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Quantification of river flood risks is a prerequisite for floodplain management and development. The
lower Yellow River (LYR) is characterized by a complex channel–floodplain system, which is prone to
flooding but inhabits a large population on the floodplains. Many floodplain management modes have
been presented, but implementation effects of these management modes have not been evaluated cor-
rectly. An integrated model was first proposed to evaluate the flood risks to people’s life and property,
covering an improved module of two-dimensional (2D) morphodynamic processes and a module of flood
risk evaluation for people, buildings and crops on the floodplains. Two simulation cases were then con-
ducted to validate the model accuracy, including the hyperconcentrated flood event and dike-breach
induced flood event occurring in the LYR. Finally, the integrated model was applied to key floodplains
in the LYR, and the effects of different floodplain management modes were quantified on the risks to peo-
ple’s life and property under an extreme flood event. Results indicate that: ① satisfactory accuracy was
achieved in the simulation of these two flood events. The maximum sediment concentration was just
underestimated by 9%, and the simulated inundation depth agreed well with the field record; ② severe
inundation was predicted to occur in most domains under the current topography (Scheme I), which
would be alleviated after implementing different floodplain management modes, with the area in slight
inundation degree accounting for a large proportion under the mode of ‘‘construction of protection
embankment” (Scheme II) and the area in medium inundation degree occupying a high ratio under the
mode of ‘‘floodplain partition harnessing” (Scheme III); and ③ compared with Scheme I, the high-risk
area for people’s life and property would reduce by 21%–49% under Scheme II, and by 35%–93% under
Scheme III.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

River flooding is one of the most common and frequent natural
disasters, and causes devastating consequences in human society
and ecological environments [1–3]. It is reported that global river
floods result in direct economic losses exceeding one trillion dol-
lars and more than 0.2 million fatalities during the period
1980–2013 [4,5]. Flood damages are predicted to accumulate in
the future, due to the increase in flood frequency induced by
extreme climate changes and the steady growth in population
and economic activities in flood-prone areas over the world,
including the densely populated basin of the lower Yellow River
ifferent
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(LYR) [6–9]. Estimations of flood risks to people’s life and property
in these areas are imperative to implement effective management
strategies, for which accurate modelling of flood inundation pro-
cesses is a prerequisite [10,11].

Commonly, there are twomethods to quantify the flood inunda-
tion extent, including numerical modelling and satellite observa-
tions. Although interpretation from satellite images can currently
provide efficient estimates of inundated areas [12–14], it fails to
reveal the dynamics of flooding such as the variations in water
depth and flow velocity. Therefore, the method of numerical mod-
elling is widely used to simulate the flood inundation processes.
Due to the computational cost and numerical instability, three-
dimensional (3D) models are impractical in the simulation for large
rivers [11]. To date, two-dimensional (2D) models are the most
useful tool to simulate the flood routing processes for large rivers
especially those with complex channel–floodplain systems.

Most existing 2D morphodynamic models are proposed for the
simulation of routing processes of floods with very low sediment
concentrations [15–17]. Because the influences of sediment con-
centration and bed evolution are neglected on flood routing in
these models, they are merely capable to simulate the morphody-
namic processes associated with low sediment concentrations and
bed deformation rates [18–21]. For the rivers with heavy sediment
load such as the LYR, the flows often carry high sediment concen-
trations during flood seasons, with the value of sediment concen-
tration more than 200 kg m−3 recorded. Some 2D coupled
morphodynamic models can simulate the flow-sediment transport
processes at laboratory scales or generalized channel boundaries
[20,22–23], but they are not tested in real-world settings. For
example, Yue et al. [20] proposed a 2D well-balanced, coupled
morphodynamic model based on unstructured grids with efficient
variable storage strategy, and validated the model using some lab-
oratory experiments. Therefore, it is necessary to develop a 2D cou-
pled model, in order to simulate the complex morphodynamic
processes induced by highly sediment-laden floods over the
irregular topography of the LYR.

Once the flood inundation processes and corresponding hydro-
dynamic parameters are obtained, a flood risk evaluation can be
conducted based on a property-by-property assessment. The losses
of human and economy covering people, buildings, and crops are
discussed herein, which are closely related to flooding indicators
such as water depth and flow velocity in the view of mechanical
analysis. Many formulas or criteria have been proposed for the sta-
bility of a human body in floodwater based on experimental data
or mechanical analyses [24,25]. Currently, a new criterion is widely
accepted for the stability of a human body in floodwater in the
form of an incipient velocity proposed by Xia et al. [25], based on
a mechanics-based analysis accounting for the effect of body buoy-
ancy and the influence of a non-uniform velocity profile acting on
the flooded human body. This criterion has been integrated into
some 2D hydrodynamic models to assess the flood risk to people
during urban floods or river floods [26–28], which has not yet been
adopted in the LYR with a complex channel–floodplain system.
Previous studies [29–30] of flood losses of buildings and crops usu-
ally focus on the depth-damage curves, which are determined
through field surveys. However, more mechanical analyses and
adequate field surveys should be made when assessing the flood
losses of buildings and crops in a specific catchment.

The LYR basin is uniquely composed of main channel and vast
floodplains, and the latter accounts for more than 70% of the total
basin area. These floodplains in the LYR occupy an area of
4000 km2, which are currently populated 1.5 million people. But
these domains are flood-prone zones, which are consistently dis-
turbed by floods caused by extreme climate changes. In addition,
the phenomenon of ‘‘secondary perched river” extensively exists
in the braided reach of the LYR, which can exacerbate the degree
2

of overbank flooding. According to the historical record, around
31 overbank flooding events occurred in the LYR during the period
1949–2018, with more than 9 million people affected [3]. As a con-
sequence, the contradiction becomes more inevitable between
flood control and economic development in these domains.
Although many floodplain management modes have been put for-
ward for the LYR, there is a lack of effective modelling techniques
and appropriate risk evaluation methods to discuss the effects of
different governance strategies in previous studies. Therefore, the
aims of the current study are to: ① propose an integrated model
for morphodynamic process simulation and flood risk evaluation;
② validate the integrated model in real-world settings, by simulat-
ing the hyperconcentrated flood event and dike-breach induced
flood event occurring in the LYR; and ③ quantify the effects of dif-
ferent floodplain management modes, by applying the model to
evaluate the flood risks to people’s life and property under an
extreme flood event with a 1000-year return period.

2. Description of the integrated model

The integrated model consists of two modules, covering a mod-
ule of 2D morphodynamic process and a module of flood risk eval-
uation. The improved 2D morphodynamic module is specially
designed for the LYR with a complex channel–floodplain system
and hyperconcentrated floods. The module of flood risk evaluation
can calculate the hazard degrees of main flooded objects on the
floodplains, covering people, buildings, and crops.

2.1. Module of 2D morphodynamic processes

The modified hydrodynamic governing equations of the 2D
morphodynamic module consist of the mass and momentum con-
servation equations for the sediment-laden flows, which can be
written as [20,22,31]:
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where U is the vector of conserved variables; E and G are the con-
vective fluxes along the x and y global coordinates, respectively; R
is the source term, including the bed slope terms, friction slope
terms, and additional terms arisen by sediment transport and bed
deformation; t denotes the time; q′ is the dry density of bed mate-
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where h is the average water depth of a computational cell; u and v
denote components of the depth-averaged flow velocity along the x
and y coordinates; g is gravitational acceleration; Tb,x and Tb,y are
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Fig. 1. Sketch of the forces acting on a flooded human body for toppling instability.
FD: drag force; Fb: buoyancy force; Fg: gravitational force; Ld, Lg: moment arms of
the drag force and effective weight; ub: representative near-bed velocity.
the components of the bed slope term (Tb) along the x and y coor-
dinates, with Zb

x and y
Zb
y ; Zb is riverbed elevation;

Tf,x and Tf,y are the components of the friction slope term (Tf) along

the x and y coordinates with T f x n2u u2 v2h
4
3 and

n2v u2 v2h
4
3; n is Manning’s roughness coefficient;

qs qw, where qs is sediment density and qw is clear water
density; 1 q qs qw q is the density of saturated bed
material; S 1 S qs qw is the density of sediment-laden
flow; S is the total concentration of graded sediments. The second
part II in R is the key of the coupled solution, which represents
the effects of the spatial variations of sediment concentration and
bed deformation on flow momentum. These additional terms can
be neglected using the uncoupled solution when simulating low-
concentrated flows, which however exert a great effect on the
transport processes of hyperconcentrated floods or the floods asso-
ciated with rapid channel evolution rates.

Tb x Tb

,

T f y
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The finite volume method is well conserved and commonly
used in previous studies. It is adopted to solve the governing equa-
tions based on unstructured meshes, which are able to reflect
irregular channel geometries in natural rivers. All the conserved
variables are stored in the cell centroid, and the edge of a cell
defines the interface between this cell and its neighboring cell. In
the current module, the Harten–Lax–van Leer (HLL)–monotone
upstream centered scheme for conservation laws (MUSCLs)
scheme is adopted to compute flow and sediment fluxes through
the interface. The detailed discretization of hydrodynamic equa-
tions including the calculation of some source terms are presented
in Appendix A. The details of model parameters, reconstruction of
digital terrain, and grid generation process are also presented in
Appendix A.

2.2. Module of flood risk evaluation

Flood risk evaluation involves the estimation of adverse effects
of flooding on people’s life and property in the inundated area, and
the corresponding evaluation indicators commonly include the
inundation extent, duration, economic loss, and affected popula-
tion [3–5]. The module of flood risk evaluation is specially pro-
posed to calculate the flood hazard degrees of people’s life and
property on the floodplains. Agricultural economy dominates in
the floodplains of the LYR, among which crop farming is the most
important. The floods usually occur during the period from July to
September in the LYR, when the summer grains (e.g., wheat and
barley) have been harvested but the autumn grains (e.g., corn
and cotton) are in growth. It has been investigated that the plant-
ing area of corn is the largest among the autumn grains [3]. There-
fore, three flooded objects covering people, buildings, and corn are
considered in the module of flood risk evaluation, with the detailed
calculation relations described as follows.

2.2.1. Calculation of flood hazard degree of people
Two types of method to assess the human body stability were

used in previous studies, including regressed relations based on a
number of laboratory experimental studies using real human bod-
ies and semi-theoretical formulas derived from a mechanics-based
analysis [24]. Both criteria show some limitations. The former was
significantly dependent on the physical attributes and psychologi-
cal factors of the test objects, while the latter made excessive sim-
plification on the human body structure and flow condition [25].
Xia et al. [25] made an improved study on the criterion of people
stability in floodwaters, which can overcome these limitations. In
order to derive this criterion, different forces acting on a human
body were analyzed, including the body buoyancy and the drag
force, with the influence of a non-uniform velocity profile being
considered (Fig. 1). Then the corresponding formulas of incipient
3

velocity were deduced based on the instability mechanisms for
the modes of sliding and toppling. Because the mode of sliding
instability usually occurs for flows with shallow depths and high
flow velocities, only the formula for toppling instability is adopted
in this study. When a person stands facing the oncoming flow
direction, as shown in Fig. 1, the critical condition for toppling
instability is that the human body would pivot around the heel
(point O) and topple backwards as the total moment around the
pivot point O is equal to zero. The formula of incipient velocity
for toppling instability (Uc) can be written as:

Uc a
h
hp

b

mp

qmh
2

0 633

h2
p

0 367
h hp

1 015 10 3mp 4 927 10 3
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where hp and mp are the average height and weight of an adult,
which is assumed to be 1.7 m and 60 kg in the study; and a and
b are comprehensive parameters. Details about this formula can
be found in Ref. [25]. After calibrated by measurements, the pro-
posed formula is able to accurately identify the stability threshold,
which represents the state of the art in this field, as commended by
Milanesi et al. [32] and Chanson and Brown [33]. Then the flood
hazard degree of people is calculated by:

HDpeople min U Uc 1 0 5

where U is the average velocity of a computational cell, m∙s−1;
HDpeople is an indicator of the probability of toppling instability
for an adult in floodwater. If the value of HDpeople is close to 1.0,
an adult will be more likely to topple in the flow.

2.2.2. Calculation of flood hazard degree of buildings
Analyses of flood damage to buildings often focus on the effect

of inundation depth, with the depth-damage curves developed in
previous studies [34,35]. The importance of flooding parameters
other than water depth was also discussed in some studies
[36,37]. Kelman [37] made a full analysis of flood forces acting
on a building with hydrostatic and hydrodynamic actions consid-
ered, and the forces acting on a building are illustrated in
Fig. 2(a). The lateral pressure imparted by the water flowing
around a building is related to water depth and flow velocity,
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Fig. 2. (a) Sketch of the forces acting on a building; (b) fitting curves for hazard degree. Zin: water level inside a building; Zout: water level outside a building; Zb has the same
meaning as Eq. (3); F: force of flowing water; Fin: hydrostatic pressure; R2: determination coefficient; HDbuilding: loss rate of a building in floodwater; Δh: difference of water
depth inside and outside a building.
which consequently are the main factors to cause damage to build-
ings. After some field surveys to determine characteristics of the
physical vulnerability of buildings, Kelman [37] concluded a risk
matrix in different combinations of the difference of water depth
inside and outside a building and flow velocity, which can be fitted
by the curves (Fig. 2(b)) and written as:

HDbuilding
17Dh2 63Dh 46 100 U 4 m s 1

23Dh2 41Dh 40 100 U 0 m s 1
6

where the value of HDbuilding being equal to 1.0 indicates that a
building is completely ruined. It should be noted that the hazard
degree is interpolated in correspondence to other combinations of
water depth and flow velocity based on Eq. (6).
2.2.3. Calculation of flood hazard degree of crop
The damage to corn during flood seasons is the main rural dam-

age in the floodplains of the LYR. Corn is a temperature-loving crop,
the growth and quality of which will be influenced by excessive
water. Existing studies have acknowledged that inundation depth
and duration are main factors to cause damage to corn [30,38].
Geomorphic changes and sediment concentrations also have
impacts on the growth of crops [3,39,40]. However, there is a lack
of field surveys about the relationship between the loss of corn and
geomorphic changes. Therefore, it is still reasonable to establish a
relationship between the loss of corn and inundation depth and
duration based on field surveys of real flood events, which can
indirectly reflect the influences of sediment concentrations and
geomorphic changes during a flood event. Based on the field sur-
veys of damage to corn in previous studies [38], a power relation
can be established to calculate the flood hazard degree of corn
(Fig. 3):

HDcorn 0 48h0 35T0 34
in 7

where Tin is the inundation duration; and HDcorn represents the loss
rate of corn induced by a flood. The larger the value of HDcorn is, the
Fig. 3. Curves for the estimation of corn loss. (a) The inundated corn in a floodplain

4

greater damage is. Based on Eqs. (5)–(7), the flood hazard degree of
each object in a floodplain cell can be calculated. The flow velocity
will be very close to the incipient velocity of toppling instability for
an adult when the hazard degree reaches 0.85 [38], which suggests
an extreme danger. As a consequence, the level of high risk is
defined with the value of hazard degree larger than 0.85 in the cur-
rent study.

It should be noted that the scales of a specified flood object and
a computation cell are not always reconciled. It is impossible to
plot a grid which only accommodates a human body or a building.
Therefore, the hazard degree of each flooded object is calculated
based on the land use types in the study area. After the land use
types including town and cropland are determined, the hazard
degree of each object is calculated cell by cell. For example, the
hazard degree for buildings is calculated over the computation
cells which are labeled as a town. People will be present in all
the cells except the main channel zone, and consequently the haz-
ard degree is calculated across these cells, utilizing the average
velocity of a computation cell as the flow velocity within the rele-
vant formula [41]. Based on this treatment, the calculation of haz-
ard degree in the study area is reconciled with the proposed
formulas.

3. Validation of the integrated model

Three types of data were used in the current study for validation
and flood risk evaluation in the following section. The first category
focuses on topography, encompassing both routine cross-sectional
profile surveys, such as those conducted at the Jiahetan (JHT) sec-
tion in Henan Province and the Gaocun (GC) section in Shandong
Province (Fig. 4(a)), and irregular floodplain topography using
Autodesk computer-aided design (CAD) maps. Seven hydrometric
stations, namely Huayuankou (HYK), JHT, GC, Sunkou (SK), Aishan
(AS), Luokou (LK), and Lijin (LJ), are set up (Fig. 4(a)). The first two
stations are situated in Henan Province, while the remaining five
are located in Shandong Province. The second type pertains to
; (b) relationship between hazard degree and inundation duration and depth.
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Fig. 4. Overview of the study reach. (a) sketch of the LYR; (b) bed topography of the sub-reach between JHT and GC in 2004; (c) measured and interpolated cross-sectional
profiles at CS3; (d) hydrographs of discharge and sediment concentration at JHT. CS: cross-sectional.
hydrological data, including hydrographs of water level, discharge,
sediment concentration, and gradation. These two types of data are
provided by the Yellow River Conservancy Commission (YRCC) of
the Ministry of Water Resources. The third type includes land
use and sensing images. Land use classification was performed
using 30 m resolution land use maps and CADmaps, with the latter
providing higher accuracy for town location identification. The
land use maps were sourced from the Star Cloud Data Service Plat-
form (Pengcheng Laboratory, China), as well as Yang and Huang
[42]. The original remote sensing images are downloaded from
Geospatial Data Cloud, which is constructed and maintained by
the Computer Network Information Center of the Chinese Academy
of Sciences.

Based on these data, the accuracy of the integrated model was
validated in this section. The 2004 hyperconcentrated flood inun-
dated the main channel zone of the reach between JHT and GC.
Therefore, this flood event was simulated to verify the accuracy
of the module of 2D morphodynamic processes. A severe dike-
breach flood event occurred in 2003 in the Lankao-Dongming
(LKDM) floodplain in Henan Province (also located in the reach
between JHT and GC), which caused substantial humanitarian
and economic losses. Therefore, this dike-breach flood event in
the floodplain was simulated to verify the accuracy of the inte-
grated model.
5

3.1. Modelling of the 2004 hyperconcentrated flood event

3.1.1. Model setup
The LYR refers to the reach extending from Mengjin in Henan

Province to LJ in Shandong Province, spanning a total length of
756 km. This reach can be further divided into three distinct
regions: the braided, transitional, and meandering reaches (Fig.
4(a)). The reach upstream of GC is defined as the braided reach,
which is characterized by multiple channels and central bars.
Three hydrometric stations are located in the braided reach to con-
duct daily hydrological measurements, covering HYK, JHT, and GC.
The secondary perched river commonly exists in the sub-reach
between JHT and GC with a length of 77 km, where the main flow
changes its direction from west to northeast. This reach is densely
populated with some large floodplains where the local economy is
also growing. Therefore, the sub-reach between JHT and GC was
selected as the study reach to verify the 2D morphodynamic mod-
ule. The cross-sectional topographic data at 40 sedimentation sec-
tions in July 2004 were collected to generate the digital terrain
(Fig. 4(b)). The cross-sectional profiles are labeled from CS1 to
CS40 for easy reference. The interpolated cross-sectional profile
at CS3 is plotted to illustrate the accuracy of the generated digital
terrain (Fig. 4(c)). The computational domain covered 40 230
meshes, with the mesh area ranging in 717–5831 m2.
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Observed data indicate that the LYR experienced a hypercon-
centrated flood event over a short period of approximately one
week, from 24 to 31 August 2004 (lasting 186 h). Therefore, the
upstream and downstream boundaries were specified as the time
series of discharge, sediment concentration, and water level at
the JHT and GC stations (Fig. 4(d)). The particle sizes of both sus-
pended load and bed material ranged from 0.002 to 1 mm, and
the sediment mixture was divided into nine size fractions to repre-
sent its non-uniform characteristics. The value of minimum water
depth was set to 0.01 m for treating the evolution of wetting and
drying fronts. A constant Manning’s roughness coefficient was used
in the calibration of the proposed model, and it was found that best
results would be provided by a Manning’s roughness coefficient of
0.015 for the main channel zone. The time step was set to 0.5 s and
the run time under parallel mode was 22.9 h, which was much
smaller than that under serial mode (88.8 h).
3.1.2. Simulation results
Comparisons are presented in Fig. 5 between the calculated and

measured hydrographs of water level at JHT, as well as discharge
and sediment concentration at GC. The calculated water level at
JHT rapidly increased to 76.2 m in the first 20 h, which was very
close to the measured peak value of 76.3 m. The calculated water
level hydrograph also reflected the subsequent declining trend.
While the next rising process was overestimated with the calcu-
lated second peak value of 76.1 m, which resulted in a low
Nash–Sutcliffe efficiency coefficient (NSE) of 0.44 and a root mean
square error (RMSE) of 0.22 m. The deviation between the
simulated and measured water levels may result from the determi-
nation of roughness coefficient. The roughness coefficient was ini-
tially set as a constant, and was later modified according to an
empirical formula related to water depth. General agreement
existed in the calculated and measured discharges at GC, with
the RMSE of 430 m3 s−1. The calculated peak discharge was
4005 m3 s−1, which was slightly overestimated by 4% compared
with the measured peak value of 3840 m3 s−1. Satisfactory accu-
racy existed in the simulation of sediment concentration at GC.
The model-predicted results using the uncoupled approach are also
shown in Fig. 5. A great improvement existed in the simulation of
sediment concentration using the coupled approach. The maxi-
mum sediment concentration was 180 kg m−3 calculated by the
coupled approach and 165 kg m−3 by the uncoupled approach,
while the measured maximum was 199 kg m−3. The maximum
sediment concentration calculated by the coupled approach was
merely underestimated by 9%. The NSE of simulated sediment con-
centration was 0.73 using the coupled approach and was 0.68
using the uncoupled approach. The corresponding values of RMSE
were 27.5 and 30.0 kg m−3, respectively. The results indicate that
the 2D morphodynamic module with the coupled approach was
Fig. 5. Comparisons between the simulated and measured hydrographs at different hydr
GC; (c) sediment concentration at GC. Obs.: measured value.
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efficient to simulate the sediment transport during a hyperconcen-
trated flood event.

In order to investigate the variation in sediment composition,
three groups of sediment are usually classified in the LYR. The grain
with the diameter (d) finer than 0.025 mm or greater than
0.050 mm is classified as fine or coarse fraction in the LYR, and
the grain with 0.025 < d ≤ 0.050 mm is classified as the medium
one [43]. Fig. 6 shows the comparisons between the calculated
and measured graded sediment concentrations at GC in order to
further verify the accuracy of the model. The concentration of fine
fraction was the largest and there was no coarse fraction at GC. The
first calculated maximum concentration of fine fraction was
146 kg m−3, which was very close to the measured value of
144 kg m−3, although the predicted peak concentration slightly
lagged behind the measured value (Fig. 6(a)). The calculated hydro-
graph of medium fraction followed the measured one, but the val-
ues were underestimated (Fig. 6(b)). In general, the calculated
hydrographs of graded suspended sediment concentration agreed
well with the measurements.

3.2. Modelling of the farm-dike breach induced flood event in 2003

3.2.1. Model setup
The LKDM floodplain affected by the 2003 dike-breach flood

was located in the ‘‘second perched river” between JHT and GC
(Fig. 4(a)). Heavy deposition occurred in this reach before the
operation of the Xiaolangdi (XLD) Reservoir, which resulted in a
low flood discharge capacity with the values of bankfull discharge
less than 3000 m3 s−1 at most sections. Two farm dikes were bro-
ken around the flow guide work (FGW) at Caiji in Henan Province
(Fig. 4(a)) on 18 September 2003 (Fig. 7(a)), with the variation in
cross-sectional profiles near the breach site presented in Fig. 7
(b). The main channel greatly migrated towards the right side after
two dikes broke during the 2003 flood season, which significantly
adjusted the local river regime. The dike-breach width increased to
58 m in a week from 18 to 25 September, and the inundation depth
ranged from 0.5–1.5 m over the affected domain. An attempt was
made to seal off the breach on 26 September, but failed. The flood-
plain was inundated for 58 d, which greatly threatened the safety
of local inhabitants. Around 1.1 million people were trapped by the
flood and more than 7000 buildings were damaged, with the direct
economic loss amounting to 0.7 billion RMB.

Controlled by a series of farm dikes and Yellow River levee, the
calculation domain was limited to the LKDM floodplain. According
to the land use type map and bathymetry map, cropland and towns
were extensively distributed over the study area, with an extre-
mely small area of forest (Fig. 7(c)). There was no measured bathy-
metry of the floodplain in 2003, and therefore the bathymetry
measured in 1999 was collected to generate the initial topography
(Fig. 7(d)). The computational domain was composed of 27 692
ometric stations during the 2004 flood event. (a) Water level at JHT; (b) discharge at
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Fig. 6. Comparisons between the simulated and measured hydrographs of graded sediment concentration at GC. (a) Fine fraction with d ≤ 0.025 mm; (b) medium fraction
with 0.025 < d ≤ 0.05 mm. Cal.: calculated value.

Fig. 7. Description of the dike-breach flood event in 2003. (a) dike-breach flood inundation processes in the LKDM floodplain. (b) The variation in cross-sectional profiles
during a flood season at the breach site of Zuozhaizha; (c) 30 m precision land use type map; (d) topography of the study area.
meshes, with a total area of 199.0 km2 and the mesh area ranging
between 7 and 13 283 m2. The breach width was set to a constant
value of 60 m, with the length of mesh setting to 5 m around the
breach site.

There were no measurements related to the flow conditions at
the breach site before 3 October 2003. However, the variation in
the breach width during the period from 18 to 25 September
2003 was well simulated by Guo et al. [44], and consequently
the corresponding simulated discharge hydrograph was adopted
as the upstream boundary. The hydrograph of sediment concentra-
tion and the gradation of suspended load at JHT during the same
period were collected to determine the fractional sediment con-
centrations at the inlet section.

3.2.2. Simulation results
Fig. 8 illustrates the temporal evolution of the water depth dis-

tribution and velocity field after the dike breach. At t = 8 h, the
incoming sediment concentration reached a maximum value of
7

26.9 kg m−3. The velocity near the breach site shifted downstream
(Fig. 8(a)). At t = 80 h, the incoming discharge was small with a
value of 100 m3 s−1, and the flow velocity was 1.5 m s−1 at the
breach site. Due to the large transverse slope and lower elevation
near the levee, the overbank flow propagated along the levee,
with the water depth ranging between 0.8–1.2 m and the velocity
smaller than 0.2 m s−1 (Fig. 8(b)). At t = 120 h, the incoming dis-
charge increased to 213 m3 s−1. The flow rapidly flushed the
domain, with the velocity of 2.5 m s−1 at the breach site (Fig. 8
(c)). The maximum water depth was around 2.0 m near the levee,
and the water depth ranged between 0.4–1.6 m in the inundated
floodplain. This simulation results agreed with the record that the
inundation depth ranged between 0.5–1.5 m in the LKDM flood-
plain in five days after the dike breach [45]. At t = 168 h, the
incoming discharge reached a maximum value of 439 m3 s−1.
The flow still propagated along the levee, with a maximum depth
of 3.4 m (Fig. 8(d)). Most of the floodplain was inundated, with a
submerged area of 98 km2.
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Fig. 8. Simulated water depth distributions and velocity fields at different times of (a) t = 8 h, (b) t = 80 h, (c) t = 120 h, and (d) t = 168 h. The reference flow velocity was set at
1.6 m s−1 for modeling.
The above analyses indicate that the model can simulate the
hydrodynamic process of the dike-breach flood over the study
domain. Therefore, the evaluation of flood risks to people’s life
and property was conducted herein. Fig. 9 present the distributions
of hazard degree of people and corn at t = 168 h. During the whole
simulation period, the hazard degree of people commonly
increased to 0.8 along the levee, and people in the central flood-
plain would be relatively safe with small hazard degrees (Fig.
9(a)). However, the hazard degree and extent of the corn accumu-
lated due to the long inundation duration, with most inundated
area facing great losses (Fig. 9(b)).

4. Flood risk evaluation under different floodplain management
modes

Different floodplain management modes for the LYR are
described in the section, and the vulnerable local reach is identified
under an extreme flood with a 1000-year return period through a
one-dimensional (1D) morphodynamic model [18]. Then the flood
risk evaluation under these management modes has been further
Fig. 9. Simulated distributions of hazard degre
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conducted using the integrated model. Discussion is mainly con-
centrated on the inundation extent, duration and hazard degree
of each flooded object.

4.1. Different floodplain management modes

The amount of water and sediment is mainly yielded from the
upper and middle reaches of the Yellow River basin, but causes
severe flood disasters in the LYR [9]. Although the government
restricts the local people from living on the floodplains, there is
currently no effective way to relocate these residents. The contra-
diction between the development and flood control of the flood-
plain highlights exclusive studies on floodplain management
modes of the LYR. Currently, three floodplain management
schemes are widely discussed: the original mode (referred to as
Scheme I for short in this study), the construction of protection
embankment mode (Scheme II), and the floodplain partition har-
nessing mode (Scheme III).

The key of the mode of Scheme II is to construct consecutive
protection embankment, in order to shape a stable and wide main
e at t = 168 h for (a) people and (b) corn.



Y. Cheng, J. Xia, H. Fang et al. Engineering xxx (xxxx) xxx
channel with the channel width varying from 2.0–3.0 km, which
can convey the flood with a peak discharge of 10 000 m3 s−1

[46,47]. The elevation inside and outside the embankment would
not be modified. The aim of the Scheme III is to partition the cur-
rent floodplain into different zones by increasing the elevation of
local floodplain [3]. The specific plan for each partitioned zone
includes: ① the floodplain 2 000 m away from the levee will be
modified as a high floodplain, which can thereby accommodate
residents and withstand the flood with a 20-year return period
(the corresponding peak discharge is around 10 000 m3 s−1 at
JHT); ② the low floodplain zone will be classified by the existing
FGWs and connection dikes, and it can withstand the flood with
a 5-year return period (the corresponding peak discharge is
8 000 m3 s−1 at JHT), which can be further utilized for ecological
and sightseeing agriculture; and ③ the marginal floodplain adja-
cent to the current main channel will be treated as ecological wet-
lands without any human activities, which will also convey the
flow and sediment during flood seasons. The cross-sectional pro-
files after modification of the three schemes are presented in
Fig. 10.

4.2. Quantification of the vulnerable local reach under an extreme
flood

The flood event occurring in July of 1958 was the largest flood in
record in the LYR, with a peak discharge of 16 700 m3 s−1 at the
XLD station, and 22 300 m3 s−1 at the HYK station. It is estimated
that the flood event had a return period of 1000 years in the LYR
[18,48]. Therefore, the extreme flood event is regarded as the most
unfavorable flow regime of the LYR. The regulation effects of the
powerful XLD Reservoir should be put into consideration when
simulating the extreme flood under the current topography in
Fig. 10. Cross-sectional profiles after modifications of different floodpla
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2020. The 1D morphodynamic model for reservoirs and rivers pro-
posed by Xia et al. [18] was adopted to calculate the flow and sedi-
ment transport processes in the reservoir and the LYR. The flow
and sediment condition entering the XLD Reservoir during the per-
iod from July 11 to 24, 1958 (lasting 316 h) was adopted as the
upstream boundary conditions, and the cross-sectional profiles
and bed material composition prior to the 2020 flood season were
collected as the current channel boundary conditions. The simu-
lated hydrographs of discharge and sediment concentration at dif-
ferent sections are presented in Figs. 11(a) and (b). In 2020, the
bankfull minimum discharge was 4 375 m3 s−1 and the maximum
bankfull discharge was less than 10 000 m3 s−1 in the LYR. The
reach-scale bankfull discharge was 8 713 m3 s−1 in the braided
reach, 6 155 m3 s−1 in the transitional reach, and 6 384 m3 s−1 in
the meandering reach. As a consequence, a phenomenon of over-
bank flow would occur along the LYR. The duration and magnitude
(represented by the ratio of maximum discharge to bankfull dis-
charge) of the overbank flow were calculated at each section along
the LYR, as shown in Fig. 11(c). It can be concluded that the 77 km
long reach between JHT and GC would be the most vulnerable,
with the average duration and magnitude of overbank flow being
equal to 140 h and 1.4 respectively.

The river width of the fluvial region encompassed between the
left and right levees ranges in 5.0–20.0 km in the reach between
JHT and GC, and the width of floodplains accounts for around
70% of the whole cross-sectional width. Two large floodplains are
densely populated in the reach, covering the Changyuan (CY) and
the LKDM floodplains in Henan Province. The computation domain
covered 58,133 meshes, with the total area of 748.0 km2 (including
the floodplain area of 640.7 km2) and the area of each cell ranging
between 455 m2–0.05 km2. The topography of the main channel in
the study reach was generated based on the cross-sectional profiles
in management modes. (a) Scheme I; (b) Scheme II; (c) Scheme III.
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Fig. 11. Characteristics of the extreme flood routing process: simulated hydrographs of (a) discharge and (b) sediment concentration; (c) duration and magnitude of the
overbank flow along the LYR under the topography in 2020.
at 40 sedimentation sections before the 2020 flood season, and the
topography of the floodplains was generated by the bathymetry
measured in 2012 due to the lack of recent measurements
(Fig. 12(a)). The land use types of the floodplains included bare
land, cropland, forest, town, and river regulation works, which
were labelled using different point codes (Cod = 1–5) at the com-
putational nodes. Specifically, a node belonging to the bare land
is marked as Cod = 1, and a node implemented with the regulation
works is marked as Cod = 5. The corresponding roughness coeffi-
cient was set to vary between 0.020 and 0.065 for different point
codes on the floodplains, and the roughness coefficient of main
channel was set to a constant value of 0.018. The specific zoning
of the computational domain under different floodplain manage-
ment schemes is also presented in Figs. 12(a) and (b). The levels
of protection embankment and high/low floodplain were deter-
mined based on the relationship between water level and dis-
charge at each section. Therefore, the elevation of protection
embankment in the Scheme II and the high floodplain in the
Scheme III would vary from 63.7–74.3 m corresponding to the dis-
charge of 10 000 m3 s−1. Due to the relatively large area of low
floodplain, only the elevation of corresponding division line would
be heightened to 62.8–73.7 m corresponding to the discharge of
8 000 m3 s−1 in the Scheme III. Due to the difficulty in the
Fig. 12. Topography, land use types, and specific zoning of different schemes imposed
Scheme III; (b) land use types and the zoning of the Scheme II.
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prediction of breach site, the breach of river regulation works
was not considered in the current study.

4.3. Flood risk evaluation under different management modes

4.3.1. Inundation extent
Identifying the inundation extent is critical to flood risk mitiga-

tion. The inundation areas at the maximum inundation depth were
calculated under different floodplain management modes. The
maximum inundation depth (Hm) was the maximum water depth
in a cell during the whole simulation period, which could reflect
the highest flood risk to some extent. According to the values of
inundation depth, three classes of inundation degree were deter-
mined [49]: slight inundation degree with Hm less than 0.5 m,
medium inundation degree with Hm varying from 0.5 to 1.5 m,
and heavy inundation degree with Hm larger than 1.5 m. The
graded inundation extents are shown in Table 1. Without any
modification (Scheme I), the current study domain was predicted
to be extensively inundated, with most of the floodplains (around
547.8 km2) in medium and heavy inundation degrees. Even worse,
approximately 262.6 km2 would experience a heavy inundation
degree, which represented around 41% of the total floodplains.
Under Scheme II, the situation would be changed, with the area
on the computational domain. (a) Bed topography in 2020 and the zoning of the
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Table 1
Areas and ratios of the floodplains for various inundation degrees under different management modes.

Management modes Slight inundation degree Medium inundation degree Heavy inundation degree

Area (km2) Ratio (%) Area (km2) Ratio (%) Area (km2) Ratio (%)

Scheme I 92.9 14.5 285.2 44.5 262.6 41.0
Scheme II 283.6 44.3 206.3 32.2 150.8 23.5
Scheme III 96.4 15.1 391.2 61.1 153.1 23.9
in slight and medium inundation degrees dominating. Around 44%
of the total floodplains would be in slight inundation degree, but
there would be still some domains in heavy inundation degree of
around 150.8 km2. Under Scheme III, the area in medium inunda-
tion degree would dominate, which would account for around
61% of the total floodplains. It can be concluded from Table 1 and
Figs. 13(a)–(c) that most of the floodplains would be in heavy inun-
dation degree in the current topography under the extreme flood
event. Due to the improved flood discharge capacity along the
reach under Scheme II, the inundation extent would be alleviated,
with most domains in slight inundation degree. The flood control
standard would be merely improved on the high floodplain under
Scheme III, and therefore most domains would be in medium inun-
dation degree.

4.3.2. Inundation duration
Inundation duration is one of the important indicators in flood

risk assessment, which is especially critical to the hazard degree
for crops. As stated before, corn will get affected when the water
depth exceeds 0.1 m (Fig. 3(b)). Therefore, two characteristic water
depths including the minimum water depth during simulation
(0.01 m) and the minimum water depth to affect the growth of
corn (0.1 m), were adopted to calculate the inundation duration
of the whole floodplains. According to the standard classes for
flood inundation duration [49], four classes were determined in
the current study: Tin less than 24 h (I-class), Tin in the range of
Fig. 13. Predicted inundation extents under (a) Scheme I, (b) Scheme II, and (c) Scheme
and (f) Scheme III.
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1–3 d (II-class), Tin in the range of 3–7 d (III-class), and Tin larger
than 7 d (IV-class). The graded inundation duration is presented
in Table 2.

It can be found that there was a slight variation in inundation
duration when different characteristic water depths were used.
Taking the results in Table 2 as an example (the characteristic
water depth was 0.01 m), it can be concluded that: ① extremely
small domains would be inundated for II-class, while most
domains would be inundated for III-class. The whole simulation
period was 316 h, which indicated that most domains would be
in long-term inundation under this extreme flood event. ② Under
Scheme II, approximately 20% of the entire study area would be
inundated by floods of I-class. Among this 20% of the inundated
area, about 10% of the entire study area would be inundated by
floods of III-class under Scheme I. The area inundated by floods
of IV-class under Scheme II accounts for 6.1%, which is slightly lar-
ger than the 5.0% of the area inundated by floods of IV-class under
Scheme I. This difference is due to the fact that the protection
embankments in Scheme II hinder the exchange of water and sed-
iment. ③ Under Scheme III, extremely small domains would be
inundated for IV-class compared with other schemes, which indi-
cated that the process of flood recession would be rapid due to
the free exchange of water and sediment between the main chan-
nel and floodplains. In addition, around 20% of the high floodplains
(26.0 km2) would be inundated for I-class, and no high floodplain
was predicted to be inundated for IV-class.
III; predicted maximum hazard degrees of people under (d) Scheme I, (e) Scheme II,
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Table 2
Corresponding area and ratio of each graded inundation duration under different floodplain management modes.

Graded inundation duration [49]: I-class with Tin (0, 24 h), II-class with Tin (24, 72 h), III-class with Tin (72, 168 h), IV-class with Tin (168 h, + )
(a) Characteristic water depth of 0.01 m

Management modes I-class II-class III-class IV-class

Area (km2) Ratio (%) Area (km2) Ratio (%) Area (km2) Ratio (%) Area (km2) Ratio (%)

Scheme I 51.2 8.0 10.1 1.6 547.1 85.4 32.3 5.0
Scheme II 122.4 19.1 23.9 3.7 455.3 71.1 39.2 6.1
Scheme III 44.8 7.0 6.7 1.1 587.2 91.6 2.0 0.3

(b) Characteristic water depth of 0.1 m

Management modes I-class II-class III-class IV-class

Area (km2) Ratio (%) Area (km2) Ratio (%) Area (km2) Ratio (%) Area (km2) Ratio (%)

Scheme I 62.0 9.7 15.5 2.4 559.4 87.3 3.8 0.6
Scheme II 137.7 21.5 29.5 4.6 465.3 72.6 8.2 1.3
Scheme III 55.8 8.7 10.0 1.6 573.1 89.5 1.8 0.3
4.3.3. Flood hazard degree of each flooded object
This section highlights the effects of different floodplain man-

agement modes on the flood hazard degree of each flooded object.
Figs. 13(d)–(f) show the spatial distributions of simulated maxi-
mum hazard degrees of people in the affected areas. It is suggested
that people would face a higher flood risk under Scheme I, with the
hazard degree larger than 0.85 over most domains. The inhabitants
in the domains inside the protection embankments would suffer
from a high flood risk under Scheme II. Owing to the Scheme II,
the inhabitants in the CY floodplain on the left side would be rela-
tively safe. However, the inhabitants in the LKDM floodplain on the
right side would still face a great threat, with the maximum hazard
degree exceeding 0.8. Under Scheme III, the inhabitants in the high
floodplains would be safe, with the maximum hazard degree lower
than 0.2, while a great threat would exist in some low floodplains.
In addition, the domains near the outlet would be very dangerous
under all the management modes, necessitating restrictions on
public access.

In order to further illustrate the flood damage to each flooded
object, the variations in the area with high risk are presented in
Fig. 14 and Table 3. Based on the land use types, the total areas
of buildings and cropland were 39.8 and 529.5 km2, respectively.
Considering human activities over the floodplains, the total area
with people’s presence was 640.7 km2. Then the ratio of the
high-risk area to the corresponding total area for each object was
calculated in Table 3. The variation in high-risk area for each
flooded object was in consistence with the mechanism of each
object being damaged. The hazard degrees of people and buildings
were closely related to the variation in water depth and flow veloc-
ity, and therefore the high-risk area would reduce during the flood
recession. The hazard degree for corn was directly proportional to
inundation duration, which resulted in a continuous increase in the
Fig. 14. Temporal variations in the high-risk area for each object unde
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high-risk area for corn (Fig. 14). It can be concluded from Table 3
that: ① the high-risk area would be the maximum under
Scheme I for each object, with the inhabitants in half of the
domains facing a high hazard degree. Great damages would be
imposed on the crop, with more than 64.0 km2 area at high risk.
② Under Scheme II, the high-risk area would be the minimum
for people. However, there would be a quantity of cropland inside
the protection embankments, and therefore around 33.1 km2 crop-
land would be at high risk. ③ Under Scheme III, the high-risk area
for people would be slightly larger than the value under Scheme II.
While the high-risk area for buildings and crop would be the small-
est compared with other schemes, which would account for 0.3% of
the total town area and 0.8% of the total cropland. The high-risk
area for people and buildings on the high floodplains was addition-
ally calculated, which indicated that the inhabitants in the
domains of 7.3 km2 would be at high risk and no buildings would
be at high risk. As a consequence, the flood risk to each object
would significantly reduce under Scheme III. If strict restrictions
are imposed on human activities on low floodplains during large
floods, each object will be much safer under Scheme III.

4.3.4. Comprehensive evaluation for people’s life and property
It is necessary to consider the socio-economic resilience in the

flood risk evaluation, which usually needs detailed socio-
economic data such as the distribution of gross domestic product
(GDP) and population density. However, the collected maps are
not accurate to reflect the distribution of economy and infrastruc-
ture in the floodplain domains in the LYR, because almost all build-
ings are accumulated in the LKDM and CY floodplains and crops are
distributed in other domains. Therefore, it is reasonable to calcu-
late the flood risk based on damage curve and the land use types
in the study area. The average flood risk ) to people’s life and(R
r different management modes. (a) People; (b) buildings; (c) crop.
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Table 3
Area and ratio of domains at high risk (hazard degree> 0.85) for each object under different management modes.

Management modes People Buildings Crop

Area (km2) Ratio (%) Area (km2) Ratio (%) Area (km2) Ratio (%)

Scheme I 259.9 40.6 0.6 1.5 64.6 12.2
Scheme II 149.5 23.3 0.5 1.3 33.1 6.3
Scheme III 168.9 26.4 0.1 0.3 4.5 0.8
property is added to comprehensively evaluate the effect of differ-
ent floodplain management schemes. Based on the assumption
that the weight of each flooded object is equal in the assessment,

s calculated by the following expression:R i
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where Ai is the area of the ith mesh with people, buildings or corn;
HDk is the according maximum hazard degree of people (k = 1),
buildings (k = 2), and corn (k = 3) in Ai during a flood event is
the average value of maximum hazard degree of people (k = 1),
buildings (k = 2), and corn (k = 3) in the study area; and N is the total
meshes. Then this indicator not only comprehensively quantifies
the flood risk of the study area, but also considers the distribution
of people, buildings and crops, which indirectly reflects the socio-
economic dimensions in the flood risk assessment.

; Rk

The calculation results of flood risks under different manage-
ment modes are represented in Table 4. The average flood risk to
people’s life and property was 0.52 under Scheme I, 0.32 under
Scheme II, and 0.37 under Scheme III. In summary, the average
flood risk was significantly reduced and similar under Scheme II
and III, but the high-risk area for each flooded object would be sig-
nificantly reduced under Scheme III.

Finally, some other socio-economic factors should be put into
consideration when implementing the floodplain management
mode. It should be noted that there was no community displace-
ment when evaluating the flood risk under each floodplain man-
agement mode, in order to compare the effects of different
schemes. Therefore, the results obtained from the current study
can help to determine the dangerous domains and displaced pop-
ulation if detailed data available. However, the relevant depart-
ments should further consider the choice of new displacement
location and support of infrastructure based on the migrated popu-
lation, in order to make an optimal plan of community displace-
ment. In addition, it is important but hard to estimate the exact
cost of each floodplain management mode, because it involves
the embankment construction, artificial deposition and commu-
nity displacement. Therefore, the current study aims to provide a
preliminary evaluation of different floodplain management modes
in terms of flood risk, offering insights to estimate the population
displacement. The choice of floodplain management mode can be
made after the comprehensive consideration of the departments
of land planning, water conservancy, finance and other relevant
departments based on the evaluation results obtained in the
current study.
Table 4
Average flood risks to people’s life and property under different management modes.

Management modes R1 R2 R3 R

Scheme I 0.59 0.34 0.63 0.52
Scheme II 0.36 0.36 0.23 0.32
Scheme III 0.52 0.14 0.20 0.37
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5. Summary and conclusions

Future increases in flood severity due to climate changes are
expected in the LYR, which will have detrimental impacts on
human activities and economic development. Therefore, there is
an urgent need to conduct the flood risk evaluation in the LYR
under different floodplain management modes, in order to support
the management and development of the densely populated flood-
plains. An integrated model was proposed, including the modules
of 2D morphodynamicl processes and flood risk evaluation, which
is especially developed for the complex bathymetry and high
sediment load in the LYR. The proposed model was validated by
the hyperconcentrated flood event and the dike-breach induced
flood event. Then the model was further applied to evaluate the
flood risks to people’s life and property of key floodplains under
different management modes. The following conclusions can be
obtained.

(1) An integrated model was proposed, including a module of
2D morphodynamicl processes and a module of flood risk evalua-
tion. The module of 2D morphodynamic processes directly
accounted for the effects of the spatial variations in sediment con-
centration and bed deformation in the hydrodynamic equations.
The module of flood risk evaluation coupled some improved calcu-
lation relations of hazard degree for people’s life and property,
which were derived from mechanical analyses and sufficient field
surveys. The flood risk assessment technique was greatly
improved, with the flood risks to people’s life and property being
evaluated based on the predicted hydrodynamic parameters and
the adopted hazard degree relations.

(2) Good accuracy of the integrated model was presented in the
simulation of two flood events. The calculated graded sediment
concentrations were close to the measured hydrographs, and the
maximum total sediment concentration was just underestimated
by 9%. The simulated inundation depth agreed well with the field
record.

(3) Effects of different floodplain management modes were
quantified on the human and economic losses under an extreme
flood event. Most domains would be inundated for 3–7 d under
Scheme II, and extremely small domains would be inundated for
more than 7 d under Scheme III. The average flood risk to people’s
life and property would be the largest under Scheme I, which
would be similar under Scheme II and III. But compared with
Scheme I, the high-risk area for people’s life and property would
reduce by 21%–49% under Scheme II, which would reduce by
35%–93% under Scheme III.
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