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Abstract: Various flood resilience enhancement measures have been proposed to deal with the
growing problem of urban flooding. However, there is a lack of evaluation about the applicability
of these measures at a community scale. This paper investigates the effects of two types of flood
resilience enhancement measures: engineering measures and adaptive measures, in order to explore
their effectiveness in different flood-prone communities. A community-scale oriented flood resilience
assessment method is used to assess the impact of different types of measures. A case study is
applied in three communities that suffer from waterlogging problems in Jingdezhen city, China.
Results show that there are spatial differences of flood resilience in three flood-prone communities.
Future scenarios present a poorer performance in flood resilience compared to current scenarios due
to the effects of urbanization and human activities. Engineering measures are suitable for the old
communities with high-density residential areas when sitting alongside the river, for example the
communities of Fuliang and Zhushan. On the other hand, adaptive measures exhibit more efficiency
in improving flood resilience in all communities, especially effective for the new city town Changjiang
where engineering measures are nearly saturated. The findings can help local governments develop
appropriate flood resilience enhancement strategies for different types of communities.

Keywords: urban flood; resilience enhancement strategies; community scale; engineering measures;
adaptive measures

1. Introduction

In the background of climate change and rapid urbanization, the changes of the human
lifestyle and production has influenced rainfall, runoff, and other hydrological processes [1],
which has manifested the frequent occurrence of extreme rainstorms and the escalation of
urban floods in urbanized areas. It has been highlighted that climate change imposes a
non-linear nature of impacts on streamflow and floodplain inundation, thus affecting water
resources and the frequency of floods in different basins around the world [2–4]. The total
direct flood losses in high urbanized cities in China have reached 42 billion USD in the year
2020 according to the statistical data of Chinese Flood and Drought Disaster Bulletin [5],
which reveals the fact that cities are facing great challenges in urban flood control and
prevention. As the current situation of population growth and urbanization continues,
it is expected that more of the population will be exposed to risk as well as aggregated
assets. Nowadays, more than half of the world population are living in urban areas, and
this number is expected to reach 75% by the year 2050 [6,7]. Urban systems are facing an
unprecedented crisis that urgently requires a new understanding of urban disaster risk
mitigation and control [8].
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Resilience as an emerging urban research direction, is essentially a proactive explo-
ration of adjustment methods in response to the uncertain perturbations that modern
cities face [9], which can be adequate for acting as an indicator to evaluate the abilities of
cities [10]. The concept of resilience was proposed by the ecologist Holling in 1973 [11].
It refers to the ability of a system to absorb external shocks and to quickly recover to the
original state to keep the system stable. In recent years, the concept of resilience has shifted
from an ecological to a multidimensional perspective [12–19]. Particularly, it has been
frequently used in the field of climate change and disaster risk analysis. In early times,
Brad Allenby defined resiliency as ‘the capability of a system to maintain its functions
and structure in the face of internal and external change and to degrade gracefully’ from
the perspective of disaster risk analysis in Science in 2005 [20]. Afterwards, in the popular
discussion of climate change in urban areas, resilience is defined as ‘the capacity to with-
stand a wide array of shocks and stresses [21]’ or ‘to dynamically and effectively respond
to shifting climate circumstances while continuing to function at an acceptable level [22]’.
Furthermore, the urgent need of cities to help them better prepare for and recover from
disasters emerged that resilience in disaster management began to gain attention from
researchers [23].

Building resilience in cities is considered as an effective measure for dealing with urban
disaster issues [24]. In 2009, a framework for building a disaster-risk-reduced resilient city
in response to climate change was proposed by the Institute of Global Environment in Kyoto
University, Japan [25]; The Bonn ‘Resilient City’ conference series were held in 2010 to
discuss climate resilience chapters; and the UNISDR has been organizing and implementing
the Make Cities Resilient Campaign since 2012. The United Nations International Disaster
Reduction Agency (UNISDR) proposed a research framework on disaster risk reduction to
build urban disaster resilience in 2014. With these proposals and guidelines of building
resilience, practices have been put forward to enhance urban resilience. For example, the
Netherlands’ Rotterdam Climate Adaptation Strategy [26] enhances urban resilience by
building green infrastructure, water plazas, and other more resilient infrastructures. The
New York Adaptation Plan [27] was developed after the hurricane sweep, with two types
of measures, infrastructure and urban reconstruction, as entry points to enhance the city’s
ability to cope with future climate disaster risks in order to build a resilient city. Japanese
scholars proposed a territorial design plan based on improving the quality-of-life level of
residents as a post-disaster urban resilience enhancement strategy, which includes measures
such as territorial reconstruction, a road opening plan, and village diversions [28]. Indian
scholars identified that spatial planning strategies contribute to community resilience to a
great extent [29]. Some scholars also pointed out that urban resilience should be improved
by enhancing the resilience of important infrastructures and key nodes within cities [30–32].

Focusing on urban flood resilience, it is defined as the capacity of the city to tolerate
flooding and to recognize when physical damage and socioeconomic disruption occur, so
as to prevent deaths and injuries and maintain their current socioeconomic identity [33].
Studies on flood resilience assessment are mainly focused on examining the performance of
cities and communities under disaster scenarios [34,35]. Louise Bertilssona [36] created the
multi-criteria urban flood resilience assessment framework S-FRESI, that incorporates water
depth simulations into the index and calculated the flood resilience of several smaller areas
within a community under different scenarios. Chen [37] built a conceptual time-varying
urban flood resilience index where the generated resilience results were mainly based on
the time-dependent rainfall-inundation simulations. It can be seen that the introduction of
the flooding process is useful for studying the performance of the system. In fact, urban
flooding can be intervened by different engineering and non-engineering measures before,
during, and after rainstorm events. It is meaningful to explore the effects of these measures
and to find out how they can influence cities.

The available flood resilience enhancement strategies are proposed based on resilient
city frameworks and local flood protection policies by the government. For example, the
University of Groningen studied the data from policy makers and local communities to
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reconstruct the strategy, process, and anticipated outcome of Bangkok’s flood resilience
policy [38]. Diponegoro University investigated the documentation of resilience planning
policies of Indonesia from national to local-level efforts [39]. The UK and European coun-
tries have led the way in proposing more specific strategies for resilience enhancement. The
UK Climate Preparedness Plan (UKCIP) [40] proposed two main types of actions to deal
with floods: (1) improve the emergency resilience of residents (including raising public
awareness of natural disasters and enhancing resilience); and (2) insist on sustainable infras-
tructure development. The EU 7th Framework Project STAR-FLOOD [41–43] investigated
strategies for coping with flood risks in 18 vulnerable urban areas in six European countries
(Belgium, UK, France, Netherlands, Poland, and Sweden). The project states that resilience
enhancement strategies need to be carried out in the following directions: (1) establish
adaptive management to help implement defence and mitigation measures that can be ad-
justed to suit changing circumstances; (2) deliver spatial planning so that consequences are
prevented and minimized if floods occur; (3) improve forecasting, warning, and emergency
response systems; (4) develop strategies for flood recovery for all residents to motivate
them to adopt prevention and mitigation measures; and (5) establish institutional systems
that promote learning and innovation.

In summary, the key to improve urban disaster resilience lies in solving the mismatch-
ing between the intensification of natural disasters and social acceptance. According to the
above literature review, researchers generally propose countermeasures from two major
aspects: planning and management, to formulate strategies for disaster resilience enhance-
ment. On one hand, from the perspective of urban planning, plans are made for population
and building development, lifeline system construction, disaster prevention, infrastructure
construction, community reconstruction, etc. Specific implementation paths are developed
by combining the characteristics of cities and communities. On the other hand, from the
management perspective, there is a shift to adaptive management, including raising the
knowledge and preparedness of natural hazards, improving emergency response capacities,
and developing a public awareness of resilience. In other words, building resilient cities
cannot only rely on hard engineering measures, but depends on adaptive strategies for
disaster response as well [28]. Taking the Great East Japan Earthquake as an example, local
residents were too relieved by the huge 10 m high tidal dike built by the government and
lacked awareness and preparedness, so it caused a delay in evacuation actions, resulting
in deaths. In recent years, some of the latest resilience enhancement guidelines have in-
corporated adaptive strategies such as public awareness of pre-disaster preparedness and
post-disaster emergency responses. For example, The EU STAR-FLOOD Project proposed
a flood recovery strategy for all residents to encourage the adoption of prevention and
mitigation measures to cope with flooding.

It can be seen that engineering planning and adaptive management are both very
important resilience enhancement strategies. But it is not that clear regarding what types
of strategies are more effective for resilience enhancement and how different types of
measures influence the urban system when floods happen. A comparison between en-
gineering strategies and adaptive strategies is presented in this paper to evaluate their
effectiveness and provides evidence for resilience building in the next step. This study
examines the applicability and impact of different types of resilience enhancement mea-
sures in three typical flood-prone communities. The specific objectives of this study are to
(1) compare urban flood resilience in three flood-prone communities between present and
future scenarios; (2) investigate the effects of two types of resilience enhancement measures
(engineering measures and adaptive measures) of different flood-prone communities in the
future scenario; and (3) project specific measures for each individual community according
to their features and provide new ideas for flood-prone communities in a resilient way.

The rest of the paper is organized as follows. Section 2 introduces the study area of
central Jingdezhen city in China and its datasets. In Section 3, two types of flood resilience
enhancement measures are introduced and the improved approach to assess flood resilience
is explained in detail. In Sections 4 and 5, the results of flood resilience assessments in
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three typical flood-prone communities are provided and the impacts of flood resilience
enhancement measures in current and future scenarios are discussed. Finally, in Section 6,
the conclusion highlights the applicability of flood resilience enhancement strategies and
the limitation of the research, as well as the consideration for managerial insight and
future work.

2. Study Area and Data
2.1. Study Area

As a famous historical and cultural city in China, Jingdezhen is most well-known for
its ceramic industry. The city has always suffered from urban flooding. In recent years, the
city has made many attempts to combat flooding, including the government-led Integrated
Flood Management Project at the Wuxikou Reservoir and the World Bank-sponsored Flood
Risk Management Project. Thus, it has the theoretical and data basis for the study. Before
2012, Jingdezhen’s urban development lacked a master plan, and the layout of major
transportation and other infrastructure had not undergone long-term demonstration. With
the rapid development of urbanization in the past 10 years, Jingdezhen City is facing
new challenges.

The study area of central Jingdezhen city occupies an area of 720 km2, which is located
in the northeast of Jiangxi Province, China (Figure 1). Jingdezhen is characterized by a
subtropical monsoon climate, with abundant rainfall and is also one of the three major
rainstorm centers in Jiangxi Province. According to Jingdezhen Meteorological Station, the
annual average precipitation in the Changjiang River Basin is 1778 mm. There are two main
rivers in Jingdezhen, Changjiang River and Le’an River. The central city of Jingdezhen
is located on both sides of the Changjiang River and its tributaries, the Nanhe River and
the Xihe River. Urban flooding in Jingdezhen city is caused by a combination of seasonal
rainstorms and fluvial flooding, with the storm season coinciding with the river flood
season. The city is not only located at the center of heavy rainfall but is also threatened by
the combined fluvial flooding of the Changjiang River, the Nanhe River, and the Xihe River.
The main flooding season is from April to June each year, with short-lasting floods also
occurring after July due to typhoons. To cope with urban flooding, the local government
has implemented engineering measures such as building embankments and pumping
stations, but these engineering projects are not quite adequate for the city. Local residents
usually use water-blocking tools such as water barriers, and in severe cases take temporary
evacuation measures to reduce damage when flood events occur.

The central area of the city is selected as the study area in this research, with 30.5%
as a residential area, 14.3% as communal infrastructure, and 13.1% as green spaces out of
the total surface area. Three typical communities Fuliang, Changjiang, and Zhushan in
(Figure 1) are selected as prone-flooded communities of central Jingdezhen city according
to the past urban flooding statistics: these three communities cover more than 90% of the
historical flood-prone areas of central Jingdezhen city; the property damage caused by
urban flooding in these three communities is extremely high, with the worst communities
experiencing 6.5% of the GDP share of the direct economic loss count caused by the
extraordinarily heavy flooding in 2019. Fuliang has an area of 23 km2, with the main stream
of the Yangtze River lying across, and covers the most flooded locations in city. Changjiang
is located in the new downtown with an area of 53 km2. Zhushan is located in a populated
old town with an area of 16 km2. Fuliang is located alongside the South River with an
area of 23 km2. Changjiang has an area of 53 km2 with the downstream of the Changjiang
River going through and covers the most flooded locations in city. Zhushan is located in a
populated old town with an area of 16 km2.
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Figure 1. Study area of Jingdezhen City in Jiangxi Province, China. Three typical flood-prone
communities of Fuliang, Changjiang, and Zhushan are selected in central Jingdezhen City.

2.2. Data

Flood depth and duration simulation results with the return period of 10 yr, 20 yr,
50 yr, and 100 yr are from hydrological modeling made by MIKE FLOOD [44]. The MIKE
software powered by DHI is used for calculation of urban surface floods during a rainstorm
event. The MIKE URBAN CS [45] software is used to construct an urban drainage network
model to simulate surface runoff and pipe flow in urban catchments and drainage systems.
A two-dimensional urban inundation model is built using the hydrodynamic model MIKE
21 [46], which numerically solves the full 2D Saint-Venant equations on a rectangular
grid to simulate the flooding process in different topographic conditions, such as roads,
neighborhoods, and green spaces. Afterwards, MIKE FLOOD was used for coupling the
simultaneous operations of 1-D river flow, 1-D drainage network, and 2-D surface flow to
form a three-way coupled urban flooding simulation. The coupled model demonstrates
good performance through the implementation of the following steps:

• Each inspection well of the drainage network model is coupled with the correspond-
ing computational grid of the 2-D surface flow model to reflect the flow interaction
between drainage and surface flow.

• Each outlet in the urban drainage network model is coupled with the corresponding
section of river flow to show the interaction between drainage and river flow.

• The simulation of river flow is coupled with the 2-D surface diffusion model to expose
the problem of inland river overflow in cities.

The model is able to simulate the whole process including from the beginning of
rainfall to surface discharge, the drainage flow and river flow and the appearance of
inundation, as well as the interactions between different flows in these processes. Figure 2
shows the maximum inundation depths of the area under four return periods (100 yr, 50 yr,
20 yr, 5 yr). The maximum inundation depth is classified into 5 levels (0.05–0.5 m, 0.5–1 m,
1–2 m, 2–3 m, and above 3 m), clearly showing the severity of inundation in central city. The
most three flood-prone communities Fuliang, Changjiang, and Zhushan in this condition
are selected to be analyzed in the next stage as they cover the most inundated areas.
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Figure 2. Maximum inundation depth map with four return periods in Jingdezhen city.

The inputs of precipitation and discharge processes under different return periods
were derived from calculations by the Jingdezhen water department. DEM data were
downloaded from the SRTM (Shuttle Radar Topography Mission) website with a resolution
of 90 m [47]. Demographic and income data were drawn from the statistic yearbook
provided from the Jingdezhen government. Industry losses caused by flooding were
estimated using the grey model. Land use, household, water project construction, and
drainage system conditions were provided by the hydrology department of the Jingdezhen
government. Public awareness information was taken from 500 questionnaires given to
residents of three flood-prone communities in Jingdezhen city, among which 388 valid
copies were taken back.

3. Methods
3.1. Research Framework

The research framework used for evaluating urban flood resilience enhancement strate-
gies is displayed in Figure 3. First, flood resilience of three flood-prone communities were
assessed through an improved resilience assessment approach under different precipitation
return periods. Then, a comparison between current and future scenarios was carried
out to see how resilience would change without any implementation by 2030. The next
step was to implement two types of measures and explore their effectiveness in different
communities. Finally, the results of evaluation were analyzed and the applicability of two
types of measures were discussed.
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3.2. Engineering and Adaptive Measures for Flood Resilience Enhancement

In order to explore the impact of different types of measures on urban flood resilience
enhancement, this paper proposes two types of urban flood resilience enhancement mea-
sures, engineering measures, and adaptive measures, based on the historical flooding
inundation situation in Jingdezhen, combined with the geographical characteristics of the
city, existing infrastructure, and the level of flood prevention engineering measures appli-
cable to the study area. After meetings and discussions with the local hydrological bureau,
the authors’ team proposes the most representative and effective flood control measures
for the key inundation areas in conjunction with the ‘Urban Flood Control and Drainage
Engineering Plan’ prepared by the local government department, within a reasonable range
of engineering practicability and economic, and gives examples below to illustrate how
different measures affect the level of urban flood resilience.

3.2.1. Implementation of Engineering Measures

Three engineering measures in the study area of this paper are as follows:

• Measure 1—Add new pumping stations.
• Measure 2—Build two new flood storage lakes.
• Measure 3—A combination of Measure 1 and 2: Add new pumping stations and build

two new flood storage lakes.

The three measures are specified below. The central urban area of the study area is
located in the confluence section of the Changjiang River and its tributaries, the South and
West Rivers, and the terraces along the river are low, which are under greater threat of river
flooding. Due to the drainage capacity of the pipe network and the top of the river water
level, the low-lying areas in the central city have a greater risk of water accumulation. In the
past, the drainage of the urban area was mostly dispersed according to the topography and
water system, and only one electric drainage station was built in each of the three pueblos
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of Xiguanzhou, Lao Cudan, and Sanhe, and the installed scale of the three pumping stations
was small, which could only solve the drainage problem of farmland in some areas on
the outskirts of the city and far from meeting the requirements of urban flood control and
drainage. Therefore, the drainage plan is formulated by dividing the area into 19 drainage
areas with the topography, and Measure 1 (as shown in Figure 4) sets up a pumping station
along the river in each substandard drainage area and another pumping station in the heart
of the city where the city government is located, so that a total of 13 pumping stations are
added (the flow rate of pumping stations varies from 2 m3/s to 17 m3/s). At the same time,
a pumping station is set up along the North Square Road and South Square Road, where
the water in the old city is always serious. Measure 2 proposes to build a new flood storage
lake in position A and B, respectively. Location A—Changnan flood storage lake is located
in the central city west adjacent to the West River, there is a height difference between the
road around this area and the normal water level of the West River. The area was previously
farmland and wasteland, and by building a flood storage lake can form an urban park, the
lake covers an area of 440,000 m2. Location B—Old South River Flood Storage Lake is on
the north side of Dedong Avenue, which was originally farmland and mound, and can
meet the needs of both flood storage and landscape greening after completion. This flood
storage lake is adjacent to the South River, and the lake body covers 61,000 m2. Measure 3
is the sum of Measure 1 and Measure 2.
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3.2.2. Planning Implementation of Adaptive Measures

Japanese scholars [28] believed that the construction of resilient cities cannot rely
only on hard engineering measures, but adaptive strategies for disaster management are
also crucial. In China, the recent “Beijing Resilient City Planning Outline” emphasizes in
resilience enhancement strategies to promote a social co-governance model with diversi-
fied participation and to foster resilience awareness among the whole population. Sven
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Fuchs [48] claimed that in order to cope with flood risk, people usually make risk manage-
ment plans, but often ignore the public perception of a threat. Gao [49] pointed out that
the public’s disaster risk perception is a factor that affects their decision-making behavior
in response to disasters, and even directly affects the effectiveness of disaster prevention
and mitigation. The public perception of a threat. As mentioned earlier, the study area of
Jingdezhen city has its special characteristics that we need to put forward to flood resilience
enhancement strategies considering the socio-economic characteristics. After field research
and expert interviews, the current situation of flood disaster management systems in the
study area can be summarized as follows:

I. Existing planning is biased towards emergency response for flood control and preven-
tion in cities, counties, and townships, and lacks flood control planning and plans for
communities and the public.

II. Lack of knowledge and initiative of community personnel in flood prevention and
mitigation, and insufficient professional level of flood emergency response.

III. Residents are not really involved in the whole process of flood risk management, and
the degree of social participation is not high.

IV. The public has a fluke mentality about flood risks and does not pay enough attention
to flood prevention and mitigation publicity and education, and flood emergency
management publicity and education lacks institutionalized guarantee.

Therefore, this paper proposes the following measures as adaptive measures in Table 1
for flood resilience enhancement based on the shortcomings of the current situation of the
flood disaster management system in Jingdezhen.

Table 1. Adaptive measures in four categories.

Categories Adaptive Measures

Planning

Develop participatory emergency plans for the community and the public

Set up temporary and long-term emergency shelters and stockpile related
emergency supplies

Survey of disaster-vulnerable populations and housing and
regular inspections

Education

Establish a standardized and complete disaster reduction file for community
residents, recording text, photos, video information, etc.

Give full play to the role of the community, the organization of disaster risk
reduction publicity and education, disaster prevention, and

mitigation training

Participation The community regularly conducts emergency drills for residents

Awareness

Conduct regular disaster risk awareness assessments of residents

Residents are equipped with the necessary disaster prevention equipment
and are familiar with escape routes and places of refuge

Enhance residents’ personal risk awareness and resilience to disaster risks

3.3. An Improved Approach to Assess Urban Flood Resilience at a Community Scale

The improved resilience assessment approach is built based on a community perspec-
tive. It introduces an important indicator of public ‘preparedness and awareness’ that is
often mentioned in recent international resilience framework cities, but very difficult to
quantify. In this study, the indicator is quantified by collecting and calculating data from
the author’s research visits and questionnaires in the study area, striving for a convincing
quantitative basis. The overall framework of the approach and the details of the newly
introduced indicator is presented in the following two sections.
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3.3.1. Flood Resilience Assessment Framework Based on S-FRESI

In order to achieve two objectives: evaluating the effectiveness of two types of mea-
sures and adapting them to local conditions, a suitable urban flood resilience evaluation
method is needed. There are two basic requirements: first, the physical attributes in terms
of rainfall-inundation impacts caused should be incorporated; and then the attributes that
can reflect the acts of community and the consequential impacts on residents should be
considered. On this basis, the authors selected Louise Bertilsson’s S-FRESI [36] compre-
hensive evaluation index from a huge amount of literature and added the indicator of
public preparedness and awareness as the community dimension to this index to realize
the resilience assessment work.

The S-FRESI represents resilience in three aspects: the capacity of resistance, the capac-
ity of recovering from material losses, and the capacity for infrastructure to recover. The
capacity of resistance is considered in three aspects: hazard, exposure, and susceptibility,
which are expressed with the indicators of flood levels, household density, and the percent-
age of flooded households, respectively. The capacity of recovering from material losses
is explained as the monetary losses accounted for annual income. The capacity for infras-
tructure to recover refers to the drainage capacity of the drainage system. Besides, there
is a newly introduced aspect to evaluate the capacity for community residents to actively
respond and recover from floods. This capacity is considered as the level of awareness and
preparedness of local residents, which will be elaborated in Section 3.2.2.

The framework of the urban flood resilience assessment is shown in Table 2. There are
six indicators in this framework and each value of these indicators is normalized into the
values from zero to one. The index is calculated by combining indicators of two parts in
Equation (1)

Urban flood resilience = m1
(
1 − In1

d In2
p In3

lu
)
+ m2(k1(1 − Ier) + k2 Iir + k3 Icr) (1)

where m1 and m2 are equal weights of 0.5 for the capacity of resistance and the capacity of
recovery, respectively. The exponential weights n1, n2, and n3 are weights for three aspects
of hazards, exposure, and susceptibility with values of 0.5, 0.25, and 0.25. k1, k2, and k3 are
equal weights for three recovery indicators of 0.333. The non-exponential weights are given
equal weights since these aspects are considered of the same contribution to the index in
this case, while the exponential weights are given as suggested by Bertilsson [36]. These
weights can adjust according to different actual situations.

Table 2. Urban flood resilience assess framework.

Urban Flood Resilience

Resistance Capacity Recovery Capacity

Hazard Exposure Susceptibility Economic
Recovery

Infrastructure
Recovery

Community
Recovery

Flood Depth Household
Density

Flooded
household Loss/Income Drainage Awareness and

Preparedness

Id Ip Ilu Ier Iir Icr

3.3.2. Community Indicator of Awareness and Preparedness

A questionnaire survey about public risk awareness and emergency response against
urban flooding was carried out in Jingdezhen city. There are 743 out of 900 valid ques-
tionnaires, including 256 pieces in Changjiang, 374 pieces in Fuliang, and 61 pieces in
Zhushan. The survey contains four aspects: education and training, flood knowledge, flood
experience, and precautionary measures (Table 3).

The results of each aspect in the survey are classified into four levels as ‘strongly’,
‘moderately’, ‘slightly’, and ‘never’. The assignment method is used to quantify each level
as shown in Table 4. The median value is taken as the score for each grade, i.e., G = (0.875,
0.625, 0.375, 0.125). Then a score can be assigned to individual sample, and the scores of
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four components can be generated for the overall sample. The four components share equal
weights that contribute to the indicator of awareness and preparedness.

Table 3. Four aspects of the questionnaire survey.

Aspect Contents

U1 Official flood education or evacuation training organized by community
U2 Knowledge and skills coping with waterlogging
U3 Flood experience
U4 Precautionary measures such as preparing emergency materials

Table 4. Score of four levels.

Level Score

Strongly 0.75–1
Moderately 0.5–0.75

Slightly 0.25–0.5
Never 0–0.25

3.4. Current and Future Scenarios

In order to propose practical options to provide a basis for a long-term flood control
plan for the study area, the improved flood resilience assessment approach is applied in
two scenarios: the current scenario and the future scenario, in which the inundation is
derived from a 20 yr return period precipitation. The current scenario refers to the general
situation when no additional flood protection measures are implemented under the present
urban construction conditions. The future scenario is set to the year 2030, when the city’s
construction is basically performed according to the ‘2030 Jingdezhen City Master Plan’
provided by the Jingdezhen Water Resources Bureau. The master plan is a general guideline
to guide a coordinated and orderly development of the city. It contains the objectives of
urban construction and development and socio-economic development, such as population,
industry, economy, land use, infrastructure, and flood control plan, etc. It provides a solid
theoretical basis for the authors to set various urban indicators in the future scenario of
2030. This study assesses the flood resilience in the current and future scenarios with no
measures implemented, and then evaluates two types of resilience enhancement measures
under the future scenario.

The implementation of engineering measures leads to changes in the inundation
elements, which affect the hazard and other indicators affected by inundation, and these
results can all be calculated. The impacts of implementing adaptation measures cannot be
predicted precisely, but they can be characterized by the method of setting expected targets.
Table 5 shows the targets for the implementation of adaptive measures to improve four
components of the awareness and preparedness indicator until 2030, given in percentages.
The basis for these targets was derived from the results of the authors’ colloquia with
experts and staff in Jingdezhen communities.

Table 5. The promotion goals of the ‘awareness and preparedness’ indicator after applying adaptive
measures in 2030.

Components of ‘Awareness and Preparedness’ Indicator Increase by Percentage

Education and training 80%

Flood knowledge 30%

Flood experience 60%

Precautionary measures 50%
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4. Results
4.1. Flood Resilience of Three Typical Flood-Prone Areas

Figure 5 shows the results of flood resilience assessments of Fuliang, Changjiang,
and Zhushan in Jingdezhen City under the return period of 10 yr, 20 yr, 50 yr, and 100 yr,
respectively. There is a trend with consistency: the flood resilience presents to be smaller
when the return period increases in all three communities. Comparing these three commu-
nities, Fuliang remains highest among the three with all return periods while Changjiang
and Zhushan remain a low level. The results of three communities are close to each other
when T = 10 yr (less than a 1.8% difference between maximum and minimum), but the
gap between these values increases up to 6% when T = 100 yr, which indicates the fact
that Changjiang and Zhushan have a relatively low resilience against the rainstorm with
a-hundred-year return period. Significantly, there is sharp decrease when T = 20 yr in
Zhushan where the old downtown is located with the highest population density.
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The resilience results of rainstorm flooding with a return period of 20-year precipitation
is chosen to analyze how these indicators impact the resilience result, as shown in Figure 6.
The four indicators of hazard, exposure, susceptibility, and economic recovery impose
negative effects to resilience while the other two indicators of infrastructure recovery and
community recovery have the opposite influence. Comparing Fuliang and Changjiang,
it is obvious that Fuliang has a relatively small value of residential density but a large
value of drainage density, which helps improve the final result of flood resilience. It is also
worth noticing that the drainage density in Changjiang is really low and that future work
should be focused on improving the infrastructure recovery ability in this area. In Zhushan,
the four negative indicators present to be the largest among the three, which causes a
consequence of the lowest flood resilience although the other two positive indicators are
quite high. It is possible that this might be related to the weighting coefficient given in the
equation, but the analysis in the current situation can also tell some facts as evidence for
future planning.

Figure 7 shows the urban flood resilience results of three communities with and
without considering community indicators of public risk awareness. It is worth noticing
that Fuliang, Changjiang, and Zhushan have a change of 0.024, 0.019, and 0.05 in resilience
when adding the community indicator into the framework, causing an increase in Zhushan
where the resilience becomes higher than Changjiang. It demonstrates the fact that the
flood risk education and emergency training activities organized by communities are more
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often held in Zhushan and that people in this area are better educated in developing
flood risk awareness. In fact, the indicator of public risk awareness is not regarded as a
necessary factor in evaluating flood resilience in other research. However, this indicator
is actually useful in altering the resilience assessment results, especially for those old
communities with a concentrated population such as Zhushan. This is an indicator that is
reasonable in this case and cannot be disregarded as an effective strategy to improve urban
flood resilience.
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4.2. Flood Resilience in Current and Future Scenarios

The urban flood resilience assessment framework is tested in two scenarios of current
and future conditions under the return period of T = 20 yr. The current scenario is under
the city’s present hydrographic conditions, land use types, and social conditions, with no
changes to underlying surfaces or additional flood control projects. The future scenario
is defined as the 2030 planned situation made by the city’s government, including basic
geographic information, urbanization, land use type, and construction of flood control
projects (construction of levees, reservoirs, sluices, drainage pumping stations, etc.), are
all set as the 2030 planned situation. This future scenario of the 2030 planned situation is
a preliminary plan for the city’s development, which is supposed to be the background
for estimating urban flood resilience at a future stage. The predicted results of flood
resilience of Jingdezhen city in the year 2030 can be used as evidence for providing rational
suggestions for urban flood control plans from the perspective of resilience.

The results of urban flood resilience assessment under two scenarios in Figure 8
indicates that there is an obvious decrease in resilience of the 2030 planned situation
compared with that of the present situation, with values of 2.2%, 0.4%, and 0.5% of Fuliang,
Changjiang, and Zhushan, respectively. The downward performances of flood resilience
indicate that the 2030 Jingdezhen urban development plan is not in accordance with
the goal of flood control plans from the perspective of developing a flood-resilient city.
In fact, several changes will take place in the 2030 planned future scenario: growing
urbanization with increasing impermeable surfaces will help create more runoff; changes
in land use types and the reorganization of urban key functional zones will make high risk
areas (such as residential areas) become more concentrated and densely populated, thus
increasing exposure. Based on the existence of the above situations, Jingdezhen central
city is experiencing a developing approach against the tendency of increasing urban flood
resilience despite the fact that the construction of important infrastructures and flood
control projects will be better with new-built.
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Figure 8. Urban flood resilience in current and future scenarios.

4.3. Effects of Engineering and Adaptive Measures

Tables 6 and 7 show the changes in resilience of the three flood-prone communities
in the future scenario when implementing two types of measures. Table 6 shows the
changes in flood resilience under the impact of three engineering measures: Engineering
Measure One of adding new pumping stations and upgrading old drainage networks
causes increases in resilience in the three communities by 1.5%, 0.9%, and 2.1%; Column
four exhibits an increase in resilience in Fuliang with the value of 1.6% when adopting
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Measure Two of building two new flood storage lakes, while the changes of the other
two communities are almost zero; Considering both Measure One and Measure Two,
column five exhibits growth with the values of 3%, 0.9%, and 2.1%. The results indicate
differences that Measure One contributes to all three communities with the most to Zhushan,
while Measure Two only works to Fuliang. Table 7 demonstrates the increase in resilience
after the implementation of the adaptation measures. It can be clearly seen that the flood
resilience of all three communities has changed significantly. Among them, Fuliang and
Zhushan improved by more than 7% and Changjiang improved by 6.5%. Comparing the
two types of measures, it reveals that the effect of adaptive measures is higher than that of
the engineering measures, especially for Changjiang, where engineering measures have
little effect, but adaptive measures can make a big difference. The results provide a basis
for making suitable resilience enhancement strategies in three flood-prone communities
according to their individual features.

Table 6. Changes of resilience after implementing engineering measures.

Area
% of Resilience
Change in the

Future Scenario

% of Resilience
Change Applying

Engineering
Measure 1

% of Resilience
Change Applying

Engineering
Measure 2

% of Resilience
Change Applying

Engineering
Measure 3

Fuliang −2.2% 1.5% 1.6% 3.0%
Changjiang −0.4% 0.9% 0 0.9%

Zhushan −0.5% 2.1% 0.01% 2.1%

Table 7. Comparison between engineering measures and adaptive measures.

Area % of Resilience Change
in the Future Scenario

% of Resilience Change
Applying Engineering

Measures

% of Resilience Change
Applying Adaptive

Measures

Fuliang −2.2% 3.0% 7.6%
Changjiang −0.4% 0.9% 6.5%

Zhushan −0.5% 2.1% 7.1%

5. Discussion

This paper provides the first quantitative comparison of resilience enhancement effects
of engineering measures and adaptive measures. The findings show that in the future, the
overall positive effect of adaptive measures on the three communities is three times higher
than that of engineering measures. Compared with similar studies, resilience improvement
strategies are evaluated in different resilience research frameworks [50,51], but there is a
lack of quantitative and comparative analyses of specific measures. It is therefore unclear to
what extent the measures will affect regional resilience and to what extent they will make
a difference. This study explains that engineering measures have a significant effect on
increasing resilience in some flood-prone communities, for the fact that the implementation
of engineering measures has changed drainage and inundation. But there is a practical
consideration that building flood protection infrastructures is exorbitantly expensive and
implicates long-term costs [52] and that the government cannot invest regardless of the
cost; in the meanwhile, there is not much more space to impose engineering measures due
to a relatively saturated state of urbanization. Adaptive measures would be a better option
at this point. With such a comparative analysis, the community policy makers could know
how to develop valid strategies. The results of the quantitative analysis are not intended to
discuss the details of implementing these measures, but it is important to give an example
of the comparison between two types of measures in the perspective of flood resilience.
From which the community policy makers should know how to develop valid strategies.

The results of the quantitative analysis indicate that the level of flood resilience is
influenced by the awareness and preparedness of individual residents. Compared with the
adaptive measures put forward in other resilience frameworks, the indicators of awareness
and preparedness have been specially emphasized in this study, which has also been men-
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tioned and found useful by other scholars [28]. We believe that individual residents’ risk
awareness and preparedness play an important role in the implementation of community
flood control work in a long-term perspective. In the future, attempts should be made to
incorporate this criterion in community development plans, so as to form more complete
disaster response strategies and resilience plans. The local government of Jingdezhen City
is also interested in this work, which shows that the government as well as the commu-
nity are aware of these issues and want to improve the flood control level of the city by
enhancing flood resilience.

Three flood-prone communities in Jingdezhen are selected to show the resilience
performance under different scenarios. The selected flood-prone communities are all
exposed to long-term flood risk. But three communities have different natural and social-
environmental characteristics: the layout of engineering measures, proximity to the river,
and community management, which ultimately present variability in flood resilience.
Therefore, the role of the community is very important in building a resilience framework
closely related to the localized characteristics when implementing measures. Communities
with a low level of engineering construction still have space and capacity to build flood
control projects and should be given priority to making these engineering plans. Communi-
ties seated by the river should not be too relieved for the well-constructed dams and dykes
to lose awareness and preparedness, especially those densely populated and with aging
communities. Communities should provide adequate flood risk education to residents,
encourage vulnerable people to participate in flood risk management, and set up temporary
emergency shelters to improve flood response capacity in emergency situations.

The limitation of this study is the limited sample size and uneven sample distribution
of the questionnaire survey in the three communities. Improvements are required in
designing the survey process that could make the community indicator of awareness and
preparedness more objective in the following surveys. The other limitation is about the
evaluation of the economic recovery indicator, where the socio-economic property losses
due to floods are generated based on depth–damage curves. It is an estimated quantity that
can reflect the losses to some extent, but the evaluation could be better if statistical data
are available.

6. Conclusions

This study explores the applicability and impact of two types of resilience enhancement
measures (engineering measures and adaptive measures) on the study area, Jingdezhen
City. An improved flood resilience assessment approach is used to quantify flood resilience.
Three typical flood-prone communities were selected to assess their flood resilience levels
under current and future scenarios to assess the impact of flood resilience enhancement
measures. The main conclusions are the following:

a. The three flood-prone communities show different levels of flood resilience. Un-
der different rainfall return periods, it shows that the flood resilience of the three
flood-prone communities decrease significantly as the rainfall return period increases.
Among them, the flood resilience of Fuliang is slightly higher than that of the other
two. The flood resilience of Zhushan and Changjiang are lower, especially in Zhuan-
shan where the resilience level is the lowest. The results should be explained with the
socio-economic attributes of the three flood-prone communities. Zhushan is an old
community with the highest concentration of population and residential land, and
its higher disaster exposure and vulnerability lead to the weakest ability to cope with
flooding; Changjiang has the weakest level of infrastructure and economic recov-
ery, but its flood resilience is slightly higher because the population and residential
houses are relatively not that concentrated; Fuliang has the highest level of resilience
among the three due to its high quality of drainage network infrastructure and low
population density. The field study and the questionnaire survey results show that
these three communities are still affected by flooding, indicating that there is much
possibility to improve.
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b. The results of flood resilience assessment under current and future scenarios show
that the future scenario presents a lower level of flood resilience than the current.
Under the development mode subject to the urban construction plan and the flood
control plan of Jingdezhen City, the flood resilience will decrease in 2030, where the
flood resilience of Fuliang, Changjiang, and Zhuanshan will decrease by 2.2%, 0.4%,
and 0.5%, respectively. The results indicate that further urbanization and population
increase in the future will exacerbate the threats posed by flooding and relying on
planned flood protection engineering measures and permeability measures alone will
not mitigate these threats. It indicates that the 2030 urban master plan of Jingdezhen
City cannot fulfill the demand of future flood control development.

c. Two types of resilience enhancement measures are evaluated in the future scenario,
which caused different influences on three flood-prone communities. The flood
resilience of Fuliang, Changjiang, and Zhushan improved by 3.0%, 0.9%, and 2.1%,
respectively, after implementing engineering measures. Flood resilience improved by
7.6%, 6.5%, and 7.1% after applying adaptive measures. The results show that engi-
neering measures are suitable for the old communities with deficiency of renovation
where they are sitting alongside the city main stream, for example the communities of
Fuliang and Zhushan. Adaptive measures exhibit more efficiency in improving flood
resilience in all communities, especially effective for the new city town Changjiang
where engineering measures are nearly saturated.

In conclusion, this study investigates the applicability of two types of flood resilience
enhancement strategies for typical flood-prone communities in Jingdezhen City. A man-
agerial suggestion is to strengthen the role of communities in urban flood management.
Communities can provide direct and effective ways to improve residents’ awareness and
preparedness, including providing flood risk education, encouraging residents to partici-
pate in flood risk management, and carrying out emergency escape and rescue training.
Many flood events have inspired us that residents are the main force in disaster prevention
and post-disaster rescue. A healthy community disaster response and rescue system can
most effectively help residents improve their ability to prevent and respond to flood events.
Therefore, strategies should be further formulated to deepen the role of communities in
building urban flood resilience.
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