s)

5,000

11,400
20,000
28,000
40,000

m g 0w >

TABLE 5 Flow and sediment conditions of mobile bed experiment.

Typical  Prototype
year generalized
flow

(m?/s)

1998 4,355
7,008
12,267
33,952

14,572
7,593
5,844
5,233
7,555
11,155
13,115
19,270
2008 23,614

15,559
8,282
14,063
7,037
8,197
12,266
17,673

2011 12,153
8,934
14,093
7,439

Sediment
transport
rate

Model flow

(dm?/s)

12.5
28.5
50
70
100

of prototype

(kg/s)

239.745
726.134
2,675.452
28,660.764

3,995.688
875.236
475.625
459.682
1,081.333
2,680.252
3,907.774
9,576.426
15,376.63

5,818.381
1,339.381
4,597.618
916.441
1,307.579
3,343.68
7,828.608

3,272.365
1,597.962
4,620.496
1,043.052

Duration of
each flow
level

(min)

120
341
512
864

576
160
120
120
363
320

395
459

288
160
256
213
619
373
672

384
352
149
469

Control water
level

(cm)

23.7
28.79
32.86
35.58
38.7

Model
generalized
flow

(dm?/s)

11
18
31
85

36
19
15
13
19
28
33
48
59

39
21
35
18
20
31
44

30
22
35
19

10.3389/feart.2022.892926

Control section

area
(cm?)

1,514
2,067
2,602
3,120
4,119

Sediment

transport rate

model (g/s)

100%

0.799
2.42
8.918
95.536

13.319
2917
1.585
1.532
3.604
8.934
13.026
31.921
51.255

19.395
4.465
15.325
3.055
4.359
11.146
26.095

10.908
5.327
15.402
3.477

50%

0.4
121
4.459
47.768

6.66
1.459
0.793
0.766
1.802
4.467
6.513
15.961
25.628

9.698
2.233
7.663
1.528
2.18
5.573
13.048

5.454
2.664
7.701
1.739

e o o e

Control section
velocity

(cm/s)

8.26

13.79
19.22
22.44
24.28

Model tailgate Trial

control
water level

(1,985 mm)

241.28
255.98
289.58
357.08

292.48
250.28
238.28
233.18
252.08
269.88
285.98
304.48
320.88

291.48
252.98
289.98
243.88
247.58
274.88
298.58

271.28
255.58
272.78
244.58

monitoring

Sediment
concentration

Topography

Sediment
concentration

Topography

Sediment
concentration

Topography

Topography

The black numbers indicate that we have carried out the measurement under this working condition.
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FIGURE 8
Velocity distribution of typical section.

water level and the verified water level is less than 1 mm, which is
within a reasonable error range. The initial riverbed landform of
the
10,000 underwater landforms measured in November 2011.

model verification experiment is made of 1:

Frontiers in Earth Science 13

The model validation experiment releases the flow and
sediment process of the Shashi hydrological station from
November 2011 to October 2013 to reproduce the measured
riverbed landform in October 2013. The results of the verification
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FIGURE 9
Variation of the dynamic axis of flow under different flow levels.

experiment show that the model reproduces the principles of
erosion, deposition, and sediment movement of the prototype
shoal and channel sufficiently. Moreover, the thalweg position
and cross-section shape of the model are generally consistent
with those of the prototype. The results of the validation
experiment demonstrate that the design of the model, the
selection of sediment, and the selection of various scales are
reasonable. Through the validation experiment, all parameters,
including sediment concentration, sediment transport rate, and
scouring and silting time of the model, are accurately determined
(Table 3).

3.3 Experimental program

The experiment has been subdivided into two parts: the
first part is the rigid bed experiment. Five groups of working
conditions have been selected for the experiment, including
(Table 4). The
C1-C17 sections, marked in Figure 6A, have been selected

large, medium, and low flow levels
as the velocity measurement section. The 10-15 vertical lines
have been chosen for each cross section for measurement, and
the measuring points of each vertical line were distributed
according to the water depth, with one measuring point every
2 cm. The second part is the mobile bed experiment. For the
mobile bed experiment, we have selected the 2016 1:
10,000 landform to initially constitute the mode. In the
experiment, we used the measured flow and sediment
processes of the Shashi hydrological station in 1998 (high
flow year), 2008 (medium flow year), and 2011 (low flow year)
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Laijiapu

(Table 5). In the experiment, we utilized sediment discharge as
the control factor, and we selected three working conditions of
100, 50, and 0% sediment discharge, respectively. The
S1-S10 sections, illustrated in Figure 6B, have been selected
as the topographic and sediment concentration monitoring
The of
measurement points has been the same as the earlier
described The
concentration has been calculated by the drying and
weighing method, and the landform has been monitored by

sections. selection sediment concentration

velocity ~ measurement. sediment

a topographic instrument (invented by the Yangtze River
Scientific Research Institute and Wuhan University).

4 Results
4.1 Flow characteristics

The C6 and C14 sections (Figure 6A) have been selected for a
detailed velocity analysis as they represent typical sections. The
chosen section is located near the upper position of the bend top
of the two bends, which can reflect the distribution characteristics
of the cross-sectional velocity. The two observation sections show
very similar change features (Figure 8): With the increase of the
flow level, the main flow area gradually shifts toward the convex
bank. The main difference is the lower degree of curvature of the
C14 section. The main flow area shifts toward the convex bank
with increasing flow level, but the range of movement is lower
than that of the C6 section. This observation implies different
constraints on the flow movement related to the degree of
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FIGURE 12

Topographic section changes of river channel with different degrees of curvature.

curvature of the bend. For a low degree of curvature of the bend,
the restriction degree of the river channel to the flow movement
is inferior at the same flow level condition. Otherwise, the results
are the opposite. For the same bend, the constraint of river
boundary conditions on flow decreases gradually with increasing
flow level.

In previous studies, the swing law of the dynamic axis of flow
in the meandering channel has been attributed to the incoming
flow and the type of bend. It has been termed the law of “low
water near the bank, high water swinging to the middle of the
river” (Zhang et al., 2021). According to our experimental results
(Figure 9), the dynamic axis of flow swings from the concave
bank to the convex bank in the two bends with the increase of the
flow level, which is the same as the distribution law of the section
velocity. The radii of curvity of the Tiaoguan bend and the
Laijiapu bend are 1,062 m, and 1,524 m, respectively, as obtained
by the trial circle method. For a bend with a different radius of
curvity, the motion trajectories of the dynamic axis of flow are
different under the same flow level. For the bend with a small
radius of curvity, the position of the dynamic axis of flow is close
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to the convex bank, whereas for the bend with a large radius of
curvity, it is close to the concave bank.

The variation of the dynamic axis of flow is generally
characterized by the inlet section of the bend being close to
the convex bank. Subsequently, the dynamic axis of flow
gradually shifts to the concave bank to reach the nearest point
(vertex scouring position) from the concave bank. Finally, it
gradually returns to the convex bank at the outlet of the bend.
With the increase of flow level, the radius of the dynamic axis of
flow decreases gradually, and the vertex scouring position
declines gradually, showing a trend of swinging toward the
convex bank. The swing range is large at the top of the bend
and small at the inlet and outlet. Our experimental results
demonstrate that the swing characteristics of the dynamic axis
of flow are consistent with the law of “low water near the bank,
high water swinging to the middle of the river” proposed in
previous studies. Compared with the bend with a larger radius of
curvity, the vertex scouring position of the dynamic axis of flow
moves downstream of the bend for the bend with a smaller radius
of curvity, and the radius of curvity of the dynamic axis of flow is
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comparably small. For the same flow conditions, the swing range
of the dynamic axis of flow is large under the different flow level
conditions for the bend with a large degree of curvature, and the
position with the largest swing range is on the upper part of the
bend top. On the contrary, for the bend with a small degree of
curvature, the swing range of the dynamic axis of flow is
comparably small, and the position with the largest swing
range is on the bend top.

4.2 Variation of distribution of the
sediment concentration

The results of the rigid bed model experiment show that the
dynamic axis of flow is located at the concave bank for a low flow
level. In contrast, the dynamic axis of flow swings to the convex
bank of the bend at a high flow level. We have selected the S2 and
S8 sections, indicated in Figure 6B, to analyze the distribution
characteristics of sediment concentration sections at flow levels
of 33,952 m’/s and 17,673 m’/s, respectively (Table 5), and
sediment inflow between 100 and 0% (Figure 10). The
experiment results show an inhomogeneous distribution of the
sediment concentration of the meandering river section. The
sediment concentration increases gradually from the water
surface to the riverbed. Moreover, the sediment concentration
is much higher near the riverbed than at the water surface, which
is in line with the characteristics of “small at the top and large at
the bottom” as recognized in previous studies (Liu, 2007).

For 00% sediment inflow, the sediment concentration
distribution of the two sections shows a higher sediment
concentration on the convex bank than on the concave bank.
With the reduction of incoming sediment, the main sediment
transport belt shifts from the convex bank toward the concave
bank. For 0% sediment inflow, the sediment concentration on the
convex bank is lower than that on the concave bank. The
the
The sediment in the flow

observed phenomena are generally similar under
conditions of two flow levels.
mainly derives from the upstream and riverbed. In the
situation of sufficient incoming sediment, due to the influence
of transverse circulating flow, the sediment concentration at the
convex position is higher than that at the concave bank. The
convex bank is silted, whereas the concave bank is scoured. For
very low sediment inflow in the upstream reach, the sediment is
mainly derived from the riverbed. The experimental results show
that the sediment concentration on the concave bank is greater
than that on the convex bank. In order to satisfy the sediment

carrying capacity of the flow, the convex bank may be scoured.
4.3 Topographic change

The S2, S3, S4, S7, S8, and S9 sections, shown in Figure 6B,
have been selected for an analysis of the landform change
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characteristics (see Figure 11). The selected sections are
located at the top of the bend as well as above and below the
top of the bend. The main factors affecting the landform change
of the cross section of the bend include the degree of curvature of
the meandering channel and the sediment inflow upstream. In
the situation of sufficient incoming sediment, the evolution of the
bend basically conforms to the evolution law of concave bank
scouring and convex bank silting. At first, we discuss the bend
with a large degree of curvature (Figures 11A-C). The landform
evolution of the river channel at the bend top and the upper part
of the bend top is radical. With the decrease of incoming
sediment, the convex bank of the bend is scoured, the
concave bank is silted, and the main channel swings toward
the convex bank. In addition, the cross section of the upper
channel at the bend top gradually changes to W shape. At the
lower part of the bend top, with the decrease of incoming
sediment, the river channel is generally scoured, and the V
shape of the cross section of the river channel remains
unchanged.

For bend with a small degree of curvature (Figures 11D-F) at
the upper part of the bend top, the convex bank is silted, and the
channel becomes narrower with the decrease in incoming
sediment. The evolution of the bend top position is drastic.
The convex bank of the channel at the bend top position and the
lower part of the bend top position are scoured, and the main
channel is deeply brushed and widened with the decrease of
incoming sediment. The river cross section of the entire bend is
V-shaped.

5 Discussion
5.1 Coupling mechanism

According to our prototype data observation and the results
of our model experiment analysis, the flow and sediment
conditions in the lower reaches of a river will significantly
change, and the landform characteristics of the river will be
adjusted to the new situation after the construction of a river
barrage in the upper reaches of the river. The phenomenon of
sediment inflow reduction in the river downstream of dams after
the construction of a barrage is common in several other rivers
(Lietal,2015; Chen etal,, 2018). Taking the meandering channel
as an example, the change of the landform characteristics of the
river channel is mainly related to the shape and boundary
conditions of the meandering channel itself as well as the flow
and sediment inflow conditions in the upper reaches of the river
channel.

We have studied the meandering river in the lower reaches of
the Three Gorges Reservoir of the Yangtze River in China as a
prototype prototype
observation, the evolution characteristics of bend bypassing

observation reach. According to

and shoal cutting were initiated in the downstream reach after
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the operation of the Three Gorges reservoir. Theoretical analysis
and model experimental research indicate that the flow process
changes significantly after the operation of the Three Gorges
reservoir. Flow levels <5,000 m*/s and >25,000 m*/s have
decreased, whereas flow levels >5,000 m*/s and <25,000 m®/s
have increased. The rigid bed model experiment results show
that with the increase in flow level, the dynamic axis of flow
swings to the convex bank. Therefore, the duration of the
dynamic axis of flow being located on the convex bank has
increased after the operation of the Three Gorges reservoir,
providing dynamic conditions for the scouring of the convex
bank of the meandering river. The results of the mobile bed
model experiment indicate that with the decrease of incoming
sediment, the sediment concentration on the convex bank at the
top of the bend is lower than that on the concave bank, and the
convex bank is scoured. The data document that as the sediment
inflow from the upstream decreases, the sediment concentration
on the convex bank is lower than the sediment carrying capacity
of the flow, and the convex bank is subject to cumulative
scouring. Hence, a gradual decrease of the incoming sediment
causes scouring of the convex bank of the meandering river, and
the central bar may appear near the concave bank.

To summarize, the reduction of the incoming sediment is the
main cause for the change of the landform characteristics of the
meandering river, as it disturbs and ultimately destroys the natural
equilibrium of river beach and river channel sediment transport in
the meandering river. In previous studies, the discussion of the
evolution of the meandering channel was mostly based on the
condition of sediment transport balance. In our study, we consider
the conditions of sediment transport imbalance, which can
provide a reference for the discussion of riverbed deformation
during sediment reduction in comparable rivers.

5.2 Meandering channel deformation
model

Previous studies have mostly used generalized bends with the
same shape and size (Shiono et al., 2008; Wang et al., 2022). In our
study, we have considered that natural rivers are composed of
different types of bends, and we have analyzed the changes of the
bend section under conditions of the reduced amount of incoming
sediments, Therefore, our study may provide a solid reference for
the study of comparable rivers. With a different degree of curvature
of the bend, the swing range of the dynamic axis of flow is different
from the flow levels; hence, the landform characteristics of the river
channel are adjusted to different patterns. Two main patterns are
distinguished, that is, the cross-section change of bends with a high
degree of curvature and bends with a low degree of curvature
(Figure 12). For bends with a low degree of curvature, the swing
range of the dynamic axis of flow changes slightly with the flow
levels. The exchange frequency between sediment carried by flow
and bed sediment is low, and the deformation range of riverbed
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landforms is generally minor. The dynamic axis of flow swings at
the top of the bend; hence, the river channel landform changes
markedly at the top of the bend. Due to the low swing range of the
dynamic axis of flow, the change range of the river topography is
very moderate, and the cross section of the river topography is
V-shaped under the condition of reduced sediment inflow
(Figure 12A). For bends with a high degree of curvature, from
the entrance of the bend to the top of the bend, the swing range of
the dynamic axis of flow is large, and the exchange frequency
between sediment carried by flow and riverbed sediment is
particularly high. Therefore, the evolution range of landform at
the upper part of the bend top is large, and the cross section of
riverbed landform changes from V shape to W shape under the
condition of reduced sediment inflow (Figure 12B).

6 Conclusion

Based on the theoretical analysis of measured data and a
physical experimental model, we have deciphered the coupling
mechanism of the river landform change characteristics of the
meandering river and the variation of flow and sediment
conditions induced by the reduction of sediment inflow. We
have derived the following findings:

The construction of river barrages changes the flow and
in the

construction of the Three Gorges Reservoir in China, the

sediment conditions downstream reach. After the
average annual runoff of the lower reaches of the reservoir
has slightly decreased, but the incoming flow process has
changed significantly. The main consequences have been the
reduction of floods and extremely low flow levels, whereas the
occurrence frequency of medium and low flow levels has
significantly increased. In addition, the sediment transport
and interannual average daily sediment concentration have
decreased significantly.

The swing range of the dynamic axis of flow is closely related
to the flow and the plane shape of the bend. Large swing ranges of
the dynamic axis of flow occur near the bend inlet to the bend top
and gradually close together at the lower part of the bend
top. Therefore, the channel evolution from the inlet to the top
of the bend is significant.

After the construction of the river barrage, the change of flow
conditions provides dynamic conditions for the phenomenon of
bend bypassing and shoal cutting in the meandering channel
downstream of the river barrage. The sediment concentration of
the flow decreases significantly, which is caused by sediment
intercepted by river barrages and the change in the environment.
The sediment transport capacity of flow is much higher than that
of the sediment inflow. These are the main factors for the bend
bypassing and shoal cutting in the meandering channel of the
natural alluvial river.

The degree of curvature of the meandering channel is large
under the influence of sediment reduction. The dynamic axis of
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flow swings to the convex bank with the increase of the flow level,
and the swing range is high. Therefore, the convex bank is
scoured, and the concave bank of the river channel is silted to
form a central bar. Therefore, the cross-section shape of the river
channel transforms from V shape to W shape. For a low degree of
curvature of the meandering channel, the dynamic axis of flow
swings to the convex bank with the increase of flow level, and the
swing range is low. The convex bank is gradually scoured, and the
concave bank is gradually silted. The topographic cross section of
the river channel remains V-shaped.
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Glossary

The following symbols are used in this article:
R.,, model Reynolds number

h,,, model water depth (cm)

dso median particle size (mm)

d sediment size (mm)

u sediment incipient velocity (m/s)

h water depth in Sha Yuqing formula (cm)

H water depth in the fitting formula of flume test (cm)
e porosity (take the value as 0.4)

Q streamflow (m?¥/s)

C, sediment concentration (g/m?)

gp sediment transport rate per unit width (g/s)
W runoff volume (m3, W=Q*At)

W, sediment discharge (t)

K curvature (m™)

p radius of curvature (m)

U velocity of flow (cm/s)

U, g average velocity of cross section (cm/s)

z water depth of measuring point (cm)

x starting distance (m)
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B measuring river width (m)

C, sediment concentration (g/m?)
C.ycq average sediment concentration of section (g/m’)
y, sediment bulk density (g/cm”)
y water bulk density (g/cm?)

ap horizontal scale

ap vertical scale

ay velocity scale

o, roughness scale

aq rate of flow scale

oy, time of flow scale

a, subsiding velocity scale

ay, dry capacity scale

oy particle size scale

a, sediment concentration scale

ay, riverbed deformation time scale (riverbed deformation caused
by suspended load movement)

ay, starting velocity scale
g, bed load transport rate per unit width scale

a, riverbed deformation time scale (riverbed deformation caused
by bed load movement).
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