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Abstract: As a prerequisite and foundation for studying the evolution mechanism of river channels,
an in-depth understanding of the cross-sectional morphology adjustment is required. As a starting
point, it is crucial to systematically summarize and generalize the research findings on channel
morphological adjustment obtained to date, particularly in the context of the significant changes
in the water and sediment conditions of large rivers that have occurred worldwide. This paper
provides a comprehensive review of the research findings on the three following aspects of the Lower
Yellow River: the transverse distribution of overbank flow velocity, the transverse distribution of
suspended sediment concentration, and the morphological adjustment of the river cross-section.
There are various equations available to predict the lateral depth–average flow velocity distribution.
These equations are classified into the two following categories: empirical and theoretical formulas.
Theoretical formulas are obtained through consideration of the cross-sectional morphology, account-
ing for inertial force terms caused by secondary flow, and momentum transfer between the main
channel and its floodplain. Similarly, empirical equations and theoretical formulas for sediment
concentration transverse distribution are also summarized, given the different influencing factors
and assumptions. We also discuss the morphological adjustment of river cross-sections based on the
analysis of measured data, mathematical model calculation, and the physical model test. In particular,
we propose the idea of revealing channel cross-section morphology evolution mechanisms from the
theoretical level of water and sediment movement and distribution. This review aims to enhance
understanding of overbank flow, sediment transport, and channel morphology in the Lower Yellow
River and may also serve to some extent as a reference for the evolution and management of channels
in other rivers.

Keywords: flow velocity; sediment concentration; transverse distribution; channel morphology;
Lower Yellow River

1. Introduction

River channels are important landforms within river systems and often affect the
extensive human populations who live alongside them [1,2]. The behavior of river channels
and their associated water and sediment movements are of interest to a considerable
variety of engineers and scientists [3–7]. In natural settings, river channel morphology is
constantly changing [8–10]. This has become more pronounced in recent decades due to the
impact of climate change, the increase in human activities on the water, and the sediment
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conditions of large rivers worldwide [11–15]. To gain a better understanding of how
channel morphology adjusts and its complex mechanisms, it is necessary to systematically
summarize the existing research results.

To study channel morphology, cross-sectional data are commonly used due to their
well-established acquisition methods and accessibility in prototype surveys. An in-depth
understanding of the cross-section morphology adjustment is the premise and basis for
clarifying the evolutionary mechanism of river channels. Previous studies that have been
conducted on channel cross-section morphology have shown that cross-sectional adjust-
ment, such as lateral widening, narrowing, or swinging, is caused by the incompatibility
of the water and sediment conditions with the channel morphology [16,17]. This is an
external phenomenon that occurs due to the non-uniform distribution of flow velocity
and sediment concentration in the lateral distribution, as shown in Figure 1 [18]. This
non-uniform lateral distribution of water sediment leads to a non-uniform distribution
of the sediment transport capacity of the flow, which may affect the lateral adjustment of
the cross-section morphology. In turn, the non-uniformity of the lateral distribution of the
water depth in natural rivers caused by the cross-section morphology directly leads to the
non-uniformity of the lateral distribution of such additional elements as water flow velocity,
sediment concentration, sediment transport capacity of flow, and riverbed deformation.
In light of the complexity of water and sediment movement laws, the lateral distribution
of each element is closely related and exhibits distinct quantitative characteristics. The
inner mechanism of this process is very complex. It is of great significance to systematize
the existing studies that have covered the level of water-sediment distribution to further
promote the basic research on the adjustment mechanism of river cross-section morphology
in the future.
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The Lower Yellow River (LYR) is a typical alluvial channel, which is characterized 
by a high concentration of fine sediment, rapid riverbed siltation, and a drastic evolution 
in river regime. Ensuring flood safety for both sides of the river is important for maintain-
ing stability and development. Two large reservoirs, Sanmenxia and Xiaolangdi, were 
constructed in the middle of the Yellow River to control flood risk. Sanmenxia started 
operating in 1960 and Xiaolangdi in 1999. Additionally, since 2002, the coordinated oper-
ation of these reservoirs has enabled the generation of artificial floods. As a result, signif-
icant changes have been observed in the water and sediment conditions of the LYR, and 
the channel morphology has been drastically adjusted. The Peiyu cross-section, depicted 
in Figure 2, offers an example of the observed changes. Between 1999 and 2018, the riv-
erbed was scoured and the channel width increased. In recent years, since 2018, the main 
channel has shifted laterally, with an alternating pattern of riverbed deposition and inci-
sion. With decadal, detailed, and systematic cross-sectional data, the LYR channel pro-
vides an excellent opportunity to investigate channel morphology evolution and the as-
sociations with water and sediment movements. 
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Figure 1. The non-uniform lateral distribution of (A) flow velocity and (B) sediment concentration.
The diagram is modified from Zhao et al. [18].

The Lower Yellow River (LYR) is a typical alluvial channel, which is characterized by a
high concentration of fine sediment, rapid riverbed siltation, and a drastic evolution in river
regime. Ensuring flood safety for both sides of the river is important for maintaining stabil-
ity and development. Two large reservoirs, Sanmenxia and Xiaolangdi, were constructed
in the middle of the Yellow River to control flood risk. Sanmenxia started operating in
1960 and Xiaolangdi in 1999. Additionally, since 2002, the coordinated operation of these
reservoirs has enabled the generation of artificial floods. As a result, significant changes
have been observed in the water and sediment conditions of the LYR, and the channel
morphology has been drastically adjusted. The Peiyu cross-section, depicted in Figure 2,
offers an example of the observed changes. Between 1999 and 2018, the riverbed was
scoured and the channel width increased. In recent years, since 2018, the main channel
has shifted laterally, with an alternating pattern of riverbed deposition and incision. With
decadal, detailed, and systematic cross-sectional data, the LYR channel provides an excel-
lent opportunity to investigate channel morphology evolution and the associations with
water and sediment movements.
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Figure 2. Morphological evolution of the Lower Yellow River channel from (A) 1999 to 2018 and
(B) 2018 to 2023, taking the Peiyu cross-section as an example.

In this paper, we have summarized the research findings from three aspects, using
the LYR as an example: the transverse distribution of depth-averaged flow velocity, the
transverse distribution of suspended sediment concentration, and the morphological ad-
justment of the river cross-section. Based on these findings, we propose an idea to reveal
the mechanism of channel cross-section morphology evolution from the theoretical level of
water and sediment movement and distribution.

2. Transverse Distribution of the Depth-Averaged Flow Velocity

Alluvial river channels, such as the lower reaches of the Yellow River, are usually
compound channels with two parts—the main channel and its floodplains. When there is a
flood, the water flows over the banks and spreads out onto the floodplains. This causes
energy diffusion and momentum transfer between the main channel and the floodplains,
resulting in a significant difference in lateral flow velocity. An in-depth understanding
of the lateral velocity distribution in compound channels is a prerequisite for many river
engineering and management problems including sediment transport, vegetation, bank
erosion, and so forth [19,20]. Researchers have been studying this issue since the previous
century, based on physical experiments [21], mathematical models [22,23], and analytic
calculations [24–27]. Analytical methods are commonly preferred due to their simplicity
in practical engineering applications [20]. The current findings on analytic calculations of
overbank flow in compound channels can be classified into the two following categories:
empirical equations and theoretical formulas.

2.1. Empirical Equations for the Lateral Velocity Distribution

To predict the lateral velocity distribution in river engineering problems, previous
studies have generally been based on indoor experiments or on-site measurements, ana-
lyzing the characteristics of lateral flow velocity distribution and its influencing factors,
and establishing empirical equations of exponential [28–31], parabolic [32,33], and power
function [34] types for the flow velocity transverse distribution. Corresponding to the three
equation types above, three representative studies are listed as examples in Table 1.



Water 2024, 16, 1213 4 of 18

Table 1. Some representative empirical equations of transverse depth-averaged velocity distributions
in open channels.

No. Study Equation Type Assumption/Sphere
of Application Derivation Processes Main Features

(1) Chen et al.
[28]

Exponential
equation

Assuming an exponential
distribution of flow
velocity along the channel
width, and the maximum
point flow velocity is
located at the water
surface of the thalweg.

Analyze factors that influence the
distribution of flow velocity. Derive
an empirical function for the lateral
distribution of flow velocity that
reflects water flow and cross-section
morphology. Rate parameters with
measured data.

Several influencing
factors of lateral
flow velocity
distribution are
considered.

(2) Guo et al.
[33]

Parabolic
equation

A case study based on the
measured data of Lanxi
cross-section at the
Fuchunjiang reservoir.

Fitting a parabolic empirical
distribution function to the mean
lateral flow velocity data of the
cross-section with relative transverse
coordinates.

Informative for
overbank flow in
other natural river
channels.

(3) Jiang et al.
[34]

Power function
equation,

Equation (1)

Assuming a constant
channel longitudinal
slope J.

Manning’s formula U = 1
n H2/3 J1/2

was used to establish an empirical
expression for the flow velocity at
each point Ui versus the
cross-section’s mean flow velocity U.

Simple form with
some theoretical
foundation.

Chen et al. [28] assumed that the flow velocity in a channel was exponentially dis-
tributed along its width, and that the maximum flow velocity occurred at the water surface
of the thalweg. Based on this, they identified the water flow characteristics and cross-
sectional morphology as influencing factors and developed an empirical function to de-
scribe the lateral distribution of flow velocity. The empirical function was calibrated
using measured data, and it was found to have relatively high accuracy in practical
applications [28]. Guo et al. [33] utilized data from the Lanxi cross-section at the Fuchun-
jiang reservoir to fit a parabolic empirical distribution function to the mean lateral flow
velocity data of the cross-section, based on relative transverse coordinates. This finding can
be informative for researchers studying lateral flow velocity in natural channels. Moreover,
it is common practice to assume a constant channel longitudinal slope J and to use Man-
ning’s formula U = 1

n H2/3 J1/2 to develop an empirical expression for the flow velocity at
each point Ui versus the cross-section mean flow velocity U as follows [34]:

Ui

U
= c1

n
ni

(
Hi

H

)2/3
(1)

where n and ni are the cross-section’s average roughness and the roughness at each point,
respectively; H and Hi are the cross-section’s average water depth and the depth at each
point, respectively; and c1 is a cross-section morphology coefficient, and it can be provided
based on the mass conservation law as follows:

c1 =
Q∫ y1

y2
n
ni

U
H2/3 H5/3

i dy
(2)

where Q is the cross-section’s average flow rate; y is the lateral coordinate; and y1 and y2
are the starting point and the endpoint of the cross-section (y2 > y1). Equation (1) ignores
the intermixing and exchange between water bodies in the transverse direction.

Empirical formulas are generally easier to use in practical applications. However, they
do not have a theoretical basis and also have flaws such as the mismatched dimensions in
Equations (1) and (2). For this reason, there have been many theoretical studies conducted
on the transverse distribution of overbank flow velocity.
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2.2. Theoretical Formulas for the Lateral Velocity Distribution

To predict the lateral variation in overbanks in compound channels, various analytical
models have been proposed by different scholars, such as the coherence method [25], the
channel–floodplain water-sediment exchange model [27,35,36], the SKM method [24], etc.
The coherence method is considered the best one-dimensional method for dealing with over-
bank flow and its associated complex roughness and cross-sectional shape problems [37].
The channel–floodplain water-sediment exchange model and the SKM method represent
the development of the one-dimensional method into a two-dimensional method, which
can describe the phenomenon of overbank flow more accurately and in greater detail [26].
The text below provides a review of the lateral velocity distribution methods, mainly
focusing on quasi-2D methods, and Table 2 shows some representative theoretical findings.

(1) Theoretical background

These quasi-2D models are based on the depth-averaged or depth-integrated form
of the Navier–Stokes equations. For the case of steady uniform flow in a straight channel,
the equations are reduced to a single equation, which describes the lateral distribution
of depth-averaged velocity of unit flow across a channel. To obtain analytical solutions
for the lateral distributions of depth-averaged velocity, the depth-averaged momentum
equation for the streamwise motion of a fluid element in an open channel is combined with
the continuity equation, and for constant homogeneous flow the equation is as follows:

ρ

[
∂

∂y
(UV) +

∂

∂z
(UW)

]
= ρgJ +

∂

∂y

(
−ρu′v′ + µ

∂U
∂y

)
+

∂

∂z

(
−ρu′w′ + µ

∂U
∂z

)
(3)

where x, y, and z are streamwise parallel to the channel and lateral and normal to the bed,
respectively, as shown in Figure 3. U, V, and W are the average velocity components in the x,
y, and z directions, respectively, and u′, v′, and w′ are the turbulent velocity components in
the x, y, and z directions, respectively. ρ represents the fluid density; µ is the fluid viscosity
coefficient; J is the channel bed slope; and g is the gravitational acceleration. Assuming that
the channel bed slope J and the roughness n remain constant across the channel’s width,
Equation (3) physically means that secondary flows = weight force + Reynolds stresses of
the lateral (x–y) plane and vertical (x–z) plane.

(2) Studies mainly focusing on the momentum transfer between the main channel and
its floodplain

Various models for the lateral distribution of flow velocity have been proposed, based
on the integration of Equation (3) over the flow depth. One of the most notable models in
China for an overbank flood is the channel–floodplain water-sediment exchange model,
which was the proposal of the scholars Zhou [35], Chen et al. [36], and Ji and Hu [27].
The idea is to create a generalization of the river’s cross-section by using a compound
rectangular channel. Based on the characteristics of the overbank flow movement, the
compound cross-section can be divided into the three following zones: the boundary
zone (I), the undisturbed zone (II), and the interactive zone between the main channel
and its floodplain (III), as shown in Figure 3. For each area, a formula for the transverse
eddy viscosity coefficient is established, which helps derive the lateral distribution of the
flow velocity.

It is widely accepted that zone I is of a relatively small size, while the water flow in
zone II has one-dimensional characteristics and is not greatly affected by the exchange
in momentum between the main channel and floodplain. The transverse eddy viscosity
coefficient in zone II can be determined using the formula εyx = 0.134U∗H, which considers
the shear velocity U∗ and the water depth H [38]. In contrast, the flow in zone III displays
strong three-dimensional characteristics, and the lateral variation in the flow velocity is
significant. This makes the lateral distribution of the flow velocity in zone III a challenging
and complex issue for scholars to study.
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width of the main channel and the floodplain, respectively; bm, bf = width of the main channel and
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boundary zone, the undisturbed zone, and the interactive zone between the main channel and its
floodplain, respectively. The sketch is redrawn from Figure 2 of Zhou [35].

Zhou [35] assumed that the inertial force caused by the secondary flow can be over-
looked. This implies that the left-hand side of Equation (3) is equal to zero. Based on
this assumption, a differential equation for the transverse eddy viscosity coefficient was
derived. The theoretical formula for the lateral depth-averaged flow velocity distribution
in zone III can then be obtained using the measured data.

The assumption that the inertial force caused by the secondary flow can be neglected
makes the derivation of the analytical solution of the equations relatively easy. So many
scholars have completed related studies based on this assumption, and only the specific
treatment methods for momentum transfer between the main channel and its floodplain
are different. Some studies neglected the inertial force term of the secondary flow, but
considered the influence of other factors on the lateral distribution of flow velocity. For
example, Zong et al. [39] considered the floodplain transverse slope in the derivation of
the lateral distribution of flow velocity. Based on the Boussinesq assumption and the
Darcy–Weisbach formula, the motion equation considering the floodplain transverse slope
was derived. Using the measured data of water depth in the Lower Yellow River, the cross-
section morphology is generalized as shown in Figure 4 and the transverse eddy viscosity
coefficient equation is fitted. Finally, an analytical solution for the lateral depth-averaged
velocity distribution of overbank flow on the floodplain transverse slope is provided.

However, practical analysis reveals that the secondary flow generates a non-zero
inertial force. Several studies have explored the secondary flow inertial force, with different
assumptions generated in each research study. For instance, Ji and Hu [27] assumed that
the secondary flow inertial force was proportional to the gravitational component of the
water flow. Based on this assumption, they used the simplified water kinematic equation
and sediment diffusion equation to derive the expression for the transverse eddy viscosity
coefficient. Through a combination of Bessel’s equation solution with superposition, an
analytical solution for the distribution of the lateral depth-averaged velocity in zone III
was obtained.

To summarize, the studies mentioned above have either neglected the inertial force
term produced via the secondary flow or have accounted for it in a simple manner. Here,
the main focus lies on the impact of momentum exchange between the main channel and
its floodplain in zone III. The expression for the coefficient of transverse eddy viscosity
is provided via various techniques and boundary conditions. Through utilization of the
method of coefficients, analytical solutions for the lateral depth-averaged flow velocity
distribution in zone III can be derived.
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Figure 4. The generalization of (A) the water depth and (B) the cross-section morphology in the
Lower Yellow River, based on measured data for the Jiahetan cross-section. Notation: S’ = floodplain
transverse slope; b1, b2 = semi-width of the main channel and the floodplain, respectively; h1 = water
depth in the main channel and the floodplain; h2 = minimum water depth in the floodplain; y0, yb are
the left and right sides of the floodplain, respectively. The sketch is redrawn from Figures 1 and 2 of
Zong et al. [39].

(3) Studies mainly focusing on the effect of secondary flows

In contrast to focusing on the momentum transfer impact in zone III, there is another
class of studies that have focused on the effect of secondary flow on the lateral distribution of
flow velocity. They generally agree on the transverse eddy viscosity coefficient εyx = λU∗H
across the cross-section; however, different assumptions are made on the secondary flow
term (Table 2, from no. 3 to no. 4). For example, Wu et al. [40] suggested that the inertial
force caused by the secondary flow is related to the water gravity and boundary shear
stress. They analyzed the forces acting on the compound channel flows and obtained a
model for transverse flow velocity. Using the difference method, an analytical solution for
the lateral depth-averaged flow velocity distribution was deduced.

Another widely used analytical model for predicting the lateral distribution of flow
velocity in open channels is the SKM model, proposed by Shiono and Knight [24]. This
model has been proven to produce satisfactory results for channels with both a simple and
compound cross-section morphology (Figure 5). Unlike the three-zone division shown in
Figure 3, the SKM model divides the cross-section into the two following regions, a region
of constant depth and a region with a linearly varying side bed (1:s, vertical/horizontal), as
shown in Figure 5. The analytical solution for the lateral distribution of the flow velocity
differs in each region.
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To obtain the depth-averaged velocity equation, the SKM model integrates Equation (3)
over the flow depth; therefore, it follows that

∂

∂y
[H(ρUV)d] = ρgHJ +

∂Hτyx

∂y
− τb(1 +

1
s2 )

1/2
(4)

where the bed shear stress τb = ρ 8
f U2

d ; the depth-averaged lateral shear stress τyx = ρεyx
∂Ud
∂y ;

the transverse eddy viscosity coefficient εyx = λU∗H; the shear velocity U∗ =
√

τb/ρ;
and λ = dimensionless eddy viscosity. Equation (4) can be rewritten as follows:
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Assuming the lateral distribution of [HρUV]d is linear in the main channel and its
floodplain, i.e., the transverse gradient of secondary flow term Γ = ∂

∂y [H(ρUV)d] is con-
stant, an analytical solution of Equation (5) can be obtained.

Nevertheless, Tang and Knight [19] re-examined the SKM model; they found that the
original SKM model does not meet the no-slip boundary condition, which mainly results
from the assumption of a linear relationship for the [HρUV]d distribution. To overcome
this issue, they assumed Γ∗ = ∂

∂y [(ρUV)d] =
∂Ψ
∂y . In addition, a further, simpler model used

by Abril and Knight [41] assumes Γ = HΓ∗.
All the SKM models mentioned above provide the same analytical solution for the

constant depth region. However, variations exist for the region where the side bed varies
linearly. A comparison conducted by Tang and Knight [19] showed that all SKM models
can generate velocity distributions that are consistent with the available data.

Based on the SKM method, many scholars have proposed analytical models for the
lateral distribution of flow velocity in open channel flow with their own characteristics.
For instance, Wark et al. [42] used the discharge intensity form of the lateral distribution
equation, and proposed a method for flow velocity lateral distribution which was akin to
the SKM method [24], except that the secondary flow term Γ was ignored. Ervine et al. [43]
assumed that the time-averaged flow velocities U and V were proportional to the depth-
averaged streamwise velocity Ud(U = k1Ud,V = k2Ud), and the inertial force term caused
by the secondary flow could be reduced to a simpler form, ∂

(
HρK

′
U2

d

)
/∂y. Consequently,

an analytical model could be obtained.
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Table 2. Some representative theoretical findings of quasi-2D methods for the transverse distribution
of depth-averaged velocity.

No. Study Channel Type Regions of Concern
Assumptions on the
Effect of Secondary

Flows

Assumptions on the
Momentum Transfer between

Main Channel and Its
Floodplain, Transverse Eddy

Viscosity Coefficient (εyx)

(1) Zong et al.
[39]

Compound channels
(Figure 4).

The channel floodplain
with a transverse slope.

The inertial force term
caused by the
secondary flow has
been neglected.

The motion equation
considering the floodplain
transverse slope is derived.
Using measured data of
cross-section, the equation of
εyx is fitted.

(2) Ji and Hu
[27]

Compound
rectangular channels
(Figure 3).

The interactive region
between the main
channel and its
floodplain (zone III).

Assuming the inertial
force term caused by
the secondary flow is
proportional to the
gravitational
component of the
water flow.

Using the simplified water
kinematic equation and
sediment diffusion equation,
the expression for εyx
is deduced.

(3) Wu et al.
[40]

Compound
rectangular channels
(Figure 3).

The whole
cross-section.

Assuming the inertial
force term caused by
the secondary flow is
related to the water
gravity and boundary
shear stress.

εyx = λU∗H

(4) Shiono and
Knight [24]

Simple and compound
trapezoidal channels
(Figure 5).

The whole
cross-section.

The transverse
gradient of secondary
flow term
Γ = ∂

∂y [H(ρUV)d] is
constant.

εyx = λU∗H

(5) Ervine et al.
[43]

Simple and compound
trapezoidal channels.

The whole
cross-section.

Assuming the
time-averaged flow
velocities U and V are
proportional to the
depth-averaged
streamwise velocity.

-

In general, many theoretical studies on the lateral distribution of flow velocities start
with the Navier–Stokes equations. Some studies have ignored or simplified the secondary
flow term and have instead focused on the momentum exchange in the interaction zone
between the main channel and its floodplain. Others have assumed the transverse eddy
viscosity coefficient εyx = λU∗H and mainly focused on the secondary flow term. Several
studies have found that the transverse eddy viscosity coefficient has less influence on the
results than the secondary flow term for overbank flows; however, it remains crucial for
inbank flows [19,44]. Even though various theoretical formulations of the lateral distribu-
tion of flow velocities have focused on different terms, they provide multiple options for
studying the lateral distribution of flow velocities under different flow conditions.

Many researchers have also extensively studied three hydraulic parameters related to
the bed friction factor f, lateral eddy viscosity λ, and secondary flow term Γ in the SKM
method for various cases [41,45–52].

Additionally, the SKM method has been extensively tested and its applicability is con-
stantly expanding to various channel morphologies, floodplain characteristics, and channel
zoning [53–58]. For instance, McGahey et al. [53] investigated the practical application
of the SKM method to natural rivers. Rezaei and Knight [54] explored the possibility of
using the SKM method to predict depth-averaged velocity and boundary shear stress in
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compound channels with non-prismatic floodplains, and for this reason, the SKM method
was modified. Alawadi et al. [52] and Alawadi and Tumula [55] applied the SKM method
in asymmetric compound channels. Although not covered in this review, the SKM method
has also been widely used in studies concerning the hydrodynamic characteristics of water
flow in vegetation channels [59–63].

3. Transverse Distribution of the Suspended Sediment Concentration

Contrary to the studies of flow velocity distributions, the transverse distribution
of suspended sediment concentration has received much less attention. This is because
measuring sediment data accurately in rivers and experiments is challenging. However, in
overbank flows, there is a significant difference in flow velocities across river cross-sections,
and the suspended sediment concentration is also unevenly distributed laterally. This
may cause different levels of scouring and siltation changes at various locations of the
river cross-section. The research on the transverse distribution of the suspended sediment
concentration can be classified into the two following categories: empirical and theoretical
formulas. Some representative results of this research are presented in Table 3.

Table 3. Some representative findings of research on the transverse distribution of suspended
sediment concentration.

Equation
Type

Representative
Findings

Assumptions/Sphere
of Application Derivation Processes Main Features

Empirical
equations

Gao et al. [64] Considering the effects of
hydraulic factors. Analyze the factors that affect

lateral distribution of the
suspended sediment
concentration. Propose a form
of its expression, and fit the
coefficients based on
measured data. Afterward,
establish an empirical
equation for the lateral
distribution of suspended
sediment concentration.

The equations are straightforward
in structure and easy to apply, but
they are constructed with a single
factor in mind.

Wei et al. [65]
Zhang [66]

Considering the effects of
stream discharge and
sediment transport
capacity.

Zhao et al. [67]
Jiang et al. [34]

Introducing a suspension
index to reflect the effect
of suspended sediment
composition.

The formula is more
comprehensive in considering
factors, easy to apply, and has a
certain universality in the Lower
Yellow River, but its mechanism is
somewhat inadequate.

Theoretical
formulas

Chen et al. [68]
Ji and Hu [27]

Compound rectangular
channels (Figure 3).
Assuming that the river
channel is in equilibrium,
and the lateral diffusion
coefficient is equal to the
transverse eddy viscosity
coefficient.

Using the channel–floodplain
water-sediment exchange
model, the analytical solution
for the lateral distribution of
suspended sediment
concentration in zone III is
deduced, using the method of
coefficients to be determined.

Flowing water in natural rivers
has varying sediment capacities
across its cross-section. As a result,
the assumption that the main
channel and its floodplain are in
an equilibrium state of erosion and
siltation simultaneously is not
accurate in reality.

3.1. Empirical Equations for the Lateral Suspended Sediment Concentration Distributions

Several studies have aimed to establish a reliable equation that can predict the lateral
distribution of suspended sediment concentration in practical scenarios. The approach
involves analyzing the factors that influence the lateral distribution of suspended sediment
concentration, and then proposing an equation with coefficients determined from the
measured data. For example, Gao et al. [64] considered the effects of hydraulic factors on
the lateral distribution of suspended sediment concentration, and identified an expression
that contains unknown coefficients. They then fit these coefficients based on measured data,
and an empirical equation for the lateral distribution of suspended sediment concentration
was obtained.

Wei et al. [65] and Zhang [66] investigated the impacts of stream discharge and
sediment transport capacity on lateral sediment concentration distributions, and proposed
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an empirical relationship between the sediment concentration at each point and the cross-
sectionally averaged sediment concentration.

Furthermore, other scholars have proposed empirical equations with specific charac-
teristics for the lateral distribution of suspended sediment concentrations [69,70]. These
empirical equations possess a relatively simple structure that makes them more conve-
nient for practical applications such as numerical modeling calculations. However, it is
important to note that empirical equations may not fully capture the lateral variability in
sediment concentration.

Zhao et al. [67] and Jiang et al. [27] discovered that the lateral distribution of sed-
iment concentration is not only under the influence of hydraulic factors and sediment
concentration, but also of the impact of suspended sediment composition. Based on the
analysis of a substantial volume of measured data in the Lower Yellow River, a suspension
index ωs/κU∗ was introduced to effectively capture the influence of suspended sediment
composition on the lateral distribution of sediment concentration. Furthermore, a formula
for accurately predicting the lateral distribution of sediment concentration was developed,
which is applicable to both inbank and overbank flows. The formula is presented as follows:

Si

S
= c2(

Hi

H
)
(0.1−1.6 ωs

κU∗ +1.3SV)

(
Ui

U
)
(0.2+2.6 ωs

κU∗ +SV)

(6)

where c2 is a coefficient which can be determined using measured data. S, H, and U are
the cross-sectionally averaged sediment concentration, water depth, and flow velocity,
respectively, and the sediment concentration, water depth, and flow velocity at each point
of the cross-section are denoted as Si, Hi, and Ui correspondingly. ωs is the sediment
settling velocity; κ represents the Karman constant; and SV is the sediment concentration
by volume. Equation (6) is more comprehensive in its consideration of factors, ease of
application, and has a certain universality in the Lower Yellow River, but its mechanism is
somewhat inadequate.

3.2. Theoretical Formulas for the Lateral Suspended Sediment Concentration Distributions

For a constant uniform flow, the lateral distribution of suspended sediment con-
centration in theoretical studies can be described using the sediment diffusion equation
as follows:

∂

∂y

(
εsy

∂S
∂y

)
+

∂

∂z

(
εsz

∂S
∂z

+ ωsS
)
=

∂S
∂t

(7)

where S is the sediment concentration; εsy, and εsz are the lateral and vertical sediment
diffusion coefficients, respectively; and ωs represents the sediment settling velocity. The
temporal variation in suspended sediment concentration within a given cross-section is
governed by gravity and turbulence diffusion, both horizontally and vertically, as described
in Equation (7).

In the same way that lateral velocity distribution has been theorized, the current
examination of suspended sediment concentration distribution in the transverse direction
also relies on the fundamental concepts of the channel–floodplain water-sediment exchange
model mentioned previously. Through the assumption of an equilibrium state of longitu-
dinal sediment transport under uniform flow conditions, Equation (7) can be simplified
via setting its right-hand side to zero. Integrating Equation (7) over the flow depth and
simplifying it appropriately based on the assumption that the lateral diffusion coefficient
equals the transverse eddy viscosity coefficient, the analytical solution for the transverse
distribution of the suspended sediment concentration in the interactive region between the
main channel and its floodplain (zone III in Figure 3) can be determined using the method
of coefficients [27,68].

In summary, researchers have examined several theoretical formulas that offer po-
tential methods for predicting suspended sediment concentration distribution in practical
settings. However, it important to note that the sediment capacity of natural rivers can vary
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across their width; the assumption that the main channel and floodplain are in a state of
simultaneous erosion and siltation equilibrium is not entirely accurate in real-life scenarios,
i.e., see the right-hand side of Equation (7), ∂S/∂t ̸= 0. This highlights the need for further
study and for attention to be paid to the distribution of lateral sediment concentration. Ad-
ditionally, it should be mentioned that some effects caused by high sediment concentrations,
including turbulence damping, sediment-induced density stratification, hindered settling,
fluid mud, hindered erosion, etc., have not been considered in the previous theoretical
studies. However, these effects are prominent in highly concentrated flows, such as the
heavily sediment-laden floods that sometimes occur in the LYR.

4. Studies on the Morphological Adjustment of Channel Cross-Section in the LYR

The LYR’s channel evolution has been a topic of fascination for researchers due to
its unique characteristics, such as a high concentration of fine sediment, rapid siltation
of the riverbed, and drastic changes in river regime. To better understand how the LYR
channel morphology has changed, researchers have approached the topic under study in
different ways. Some have focused on the microscopic mechanisms of water and sediment
movement, while others have taken a macroscopic approach to uncover the laws governing
channel cross-sectional adjustment.

Numerous investigations have been conducted to study the cross-sectional morphol-
ogy in the LYR; accordingly, there are two main categories of research. One approach
involves analyzing the measured data to calculate the parameters of channel morphology
characteristics at different spatial and temporal scales, such as the main channel area, river
width, water depth, and river phase. Then, empirical relationships are established between
these parameters and their influencing factors [71–79]. For example, Li [80] calculated
the channel morphology characteristic parameters in three different periods based on the
measured data: the period of Sanmenxia Reservoir operation (1973–1986), the period of low
flow and reduced sediment (1986–1999), and the period of Xiaolangdi Reservoir operation
(1999–2016). The relationship between each parameter and water and sediment conditions
in flood and non-flood periods was then established. Xia et al. [81] investigated the change
process on a cross-sectional scale and sectional scale of bankfull river width in the wander-
ing reaches of the LYR after the operation of the Xiaolangdi Reservoir, and established its
empirical relationship with the average fluvial erosion intensity. Li et al. [74] studied the
process of river regime adjustment in the LYR and concluded that under the continuous
low-concentrated flow released from the Xiaolangdi Reservoir, the wandering reach chan-
nel showed an increased river width, a scattered river regime, increased in-channel bars,
and more apparent abnormal bends. These studies typically involve qualitative analyses or
semi-quantitative calculations, making them ideal for exploring large-scale and long-term
patterns of river channel evolution.

Another research approach involves utilizing mathematical or physical models to sim-
ulate river bed deformation. Water–sediment mathematical models, both one-dimensional
and two-dimensional, are commonly used, but they have limitations in accurately rep-
resenting the lateral deformation of river channels [82–84]. Even with special treatment
of the plane two-dimensional model via coupling of both the longitudinal and lateral
riverbed deformation modules, they can only simulate bed evolution and bank deformation,
without the ability to calculate the detailed adjustment process of the river cross-section
morphology [85–88]. Therefore, many researchers have opted to use physical models to
study the changes in river cross-sections. For example, Wang et al. [89] utilized physi-
cal modeling experiments to investigate the changes in the cross-section morphology of
wandering reach in the LYR under various sediment-laden flow conditions. The research
revealed that a narrow and deep channel was easily formed with the highly sediment-laden
flow; however, maintaining this cross-section morphology for an extended period in a
compound channel was challenging. Zhang [90] studied cross-section adjustment patterns
in the LYR by conducting a constant water–sediment generalization model test. The results
demonstrated that short-term cross-section morphology adjustment is associated with pre-
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vious topographic conditions, and the cross-section will be altered for a while to maintain a
constant state. In other words, the primary channel may shift while staying the same size.
Jiang et al. [91] conducted a generalized physical model test to investigate the process of
channel cross-section morphology adjustment due to a unique kind of scour called bottom-
block scour, frequently observed in the LYR. The study revealed that the cross-section
adjustment displayed clear regularity in four stages, beginning with pre-scour, followed
by a relatively stable channel bed elevation, a rapid bed decline due to mud-layered block
uplift, and finally, continual scouring followed by back-silting. During the four stages,
cross-section morphology adjustment could be classified into the following three types:
narrower and deeper, overall undercutting, and local adjustment.

Overall, significant efforts have been dedicated to the morphological adjustment of
river cross-sections. These efforts have primarily relied on qualitative analyses of mea-
sured data or quantitative assessments of statistical laws through physical modeling tests.
Mathematical models have also been employed to study channel siltation or bed defor-
mation, with the morphological adjustment of river cross-sections often being corrected
using empirical assumptions. However, there has been limited research into the cross-
sectional morphology adjustment based on the principle of water–sediment movement
and distribution.

5. Discussion

To summarize, there are multiple research findings regarding the lateral distribution
of flow velocity and sediment concentration. Empirical formulas based on measured
data analysis and theoretical formulas based on the simplification of water and sediment
movement equations have been established. Most of these formulas have been tested
and applied in practice. However, the empirical formulas lack theoretical grounding,
and the theoretical formulas are complex in practical application. Additionally, many
existing studies of theoretical formulas have generalized the cross-section morphology to
rectangular or trapezoidal shapes, but this oversimplification is insufficient to accurately
predict the lateral distribution of flow velocity and sediment concentration in natural rivers
of varying morphologies. Furthermore, current studies often only consider longitudinal
sediment transport equilibrium; however, in practice, it is almost impossible for both
the main channel and its floodplain to satisfy sediment transport equilibrium. Therefore,
further exploration is necessary to comprehend the mechanism of the lateral distribution of
water and sediment under unbalanced sediment transport conditions in river channels.

Numerous studies also have been conducted on the morphological adjustment of river
cross-sections. These studies have mainly consisted of qualitative descriptions of channel
evolution processes based on measured data, or quantitative explorations of statistical laws
based on mathematical and/or physical models, taking the LYR channel as an example.
Despite these efforts, the degree of complexity of river channels still leaves room for further
study to fully comprehend the inner mechanisms of cross-section morphology adjustment.

In essence, the irregularity of river cross-sections creates varying water depths along
their width, resulting in the uneven lateral distribution of flow velocity and sediment
concentration. Consequently, sediment transport capacity is also uneven along the channel
width (Equation (8)), which may cause varying degrees of cross-sectional deformation
in different locations (Equation (9)). Ultimately, this may trigger the adjustment of cross-
sectional morphology.

S∗ = K(
U3

gHωs
)

M

(8)

ρ′
∂z
∂t

= ωsa∗(S − S∗) (9)

Equation (8) is a formula for the sediment transport capacity of flow and Equation (9) is
used for the calculation of riverbed deformation, where K and M are constants and ρ′ is the
dry density of bed sediment. a∗ is the saturation recovery coefficient, which is an important



Water 2024, 16, 1213 14 of 18

parameter that reflects the rate of recovery of sediment concentration towards saturation,
i.e., sediment transport capacity, in the case of non-uniform suspended sediment transport.

It is important for future research to focus more on the lateral distribution mechanism
of water and sediment under nonequilibrium sediment transport conditions. Additionally,
utilizing the derivation ideas of the lateral distribution equations of flow velocity and sedi-
ment concentration, incorporating the sediment transport capacity formula (Equation (8))
and the riverbed deformation equation (Equation (9)), may provide insights into the evolu-
tion mechanisms of cross-section morphology from a theoretical perspective on water and
sediment movement and distribution. The discoveries related to river channels are crucial
for advancing the development of the sediment academic discipline and have practical
applications in engineering.

6. Summary

To gain a better understanding of how channel morphology adjusts and its complex
mechanisms, this paper presents a detailed overview of research findings on overbank flow,
sediment transport, and channel morphology in the Lower Yellow River. Moreover, we
explore a possible approach to uncovering the evolution of river cross-section morphology
from a theoretical standpoint. The main conclusions drawn from this investigation can be
summarized as follows:

1. Various empirical and theoretical formulas have been proposed to predict the distri-
bution of lateral depth-averaged flow velocity. These formulas have been established
based on data from indoor experiments or on-site measurements, which were used to
analyze the characteristics of lateral flow velocity distribution and its influencing fac-
tors. Three types of empirical equations have been developed, including exponential,
parabolic, and power functions. Additionally, various theoretical formulas have been
derived for the lateral distribution of flow velocities. Some of these formulas ignore
or simplify the secondary flow term and instead focus on the momentum exchange
in the interaction zone between the main channel and its floodplain. Others assume
the transverse eddy viscosity coefficient εyx = λU∗H and concentrate mainly on the
secondary flow term. Despite focusing on different terms, these various formulations
offer multiple options for studying the lateral distribution of flow velocities under
different flow conditions.

2. The lateral distribution of suspended sediment concentration has not been thoroughly
studied due to the challenge of accurately measuring sediment data in rivers and
experiments. Nonetheless, there exist both empirical and theoretical formulas that
can predict the lateral sediment concentration distribution, similar to the lateral dis-
tribution of flow velocity. Considering different factors that influence the lateral
distribution of sediment concentration, empirical equations with coefficients deter-
mined from the measured data have been proposed. Despite lacking a theoretical
foundation, these empirical equations are simple in structure and practical to use.
Furthermore, several theoretical formulas have been established via assuming an
equilibrium state of longitudinal sediment transport under uniform flow conditions.
However, it is important to note that assuming the main channel and its floodplain are
simultaneously in an equilibrium state of erosion and siltation is not entirely accurate
in reality.

3. Extensive research has been dedicated to examining the morphological adjustments of
the LYR channels. These studies typically involve qualitative descriptions of channel
evolution processes based on measured data, or quantitative explorations of statistical
laws using mathematical and/or physical models. However, there has been limited
research on cross-sectional morphology adjustments that utilize the principle of water-
sediment movement and distribution. By applying the derivation concepts of lateral
distribution equations of flow velocity and sediment concentration, and incorporating
the sediment transport capacity formula (Equation (8)) and the riverbed deformation
equation (Equation (9)), we may able to gain theoretical insights into the mechanisms
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of cross-section morphology evolution related to water and sediment movement
and distribution.
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