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Abstract: Floods have been severely threatening social development worldwide. The occurrence of
floods has multiple factors, and the flood risk considering road environments needs comprehensive
analysis from meteorology, underlying surface, and urban road network. Thus, this study proposes an
integrated method and constructs a road risk zoning model (RRZM). In the RRZM, submerged depth
was obtained by the Soil Conservation Service (SCS) model, and the degree of road importance was
obtained by the analytical hierarchy process (AHP) method. These two parts were used to characterize
road vulnerability. Then the flood risk grade was evaluated based on the optimized artificial neural
network (ANN). Finally, the results of flood risk assessment were obtained by road vulnerability and
flood risk grade. The RRZM was applied to the Chang-Zhu-Tan Urban Agglomeration (CZTUA),
China. The results showed that the spatial distributions of flood risk and the extent of road damage
varied remarkably in different cities. Changsha was the most sensitive city to floods in the CZTUA.
The flood risk zones were classified into six levels, and the vulnerable road sections identified from
the risk zones at level 6 in the maps carried more traffic volume than others. By comparing with
existing methods, it was found that the RRZM effectively reflected the spatial characteristics of flood
risk considering road environments. It provides a new perspective for urban flood risk assessment
and disaster response decision-making.

Keywords: urban flood; road environments; flood risk assessment; road risk zoning model;
Chang-Zhu-Tan urban agglomeration

1. Introduction

As a serious natural disaster, floods happen frequently around the globe [1]. In recent decades,
floods have been exacerbated by climate change and expanded urbanization [2]. People’s lives and
social development have been seriously threatened by floods [3]. In China, floods have caused many
severe disasters that resulted in casualties and economic losses, particularly in urban areas [4,5]. With
the acceleration of urbanization in China, the growing population, dense built-up areas and complex
road networks are more exposed to floods. Meanwhile, impervious surfaces, which are largely adopted
in urban areas, have made cities suffer severely in flood disasters [6]. As a kind of impervious surface,
roads are not only important infrastructures of cities, but also key elements contributing to the urban
economy [7]. However, roads are extremely vulnerable to floods, and damaged road sections have a
huge impact on cities [2,8].

Many studies usually start with the rainfall-runoff models for the evolution process of floods,
and the Soil Conservation Service (SCS) model, as one of the simplest and most effective methods, has
been widely used. Papaioannou, et al. [9] proposed a methodology based on hydrological and flood
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inundation model and mapping techniques with the SCS method and the unit hydrograph theory for
ungauged urban areas. Bouvier et al. [10] compared the efficiency of SCS and the Green-Ampt models
coupled with the distributed Lag and Route for flood modelling. It can be seen that the SCS model
is usually used for flood development mechanism, but it still need to be combined with Geographic
Information System (GIS) and other methods for flood hazard and control.

As an effective means of controlling floods, flood risk assessment has been studied extensively [11].
There are several approaches for flood risk assessment, such as index model and scenario analysis.
Wu et al. [12] built a risk assessment index system based on the hazards of the natural environment
and the vulnerability of the economy by adopting GIS and analytic hierarchy process (AHP) methods.
Glas et al. [13] developed a flood damage assessment model, then generated damage maps with
12 scenarios to test the sensitivity of the model. There are many analyses in different scenarios
of urban flood risk assessment, but few in risk zoning of road environments considering factors
systematically [14,15]. As a study scenario, “road environments” refers to the consideration of road
impact on surrounding areas according to its attributes. The flood risk assessment and zoning
considering road environments will take the effects of roads on the region as an important part of the
overall work.

Thus, this study proposed a meteorology-land integrated method for urban flood risk assessment
and zoning considering road environments. The method considered the flood situation and road
conditions comprehensively. The main contributions of this study are to (1) construct the road risk
zoning model (RRZM) for flood assessment; (2) obtain urban flood risk zoning maps, and analyze the
spatial characteristics of flood risk with different scales and different flood risk grades; and (3) identify
the vulnerable road sections based on the spatial differences among cities.

2. Materials and Methods

2.1. Study Area

The Chang-Zhu-Tan Urban Agglomeration (CZTUA) is located in the east-central part of China
and is the core area of economy and urbanization in Hunan province (Figure 1). The total land area is
about 28,000 km?, accounting for 13.3% of the province. The urban agglomeration consists of three
cities, Changsha, Zhuzhou, and Xiangtan. These three cities rank first, third, and second, respectively,
in per capita Gross Domestic Product (GDP) in Hunan province. There are many railway lines, domestic
expressways, and national highways connecting the three cities. The CZTUA is regarded as national
transportation hub with its convenient and developed traffic network.

The cities are connected by the Xiangjiang, Zishui, Yuanjiang, and Lishui Rivers in the CZTUA.
There are 36 rivers with a total length of 603 km. The CZTUA is located in an area with subtropical
monsoon humid climate, with average annual rainfall of 1414.4 mm, and floods occur frequently
because of the abundant rainfall. The catastrophic floods in 1994, 1998, and 2017 caused great damage
in the CZTUA. Road network is vulnerable by floods, affecting the urban agglomeration development.

2.2. Methods

The road risk zoning model (RRZM) proposed for flood risk assessment and zoning considering
road environments includes three main steps. First, the submerged depth is obtained by land use
type and rainfall, and basic road data are used to evaluate the grade of road importance. These two
parts are used to represent the road vulnerability. Second, based on the flood hazard factors and the
exposure factors of hazard-affected bodies, the grade of urban flood risk is assessed by a neural network
algorithm. Third, the road vulnerability and flood risk grade obtained in the previous two steps are
combined to analyze urban floods. Finally, flood risk assessment and zoning maps are obtained. The
framework is illustrated in Figure 2.
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Figure 1. Location maps of Chang-Zhu-Tan Urban Agglomeration (CZTUA).
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Figure 2. Framework for flood risk assessment and zoning.

2.2.1. Vulnerability of Road Environments

Submerged Depth

When the river level rises due to heavy rain, floods are likely to occur, which result in submergence
of the urban surface. The submerged depth in this study is a function of runoff depth, river level, and
terrain elevation [16]. The runoff depth is calculated by the Soil Conservation Service (SCS) model,
which was proposed by the United States Department of Agriculture [17]. As an important parameter
in the SCS model, the runoff curve number (CN) represents the runoff potential of different underlying
surface. The terrain elevation required by the calculation is obtained by a digital elevation model

(DEM).
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The SCS model is widely used for surface runoff calculation [18], and the main formulas are as
follows:

_(P-1)
=P L+s .
S= % - 254 )

where Q is the runoff depth (mm), P is the total rainfall (mm), I, is the initial abstracted rainfall (mm),
and S is the potential maximum rainfall infiltration (mm), and in general I, = 0.25 [17]. In the case
of relatively stable soil condition, the change of CN is mainly caused by the change of land use [19].
The code for design of building water supply and drainage of China (GB50015-2003) and the code for
design of outdoor wastewater engineering of China (GB50014-2006) describe the runoff coefficient of
different underlying surface types and regional conditions [20]. Referring to the method of Wang, et
al. [21] and Su, et al. [19], CN was calculated from runoff coefficients of different land use types, and
the specific values are shown in Table 1.

Table 1. Runoff coefficient and runoff curve number (CN) of different land use types.

Land Use Types Forest Herbaceous Cropland  Wetland  Bare Area Urban Water
Runoff coefficient 0.15 0.2 0.6 0.5 0.7 0.9 1
CN 26 30 56 48 68 90 95

Since CN in this study was mainly determined by land use type, the uncertainty came from the
accuracy of land use type. The spatial resolution of land use type is 30 m, which cannot meet the
requirements of community-scale. The accuracy of urban runoff depth will be further improved by
improving the classification accuracy of land use.

The rising river level caused by heavy precipitation leads to the occurrence of flood, so the flood
depth is calculated by adding the original river level and the surface runoff depth. The formulas of
submerged depth are as follows:

Dr = Q+ Hg (3)

Ds=Dr—H (@)

where Dr is the flood depth (mm), Hp is the river level (mm), Dg is the submerged depth (mm), and H
is the terrain elevation (mm). The data of land use type were from GLOBLAND30, provided by the
National Geomatics Center of China (http://www.globallandcover.com). The DEM was provided by
the Geospatial Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences
(http://www.gscloud.cn).

Road Importance Assessment

Good traffic conditions are key to promoting economic growth [7], thus traffic delays and road
network damage caused by urban flooding have a serious impact on society [2]. The traffic capacity
and service levels of roads vary in cities, and roads also suffer different kinds of damage by floods.
Therefore, it is important to identify the risk points of road networks in flood risk assessment [7,22].

The road importance is mainly determined by the road network structure and capacity [23].
There are four indices from the Department of Transportation of Hunan Province to evaluate road
importance: road administration grade, design speed, number of lanes, and annual average daily
traffic. Among these indices, the annual average daily traffic was obtained by actual monitoring, which
has the greatest impact on traffic capacity. The other three indices were in accordance with the road
construction regulations. The AHP [24] and expert scoring method were used for assigning weights of
decision indices [25]. The weights calculated are in line with the actual situation and recognized by
experts from the Department of Transportation of Hunan Province (Table 2).
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Table 2. Four basic road indices and their respective weights for road important assessment.

Road Administration . Annual Average
Index Grade Design Speed Number of Lanes Daily Traffic
Weight 0.051 0.256 0.117 0.576

Then the assessment results calculated by the four indices were assigned to the nodes of the
road networks. Based on these nodes, the inverse distance weighting (IDW) method [26] was used to
obtain the raster dataset of urban road importance assessment in the study area. The value of each cell
represents the service level and degree of influence of adjacent roads on this point. The larger the cell
value, the more vulnerable the point is and the greater the damage by floods to this point.

2.2.2. Flood Risk Grade

A flood is a combination of factors, and the relationship between these factors is complex
and non-linear. Artificial neural network (ANN) algorithms have obvious advantages in dealing
with non-linear mapping relationships and are often used as simulation models in hydrological
systems [27,28]. There have been many studies on flood forecasting and risk assessment [29-31].
Among these algorithms, the back propagation neural network (BPNN) [32] is widely used as a neural
network with an effective weight adjustment [33,34].

The BPNN is a forward neural network, including input layers, hidden layers, and output layers.
The forward propagation of the BPNN is a learning process that connects input signals and weights,
and the back propagation is a process of error adjustment to approach the true value. The output
signal is obtained using the follow formula [31]:

©)

Yy = f[z W;iX; - 6
i

where Y is the output signal of node k, f(-) denotes the activation function, W;; is the weight between
node i and node j, X; is the input signal of node i, and 0, is the bias of node ;.

However, the BPNN has the disadvantage of slow convergence, and some algorithms are generally
used for optimization of the BPNN. In this study, the immune genetic algorithm (IGA) [35], which has a
better optimization effect than the Genetic Algorithm (GA) [36], is adopted to optimize the parameters
of the BPNN [37]. The inputs are flood hazard factors, including rainfall intensity, river level, terrain
slope, and soil erosion, and exposure factors of hazard-affected bodies, including per capita GDP,
population density, and reservoir capacity. The data of factors for BPNN training were derived from
historical flood events. Rainfall intensity referred to the maximum two days’ precipitation, and river
level referred to the maximum water level in each flood event. After inputting these standardized
indices, this BPNN was trained to obtain flood risk grades.

The hydrological data were provided by the National Meteorological Information Center (http:
//data.cma.cn/), the data of underlying surface were provided by the Resource and Environment
Data Cloud Platform (http://www.resdc.cn/Default.aspx), and the socio-economic data came from
statistical yearbooks.

2.2.3. Flood Risk Assessment and Zoning

Hazard is the natural attribute of disaster with a function of disaster scale, and vulnerability is the
social attribute of disaster with a function of social economy and ecological environment. Exposure is
used to describe the quantitative characteristics of disaster-affected bodies in social attributes [38,39].
The combination of hazard, exposure, and vulnerability leads to disaster risk [40], which is a common
definition of risk. Therefore, this study of urban flood risk considering road environments is analyzed
from the perspective of hazard, exposure, and vulnerability. The RRZM was proposed for flood risk
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assessment and zoning, whose inputs were the vulnerability of the road environments and flood risk
grade obtained above.
The model formulas are as follows:

V = (aDs + BR) X G; (6)

Gi = {G1,G2,G3, Gy} (7)

where V denotes the value of flood risk at each point; Dg is the submerged depth; R is the value
of road importance (Dg and R need to be standardized before inputting); a and g are the tuning
parameters of this model, and their default ratio is 1:1; G; is the flood risk grade indicating the extent of
damage of each flood event which was obtained by Section 2.2.2. The four types of G; are general,
greater, significant, and catastrophic flood risk, according to the flood disaster assessment of China (SL
579-2012), and the values are 1, 2, 3, and 4 respectively.

The value V at each point of urban flood risk considering road environments was classified into
six levels, from 1 to 6, using the natural breaks technique for risk analysis [41]. Based on the summation
of squares of deviation, this method tries to minimize the difference within each classification and
maximize the difference between classifications [7,42]. According to the flood events with historical
records, the natural breaks technique was used in ArcGIS and then fine-tuned to make the risk zoning
levels match the actual disaster. The higher the risk zoning level, the more vulnerable the area is
to floods.

The ratio between the two tuning parameters depends on the importance of terrain and roads in
different areas. In some regions with high terrain, urban floods do not tend to occur when it rains.
The roads play an important role because of their high density and accessibility in some regions, and
roads there are greatly affected by floods. The zoning results can be adjusted by the ratios for different
situations. These characteristics of the RRZM can reflect the spatial heterogeneity of flood risk.

Different flood risk grades not only indicate the degrees of damage caused by floods, but also
represent different situations and scenarios for flood zoning. In conclusion, the RRZM is helpful for
the spatial analysis of urban flood distribution and the scenario analysis of different flood risk degrees.

3. Results
3.1. Urban Agglomeration Scale: A Case Study of the CZTUA

3.1.1. Results of Flood Risk Zoning

The catastrophic flood event in Hunan province in June 1997 was taken as an example, with the
maximum rainfall of two days reaching 249.6 mm. The RRZM was applied to the CZTUA (ratio of
to B is 1). The maps of submerged depth, road importance assessment, and flood risk zoning were
obtained successively (Figure 3).

A total of 40 historical flood events in the CZTUA were selected as reference samples to verify the
results of flood risk zoning (10 samples for each flood risk grade). The flood risk grades and regional
division of these historical flood events were evaluated by the handbook for heavy rain flood estimation
in Hunan province and flood disaster assessment (SL 579-2012), which defines floods according to the
statistical data of disaster losses. For example, when the death toll reached 100 or the direct economic
losses reached 20 billion yuan, the flood risk was directly identified as a catastrophic flood in flood
disaster assessment (SL 579-2012). The results of the RRZM were compared with actual assessments of
the flood events (Table 3).



Sustainability 2019, 11, 2734 7 of 17

Legend
*  Important Node
Road

Flood Risk Zoning

Road Importance o High: §

o High:1
L B ow:

 Low o

0 1500036000 2000 DBA0E  e000 & 18.000 35,000 72000 10000 0 1500036000 2000 DBA0E  e000

(@) (b) (©)

Figure 3. Three major resulting maps obtained by the road risk zoning model (RRZM) in the
Chang-Zhu-Tan Urban Agglomeration (CZTUA): (a) map of submerged depth; (b) map of road
importance assessment; (c) map of flood risk zoning considering road environments.

Table 3. Comparison of the samples and the results of road risk zoning model (RRZM).

Sample Size Correct Evaluation Underestimate Overvalued Accuracy

Testing 40 35 1 4 87.5%

According to the comparison, it was found that five samples were wrongly estimated, of which
one was level 4 but the result of the RRZM was evaluated as level 3. The risk zoning levels of the other
four samples were overestimated. The remaining 35 samples were correctly evaluated. This shows
that the RRZM is reliable and the results of risk zoning can provide a reference for flood prevention.

To evaluate the flood risk grades, the seven indices were selected based on the available information.
The other four indices were used to evaluate the importance of roads. The selection and precision of
the indices have a great influence on the accuracy of results. Further research on the selection of these
indices is needed to improve the accuracy of flood risk zoning.

3.1.2. Zoning at Different Flood Risk Grades

Risk zoning considering road environments was discussed according to four flood risk grades,
and the analyses at different grades were considered as different scenario analyses of the study area.
The examples of the four flood risk grades were drawn from the historical flood events of the CZTUA:
the rainfall of general risk was 36.3 mm in August 1997, that of greater risk was 98.2 mm in July 1992,
that of significant risk was 150.8 mm in June 2000, and that of catastrophic risk was 249.6 mm in June
1997. The risk zoning maps considering road environments of urban agglomeration for different flood
risk grades are shown in Figure 4.

As shown in Figure 4a, most areas are at levels 1 to 3 when a general flood occurs. The higher the
flood risk grade, the larger the areas at levels 5 and 6. It can be seen that zones at level 6 in Figure 4c,d
are mainly in the built-up areas of cities, which are more in the Xiangjiang River Basin plain, with
high road density and urbanization. The zones at level 6 are the most vulnerable: if these zones are
damaged by floods, it will have a great impact on the whole city.
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The zones at levels 4 to 6 are defined as sensitive road areas that are more damaged by floods
than other zones. The percentages of areas at different flood risk zoning levels under the four flood
risk grades are shown in Figure 5. The proportion of sensitive road areas in the total area increases
with the improvement of flood risk grade, and the proportion is more than 50% in a catastrophic flood.
By then the CZTUA would be in an emergency state and socio-economic activities would be severely
affected by catastrophic floods.
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Figure 5. Percentages of areas at different flood risk zoning levels under four flood risk grades in the
Chang-Zhu-Tan Urban Agglomeration (CZTUA).

3.2. Single Urban Scale: A Case Study of Xiangtan City

The RRZM was applied to a single urban scale with Xiangtan city as an example. The rainfall of
the model input was 249.6 mm with a historical flood event in June 1997. The model evaluated the risk
of this flood as grade 4, which is catastrophic flood risk. When the ratio of parameter « to parameter f8
is 1:1 in the RRZM, the map of flood risk zoning considering road environments is as shown in Figure 6.
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Figure 6. Map of flood risk zoning in Xiangtan road environments when the ratio of a to  is 1:1 in the
road risk zoning model (RRZM).

Variations in the weight of submerged depth and road importance have different effects on the
flood risk zoning. As shown in Figure 6, the distribution of flood risk zoning is similar to that of
road networks, which indicates that the results of road importance assessment contribute more than
submerged depth to this zoning. However, compared with real flood events, it is found that some
areas less damaged by floods are mistakenly divided into risk zones at level 4 or above. These areas
are located in the southwest of Xiangtan city, where the terrain is higher and roads are less affected by
floods. Therefore, it is necessary to increase the weight of submerged depth and reduce that of roads in
the RRZM. When the ratio of a to § is 3:2 (Figure 7), the risk zoning is more consistent with the actual
situation of floods in Xiangtan.
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Figure 7. Map of flood risk zoning in Xiangtan road environments when the ratio of a to 8 is 3:2 in the
road risk zoning model (RRZM).

The four flood events were used to study single urban scale and were the same as in the urban
agglomeration scale (Figure 8). Compared with remote sensing images, it is found that most of the
zones at levels 5 and 6 are located on both sides of the Xiangjiang River, where the road networks are
intensive. Most of these areas are impervious and prone to flooding. The zones at levels 1 and 2 are
mostly in the areas with high terrain, sparse road network, and dense vegetation coverage. All of these
indicate that flood risk is closely related to road network and geographic environments. As shown in
the areas of different flood risk levels in Figure 8, the conclusions of the study have been proved.
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Figure 8. Risk zoning whose levels are up to 6 in road environments of Xiangtan under four flood risk
grades. (a) Risk zoning map under general flood. (b) Risk zoning map under greater flood. (c) Risk
zoning map under significant flood. (d) Risk zoning map under catastrophic flood.
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The percentages of areas at different flood risk zoning levels under the four flood risk grades
are shown in Figure 9. The zoning results of Xiangtan city are different from those of the CZTUA
under the four grades. In the event of catastrophic flood, the sensitive road areas account for less than
50% of the total area, and most areas are at level 3. Because of its higher terrain, Xiangtan city is less
affected by floods than some cities in the CZTUA, which highlights the key role of topography in flood
risk zoning. The difference between the results of flood risk zoning at the single urban scale and at
the urban agglomeration scale reflects the influence of spatial heterogeneity on flood risk assessment
and zoning.
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Figure 9. Percentages of areas at different flood risk zoning levels under four flood risk grades
in Xiangtan.

Based on the situation of Xiangtan city, the parameters a and  of Changsha city and Zhuzhou
city were adjusted by comparing the data of DEM and urbanization indices among the three cities in
Table 4. Changsha city has the highest urbanization level and lower terrain than Xiangtan city, so it is
necessary to increase the proportion of road importance in the formula (6). The ratio of a to 8 is 1:3
after manually adjusting. Similarly, the ratio of a to § is 4:3 in Zhuzhou city. The flood risk zoning
levels of Changsha and Zhuzhou city obtained after adjusting parameters have a higher consistency
with actual disaster situation.

Table 4. Flood risk and urbanization indices of Changsha, Zhuzhou, Xiangtan.

Flood Risk Urbanization Level
City Sensitive Road Urban Area to Urban Population Urban Road
Area Total Area P Density (km/km?)
Changsha 29.46% 1.27% 67.69% 1.295
Zhuzhou 16.25% 0.13% 55.48% 1.196

Xiangtan 10.71% 0.31% 50.11% 1.290
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4. Discussion
4.1. Discussion of Flood Risk Zoning Levels

4.1.1. Flood Risk Zoning Levels of the CZTUA

Taking the rainfall of 249.6 mm of catastrophic flood risk as an example, the RRZM was applied to
Changsha city, Zhuzhou city, and Xiangtan city, and parameters a and  were adjusted according to
Section 3.2. Figure 10 shows the percentages of areas at different risk zoning levels in the three cities.

mChangsha xZhuzhou Xiangtan
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©
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£ N\ \ \
S 20% N N
% 15% §
o N
10% S
5% N
0% ERN
Level 1 Level 2 Level 3 Level 4 Level 5 Level 6

Figure 10. Percentages of areas at different risk zoning levels in Changsha, Zhuzhou, and Xiangtan in a
catastrophic flood risk.

In case of catastrophic floods, the affected areas are mostly at level 1 or 2 of risk zoning in Changsha,
Zhuzhou and Xiangtan. The risk zoning areas at levels 1 and 2 account for 48.42% of the total area
in Changsha, 55.41% in Zhuzhou, and 74.06% in Xiangtan. This indicates that about half of the area
in the three cities is less affected by floods. These regions are mostly mountainous areas with high
altitude and dense vegetation. It can be found that the proportion of risk zoning areas at levels 4, 5
and 6 in Changsha is the largest among the three cities (Figure 10). As Changsha is highly urbanized
(Table 4), the proportion of urban area to total area is larger than that in Zhuzhou and Xiangtan, and
the urban road density is the biggest in the three cities. The sensitive road areas are mostly in built-up
urban areas, where the road networks are dense. If sensitive road areas are damaged by floods, urban
socio-economic activities will be seriously affected. Therefore, it is necessary to pay more attention to
these sensitive road areas when urban flood risk is evaluated.

4.1.2. Flood Risk of Roads in Cities and Counties

The CZTUA consists of Changsha, Zhuzhou, and Xiangtan, including 23 cities, counties, and
districts. When floods occur, the degree of flood damage varies from place to place due to the
environmental differences. According to the average of flood risk zoning levels within each region
in a catastrophic flood, the impact on the 23 cities, counties, and districts is classified into six levels.
The most vulnerable sections of the road networks in floods are given by comparing the sections in
sensitive road areas within the region. The flood risk zoning levels, the percentage of section length in
sensitive road areas to the total length, and the most vulnerable road sections of the 23 regions in the
CZTUA are listed in Table 5.
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Table 5. Flood risk zoning levels, percentage of section length in sensitive road areas to total length, and the most vulnerable road sections of 23 cities, counties,
districts in the Chang-Zhu-Tan Urban Agglomeration (CZTUA).

Percentage of Sections in

Vulnerable Road Section

City County or District Flood Risk Zoning Level Sensitive Road Areas (Start and End of Route, Section
Code)
Liuyang city Level 3 34.95% Liuyang-Dongyang, 003
Ningxiang county Level 3 30.46% Liuyang-Ningxiang, 153
Yuhua district Level 4 42.36% Changsha airport expressway, 001
Tianxin district Level 3 27.83% Changsha expressway, 008
Changsha Yuelu district Level 3 21.67% Changsha-Yiyang, 004
Furong district Level 5 62.33% Beijing—Gangao, 010
Kaifu district Level 5 64.92% Changsha-Qiaoyi, 002
Changsha county Level 6 79.27% Liuyang-Ningxiang, 073
Wangcheng district Level 5 72.68% Changsha-Yiyang, 009
You county Level 4 44.09% Quanzhou-Nanning, 010
Yanling county Level 2 15.50% Wuhan-Shenzhen, 031
Liling city Level 4 52.21% Shanghai-Kunming, 001
Hetang district Level 5 64.23% Shanghai-Kunming, 005
Zhuzhou Lusong district Level 5 67.45% Liuyang-Hengyang, 036
Tianyuan district Level 4 48.61% Beijing—Gangao, 017
Shifeng district Level 5 60.30% Changsha-Zhuzhou, 004
Zhuzhou county Level 5 68.72% Liuyang-Hengyang, 040
Chaling county Level 3 22.95% Wuhan-Shenzhen, 019
Xiangxiang city Level 3 21.89% Liling-Qizi, 124
Shaoshan city Level 4 31.89% Shaoshan expressway, 003
Xiangtan Yuetang district Level 4 43.19% Shanghai-Kunming, 011
Xiangtan county Level 3 25.12% Zhuzhou-Shaoshan, 016
Yuhu district Level 4 40.57% Changtan west highway, 002
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As can be seen in Table 4, Changsha county and Wangcheng district, where developed traffic
areas are in the center of Changsha city, are most destroyed by catastrophic flood. Zhuzhou county
and Lusong district, which are concentrated area of urbanization, suffer the most severe damage by
floods in Zhuzhou city. Yuetang district is severely damaged by floods in Xiangtan city. These five
areas are most seriously damaged by floods because they are located in the plain on either side of the
Xiangjiang River with dense road networks.

The road section length in sensitive road areas accounts for a larger percentage of the total length,
and more than 65% of the total road sections are in the sensitive road areas when the risk zoning level
of the county or district is 5 or above. The vulnerable road sections (Figure 11), which carry more traffic
volume than others, are the key parts of these regions. If the vulnerable sections are damaged by floods,
the whole city will suffer great loss. The road sections of Changsha county and Zhuzhou county are the
most seriously damaged by floods in the CZTUA. Sections of Liuyang-Ningxiang, Changsha—Yiyang
and Liuyang-Hengyang roads are the most vulnerable sections of the whole network, and these need
special attention and protection when a flood is coming. If the relevant data meet the community-scale,
the indirect impact of damaged roads on connecting areas and the connectivity of the road network in
flood events can be further studied on the basis of this study.

Road
=== Vulnerable road section

Flood Risk Zoning

wem High:5

B ow: 1
[ e eeee—WEES)
0 18,000 36,000 72,000 108,000 144,000

Figure 11. Distribution map of vulnerable road sections in 23 cities, counties, and districts in the
Chang-Zhu-Tan Urban Agglomeration (CZTUA).

4.2. Comparison of the Road Risk Zoning Model (RRZM) and Other Methods

Studies about the impact of floods on roads are mostly based on factors that cause floods and
flood-prone environments. Dawod, et al. [43] evaluated the impact of floods on roads through the
characteristics of topography, geology, and land use types in the catchments. Yin, et al. [15] used
the depth and duration of road inundation to assess the damage by floods on roads. However, the
attributes of roads which are the disaster-bearing bodies, are equally important in flood risk assessment.
This study evaluated the importance of roads based on the four basic elements of road data, and the
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zoning results took into account both flood inundation and road service level in cities. The resulting
vulnerable road sections are more sensitive to flood: if they are damaged, it will have a serious impact
on the whole road network.

Location and environment play important roles in any data-driven flood estimation approach.
Jongman, et al. [44] qualitatively and quantitatively compared the assessments of seven flood damage
models developed and applied by governments and academic institutions and pointed out that each of
the seven models had its own application scope because of regional differentiation. Michielsen, et al. [22]
used three modeling methods to predict the flood risk of two specified regions and proposed that
the models were made for different areas to consider regional differences. Different regions have
different environmental and traffic conditions, and the road connectivity in a single city is different
from that in an urban agglomeration. The RRZM proposed in this study is suitable for different
geographical environments by adjusting model parameters a and f, rather than building models
separately according to regional differences.

However, the selection of the two parameters lacks a unified criterion. When the RRZM is applied
to different regions, its parameters cannot be adapted and manual adjustment is required based on
experience or data. This is a deficiency of the RRZM that needs to be improved in future work.

5. Conclusions

Considering flood damage and road vulnerability, the RRZM was proposed in this study for
urban flood risk assessment and zoning considering road environments. Taking the CZTUA as a case
study, the effectiveness of the RRZM was verified by comparing the results with actual flood situations.
The study area was divided into up to six zones with different flood risk levels according to the service
level and submergence degree of different roads. Changsha is the city most vulnerable to floods in the
CZTUA, and there is the broadest distribution of sensitive roads in the plain of the Xiangjiang River
Basin, where buildings are dense and traffic volume is huge. The road sections of Liuyang-Ningxiang,
Changsha-Yiyang, and Liuyang-Hengyang in the CZTUA are the sections most vulnerable to floods,
requiring continuous attention and corresponding protective measures. Evacuation routes considering
different risk zoning levels should be arranged in advance before flood season. The flood risk zoning
levels provide a basis for flood control and disaster relief arrangements.

The results of assessment and zoning in the RRZM can be used for scenario analysis under four
flood risk grades (general, greater, significant, and catastrophic). The RRZM can also be adapted to
different regional characteristics by adjusting its parameters, which reflects the flexibility of this model.
However, the selection of parameters and evaluation indices in the RRZM lacks a unified standard.
Future work will be devoted to the selection of these variables, which is conducive to improving the
accuracy of results in the RRZM.
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