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Abstract: Exceeding control standard floods pose threats to the management of small and medium–
scale rivers. Taking Fuzhouhe river as an example, this paper analyzes the submerged depth,
submerged area and arrival time of river flood risk in the case of exceeding control standard floods
(with return period of 20, 50, 100 and 200 years) through a coupled one– and two–dimensional
hydrodynamic model, draws the flood risk maps and proposes emergency plans. The simulation
results of the one–dimensional model reveal that the dikes would be at risk of overflowing for
different frequencies of floods, with a higher level of risk on the left bank. The results of the coupled
model demonstrate that under all scenarios, the inundation area gradually increases with time until
the flood peak subsides, and the larger the flood peak, the faster the inundation area increases. The
maximum submerged areas are 42.73 km2, 65.95 km2, 74.86 km2 and 82.71 km2 for four frequencies
of flood, respectively. The change of submerged depth under different frequency floods shows a
downward–upward–downward trend and the average submerged depth of each frequency floods is
about 1.4 m. The flood risk maps of different flood frequencies are created by GIS to analyze flood
arrival time, submerged area and submerged depth to plan escape routes and resettlement units.
The migration distances are limited within 4 km, the average migration distance is about 2 km, the
vehicle evacuation time is less than 20 min, and the walking evacuation time is set to about 70 min.
It is concluded that the flood risk of small and medium–scale rivers is a dynamic change process,
and dynamic flood assessment, flood warning and embankment modification scheme should be
further explored.

Keywords: small and medium–scale river; flood risk; submerged area; submerged depth; evacuation plan

1. Introduction

Flood poses a serious threat to social security and economic development [1,2]. The
riparian zone is generally densely populated and highly economically developed, while
it is particularly susceptible to flooding [3,4]. To reduce the probability of flood disaster,
structural measures such as dams and levees are extensively employed [5,6]. Flood control
works protect downstream region from being vulnerable to flooding, contributing to the
concentration of populations and assets in these areas. However, this would bring even
greater loss in the event of dam failure caused by exceeding control standard floods [7–9].
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Against that background, flood risk management measures are widely explored as a benefi-
cial complement to engineering measures [10,11]. Flood risk management analyzes flood
processes and risk factors, and accordingly develops management plans to minimize flood
hazards [12–14]. More specifically, flood risk mapping is explored to make contingency
plans for flooding [15–17]. Floodplain management is implemented to achieve protection
of the natural resources, function of floodplains, and reduced flood losses [18,19]. Low
impact development provides technical design guidelines for development projects, to
ensure that the modified hydrological cycle is close to its natural conditions [20–22]. Flood
processes are analyzed to identify the weaknesses of flood control works to optimize their
design and operation [23,24].

Flood control standards for rivers are developed according to the population size,
area of farmland, socio–economic conditions, losses and impacts of floods, etc. in the
area of protection [25]. For large–scale rivers, Flood control standards are generally much
higher, and are well–equipped with flood control works such as dams, flood diversion
projects and reservoirs [25,26]. In contrast, many small and medium–sized rivers are
associated with relatively poor standards and are prone to flood hazards. [27,28]. Due
to financial constraints, it is difficult in the short term to improve flood protection level
of small and medium–sized rivers through the construction of additional flood control
works [29]. Therefore, analyzing the process and risk of exceeding standard floods in
small and medium–sized rivers and formulation of contingency plan is a better choice
to reduce flood losses [30,31]. Flood risk is immediately caused by river breaches and
spreading excessive water over the watershed [32,33]. The floodwater evolves in the river
and once the water level exceeds the embankment in flood events, a breach is created and
inundation occurs. [34,35]. Watershed–related information such as historical floods, river
topography and socio–economic aspects is collected and analyzed to extract important
industrial, residential, agricultural and commercial areas. [36,37]. Taking both natural
environment and human activities into account, this method is simple and effective for
preliminary analysis of flood risk. However, it is invalid for the prediction of dynamic
flood process based on historical data. Another approach is the use of a hydrodynamic
model, which is developed based on the water balance equation and the storage–discharge
equation [38,39]. The model is suitable to quantify flood process and dynamically analyze
flood risk process [40]. The Muskingum model and its improved models, as well as
corresponding parameter optimization methods have been extensively studied and are
applied to examine river flood evolution [41–43]. Environmental Fluid Dynamics Code
(EFDC) and Mike combine the hydrodynamic and water quality module to simulate two–
dimensional mass transport processes, which are considered powerful tools to analyze
flood process and environmental impacts [44–46]. River flood evolution can be described
by a one–dimensional hydrodynamic model, and flood evolution in the floodplain can be
simulated by a two–dimensional hydrodynamic model. After obtaining the flood process
by simulation, the flood arrival time, submerged area, submerged depth, people, road
network, socio–economic and other key elements are imported into GIS to describe the
flood risk and generate the contingency plan [47,48].

The extreme values during flood processes such as flood flow, depression, and hy-
draulic gradient have been well–examined to depict flood risk. However, flood risk is
a dynamic process and changes constantly throughout the process, which affects the de-
velopment of emergency plan. The objectives of this paper are to analyze the dynamic
characteristics of flood arrival time, submerged area, submerged depth in case of exceeding
control standard flood and to present evacuation plans.

2. Materials and Methods
2.1. Study Area

Fuzhou river (121◦34′~122◦21′ E; 39◦30′~39◦59′ N) originates from the south of Lao-
mao Mountain in Dalian, Liaoning Province. It is the second largest river in Dalian, with
a total length of 137 km. The drainage area is 1628 km2, of which 724 km2 is in moun-
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tainous area, 681 km2 in hilly area and 223 km2 in plain area. The Fuzhouhe river basin
is in warm temperate continental monsoon climate zone with an average temperature of
9.3 ◦C and an average annual precipitation of 550–700 mm. The precipitation is mainly
concentrated in flood seasons (June–September) which accounts for 75% of the annual
precipitation. The current flood control standard is 10-year return period (10%). Liaoning
suffered severe rainfall during the No. 10 Typhoon “Davi” from 3 August to 4 August
2012. Large areas within the province experienced varying degrees of flood disasters,
such as collapsed houses, flooded farmland and damaged roads. Dalian suffered the most
serious flood disaster of the last 20 years, and nearly 20,000 people were affected. The
Dongfeng reservoir, which is located in the middle reach of Fuzhouhe river and is one of
the most important flood control projects in the watershed, appeared to exceed the flood
limit level. This paper took the downstream of Fuzhouhe river as an example to analyze the
risk process under exceeding control standard floods and to provide the evacuation plans
(Figure 1). The total length of the section studied in this paper is 46.3 km and the main
tributaries in this reach are the Jiudao river, Taiyang river, Dasichuan river, Kaoshantunxi
river, Zhenzhu river and Langu river. The remote sensing image (Figure 2) showed there
are 11 main land–use types in this river section including water, agricultural land 1 (with
vegetation), agricultural land 2 (without vegetation), woodland (dense), building land,
woodland (sparse), dry sandy land/dry land, green vegetation, road, wet sandy land/wet
land, and dam/gate. Agricultural land is the dominant land use type, and the main crops
are corn, wheat and rice.
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Figure 1. Schematic diagram of study area.

2.2. Characteristics of Control Sections under Exceeding Control Standard Floods

This paper analyzes the flood process under four frequencies of 20-year, 50-year,
100-year and 200-year, and the control standard for Fuzhouhe river is 10-year. The flood
consists of interval flood and discharge from reservoirs. Muskingum model is used to
calculate the peak discharge and flood hydrograph in each control section [39,40]. The
interval flood process is provided by the Guanjiatun hydrological station, and the reser-
voir discharge is provided by Dongfeng Reservoir Administration. This paper used the
Guanjiatun Hydrological Station to verify the rationality. The result validated with the
hydrological data provided by Hydrologic frequency analysis method using Guanjiatun
Hydrological Station data and the errors are between −1.65~5.32% (Table 1).
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Figure 2. Remote sensing image of the study area.

Table 1. Result validation of Guanjiatun Hydrological Station m3/s.

Method
Flood Frequency

20-Year (5%) 50-Year (2%) 100-Year (1%) 200-Year (0.5%)

Muskingum model 1050 1757 2015 2140
Hydrologic frequency

analysis method 2482 3370 3920 4277

The calculation results are shown in Table 2. The peak discharges of 0.5%, 1%, 2%,
and 5% frequencies of Dongfeng reservoir are 2140 m3/s, 2015 m3/s, 1757 m3/s, and 1050
m3/s, respectively, and the corresponding peak discharges at the estuary are 4277 m3/s,
3920 m3/s, 3370 m3/s, and 2482 m3/s.

Table 2. Calculation results of peak discharge in each control section m3/s.

No. Control Section
Flood Frequency

20-Year
(5%)

50-Year
(2%)

100-Year
(1%)

200-Year
(0.5%)

1 Dongfeng Reservoir
section 1050 1757 2015 2140

2 Jiudao River 1369 2003 2319 2544
3 Taiyang River 1445 2085 2513 2765
4 Dasichuan River 1474 2130 2611 2851
5 Kaoshantunxi River 1519 2180 2604 2924
6 Zhenzhu River 1739 2248 2617 3023
7 Langu River 2475 3360 3882 4227
8 Estuary 2482 3370 3920 4277

2.3. One–Dimensional Hydrodynamic Model and Simulation of River Flood Process

The process of river flood consists of two parts: the migration of flood water in the
river, and the spreading of flood water from the breach to the floodplain. Considering that
river channel is narrow, MIKE11 perfectly suitable for modeling the river flood process. The
calculation principle of MIKE11 is unsteady flow in open channel (St. Venn’s equations),
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which consists of a continuous equation and a motion equation [49]. The equation can be
solved using the Abbott–Ionescu implicit scheme (6–points).

∂Q
∂x

=
∂A
∂t

(1)

∂Q
∂t

+
∂
(

a Q2

A

)
∂x

+ gA
∂h
∂x

+
gQ|Q|
C2 AR

= 0 (2)

where Q is flow rate, m3/s; A is cross–sectional area, m2; x, t are the distance and time,
respectively; h is water depth, m; C is Chezy coefficient, m0.5/s; R is hydraulic radius, m; g
is gravitational acceleration, m/s2; and α is correction coefficient.

The steps of modeling are as follows: (1) Generally, topography is a fundamental
input to hydrologic models and is critical for river network extraction and analysis of
floodwater movement. Preparation of the terrain data (1:1000) for the establishment of
the model. The data is provided by Wafangdian Water Resources Survey and Design
Co. Ltd. (2) Generalization of the river network. The principle is that the generalized
river network should be generally consistent with the actual river network in terms of
water conveyance capacity and storage capacity. Considering that the floods in the studied
river section are mainly from the main stream, the inflow from tributaries is considered
as an internal confluence point source. (3) Definition of boundary conditions. The inlet
boundary is defined as the discharge flow from Dongfeng reservoir in the upstream with
20-, 50-, 100- and 200-year frequency floods. The data are provided by Dongfeng reservoir
administration. The tributaries are treated as a point source, and the flow data is provided
by the Fuzhouhe river administration. The outlet boundary takes the multi-year average
tide level of 1.788 m which is sourced from Dalian Central Marine Station. The information
of the river channel is obtained from Wafangdian River Channel Division. (4) Parameter
setting. The riverbed is relatively flat and mainly composed of gravel and cobble, so the
roughness is set to be 0.025–0.035. The river beach is also flat, dominated by soil and
sand interspersed with weeds and crops, and the roughness is taken to be in the range of
0.050–0.100. The velocity distribution coefficient is 1.00; the water surface slope (Eps) is
0.0001; the minimum head loss coefficient is 0.10, which are set as recommended by model
manual. (5) Running the model. The model simulates the river flood process of different
flood frequencies, and analyze the river water level to identify potential flood risks.

2.4. Two–Dimensional Hydrodynamic Model and Simulation of Flood Risk in Floodplain

After calculating the river flood evolution process with MIKE 11, the MIKE 11 and
MIKE 21 are combined into MIKE FLOOD framework to further analyze the flooding
process in the floodplain. The calculation principle is two–dimensional unsteady flow
equations, including water continuity equation, the momentum equation of the water
along x–and y–direction [50,51].

∂z
∂t +

∂(uh)
∂x + ∂(vh)

∂y = 0
∂u
∂t + u ∂u

∂x + v ∂u
∂y + g ∂z

∂x + g n2u
√

u2+v2

h
4
3

= 0

∂v
∂t + u ∂v

∂x + v ∂v
∂y + g ∂z

∂y + g n2v
√

u2+v2

h
4
3

= 0

(3)

where t is time; n is manning coefficient; x and y are horizontal and vertical coordinates in
rectangular coordinate system; u and v are velocity components in x and y direction; z and
h are water level and depth at point (x, y).

With Equation (3), the water level z, the water depth h, and velocity u, v in the x, y
direction of the point (x, y) at each time can be obtained through the iterative method.

The process of floodplain flood process modeling is as follows: (1) Creation of basic
terrain documents with elevation points. (2) Adding embankments and water–blocking
structures. (3) Determination of Manning coefficient according to land use from remote
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sensing data (Figure 3). (4) Determination of the boundary conditions. The flood routing of
the river flood obtained by Mike 11 is used as the inflow conditions. Similarly, the average
annual tide level of 1.788 m at the estuary is set as the outflow condition. (5) The Mike 11
and Mike 21 model are imported into the Mike FLOOD model to generate the coupling
model to simulate the flood processes and analyze the changes of the submerged depth
and area.
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2.5. Mapping of River Flood Risk and Evacuation Plans

The flood risk maps are drawn by GIS [3,52]. The flood arrival time, inundation
range, inundation depth, topography, roads and settlements obtained from the model
are imported into GIS to create visualized flood risk maps. For clear presentation, the
flood risk map only shows the arrival time, inundation extent, and inundation depth.
Further, this paper uses the flood risk map to develop risk Evacuation plans. First, the
risk units (settlements that may be inundated) are identified based on the flood risk map.
Second, analyze the existence and capacity of resettlement units (settlements that will not
be flooded) in the immediate area of the risk unit. As far as possible, the residents of the
same risk unit should be relocated to the same resettlement unit. Third, the common ways
of migration (by vehicle, on foot) and road capacity within the risk unit are examined.
Fourth, the evacuation plan is determined with the goal of shortest path and least time.

3. Results
3.1. Processes and Risks of Flood in River under Exceeding Control Standard Floods

Fuzhouhe river suffered a typical flood with the peak flow of 1080 m3/s (20-year
return period) in Guanjiatun hydrological station in 2012. The river cross section was
measured in 2013 which is considered to changed less compared with 2012. This paper
uses this flood event to determine MIKE 11 model parameters.

The results are shown in Figure 4. The mean error between the fitting and measured
values is 0.21 m, the maximum error is 0.44 m, and the minimum error is 0.06 m. It indicates
that the model achieves a satisfactory degree of accuracy and can be used to delineate the
flood process in river. Next, the four scenarios of exceeding control standard floods are
simulated to analyze the flood risk.
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Figure 4. Simulated and observed values of river flood water level in 2012.

As shown in Figure 5, river levels are higher than both bank embankments in all
scenarios, and the dyke is at the risk of inundation in several river sections. River flood
risk is relatively low in the 20-year return period scenario, and the average elevation of
the embankment is higher than the average flood discharge level in river channel during
flood process. However, the average river water level on the right bank in the 50-year
return period scenario is higher than the average elevation of the embankment, indicating
a potentially hazardous situation. Further, the maximum differences between the flood
discharge level and the left bank levee elevation for the floods of 20-year, 50-year, 100-year
and 200-year return periods are 2.31 m, 2.97 m, 3.55 m and 4.44 m, respectively, and the
maximum differences on the right bank are 1.08 m, 1.99 m, 2.99 m and 3.89 m, respectively.
It can be seen that the lower the flood frequency, the higher the river flood risk. Generally,
the left bank has a higher risk, and the location of the breaches are mainly concentrated
in the downstream reaches. One–dimensional hydrodynamic simulation can competently
identify the river risks, but the impacts of embankment b reach is ignored. The river flood
will spread along the breach and inundate the depressions in the basin [47]. Thus, this
paper further couples the one–dimension and two–dimension models by using the Mike
Flood model to analyze the dynamic flood process using indicators with submerged depth,
submerged area and arrival time, and identify the risk in the watershed.
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3.2. Dynamic Processes of Submerged Area in Floodplain under Exceeding Control Standard Floods

The flood will spread to the floodplain along the breach and inundate the depressions,
which can be considered as the two–dimensional hydrodynamic evolution of flood in
floodplain [4,9] The MIKE FLOOD model is used to combine the one–dimension model and
two–dimension model to simulate the flood process in the floodplain. The results suggest
that overflowing starts after 6 h in the four cases, and this time is taken as the starting point
of outflow in floodplain and recorded as 0th hour.

The simulation results show that the submerged area of different frequency floods
gradually increases with time until the flood peak subsides (Figure 6). The growth rates
of submerged area are increased with the flood peak level and the time of maximum
inundation extent appears earlier. The growth rates of submerged area for the floods
of 20-year, 50-year, 100-year, and 200-year return periods are 1.53 km2/h, 2.44 km2/h,
2.92 km2/h and 3.29 km2/h, and the corresponding largest submerged areas are 38.63 km2

at the 24th hour, 61.60 km2 at the 24th hour, 68.20 km2 at the 22nd hour, and 72.80 km2 at
the 21st hour. Obviously, a larger flood produces a larger flood submerged area, and the
inundation range of the 200-year frequency flood is 1.8 times of the 20-year frequency flood.
Therefore, the impact of different frequency floods needs to be considered when developing
emergency plans. The inundation area is affected by hydrodynamics. Some areas might
be inundated at the beginning of the flood, and subsequently become non–inundated as
the flood spreads to other depressions [15,28]. The actual inundation area should include
regions that suffered inundation throughout the flood process, which means that the actual
inundation area is probably larger than the simulation results of each time [16].
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3.3. Dynamic Processes of Submerged Depth in Floodplain during Exceeding Control Standard Floods

Similarly, the coupled hydrodynamic model, MIKE FLOOD is used to calculate the
change of submerged depth of different frequency floods.

As is illustrated by Figure 7, the trend of the submerged depth of different frequency
floods in Fuzhouhe River is similar, starting with a sharp decline, followed by a small
increase, and finally a steady decrease. The submerged depth at the very beginning is the
largest because the submerged area is small and the distribution of the flooded areas is
concentrated. Subsequently, the low–lying areas are quickly and preferentially filled with
floodwater [53]. The submerged depth decreases with the increase of inundation extent.
With the arrival of flood peak at the 7th hour, the submerged depth increases again and
reaches its maximum at 9th hour. Finally, the submerged depth gradually decreases as
the flood peak subsides. Simulation results show that the average submerged depth of
four frequency flood is about 1.4 m, and it might be affected by the elevation of the area.
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The narrow difference in maximum inundation depths for 4 frequency floods validate the
viewpoint, which are 2.2 m, 2.0 m, 2.1 m, and 1.9 m for 20-, 50-, 100-, and 200-year frequency
floods, respectively. It is quite interesting that the submerged depth of 20-year return period
scenario is even greater than that of the 200-year return period scenario, especially at the
very beginning. The inundation area in the 1st hour after the outflow of the 20-year return
period scenario is 67.7 ha, while that of the 200-year return period scenario is 108.09 ha.
A larger submerged area indicates that flood water moves higher up, which reasonably
explains the decrease in inundation depth [35,53]. Therefore, submerged depth changes
constantly during flood evolution and is affected by terrain, water resistance structure and
flood process, which should be taken into considered when making contingency plans.
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4. Discussion
4.1. Mapping of River Flood Risk and Analysis of Exceeding Control Standard Floods

The submerged area and depth show dynamic changes throughout the flooding
process [31]. From the perspective on risk, any area that has ever experienced inundation
during the flood process is potentially at a risk [34]. Generally, the deeper the submerged
depth, the higher the flood risk. In addition, flood arrival time is also closely related to
the flood control and disaster reduction [46]. Thus, the flood risk maps of the three risk
elements (area, depth, time) are created by GIS.

The submerged area increases with flood peak. The maximum inundation ranges
of 20-, 50-, 100- and 200-year frequency floods are 42.73 km2, 65.95 km2, 74.86 km2 and
82.71 km2, respectively. Flood arrival time suggests that small submerged area appears
within five hours after the overflow appears, and more than half areas can be submerged
within 10 h. Floods are blocked and arrived later in areas with roads or levees. The
main submerged areas are concentrated in the estuary section and Fuzhoucheng section.
Historical flood data in 2012 shows the main submerged area is close to the estuary area, and
the upstream region is rarely submerged, which is consistent with the calculation results.
The areas with greater inundation depths are the river breaches and the Yanjia–Manchu
town. The inundation areas at breaches are small due to the instantaneous diffusion of
the flood. The terrain in Yanjia–Manchu town is lower which brings great risk of flooding.
Next, the river flood maps of four scenarios are discussed.

Figures 8 and 9 clearly show that there are 7 breaches (A, B, C, E, F, G, and H) in the 20-
year return period scenario. The main submerged areas are concentrated in Fuzhoucheng
and estuary region, and the submerged depth is greater on the left bank at breach B. The
real–world scenarios support this result. Six hours after model running, there is a breach
at location A, and the time is recorded as 0 h. The submerged area at breach A is mainly



Water 2022, 14, 57 10 of 19

concentrated on the left bank. The submerged depth is about 2.0–3.0 m near the riverbank,
and is about 0–1.5 m in other areas. Breach happens after 1.5 h and spreads at breach
C. The submerged depth near the riverbank is deeper with a range of about 2.0 to 3.5 m,
and that in the other areas is about 0–1.0 m. Embankments burst after 4 h at breach E
and H. The submerged range is mainly concentrated near the riverbank, and the range is
smaller compared with the other breaches. The submerged depth is about 2.0–5.0 m near
the riverbank and is about 0–1.0 m in other areas. Effusion appears at breach B after 4.5 h
and expands to banks. The inundation range and submerged depth on the left bank is
greater than that on the right bank. The submerged depth is deeper and is about 5.0–10.0 m
near the left bank, and that in the other area is about 2.0–4.0 m. The submerged depth is
about 1.5–2.5 m near the right bank, and the other area is about 0–1.5 m. Overflow occurs
at the embankment after 7 h at breach G, and the inundation range is concentrated within
a small area on the right bank. The submerged depth is deeper and the range is between
5.0–8.0 m near the river bank, and the other area is about 0–1.5 m. Flood water rushes
out breach F after 12.5 h, and spreads within a small area on both sides of the river. The
submerged depth is deeper and varies from 2 m to 7 m near the right bank, and the other
area is about 0–1.5 m. The submerged depth is shallow and is about 1–2 m near the left
bank, and the other area is about 0–1.5 m.

As can be seen in Figures 10 and 11, compared with the 20-year return period scenario,
the breaches appear earlier in the 50-year return period scenario, and the submerged depth
increases in some areas. The inundation ranges increase at breach A, E, and F, which mainly
exist on the left bank. At breach A, the submerged area and submerged depth increase
in the left bank compared with the 20-year return period scenario. The submerged depth
is about 2.0–3.5 m in the left bank and that in the other area is about 0–2.0 m at breach A.
Embankment bursts after 0.5 h at breach C, which arrives two hours earlier than that of the
20-year return period scenario. The submerged depth is deeper and is about 2–3.5 m near
the riverbank, and the other areas is about 0–1.5 m. Embankment burst happens after 4 h at
breach E, and the submerged depth is about 1.0–2.5 m near the riverbank. In contrast with
the 20-year return period scenario, the main submerged area is concentrated on the left
bank, and the submerged depth on the left bank region (0–2.5 m) is also greater than that on
the right bank (0–1.0 m). For breach H, the result of 50-year return period scenario is similar
to the 20-year return period scenario. The breach appears after 4 h at breach B, which is
half an hour earlier than that of the 20-year flood. Breach happens after 6.5 h at breach F,
which arrives six hours earlier than that of the 20-year flood. Except the arriving time, the
other indicators for breach B and F are similar to that of the 20-year return period scenario.
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Figures 12 and 13 show that two new breaches appear in the 100-year return period
scenario, i.e., D and I. The inundation area of this scenario expands significantly. The
submerged depth and area of breach A, B, C, F, G, and H are similar to those of the 50-year
return period scenario. The submerged depth on the left bank at breach E are greater than
those of the 50-year return period scenario. Compared with the 50-year return period
scenario, the occurrence of breach for breach E, G and H in the upstream area is 5 h, 1.5 h,
and 2 h earlier, while that for the downstream breach B and C are 1.5 h and 3.5 h later.
This difference can be explained by flood diversion. The high–volume runoff and the
newly emerged breaches accelerate flood spread in the upstream floodplain and meanwhile
reduce the downstream flood discharge.

Water 2022, 14, x FOR PEER REVIEW 13 of 21 
 

 

 
Figure 11. Submerged depth of 50-year return period scenario (Depth in here means maximum 
depth of the same point during the total flood process). 

Figures 12 and 13 show that two new breaches appear in the 100-year return period 
scenario, i.e., D and I. The inundation area of this scenario expands significantly. The sub-
merged depth and area of breach A, B, C, F, G, and H are similar to those of the 50-year 
return period scenario. The submerged depth on the left bank at breach E are greater than 
those of the 50-year return period scenario. Compared with the 50-year return period sce-
nario, the occurrence of breach for breach E, G and H in the upstream area is 5 h, 1.5 h, 
and 2 h earlier, while that for the downstream breach B and C are 1.5 h and 3.5 h later. 
This difference can be explained by flood diversion. The high–volume runoff and the 
newly emerged breaches accelerate flood spread in the upstream floodplain and mean-
while reduce the downstream flood discharge. 

 
Figure 12. Flood arrival time and submerged area of 100-year return period scenario. 

Figure 12. Flood arrival time and submerged area of 100-year return period scenario.

Water 2022, 14, x FOR PEER REVIEW 14 of 21 
 

 

 
Figure 13. Submerged depth of 100-year return period scenario (Depth in here means maximum 
depth of the same point during the total flood process). 

As can be seen in Figures 14 and 15, the overall inundation situation is similar to that 
of a 100-year return period scenario. Similarly, the occurrence at upstream breaches D, E, 
F, G, H, and I are 5 h, 0.5 h, 1.5 h, 0.5 h, 0.5 h, and 2 h earlier. While the downstream 
breaches B and C are 0.5 h, and 3 h later, respectively. In addition, the submerged depth 
in breach E on the left bank is about 1.0–3.5 m and is greater than that of the 100-year 
return period scenario. 

 
Figure 14. Flood arrival time and submerged area of 200-year return period scenario. 

Figure 13. Submerged depth of 100-year return period scenario (Depth in here means maximum
depth of the same point during the total flood process).



Water 2022, 14, 57 13 of 19

As can be seen in Figures 14 and 15, the overall inundation situation is similar to that
of a 100-year return period scenario. Similarly, the occurrence at upstream breaches D,
E, F, G, H, and I are 5 h, 0.5 h, 1.5 h, 0.5 h, 0.5 h, and 2 h earlier. While the downstream
breaches B and C are 0.5 h, and 3 h later, respectively. In addition, the submerged depth in
breach E on the left bank is about 1.0–3.5 m and is greater than that of the 100-year return
period scenario.
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Above all, the characteristics of dynamic change of flood should not be neglected
during the assessment of flood risk. Flood risk map can be used to identify the locations of
breaches clearly, which helps to reduce flood losses and make escape routes.
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4.2. Evacuation Plans for Exceeding Control Standard Floods

In this section, this paper analyzes the risk maps of different frequency floods to
identify the risk units (areas might be submerged) and the optimal resettlement units (non–
inundation areas). The flood process, evacuation time, migration path, topography, and
resettlement capacity are considered when developing evacuation routes [54]. The study
area is located in villages and evacuation on foot, or by tractor and car are the most common
ways. In order to evacuate the risk areas as soon as possible, the migration distance is
limited to 4 km, the average migration distance is about 2 km, the evacuation time for
vehicles is limited to 20 min, and the walking time is set to be 70 min.

As is shown in Figure 16, the submerged area is small and the main risk units are
distributed in Najiatun, Xilanqi, Xiaohedong, Donglanqi, Houshili and Xidian in 20-year
return period scenario. These risk units will be relocated to the non–inundated areas includ-
ing Shijiabao, Xibeiying, Gaolicheng, Gaolicheng, Dafangsheng and Haidao (resettlement
units) to avoid the risk of flood.
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reservoir, which is located in the middle reach of Fuzhouhe river and is one of the most 
important flood control projects in the watershed, appeared to exceed the flood limit level. 
This paper took the downstream of Fuzhouhe river as an example to analyze the risk pro-
cess under exceeding control standard floods and to provide the evacuation plans (Figure 
1). The total length of the section studied in this paper is 46.3 km and the main tributaries 
in this reach are the Jiudao river, Taiyang river, Dasichuan river, Kaoshantunxi river, 
Zhenzhu river and Langu river. The remote sensing image (Figure 2) showed there are 11 
main land–use types in this river section including water, agricultural land 1 (with vege-
tation), agricultural land 2 (without vegetation), woodland (dense), building land, wood-
land (sparse), dry sandy land/dry land, green vegetation, road, wet sandy land/wet land, 
and dam/gate. Agricultural land is the dominant land use type, and the main crops are 
corn, wheat and rice. 

 
Figure 1. Schematic diagram of study area. Figure 16. Evacuation plan of 20-year return period scenario.

Similarly, evacuation plans for the other flood scenarios can be developed (Figures 16–19,
Table 3). There are six risk units and five resettlement units for the 20-year return period
scenario, the average migration distance is 2.25 km and excavation time on foot is about
37 min. For the 50-year return period scenario, there are nine risk units and seven reset-
tlements, with an average migration distance of 2.00 km and evacuation time on foot of
about 33 min. There are 14 risk units and 10 resettlement units for the 100-year return
period scenario and 200-year return period scenario, with an average migration distance of
2.06 km and evacuation time on foot of about 34 min.
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Table 3. Information of Emergency plans.

Order Risk Unit Migration Distance (m) VET (min) WT (min) Resettlement Unit Frequency

1 Najiatun 1747 9.1 29.1 Shijiabao 20,50,100,200
2 Xilanqi 1529 7.6 24.6 Xibeiying 20,50,100,200
3 Xiaohedong 4001 20.6 66.7 Gaolicheng 20,50,100,200
4 Donglanqi 2626 13.5 43.8 Gaolicheng 20,50,100,200
5 Houshili 1437 7.4 23.9 Dafangsheng 20,50,100,200
6 Xidian 2141 11.1 35.7 Haidao 20,50,100,200
7 Beishulan 2031 10.4 33.9 Wenjiatun 50,100,200
8 Wusha 1013 5.2 16.9 Wenjiatun 50,100,200
9 Hongqi 1458 7.5 24.3 Shanya 50,100,200

Dayanhe 736 3.8 12.3 Bandao 100,200
10 Jiangsha 1707 8.8 28.5 Xiaoyanhe 100,200
11 Guilin 2653 13.7 44.3 Taiping 100,200
12 Shulanzi 1077 5.5 18.1 Yangjie 100,200
13 Shatuo 2883 14.8 48.1 Shanya 100,200
14 Shanjia 1457 7.5 24.3 Yutun 100,200
15 Xidian 3340 17.2 55.7 Xiaofangsheng 100,200
16 Haidao 1682 8.6 28 Xiaofangsheng 100,200

Note: VET means vehicle evacuation time; WT means walking time.

The study area of this paper, Fuzhou River basin, is dominated by villages and towns,
and the main consideration in the development of the evacuation plan is personal safety. In
fact, flood hazards are multifaceted, involving human safety, residential property damage,
agriculture, forestry, fishery, etc. [55–57]. Flood vulnerability evaluation and flood damage
evaluation also contribute to the development of risk avoidance plans [58]. Analysis of basic
information including slope, elevation, distance from open channel streams, distance from
totally covered streams, hydrolithology, land cover is useful for the assessment of the flood
risk in the data scarce area [59,60]. In addition to management measures, preplans should
be constructed for embankments prone to breaches in the event of over–standard flooding
in small and medium–sized rivers for timely repair of embankments. Flood disaster loss
can be minimized by combining engineering and management hazard reduction measures.

5. Conclusions

This paper takes Fuzhouhe river as an example to analyze the process of exceeding
control standard flood risk through hydrodynamic model, draws the flood risk maps and
develops the evacuation plans.

(1) There is a risk of overflowing in the event of exceeding control standard floods (20-,
50-, 100-, 200-year frequency), and the risk is higher on the left bank.

(2) The submerged area of different frequency floods gradually increases with time until
the flood peak subsides. In addition, the growth rate of submerged area rises with the
increase of flood peak. The increasing rates of submerged area for the return periods
of 20-year, 50-year, 100-year and 200-year are 1.53 km2/h, 2.44 km2/h, 2.92 km2/h
and 3.29 km2/h, and the corresponding largest submerged area are 38.63 km2 at the
24th hour, 61.60 km2 at the 24th hour, 68.20 km2 at the 22nd hour, and 72.80 km2 at
the 21st hour.

(3) The change of submerged depths of different frequency floods are similar and show
a downward–upward–downward trend. The average submerged depth of four fre-
quency floods is about 1.4 m.

(4) Three flood risk maps of flood risk elements (arrival time, submerged area and
submerged depth) of different frequency floods are created using GIS to realize
the visual analysis of flood risk. The submerged areas for the floods of 20-year,
50-year, 100-year and 200-year return periods are 42.73 km2, 65.95 km2, 74.86 km2

and 82.71 km2, respectively. The greatest inundation depth is at the river breaches
and in the Yanjia–Manchu town.
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(5) The evacuation plans of four scenarios are developed based on flood risk maps,
taking consideration of excavation time, migration path, topography, and resettlement
capacity. The risk units and identified resettlement units are set for each scenario.
The migration distance is limited within 4 km, and the average relocation distance is
about 2 km. The maximum evacuation time by vehicles is 20 min, and the maximum
evacuation time on foot is set to be about 70 min.
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