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Abstract: Urban flooding now occurs frequently and low impact development (LID) has been widely
implemented as an effective resilience strategy to improve storm water management. This study
constructed the inundation curve to dynamically simulate the disaster, and established an inundation
severity indicator (ISI) and cost-effectiveness indicator (CEI) to quantify the severity and cost
effectiveness at each site. The study set 10 different density scenarios using a zonal approach.
The results showed that LID could reduce the overall ISI value, but as the construction increased,
the CEI exhibited a downward trend, showing that there is a marginal utility problem in LID. However,
the performance of CEI differed slightly in areas of different severity. In the vulnerable resilience zone,
the CEI increased initially and then decreased, and the optimal cost–benefit combination was 60%
permeable pavement +20% green roof +50% vegetative swale. The mutual effects of LID measures
in different zones led to synergistic or antagonistic effects on LID. This study explored the tradeoff

between the resilience enhancement effect and strategy transformation cost, and determined the
optimal combination of the LID strategy, thereby providing a new analytical perspective for the
sustainable development of sponge cities.

Keywords: inundation curve; cost-benefit analysis; stormwater management; low impact development;
resilience

1. Introduction

Urban flooding disasters now occur frequently throughout the world due to the intensification of
climate change and rapid development of urbanization [1–3]. These disasters cause enormous social
and economic losses, and they severely threaten the safety and property of residents [4–6]. Frequent
and serious urban rainstorms require the extensive adoption of low-impact development (LID) to
supplement the traditional drainage infrastructures [7,8]. LID is a storm water management strategy
based on distributed management and localized practices for controlling the runoff and pollution
caused by storms in order to enhance the capacity for absorption, storage, and purification, and the
recovery of the urban resilience system [9]. LID has been applied widely via the construction of source
management measures for rainstorms [10,11].

To evaluate the capacity for resistance, absorption, adaptation, and recovery from disasters,
the concept of “resilience” was proposed and it soon became the focus of academic attention [12,13].
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Improving urban resilience is very important for the prevention and mitigation of urban
disasters [14–16]. Due to the occurrence of increasingly severe urban rainstorms, many researchers
regard the establishment of resilient cities as the ultimate target of rainstorm management,
and “resilience” is considered as an indispensable attribute of cities [17,18].

The development of quantitative assessment methods and strategies for improving urban resilience
are two academic research hotspots. Previous studies of resilience mostly focused on major natural
disasters, such as earthquakes and hurricanes, and various theoretical frameworks have been proposed
for the quantitative assessment of resilience [19–21]. Due to the increased public concern regarding
flooding disasters, evaluating the flooding resilience of urban systems and assessing the effects of
optimal measures are now the focus of scientific research [22]. Some studies have verified the ability
of LID to improve resilience based on indicators such as delaying the time until the flood peak and
reducing the inundation depth [23,24]. However, these static indicators are relatively weak and urban
resilience is more concerned with the dynamic disaster recovery process. Attempts have been made to
construct inundation resilience assessment frameworks, which provided useful references for follow-up
studies [25,26], but the available quantitative evaluation methods are still inadequate.

In the actual implementation of LID, in addition to the benefits, cost is another significant factor that
the government needs to consider [27]. The study on cost–benefit analysis is essential for the different
LID strategies with different costs and benefits. The cost–benefit analysis of LID implementation
involves making a tradeoff between the implementation effect and the input cost [28,29]. Studies have
shown that LID practices have positive cost–benefit effects. In particular, Chui et al. (2016) compared
the hydrological performance and cost-effectiveness of specific LID strategies, and concluded that all
of the strategies considered were more cost-effective in Seattle than in Hong Kong [30]. Cheng et al.
(2018) analyzed the tradeoff between the government and developers with respect to promoting the
application of LID strategies in highly urbanized areas [31]. Xu et al. (2018) proposed a marginal cost
and rational choice theory to solve the problem of LID multi-stage layout planning [32]. These studies
all showed that the LID strategies were beneficial in terms of cost. Cost–benefit analysis aims to
quantify the effects of LID implementation in terms of its environmental, economic and social benefits,
thereby providing a good reference for the implementation scale and optimal location for an LID
strategy. Clearly, this is particularly important for decisions regarding sponge cities.

However, there have been few quantitative cost–benefit analyses of LID. Thus, in the present
study, we developed a new method for quantitatively evaluating the strength of inundation resilience
by considering the inundation duration and inundation depth. In addition, from the cost–benefit
perspective, we explored the optimal LID combination scenario with different degrees of resilience.
Based on the study by Wu et al. (2017), we constructed a one-dimensional (1D)–two-dimensional (2D)
coupled hydrological–hydrodynamic stormwater management model (SWMM) and integrated flood
modeling system-urban (IFMS-Urban) to dynamically simulate the accumulation of inundation water
in the southwest part of Maozhou River in Gongming, Shenzhen, China [33]. Ten different scenarios
were considered for the construction of LID practices. An inundation partition matrix was constructed
while considering the two inundation indicators. The inundation resilience was calculated in different
scenarios and zones, and the cost-effectiveness was evaluated. Based on comparative analyses of the
resilience with different optimization strategies, we explored the improvement benefits of LID practices
among different resilience zones in order to identify the optimal scenario based on a cost-effectiveness
indicator (CEI).

2. Materials and Methods

2.1. Study Area and Data Collection

The study area, Gongming, is located in the southwest of Guangming New District, Shenzhen,
South China (Figure 1). The total area is 37.68 km2, where 26.31 km2 (69.8%) is construction land
with a high development density and residential density. It is located in the coastal area, and has
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a subtropical maritime climate with concentrated precipitation and frequent short-term rainstorms.
It has an advanced economy and large population but immature drainage systems [34]. Due to the
poor geographic factors and drainage infrastructure, Gongming suffers severe flooding in the rainy
season every year and the urban resilience requires much improvement [35,36]. Thus, Gongming
was selected as a pilot project for the construction of Sponge City System, which is regarded as an
effective mechanism to manage rainwater and reduce flooding severity due to its capacity to promoting
infiltration and retaining rainwater in China. The comprehensive application of LID facilities has
been applied widely in Guangming New District. The government has laid out dotted LID measures
such as green roof, detention pond and reservoirs; linear LID measures such as permeable pavement,
ecological grass ditch and buffer strip; and planar LID measures such as vegetative swale and estuary
wetland [37,38]. These measures have obtained some benefits, and because of the terrain and building
structure, green roof, permeable pavement and vegetative swale are the most popular strategies in the
study area.
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Figure 1. Geographical location and locations of inundation points in the study area.

Considering the availability and feasibility of models, we selected the 1D–2D coupling method
proposed by us in 2018 [33]. The general idea of model is combining a 1D pipe network model (SWMM)
for simulating the dynamic precipitation-runoff process in urban areas and a 2D urban intrinsic analysis
platform (IFMS Urban) for surface submergence analysis of urban rainstorms in order to simulate the
dynamic urban flooding process and provide data to support the resilience assessment. The data used
in this study are shown in Table 1. In order to verify the reliability of the model, data for the inundation
points on May 11 in 2014 were used to calibrate the parameters and those on May 10 in 2016 were
used to validate the adjusted model. The result showed that the errors in terms of the calibration and
verification of the final model were both below 20%, which met the requirements of the Standard for
Hydrological Information and Hydrological Forecasting in China (GBT_22482-2008), and the accuracy
of the model agreed with the experimental expectations.
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Table 1. Overview of data used in this study.

Type Use Source

Land use data

Simplified to six types:
commercial residential land, urban
village, industrial land, park and

green land, roads and others

Shenzhen Municipal Government

Digital Elevation Model(DEM) Extracting slope and aspect, and
identifying the catchment area

Geospatial Data Cloud
(http://www.gscloud.cn/)

Soil data Reference for soil infiltration rate Natural resource survey results
in Shenzhen

Pipe network data Characterizing the drainage
capacity of urban systems Shenzhen Municipal Government

Hourly rainfall data Input for rainstorm model Shenzhen Meteorological Data System
(https://data.szmb.gov.cn/)

Building census data Identifying non-submerged areas Shenzhen City Planning and Land
Resources Committee

Inundation points in
shapefile format

Calibrating and validating the
model parameters

Shenzhen SanFang headquarters and
Guangming New District Urban

Construction Bureau

2.2. Analytical Framework

Quantitative assessments of urban resilience have facilitated the sustainable development of
urban resilience research and some studies have investigated the nonlinear relationship between
the inundation depth and disaster damage [22,39]. In particular, Mugume et al. (2015) proposed
an important global analysis approach for investigating structural resilience in urban drainage
systems [26]. In the study, based on the theoretical system performance curve (Figure A1, Appendix A),
we constructed the inundation curve to quantitatively evaluate the severity of flooding (Figure 2) and
we hypothesized that a flooding disaster would be more severe and the system’s functional loss would
be greater when the inundation depth was deeper and the duration was longer. The time integral of
the inundation curve at each inundation point was designated as the inundation severity indicator
(ISI) with Equation (1) for the point. A higher ISI value denotes a greater system function loss, a more
serious flooding disaster, and weaker resilience of the system, whereas a smaller value indicates a
lower system function loss, a less severe flooding disaster, and the stronger resilience of the system.

ISIi =

∫ ti

t0

depthi(t)dt (1)

where t0 represents the time when the rainstorm starts, ti represents the time when the rainstorm ends
in scenario i, and depthi(t) represents the inundation depth at time t in scenario i.

In order to reduce the disaster relief cost and improve the efficient use of limited resources, it was
necessary to evaluate the benefits of flooding disaster relief. We employed the cost–benefit analysis
method to explore the relationship between resilience improvement benefits and strategy costs [40,41].
We evaluated the project value by quantitatively comparing all the construction costs and benefits of
the project, and then determined the maximum benefits with the minimum cost in the investment
decision. In this study, the costs of LID refer to the construction input invested in the early stage of
LID measures, excluding the maintenance costs. This is because different strategies have different
life cycles and the maintenance costs may change as time goes on, and the maintenance costs are
relatively low compared with the input costs. The benefits of LID are represented by the reduced value
of the inundation severity compared with the initial scenario. Therefore, the CEI was constructed with

http://www.gscloud.cn/
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Equation (2), where the numerator denotes the improved resilience relative to the initial scenario and
the denominator is the corresponding cost for the scenario

CEIi =
ISI0 − ISIi

Costi
, i = 1, 2, 3, . . . , 10 (2)

where ISIi represents the severity of flooding in scenario i, ISI0 represents the severity of flooding in
the initial scenario, and Costi represents the construction cost of the LID strategy in scenario i. A larger
CEI value indicates the higher cost-effectiveness of the scenario.
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2.3. Partition Matrix Construction

According to the conceptual map of the inundation curve, the ISI was determined according to
two dimensions comprising the inundation depth and inundation duration. Therefore, using the two
factors, we divided the study area into three resilience zones to further explore the differences in the
performance of the LID strategy among zones, before determining the optimal solution for improving
the efficiency of LID practices.

First, we classified the degree of rainstorm events in 2014. In terms of the inundation depth and
according to the relevant regulations in the Code for Design of Outdoor Wastewater Engineering
(GB 500014-2006), three depth levels were set comprising 0–0.15, 0.15–0.35, and >0.35 m. The inundation
duration was divided into three levels using the natural breaks method in ArcGIS: 0-5, 5–11, and >11 h.
A risk matrix was constructed to partition the study area into three zones (Figure 3). Based on the
initial scenario, low-low, medium-low, and low-medium regions were merged into Preserved Zones,
which had relatively sound infrastructure with a low degree of inundation risk and a high degree of
resilience. The medium-medium and medium-high regions were merged into Vulnerable Zones, which
had higher ISI values and a greater risk of disaster. Therefore, they were vulnerable to inundation and
their resilience to flooding needed to be improved urgently. The high-low and high-medium regions
were merged into Sensitive Zones, which had poor infrastructure and relatively low terrain, and they
suffered the most frequent disasters with the longest duration of flooding. The low-high and high-high
regions were not considered as resilience partitions in this study.
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2.4. Simulations of LID Combination Scenarios

Based on previous studies and considering the feasibility of LID practices in the study area [40–42],
we selected three types of LID practices comprising green roof (GR), permeable pavement (PP),
and vegetative swale (VS) to dynamically simulate the urban inundation process. Referring to previous
studies [42–44], the parameters of the three LID strategies are shown in Table A1. GR refers to the use
of plants on the roofs of buildings on the premise of full consideration of feasibility. PP refers to the
engineering transformation from the originally impervious road in the residential or industrial area into
permeable pavement to increase the penetration rate of the pavement. VS refers to the transformation
of a park green space or community green space by sinking part of it to a certain depth in order to store
and retain rainwater, where wetland plants are planted to increase the surface Manning coefficient
and significantly reduce surface runoff in the area. During the field investigations, we found that
there were significant differences in the roof structure and building shapes in urban villages, and the
reconstruction of green roofs was more difficult. Therefore, the LID construction would follow the
setting principles in Table A2.

A sponge city should be rationally planned and gradually constructed in the initial stage. Before
determining the optimized LID scenarios, we combined the theoretical foundations referring to
previous studies and field investigations to select suitable scenarios according to the land use type
rules (Appendix A). With reference to the study of Zeng et al. (2019) [11], we chose the AVERAGE
strategy—L% (L% is a predetermined percentage ranged from 0 to 100%) area of each catchment
available area for LID construction. The density of LID construction in all transformable areas was
regarded as 100% and various proportions ranging from 10% to 100% were set for the density of
different types of LID combinations based on the rainstorm events in 2014. For example, in scenario I,
10% GR + 10% PP + 10% VS represents the implementation of 10% available area of GR, PP and VS
for construction in each catchment. Considering the complexity of model and the workload of the
research, we selected a scale of 10% intensity difference between adjacent scenarios. The settings for
the scenarios were as follows:

Initial scenario: 0 GR + 0 PP + 0 VS
Scenario I (I): 10%GR + 10%PP + 10%VS
Scenario II (II): 20%GR + 20%PP + 20%VS
Scenario III (III): 30%GR + 30%PP + 30%VS
Scenario IV (IV): 40%GR + 40%PP + 40%VS
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Scenario V (V): 50%GR + 50%PP + 50%VS
Scenario VI (VI): 60%GR + 60%PP + 60%VS
Scenario VII (VII): 70%GR + 70%PP + 70%VS
Scenario VIII (VIII): 80%GR + 80%PP + 80%VS
Scenario IX (IX): 90%GR + 90%PP + 90%VS
Scenario X (X): 100%GR + 100%PP + 100%VS

2.5. Cost-Benefit Analysis of Optimal LID Solution

According to the CEI values, a relatively superior scenario could be identified, but it might not be
the best because of the same density of different LID measures. Therefore, it was necessary to determine
the possible optimal combinations of the LID strategies in the study area. Different LID measures
vary in terms of their performance at resilience improvement [45]. Thus, in order to determine the
optimal combination, we calculated the reductions in the ISI and CEI values with the three different
LID strategies by considering GR, PP, and BS separately as single resilience promotion strategies.
Ten different resilience scenarios were tested for each LID strategy with a step size of 10% ranging from
10% to 100%, before conducting cost–benefit analysis for the 30 specified scenarios. After determining
the optimal single LID strategy, we added two other LID strategies in turn until the optimal solution
was found.

Based on previous studies and investigations of the actual situation in the study area [30,46],
we obtained preliminary estimates of the costs of the LID strategies with the different settings, as shown
in Table A3. The estimated costs of GR, PP and VS per square meter were 18.90, 23.80 and 9.68 USD,
respectively. When the LID practice proportion was 100%, the areas transformed with GR, PP and
VS were 7.84, 4.10, and 3.29 km2, respectively, and the corresponding estimated costs were 148.18,
97.58, and 31.85 million USD. Thus, we calculated the cost of each scenario with various proportions of
different types of LID combinations.

3. Results

3.1. Spatial Distributions of Different ISI Values

The calibration and verification errors for the model were within 20%, which agreed with our
expectations. The inundation curves for 7745 inundation points in different scenarios were integrated
over time, and maps showing the distributions of the ISI values are presented in Figure 4. Based on the
initial scenario, we found that the ISI values mostly ranged between 0 and 20 m·min, and a wide range
of areas suffered from inundation disasters. The inundation disaster areas were mainly distributed
at the intersections and by the sides of roads. The high-value areas were mostly distributed in the
northeast of the study site. The intersection (point A) of Donghuan Road (south–north direction) and
Bieshu Road (east–west direction) was most severely affected, and the ISI value was much higher than
100 m·min. The surrounding roads were similarly affected. In the northern part of the study area,
Beihuan Road (northwest–southeast direction) was also severely affected, especially at the intersection
(point B) of Beihuan Road and Fuli Road, where the ISI also exceeded 100 m·min. With the enhanced
LID strategy, the flooding area decreased and the ISI value obviously decreased. Under scenario III,
the flooding area decreased greatly compared with the initial scenario, and point A was the only point
where the value was greater than 100 m·min. Under scenario VIII, only the ISI values at points A and B
were in the range from 50 to 100 m·min, whereas the others were all less than 50 m·min. Under scenario
X, the flooding area was 0.52 km2, which was 68% less compared with the initial scenario, and the ISI
value was generally controlled at less than 20 m·min. The degree of inundation was alleviated greatly.
Table 2 intuitively shows the changes of inundation area and average inundation depth from the initial
scenario to scenario X. With the increase in LID construction, the value of inundation area and average
inundation depth gradually decrease, but the deceleration rate slows down.
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Table 2. Inundation reduction effects under different scenarios.

Inundation Area Average Inundation Depth

Value (km2) Reduction Rate Value (m) Reduction Rate

Initial scenario 1.596 0.09
Scenario I 1.386 13% 0.08 15%
Scenario II 1.231 23% 0.07 28%
Scenario III 1.126 29% 0.06 38%
Scenario IV 1.026 36% 0.05 45%
Scenario V 0.941 41% 0.05 50%
Scenario VI 0.882 45% 0.04 53%
Scenario VII 0.842 47% 0.04 56%
Scenario VIII 0.801 50% 0.04 58%
Scenario IX 0.767 52% 0.04 60%
Scenario X 0.741 54% 0.03 62%

3.2. Overall Impact of LID

The LID construction results obtained under different scenarios are shown in Figure 5. We found
that as the implementation density increased, the ISI value gradually decreased from 13.3 × 104

m·min under the initial scenario to 3.4 × 104 m·min under scenario X. However, the rate of ISI
reduction decreased slowly as the rate of the implementation of the LID strategy increased, and the
implementation of the resilience strategy exhibited diminishing marginal efficiency. Thus, in order to
balance the strategy costs and effectiveness, we explored the optimal cost–benefit solution.

We calculated the reduction in the ISI value and the corresponding cost of LID construction in
each scenario. The results showed that the reduction in ISI increased slowly initially from 1.8 × 104

m·min under scenario I to 9.9 × 104 m·min under scenario X, and the inundation resilience of the system
steadily improved. However, the CEI value for the whole study area gradually decreased from 1.32 to
0.74 m·min/million as the LID implementation increased. Thus, the overall cost–benefit performance
was higher in the early LID strategy implementation stage. The cost-effectiveness gradually decreased
as the implementation of the resilience strategy increased.



Sustainability 2020, 12, 4990 10 of 20

Sustainability 2020, 12, 4990 10 of 21 

performance was higher in the early LID strategy implementation stage. The cost-effectiveness 
gradually decreased as the implementation of the resilience strategy increased. 

 
Figure 5. The results of LID construction under different scenarios. 

3.3. Performance of Different Zones 

As shown in Figure 6, the changes in the three zones were generally similar. From scenario Ⅰ to 
scenario X, the trends in the reduction rates for the ISI and CEIs in different zones were consistent 
with the overall trend. As the investment in LID transformation increased, the rate of reduction in 
the ISI improved but the growth rate slowed, and the overall trends in the CEI declined in all three 
zones. In addition, there were some differences in these three zones in terms of the shape of the curve, 
where the CEI varied greatly in each zone, as described in the following. 

In the Preserved Zones, the reductions in the ISI values in the low-low, low-medium, and 
medium-low regions changed from 20%, 14%, and 8%, respectively, to 85%, 82%, and 50%. The LID 
strategy performed well in these zones and it significantly enhanced the inundation resilience, 
especially in the low-low and low-medium regions. The CEIs also gradually decreased as the LID 
strategy construction increased, where the CEIs in these three regions decreased from 177.86, 62.86, 
and 30.01 m·min/million USD, to 78.57, 35.71, and 19.29 m·min/million USD, respectively. 

In the Vulnerable Zones, the reductions in the ISI values in the medium-medium and medium-
high regions changed from 8% and 11% to 68% and 82%, respectively. Compared with the Preserved 
Zones, the disaster degree was more severe in the Vulnerable Zones, but the overall reductions were 
relatively lower. In addition, the CEIs in these two regions increased from 106.43 and 83.57 
m·min/million USD under scenario Ⅰ to 128.57 and 97.86 m·min/million USD under scenario Ⅲ and 
then gradually decreased to 64.29 and 53.57 m·min/million USD under scenario X. Overall, the cost-
benefit ratio increased initially and then decreased. Thus, compared with the other optimized 
resilience strategy combinations, the LID combination in scenario Ⅲ obtained the highest resilience 
improvement effect per unit cost. 

In the Sensitive Zones, the high-low and high-medium regions exhibited different trends. 
Similar to the other regions, the reductions in the ISI values changed steadily in the high-medium 
regions. However, the reductions in the ISI values increased rapidly to 64% under scenario Ⅳ in the 
high-low regions. Subsequently, the ISI reductions still increased, but at a lower rate, which differed 
greatly from the other partitions. In terms of the CEI, the reduction was relatively stable in the high-
medium regions, and the CEI values varied little between each scenario. However, the CEI values in 
the high-low regions were relatively high under the early three scenarios, with a peak value of 159.29 
m·min/million USD under scenario Ⅱ. After scenario Ⅲ, the cost-effectiveness declined rapidly to 
65.07 m·min/million USD. 

5.0

6.0

7.0

8.0

9.0

10.0

0

2

4

6

8

10

12

14

CE
I（

m
·m

in
/m

ill
io

n 
U

SD
）

IS
I（

×1
04

m
·m

in
）

ISI CEI

Figure 5. The results of LID construction under different scenarios.

3.3. Performance of Different Zones

As shown in Figure 6, the changes in the three zones were generally similar. From scenario I to
scenario X, the trends in the reduction rates for the ISI and CEIs in different zones were consistent with
the overall trend. As the investment in LID transformation increased, the rate of reduction in the ISI
improved but the growth rate slowed, and the overall trends in the CEI declined in all three zones.
In addition, there were some differences in these three zones in terms of the shape of the curve, where
the CEI varied greatly in each zone, as described in the following.

In the Preserved Zones, the reductions in the ISI values in the low-low, low-medium, and
medium-low regions changed from 20%, 14%, and 8%, respectively, to 85%, 82%, and 50%. The LID
strategy performed well in these zones and it significantly enhanced the inundation resilience,
especially in the low-low and low-medium regions. The CEIs also gradually decreased as the LID
strategy construction increased, where the CEIs in these three regions decreased from 177.86, 62.86,
and 30.01 m·min/million USD, to 78.57, 35.71, and 19.29 m·min/million USD, respectively.

In the Vulnerable Zones, the reductions in the ISI values in the medium-medium and medium-high
regions changed from 8% and 11% to 68% and 82%, respectively. Compared with the Preserved Zones,
the disaster degree was more severe in the Vulnerable Zones, but the overall reductions were relatively
lower. In addition, the CEIs in these two regions increased from 106.43 and 83.57 m·min/million
USD under scenario I to 128.57 and 97.86 m·min/million USD under scenario III and then gradually
decreased to 64.29 and 53.57 m·min/million USD under scenario X. Overall, the cost-benefit ratio
increased initially and then decreased. Thus, compared with the other optimized resilience strategy
combinations, the LID combination in scenario III obtained the highest resilience improvement effect
per unit cost.

In the Sensitive Zones, the high-low and high-medium regions exhibited different trends. Similar
to the other regions, the reductions in the ISI values changed steadily in the high-medium regions.
However, the reductions in the ISI values increased rapidly to 64% under scenario IV in the high-low
regions. Subsequently, the ISI reductions still increased, but at a lower rate, which differed greatly from
the other partitions. In terms of the CEI, the reduction was relatively stable in the high-medium regions,
and the CEI values varied little between each scenario. However, the CEI values in the high-low regions
were relatively high under the early three scenarios, with a peak value of 159.29 m·min/million USD
under scenario II. After scenario III, the cost-effectiveness declined rapidly to 65.07 m·min/million USD.
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Figure 6. Variations in the two indicators in 10 scenarios under different partitions. (a) Preserved
Zones; (b) Vulnerable Zones; (c) Sensitive Zones.

3.4. Optimal Combination of Costs and Benefits

The Vulnerable Zones were affected severely by flooding disasters and they were also the key
areas for improving the resilience of the urban system. The obvious inflection points in the CEI
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curves obtained for the Vulnerable Zones indicated that there might be an optimal cost-benefit
LID combination.

According to the results in Table 3, under the same conditions, the reduction rates in the ISI and
CEI values did not differ greatly between GR and PP, but the values were both relatively low under
VS. Therefore, in order to determine the optimal LID combination, we added GR at different levels
based on the 60% PP scenario, which had the highest CEI among the 30 single LID scenarios, and the
construction density of GR ranged from 10% to 100% with a step size of 10%. As shown in Table A4,
increasing GR could improve the resilience in the area, but the highest CEI was obtained when the
proportion increased to 20%, whereas the highest CEI occurred when the proportion was 70% in the
single GR situation. Thus, the effects of the LID strategies on flood reduction were not a simple sum of
the different effects; on the contrary, there could be synergistic and antagonistic interactions.

Table 3. CEIs for single LID measures in Vulnerable Zones under different scenarios.

Density
Reduction Rate CEI (m·min/Million USD)

GR PP VS GR PP VS

10% 4% 5% 0.2% 131.43 215.00 27.14
20% 9% 9% 0.4% 137.14 212.14 30.71
30% 13% 14% 0.5% 139.29 215.00 27.86
40% 19% 18% 0.6% 147.14 219.29 26.43
50% 24% 23% 0.9% 150.71 221.21 29.29
60% 29% 28% 1.0% 152.86 221.76 27.14
70% 34% 32% 1.3% 153.57 220.00 29.29
80% 39% 37% 1.7% 152.86 218.57 34.29
90% 44% 41% 2.0% 150.71 216.43 35.00
100% 47% 45% 2.1% 147.86 212.86 34.29

Note: bold numbers are the largest of their columns which represent the optimal LID solution.

Next, based on the 60%PP + 20%GR strategy, we designed 10 scenarios with different levels of VS
ranging from 10% to 100% in order to determine the CEI values. According to the results in Table A5
when the construction density of VS was increased to 50%, the cost–benefit ratio was highest for the
Vulnerable Zones. Overall, the optimal combination scenario determined in this study was 60%PP +

20%GR + 50%VS.

4. Discussion

4.1. Optimal Combination of Costs and Benefits

In urban flooding research, resilience theory emphasizes the ability of the system to resist, absorb,
adapt, and recover from inundation disasters, instead of using simple static indicators, such as the
inundation depth, inundation duration, or inundation area, in order to facilitate the prevention
and mitigation of urban flooding disasters [47]. Most previous studies in this area used a single
evaluation index to assess the severity of inundation disasters, thereby ignoring the dynamic and
complex aspects of the process [48]. In this study, the inundation curve was constructed to consider
the duration and depth of inundations. This novel method significantly improves the quantification of
the flooding severity.

According to the spatial distribution of the ISI values in the initial scenario, the high-value ISI
areas were mostly distributed in the north and northeast of the study region, and mainly in the old
town or low-lying areas. Field visits showed that the construction density was excessively high in the
old town; where the density of the pipe network was lower, the green space was insufficient, and the
spatial planning process was disordered, while the pipe network facilities could not totally absorb
the high-density surface runoff in the low-lying areas. Clearly, the areas with higher ISI values had a
limited capacity to resist, absorb, adapt, and recover from inundation disasters, thereby indicating that



Sustainability 2020, 12, 4990 13 of 20

the inundation resilience was relatively low in these areas. Thus, the ISI values reflected the areas of
the urban system with weak resilience to some extent, thereby providing the basis to support further
improvements to the urban resilience.

4.2. Necessity for Resilient Subdivisions

Most previous studies treated the study area as a single subject and they rarely considered that
the flooded areas experienced variable disaster levels, which required the implementation of diverse
strategies [49]. In the present study, the ISI and CEI values generally decreased gradually with the
continuous implementation of the LID strategy because although the initial investment in resilience
strategies was insufficient, it could significantly reduce the likelihood of flooding disasters and improve
the urban resilience. However, after constructing the inundation partition matrix and dividing the
study area into three zones, the results showed that there were obvious disparities between regions,
thereby demonstrating the requirement for inundation partition.

The changes in the Preserved Zones were similar to the overall trend where a high cost–benefit
ratio was maintained in the early stage of LID construction, but the CEI gradually decreased as the
LID density increased. Due to the greater resilience of the early LID strategy, it was difficult to find an
optimal solution with greater cost–benefit outcomes. The results demonstrated the highly efficient
improvement in the resilience under a low improvement density, because the Preserved Zones were
not affected severely by the disaster, and the implementation of LID could control the runoff generated
by heavy rain through distributed small-scale source control, where the rainwater would be retained
to supply groundwater. However, as the implementation of the LID strategy increased, the remaining
inundation points were more difficult to eliminate, which indirectly reflected the limitations of the
LID strategy, where the lower flooding risk depended on LID measures, but also on the coordinated
implementation of multiple measures.

In Vulnerable Zones, the CEI first increased and then decreased, and the optimal solution in
terms of the cost–benefit ratio was obtained. Compared with the initial scenario, the ISI reduction
was 39% with the optimal combination, while the construction cost was 102.48 million USD and
the CEI was 177.86 m·min/million USD, as shown in Table 4. Compared with scenario III described
above, the reduction in the ISI and the CEI were both larger with the optimal combination scenario,
so the urban resilience improved greatly. The optimal solution has various explanations, as shown in
Section 4.3.

Table 4. Comparison of the best combination and scenario III which had the highest cost-benefit in
Vulnerable Zones.

ISI
(m·min)

Reduction
(m·min)

Reduction
Rate

Cost
(Million USD)

CEI
(m·min/Million USD)

Initial scenario 46,308 — — — —
Scenario III 32,781 13,527 29% 82.32 164.29

Optimal solution 28,090 18,218 39% 102.48 177.86

The Sensitive Zones had the longest disaster durations. The points in these areas were not
effectively connected to the drainage network. Thus, the inundation severity did not decrease gradually
and continuously. For example, the high-low regions had shallower inundation water levels, which
responded rapidly to the effects of the initial LID practices, so the ISI decreased rapidly. However,
the reduction in the ISI was more stable in the high-medium regions because the risk was relatively
high. As the density of the LID strategy increased, the inundation depth decreased accordingly, but
most of the inundation points still accumulated water and the inundation duration was not obviously
shortened. The resilience enhancement effect was only reflected by the reduced inundation depth, and
the relative reduction rates and cost–benefit ratios did not differ among the scenarios. In fact, the main
problem was the poor infrastructure in the Sensitive Zones. Although the LID strategy had a positive
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effect on improving the urban resilience, implementing appropriate infrastructure and integrating it
into the pipe network would be an effective measure for increasing the resilience in these areas.

4.3. Reasons for Cost–Benefit Analysis of LID Construction

With limited resources, there is a tradeoff between the effect on improving the resilience and
the input cost. In addition, measures implemented to improve resilience adaptability will encounter
various bottlenecks in practice [32]. LID is an adaptive improvement measure and its performance is
worthy of attention. In particular, determining the optimal combination of LID strategies is the ultimate
issue addressed in the resilience cost problem [50,51]. In this study, the single LID scenarios and
combined LID scenarios both obtained optimal cost–benefit solutions, but their explanations differed.

The results obtained for the 30 single LID scenarios showed that there were significant differences
in the resilience improvement benefits obtained with each strategy. We identified the scenario with
the highest cost–benefit construction density based on the changes in the CEI values. The CEI was
relatively high for PP, followed by GR and VS. In particular, the unit cost of PP obtained relatively
high reductions in the ISI values in each scenario, thereby indicating its superior performance at
efficiently improving the resilience. In addition to the strategy parameters and quantitative distribution,
the spatial distribution pattern was also closely related to the superior performance of PP. However,
the VS strategy had little obvious effect on reducing flooding in the study region, mainly because the
proportion of impervious surfaces was relatively high in the vulnerable areas, and the sites available
for transformation with GR were extremely limited and generally scattered in high resilience areas.
In these regions, rainstorm management had limited effects on retaining, storing, and purifying
the local surface runoff, but it could not deal effectively with surface runoff from the surrounding
impervious surfaces, so VS had very limited effects on mitigating flooding.

For the combined LID scenarios, when the GR was combined with PP, which had the highest
CEI, the optimal scenario was 20%GR instead of 70% GR which had the highest CEI in GR single
scenarios (as shown in Tables A4 and A5), thereby indicating that PP and GR interacted with each other.
Similarly, VS interacted with PP and GR. Moreover, the ISI reduction under different combinations was
not a simple numerical sum, thereby demonstrating that there were synergistic or antagonistic effects
between the LID strategies. Several explanations can account for the optimal combination in terms of
the cost–benefit ratio. In contrast to the single LID scenarios, the urban flooding water was derived
from surface runoff in the surrounding catchment area, but also from the runoff in other catchments
transferred by pipe networks or roads. The application of the LID strategy in the present study did not
achieve full coverage of the whole river basin. The LID facilities could not be fully constructed due to
the difficulty and high cost of modifying large-scale roofs and other construction sites in urban villages,
and thus scenarios were designed according to the construction status in resilient cities. The LID
strategy could not handle surface runoff from areas where LID measures were not implemented. This is
one of the main reasons why the density of the LID measures could not cope with all of the flooding
water and why the optimal scenario in terms of the cost–benefit ratio had to be determined.

4.4. Limitations and Future Directions

In this study, we quantified the levels of inundation disasters by constructing ISI and CEI
indicators, as well as identifying the optimal scenario for resilience improvement, thereby enriching
the quantitative study of inundation resilience to some extent. However, there were some limitations.
Firstly, it was subjective to divide the zones according to the inundation duration and inundation
depth. In addition, we ignored the resilience improvements due to the joint actions of multiple
parties such as individuals, communities, governments, and developers. Moreover, the final cost
would include that of the LID infrastructure, but also other costs, such as land purchasing and daily
maintenance charges. If we consider the cost–benefit ratio problem for LID from the perspective of a
game, then determining the optimal scenario for all of the interested parties would be more conducive
to in-depth investigations of the practical problem. LID aims to reduce the runoff and pollution caused
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by flooding via decentralized and small-scale source control [52], but the implementation effect of LID
is limited and it cannot eliminate floods in areas with low ISI values completely. It is not possible to
depend solely on LID to solve flooding problems and more traditional water management measures
are needed to improve urban resilience, such as laying drainage pipes and constructing appropriate
landscape security patterns.

5. Conclusions

Sponge city construction is relatively focused on urban stormwater management, which can
be considered as an important part of an aquatic ecological civilization city, and its core is to run
stormwater management and LID strategies throughout urban planning and sustainable development.
The main innovations of this study are the construction of the inundation disaster curve and inundation
partition matrix. This approach is different from other common methods based on single and static
inundation indicators. We also divided the study area into various zones with different implementation
rates for LID practices. Comparing the reductions in the severity and the construction costs for LID
in different regions may provide feasible solutions regarding the construction of sponge cities and
resilient cities in the study area. The main conclusions of this study are as follows:

• Overall, the degree of inundation reduction increased, but the rate of reduction decreased slowly as
the density of LID construction increased. These findings demonstrated that the implementation
of LID strategies obtained cost benefits;

• Optimal cost–benefit solutions exist for single LID strategies. When multiple LID strategies were
implemented, the effect was not simply the sum of both, but instead synergistic or antagonistic
effects were obtained;

• Dividing the study area based on the degree of flooding severity is essential because of the
difference in performance in different zones at the urban watershed scale. We found the optimal
solution in terms of the cost-benefit ratio in the Vulnerable Zones. However, the main purpose of
this study was to find different optimal combinations for diverse study areas and to identify a
universal law rather than determining specific values;

• The LID strategy achieved effective results at improving the inundation resilience, but it was
unable to completely prevent flooding at all of the inundation points due to various factors,
such as the construction scope, distribution pattern, and the type parameters. In future research,
the comprehensive application of multiple resilience improvement strategies will be the main
approach employed to build a resilient city by maximizing the resilience enhancement effect.
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Appendix A

The inundation curve to quantitatively evaluate the severity of flooding was constructed based
on the theoretical system performance curve.
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Figure A1. Theoretical system performance curve for an urban drainage system. The black solid line
P0 represents the initial performance level, the dotted blue line Pa represents a lower, but acceptable
performance level, Pf represents the maximum loss level suffered by the system, Pi(t) represents the
theoretical system performance curve, and the shaded area represents the severity of flooding.

Table A1. Parameters of LID.

Types Structure Parameters Value Unit

GR

Surface

Berm height 3 mm
Vegetation volume fraction 0.1

Surface roughness 0.017
Surface slope 1 %

Soil

Thickness 100 mm
Porosity 0.5

Field capacity 0.2
Wilting point 0.024
Conductivity 30 mm/h

Conductivity slope 5
Suction head 60 mm

Drainage mat
Thickness 3 mm

Void fraction 0.5
Roughness 0.1

PP

Surface

Berm height 2 mm
Vegetation volume fraction 0

Surface roughness 0.014
Surface slope 1 %

Pavement

Thickness 100 mm
Void ratio 0.25

Impervious surface
fraction 0

Permeability 250 mm/h
Clogging factor 0

Storage

Thickness 150 mm
Void ratio 0.4

Seepage fate 1.2 mm/h
Clogging factor 0
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Table A1. Cont.

Types Structure Parameters Value Unit

VS

Surface

Berm height 80 mm
Vegetation volume fraction 0

Surface roughness 0.24
Surface slope 1 %

Soil

Thickness 20 mm
Porosity 0.5

Field capacity 0.2
Wilting point 0.1
Conductivity 5 mm/h

Conductivity slope 10
Suction head 3.5 mm

The principles to be followed for LID construction are as follows:

a. Residences in urban villages would not be reconstructed with GR;
b. The highways would not be reconstructed by PP for considering the pressure resistance of

permeated pavement and other factors;
c. PP could be used for reconstruction in several land use types with conditions such as the roads

and parking lots in communities;
d. vs. would be used in the green space in urban villages, commercial residential land, industrial

land and water-permeable surfaces in park and green land.

The specific applicable types were shown in Table A2.

Table A2. The rules of land use types with three types of LID strategies.

Types Commercial
Residential Land

Urban
Village

Industrial
Land

Park and
Green Land Roads Others

GR
√

—
√

— — —
PP

√ √ √ √
— —

VS
√ √ √ √

— —

Based on previous studies and filed investigations, the estimates costs of the LID strategies with
the different settings were as follows.

Table A3. Estimated costs of LID implementation.

Types Structures Costs Units

GR
Protection layer 1.88 USD/m2

Plant 6.57 USD/m2

Soil 86.30 USD/m2

PP

excavation 4.69 USD/m2

Filter fabric 1.88 USD/m2

Disposal 15.95 USD/m2

Asphalt pavement 182.91 USD/m2

VS
Plant 6.57 USD/m2

Soil 86.30 USD/m2

excavation 4.69 USD/m2
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Table A4. CEIs under different GR scenarios based on 60%PP.

Intensity of GR ISI
(m·min)

Reduction
(m·min)

Relative Cost
(Million USD)

CEI
(m·min/Million USD)

0% 33,371
10% 31,130 2241 14.84 151.01
20% 28,533 4838 29.68 163.01
30% 26,861 6510 44.52 146.23
40% 24,847 8524 59.36 143.60
50% 22,940 10,431 74.20 140.58
60% 21,219 12,152 89.04 136.48
70% 19,672 13,699 103.88 131.87
80% 18,274 15,097 118.86 127.01
90% 17,046 16,325 133.70 122.10
100% 15,926 17,446 148.54 117.45

Note: The bold number is the largest of this column which represent the optimal LID solution.

Table A5. CEIs under different vs. scenarios based on 60%PP + 20%GR.

Intensity of VS ISI
(m·min)

Reduction
(m·min)

Relative Cost
(Million USD)

CEI
(m·min/Million USD)

0% 28,533
10% 28,452 82 2.94 27.891
20% 28,386 148 5.74 25.784
30% 28,309 224 8.68 25.806
40% 28,185 348 11.48 30.314
50% 28,090 443 14.42 30.721
60% 28,004 529 17.22 30.720
70% 27,938 595 20.16 29.514
80% 27,863 670 23.10 29.004
90% 27,790 743 25.90 28.687
100% 27,708 825 28.84 28.61

Note: The bold number is the largest of this column which represent the optimal LID solution.
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