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Abstract: A defining characteristic of the urbanization is the transformation of existing pervious areas
into impervious areas during development. This leads to numerous hydrologic and environmental
problems such as an increase in surface runoff due to excess rainfall, flooding, the deterioration of water
quality, and an increase in nonpoint source pollution. Several studies propose supplementary measures
on environmental change problems in development areas using the low impact development technique.
This study investigated the reduction of nonpoint source pollutant loads and flooding in catchments
through urban catchment rainfall–runoff management. For the quantitative assessment of flood
disasters and water pollution problems, we propose a reliability evaluation technique. This technique
refers to a series of analysis methods that determine the disaster prevention performance of the existing
systems. As the two factors involve physical quantities of different dimensions, a reliability evaluation
technique was developed using the distance measure method. Using the storm water management
model, multiple scenarios based on synthetic rainfall in the catchment of the Daerim 2 rainwater
pumping station in Seoul, South Korea, were examined. Our results indicate the need for efficient
management of natural disaster risks that may occur in urban catchments. Moreover, this study
can be used as a primary reference for setting a significant reduction target and facilitating accurate
decision making concerning urban drainage system management.

Keywords: low impact development; reliability; distance measure method; storm water management
model; runoff quantity; water quality

1. Introduction

Climate change and rapid urbanization aggravate natural disasters such as flooding by increasing
the water quantity and the amount of pollutants discharged from nonpoint sources during rainfall.
In 2014, the Intergovernmental Panel on Climate Change (IPCC) reported that the increasing impact of
climate change, caused by human activities and industrial development, is undeniable [1]. A typical
climate change phenomenon includes changes in the frequency, intensity, duration, and timing of
weather and climate extremes, and can result in unprecedented extreme rainfall events. The frequent
occurrence of extreme rainfall events incurs human casualties and economic losses by devastating
natural disasters such as floods and landslides [2]. In particular, the interest in studying urban disasters
is rising as the property values increase because of continuous population growth, overpopulation,
and regional development [3,4]. Rapid and continuous migration from rural areas to more densely
inhabited cities increases urban sprawl and increases the susceptibility of a greater portion of
the population to the risks of natural disasters [5]. Moreover, the inflow of various pollutants
from industrialization is increasing, and consequently, water pollution in urban areas is rapidly
aggravating [6]. Therefore, pollutants are washed out into catchment areas during excessive rainfall
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and severe flood events [2]. In urban catchments, high concentrations of pollutants are discharged in
the early stages of rainfall and rapidly decrease as rainfall continues. This phenomenon, referred to as
the first flush, occurs universally. It is necessary to determine the pollutant load per subcatchment to
analyze the environmental impact of these flushed pollutants on the surrounding basin.

Among nonpoint source pollutants generated from various land uses, paved areas such as roads
and bridges typically have higher ratios of impervious surface coverage than other land-use types.
Impervious surfaces experience more surface runoff during rainfall. Moreover, these structures also
show very rapid changes in runoff quantity and water quality concentration. Therefore, a water cycle
analysis considering urban water quantity and water quality needs be conducted simultaneously from
a comprehensive perspective. Furthermore, accurate research is required to promote rational decision
making for natural disaster prevention.

The term low impact development (LID) refers to the systems and practices that use or mimic
natural processes that result in the infiltration, evapotranspiration, or use of stormwater to reduce
flood impacts and improve water quality in urban areas. The LID’s design technique minimizes
rainfall–runoff occurring in the impermeable layers and facilitates restoration closest to the natural
hydrological state before development [7–9]. In addition, the United States Environmental Protection
Agency (US EPA) defines LID as a planning and design approach for overcoming the problems caused
by the changing hydrologic properties from urbanization, which preserves the hydrologic function in
the region. [10]. LID’s concept is drawing attention as a new paradigm of urban water management for
the efficient handling of urban water hazards. Moreover, studies are being conducted on the practical
application of LID systems and their implications [11–13].

In the 2000s, when LID technology’s interest started to increase, separate rainwater management
was necessary by reducing the impervious area, and restoring the catchment to its natural state was
proposed [14]. Several studies were conducted to design a LID facility that could be applied in the
housing site development process. These studies are conducted to establish the basis for sustainable
development through the development of facilities capable of reducing runoff in catchments [15,16].
In the United States, research has been conducted to establish a standard manual for constructing
and maintaining LID facilities. Standard deductions shared between these studies included the use
of field-based knowledge for addressing potential problems, whereby regional characteristics are
modeled and provide data for decision making [17–19].

Field-based studies categorize LID systems into infiltration- and storage-type facilities and have
evaluated the water cycle effect and the ability of these systems to reduce nonpoint sources [20–22].
Moreover, previous studies have established the flood control capability and nonpoint source reduction
effect by element facilities such as permeable pavements [23,24], green roofs [25], vegetation-type
facilities [26], and fine-media stormwater filtration systems [27]. Furthermore, according to the size of
catchment areas, LID systems’ performance has also been determined [28,29].

Continual research is conducted to reduce flood runoff and improve water quality management,
considering extreme weather events such as climate change. In particular, the interest in technological
development to enhance water management energy efficiency, particularly in primary developed
countries, is rising [11–13].

For disaster prevention in urban catchments, developed countries such as the United States and
the European Union have prescribed strict management via optimum means such as quantitative risk
assessment. It has been emphasized that disaster prevention outcomes vary greatly depending on
the quantitative risk assessment [30,31]. However, relatively few studies have focused on the design
and risk assessment of urban nonpoint source pollution reduction facilities considering flood disaster
and water pollution. In particular, concerning a quantitative effect analysis of the LID technique,
various analysis methods are in mixed-use, and research that facilitates result-based transparent
decision making is required.

In reliability analysis, all engineering systems, including hydrological systems, have a certain
probability of failure in fulfilling their intended purpose. For example, in a flood control system,
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the control of all extreme flood cases is not possible. For urban drainage systems, the utilization of full
functionalities depends on the circumstances. Reliability problems of engineering systems are mainly
analyzed based on the relationship between supply and demand. A safety level has been adopted for
marginal designs and an estimate for similar facilities in the past. However, with these approaches,
quantitative analysis is not possible, and it is also difficult to consider each factor [32].

Studies were conducted to analyze the reliability and economic impact of the water utility service
to determine the supply priority in the water supply issue in a drought [33,34]. The studies on
regional drought analysis were also carried out by estimating the groundwater level threshold through
time-series probability analysis of the observed groundwater-level data [35,36]. In addition, research has
been conducted on the reliability analysis of future water supply for multipurpose dams [37].

Studies approaching the flood control function of the sewer network based on the reliability
theory have been conducted to evaluate the flood control performance in connection with the fuzzy
theory or estimating the reliability index by analyzing the uncertainties in parameters directly affecting
the runoff [38,39]. Lee [40] and Lee and Park [41] developed a reliability estimation method for various
excess rainfall scenarios by presenting a sewer network reliability evaluation method based on the
flood volume and number of overflow occurrence points. Furthermore, Lee and Kim [42] proposed a
reliability-based multi-dimensional flood damage analysis method considering the amount of flood
damage in urban drainage systems’ reliability calculation process.

In urban areas, the proportion of impermeable pavement is high, and thus the peak flood quantity
and transfer time of nonpoint sources are also high. Therefore, urban water management schemes
should assess both water quantity and water quality aspects. As each factor mentioned is a physical
quantity with a different dimension, a specific methodological solution is required for a comprehensive
investigation. In this study, a reliability analysis based on the reliability evaluation method proposed
by Lee and Kim [42] was conducted to address this issue. Furthermore, we propose that the difference
in the risk of disasters within a system designed under the same design frequency can be quantitatively
analyzed. The analysis determines how stable performance outcomes are obtained for the configured
sewer network system in disaster prevention against flood disasters and water pollution problems.

This study aims to propose a reliability-based evaluation technique that allows the designers
to quantitatively evaluate the effect of runoff reduction facilities, including the LID technique,
on flood-runoff reduction, and water quality management. The reliability of the sewer network
system is calculated from the probability of failure of expected performance, as in general structures.
Usually, reliability is calculated from the probability of failure through uncertainty analysis based on a
review of the variability of parameters. However, in the uncertainty analysis, only the probability of
failure according to the mathematical logic in the design was considered, but the phenomena due to
failure were not considered and evaluated. This study dealt with a methodology for scenario-based
decision making for a design or a judgment for a quantitative evaluation of the phenomenon
through simulation of the current performance of the system in calculating the reliability of the sewer
network system.

2. Methodologies

2.1. Overview

This study consists of three main parts. First, we describe the process of simulating water quantity
and water quality in urban LID facilities. The development of the rainfall–runoff model and water
quality parameters, including accumulation and washing factors, are also described. The storm water
management model (SWMM) was used for the simulation [43–45]. SWMM model allows continuous
simulation using synthetic and historical rainfall series. In this study, SWMM was applied to short-term
rainfall modeling of selected urban areas. In addition, a description of the parameters of the LID
facilities to be considered is also provided. Second, we describe the reliability evaluation method using
water quantity and water quality simulation results. Various inputs and parameter values necessary
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for the analytical process (the construction of rainfall database, accumulation and washing parameters,
a reflection of LID facilities, and change in impermeability) are also described. Subsequently, we develop
a scenario for reflecting LID facilities and conduct a reliability evaluation with the analytical results
of the total runoff quantity, flood volume, biochemical oxygen demand (BOD), and total suspended
solids (TSS) load. Third, the new reliability evaluation technique is applied to a catchment in Daerim
2-dong, Seoul, South Korea, and the utilization plan for these results is described. Figure 1 provides
the flowchart of our research methodology.
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development (LID) system.

2.2. Generation of Synthetic Rainfall Data

Synthetic rainfall at a 30-, 50-, 70-, 80-, and 100-year frequency was simulated for 30 and 60 min
to obtain accurate rainfall data. These data, obtained from the Seoul weather station, were used as
the input data (Table 1). In the case of the Seoul weather station, it is the synthetic rainfall generated
using observation data for 56 years from 1961 to 2017. The urban drainage system’s maximum design
frequency was set to 30 years based on the rainwater pumping station [46]. This period is standard in
Korea and allows for the smooth discharge of stormwater into rivers. In addition, a design frequency
of approximately 100 years was applied to the flood protection plan of tributary streams a frequency is



Water 2020, 12, 2961 5 of 25

an estimate of how long it will be between rainfall events of a given magnitude. It is interpreted as
the same concept as the return period. Taking the figures in Table 1 as an example, the return period
for a 60 min rainfall total of 85.7 mm in Seoul weather station is 30 years. Therefore, in this study,
considering the minimum design standard of the rainwater pumping station and the drainage basin,
synthetic rainfall with a frequency of 30 to 100 years was used. For the rainfall data applied in this
study, the stormwater sewer’s design frequency was exceeded and inundation occurred depending on
the catchment properties. The second quartile of the Huff method was used for the synthetic rainfall
distribution [47], following the method proposed by the Ministry of Land, Transport, and Maritime
Affairs (2011) [48]. The reason for using the second quartile is that in the estimation of flood quantity,
if effective rainfall calculation method is used, much of the peak of the synthetic rainfall hyetograph
is treated as a loss due to the initial loss impact in the initial first and second quartiles, so the flood
quantity may be estimated to be relatively small [49].

Table 1. Synthetic Rainfall (mm) according to Duration and Frequency obtained from a Seoul weather
station (108) [50].

Duration
Frequency

30 Years 50 Years 70 Years 80 Years 100 Years

30 min 55.2 58.8 61.1 61.8 63.4
60 min 85.7 91.5 95.2 96.6 99.0

2.3. Low Impact Development (LID) Scenarios

Although the approaches for implementing the water cycle to urban development vary by
country, they all have the shared concept of separate rainwater management within catchments [18].
As shown in Figure 2, in separate rainwater management, rainwater discharged to rivers is minimized,
and water quality and water quality are determined simultaneously. The LID module of SWMM 5.1
consists of six layers. It is based on characteristics per configuration-unit area, allowing the LID element
facilities of the same specification to be applied to other subcatchments with different land cover
characteristics. Simultaneously, it is possible to investigate the level of storage and circulation within
each layer while maintaining the water budget balance [50]. However, depending on the type of each
facility, there is a difference in the stormwater runoff storage effect because of the LID element facility.

Water 2020, 12, x FOR PEER REVIEW 5 of 25 

 

return period for a 60 min rainfall total of 85.7 mm in Seoul weather station is 30 years. Therefore, in 

this study, considering the minimum design standard of the rainwater pumping station and the 

drainage basin, synthetic rainfall with a frequency of 30 to 100 years was used. For the rainfall data 

applied in this study, the stormwater sewer’s design frequency was exceeded and inundation 

occurred depending on the catchment properties. The second quartile of the Huff method was used 

for the synthetic rainfall distribution [47], following the method proposed by the Ministry of Land, 

Transport, and Maritime Affairs (2011) [48]. The reason for using the second quartile is that in the 

estimation of flood quantity, if effective rainfall calculation method is used, much of the peak of the 

synthetic rainfall hyetograph is treated as a loss due to the initial loss impact in the initial first and 

second quartiles, so the flood quantity may be estimated to be relatively small [49]. 

Table 1. Synthetic Rainfall (mm) according to Duration and Frequency obtained from a Seoul weather 

station (108) [50]. 

 Frequency 
30 Years 50 Years 70 Years 80 Years 100 Years 

Duration  

30 min 55.2 58.8 61.1 61.8 63.4 

60 min 85.7 91.5 95.2 96.6 99.0 

2.3. Low Impact Development (LID) Scenarios 

Although the approaches for implementing the water cycle to urban development vary by 

country, they all have the shared concept of separate rainwater management within catchments [18]. 

As shown in Figure 2, in separate rainwater management, rainwater discharged to rivers is 

minimized, and water quality and water quality are determined simultaneously. The LID module of 

SWMM 5.1 consists of six layers. It is based on characteristics per configuration-unit area, allowing 

the LID element facilities of the same specification to be applied to other subcatchments with different 

land cover characteristics. Simultaneously, it is possible to investigate the level of storage and 

circulation within each layer while maintaining the water budget balance [50]. However, depending 

on the type of each facility, there is a difference in the stormwater runoff storage effect because of the 

LID element facility. 

 

Figure 2. Concept of LID construction based on catchment area. 

The characteristics of the subcatchments in the SWMM model are shown in Figure 3a. However, 

when a LID element facility is applied using the LID module, multiple LID element facilities can be 

applied to a single subcatchment (Figure 3b,c). When one LID element facility is applied to a single 

subcatchment, the stormwater runoff generated in the impervious area is transported to the LID 

element facility and pervious area to store and infiltrate the rainfall–runoff. The application of one 

LID element facility to a single subcatchment is configured according to Type A (Figure 3b). Type B 

Figure 2. Concept of LID construction based on catchment area.



Water 2020, 12, 2961 6 of 25

The characteristics of the subcatchments in the SWMM model are shown in Figure 3a.
However, when a LID element facility is applied using the LID module, multiple LID element
facilities can be applied to a single subcatchment (Figure 3b,c). When one LID element facility is applied
to a single subcatchment, the stormwater runoff generated in the impervious area is transported to
the LID element facility and pervious area to store and infiltrate the rainfall–runoff. The application
of one LID element facility to a single subcatchment is configured according to Type A (Figure 3b).
Type B represents multiple LID element facilities’ configuration to a single subcatchment (Figure 3c).
Stormwater runoff treatment is simultaneously conducted in all the applied LID element facilities.
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The application of LID element facilities to a single subcatchment decreases the impervious area.
Therefore, the impervious area ratio must be altered accordingly. In this study, various scenarios were
considered by varying the impervious area ratio of the subcatchment using the values of the area
used by LID facilities (ALID), the total area of subcatchment (ASub), and the impervious area ratio (PIA)
(Equation (1)). Herein, Change impervious refers to the change in the impervious area ratio with the
installation of LID facilities in the existing subcatchment. LID Area is the size of the area occupied
by the LID facilities, and subcatchment Area corresponds to the subcatchment area where the LID
facilities are installed. Percent of impervious area (PIA) corresponds to the impervious area’s ratio
where runoff quantities cannot be permeated. Equation (1) was used to calculate the percentage of
impervious area considering LID facilities in the subcatchment.

Change impervious(%) =

(
1− ALID

ASub

)
× PIA(

100− ALID
ASub
× PIA

) × 100 (1)

The factors affecting LID element facilities’ performance, such as infiltration and storage,
were selected as the primary parameters. In this study, the following three LID facilities were
considered: permeable pavements, green roofs, and infiltration trenches. For the main parameters of
permeable pavements, 16 input parameter values were required, including surface layer, pavement layer,
storage layer, and underdrain layer. A total of 14 input parameter values were selected for green
roofs and include a surface layer, soil layer, and drainage mat. An infiltration trench required 11
input parameter values, including the surface layer, storage layer, and underdrain layer. This study’s
parameters were selected based on the values proposed by Holzbauer-Schweitzer [51] (Table 2).
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Table 2. Summary of LID Facilities and Associated Model Parameters [51].

Layer Parameter Unit Permeable Pavement Green Roof Infiltration Trench

Surface

Berm Height mm 25.0 25.0 0.0
Vegetation Volume Fraction - 0.0 0.0 0.0

Surface Roughness - 0.0 0.0 0.2
Surface Slope percent 1.0 0.0 0.4

Soil

Thickness mm 0.0 150.0 -
Porosity - 0.5 0.6 -

Field Capacity - 0.2 0.3 -
Wilting Point - 0.1 0.0 -
Conductivity mm/h 0.5 64.0 -

Conductivity Slope - 10.0 5.0 -
Suction Head mm 3.5 75.0 -

Storage
Thickness mm 300.0 25.0 36.0
Void Ratio - 0.7 0.7 0.4

Seepage Rate mm/h 1.0 0.0 0.2

Pavement

Thickness mm 150.0 - -
Void Ratio - 0.2 - -

Impervious Surface Fraction - 0.0 - -
Permeability mm/h 500.0 - -

Underdrain
Flow Coefficient - 0.3 50.0 0.0
Flow Exponent - 0.5 0.5 0.5
Offset Height mm 100.0 0.0 0.0

Drainage Mat Thickness mm - 1.0 -
Void Fraction - - 0.5 -

2.4. Simulation of Water Quality Using SWMM

The measurement of BOD is commonly used to determine the contamination status of sewage
by organic materials. High levels of BOD in sewage correspond to high concentrations of organic
materials. Sustained high concentrations of organic materials in sewage cause anaerobic decomposition
in sewer pipes and ultimately deteriorate treatment functions. Moreover, in urban areas, the increased
volume of sediments, such as TSS, deposited in the sewer during rainfall leads to a temporary increase
in BOD. Therefore, the TSS concentration is directly related to BOD for various pollutant particles [52].
In this regard, the National Institute of Environment Research (NIER) established BOD and SS as
the most important water quality indicators that require strict monitoring for the management of
sewer systems [53,54]. The Korea Environment Corporation established sewer system monitoring and
modeling guidelines during rainfall, which include essential parameters such as rainfall, flow rate in
sewer pipes, BOD, and TSS [55].

This study implemented the reduction target load ratio for urban nonpoint sources specified by
the NIER [53,54]. We selected the subcatchment with the maximum increased load reduction rate
for each combination of LID facilities for analysis. For the test and correction of the SWMM model,
measurement data for runoff quantity and pollutant outflow according to rainfall events for each
target catchment were required. However, in the case of the target catchment selected in this study,
no measurement data on runoff quantity and pollutant outflow could be obtained for individual
rainfall events. Therefore, it was necessary to test and correct the water quality model parameters,
which are essential for obtaining reliable results. We obtained rainfall data in the ungauged areas
from studies conducted by Yeon et al. and Yeon and used the results of the Soil Moisture Index (SMI)
to estimate surface runoff [56,57]. Prior studies categorized land-use conditions as “transportation
and residential areas,” and the generated pollutant loads were estimated using the average basic unit
per nonpoint source as presented by NIER [53,54]. The event mean concentration (EMC) value was
estimated to ensure that the value of the pollutant concentration model was close to the value of the
previous results through trial-and-error parameter estimation. Table 3 outlines the BOD and TSS load
parameters applied in this study.
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Table 3. Summary estimation result of SWMM water quality model parameters for target area [57].

No. Parameter Unit Residential Area

1 BOD
Max.Buildup (kg/km2) 3.14
Rate Constant (1/day) 0.32

2 TSS
Max.Buildup (kg/km2) 27.08
Rate Constant (1/day) 0.28

2.5. Distance Measure Method

The sewer network system’s primary function is to control the performance at each frequency used
in the design process. Flood control performance generally refers to the act or technique of controlling
the runoff through the sewer network system to minimize flood risk. A frequency is an estimate of
how long it will be between rainfall events of a given magnitude. It is interpreted as the same concept
as the return period. Taking the figures in Table 1 as an example, the return period for a 60 min rainfall
total of 85.7 mm in Seoul weather station is 30 years. As the importance of flood control performance
due to frequent heavy rainfalls from climate change continues to be emphasized, related technological
developments need to reflect the temporal and economic aspects to ensure effective flood control.
This study used the distance measure method (DMM) to determine the flood control performance and
pollutant reduction ability of the applied LID technology in the sewer network system. This method
considers the probability of performance failure for the occurrence of rainfall events that exceed the
current capacity. We applied the Utopian distance measure method to compare the dimension of the
units and measure of the range of the indices considered. The Utopian approach uses the distance
between the Utopian point and the current state where failure occurs. This approach is represented in
Figure 4 and Equation (2).
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of the two-vector concept [42].

Euclidean distance : c =
√

a2 + b2 (2)

The Utopian approach method in Figure 4a indicates the process of examining the reliability
relationship for different analytical results. It represents the process of recognizing the ranking of
alternatives given through decision making as a value and selecting the final agreed plan using the
indexing concept. At this time, the distance to the utopian point is compared using Equation (2), and an
alternative with the shortest distance is adopted as the agreed plan of the group. Therefore, the location
of a point in the Euclidean space in Figure 4b indicates a Euclidean vector. In Figure 4b, A(0, 0) and
B(1, 1) represent the distance from A, the origin of space, to the endpoint B (utopian point) as a
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Euclidean vector C. As shown in Figure 4b, for the water quantity and water quality parameters,
values were mapped based on the maximum value “1”. The distance D from “1” was estimated using
a and b in the spatial coordinates. The longer the calculated Euclidean distance, the larger the scale of
damage and the risk per type of water quantity and water quality. Conversely, a closer distance to “1”
represents less risk. The Utopian Approach is a suitable approach when it is difficult to synthesize the
opinions of decision makers because their preferences are not concentrated in any one area but are
widely distributed. This is a method of comparing the distance between decision maker’s preferred
alternatives or points and outliers and adopting the shortest alternative as a group agreement. As in
this study, it is also used to evaluate the priorities of combinations and preferences for various facilities.
Furthermore, it is possible to assess the state of exposure to risk.

2.6. Development and Calculation Procedure of Reliability Index

This study used the DMM to evaluate sewer network systems with implemented LID facilities.
Unlike previous studies, this method establishes the estimation on simulated results. According to
rainfall excess, the reliability evaluation measures are overflow quantity, the location of occurrence,
and the loads of water pollutants inside the sewer network system. Even in the same catchment,
different rainfall events produce different overflow occurrence patterns and varying amounts of
pollutant loads. The actual simulation results for each rainfall event were defined as a single dimension
in the method using DMM.

Reliability index of low impact development system using DMM (RLSD) was estimated using the
reliability of flood quantity with DMM (RFQD) and reliability of water quantity with DMM (RWQD).
To estimate the reliability of overflow occurrence before the RFQD calculation, we referred to the
method presented by Lee and Kim [42]. Moreover, to improve the reliability method for urban drainage
systems based on synthetic rainfall, a calculation formula based on the maximum rainfall size per
minute, number of flood nodes, and flood volume was proposed. The modified expression for the
Euclidean distance of the flood volume is expressed by Equation (3) as follows:

RV = 1−

√∑n
i=1

( Vi
Ri×A

)2

n
(3)

where, RV represents the reliability of flood volume, n is the number of synthetic rainfall events used
in the analysis, Vi is the flood volume for rainfall event i, Ri is the maximum rainfall per minute at
event i, and A represents the drainage area. The relation between Euclidean distance and number of
flood nodes is given in Equation (4):

RN = 1−

√∑n
i=1

( Ni
NT

)2

n
(4)

where RN represents the reliability of flood nodes, Ni is the number of flood nodes at rainfall event i,
and NT is the total number of nodes in the study area. Equation (5) combines the reliability equation
with Equations (3) and (4) and the number of flood nodes:

RFQD = 1−

√
(1−RV)

2 + (1−RN)
2

√
2

(5)

LID facilities’ treatment efficiency for rainfall–runoff is defined as the ratio of pollutant loads
intercepted at the outlet against the pollutant loads generated in the entire catchment area. In the
calculation process, the effect of water quality improvement for each scenario was evaluated by
comparing pollutant loads generated from the catchment before and after installing LID facilities.
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This method identifies the nonpoint sources intercepting performance within the catchment following
the installation of LID facilities.

The calculation formula for the Euclidean distance of BOD is given in Equation (6).
Herein, RB represents the reliability of BOD, n is the number of synthetic rainfall events used in
the analysis, OB is the BOD load at the outlet for rainfall event i, and LB is the BOD load in the entire
catchment area for rainfall event i:

RB = 1−

√∑n
i=1

(OB
LB

)2

n
(6)

The calculation formula for the Euclidean distance of TSS is given in Equation (7). Herein, RT is
the reliability of TSS, n is the number of synthetic rainfall events used in the analysis, OT is the TSS load
at the outlet for rainfall event i, and LT is the TSS load in the entire catchment area for rainfall event:

RT = 1−

√∑n
i=1

(OT
LT

)2

n
(7)

Equation (8) combines Equations (6) and (7), the reliability calculation formulas of BOD and TSS:

RWQD = 1−

√
(1−RB)

2 + (1−RT)
2

√
2

(8)

Finally, Equation (9) uses Equations (3)–(8), the reliability calculation formulas for flood quantity
and water pollution, to determine the reliability index of LID systems using DMM (RLSD):

RLSD = 1−

√
(1− RFQD)2 + (1− RWQD)2

√
2

(9)

2.7. Study Area

This study compared scenarios before and after installing LID facilities using synthetic rainfall at
varying frequencies for an existing urban catchment sewer network system. The Daerim 2 rainwater
pumping station catchment located near the Dorim Stream in Gwanak-gu, Seoul, was the target
catchment in this study. Most of the catchment comprises densely populated urban residential areas.
More detailed information on this catchment is listed in Figure 5 and Table 4.

Table 4. Subcatchment Properties of the study area including the pumping station [58].

Category Specification

Address Dorimcheon-ro 21, Gwanak-gu, Seoul, Republic of Korea
Area (ha) 20.6

Number of nodes/links (EA) 34/34
Number of outlets (EA) 1

Watershed direction The Dorim Stream of Korea
Pumping facilities 250 HP × 3 Pump (112 m3/min)

Pumping draining capacity(m3/min) 336
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Figure 5. Basin and sewer network of Daerim2 pumping station. (a) GIS Map of the study area-Seoul,
Rep. of Korea; (b) Map of the Seoul Weather Station (AWS #108); (c) Google Map Image of Daerim
2 Basin; (d) Its subcatchment Division (Map Data © 2020 Google, Imagery © 2020 CNES/Airbus,
Maxar Technologies, NSPO 2020/Spot ImageMap Data© 2020 SK Telecom).

The runoff process of the urban catchment area varies depending on the land-use and several
hydrological factors. Moreover, the runoff has a nonlinear rainfall–runoff relationship. An analysis
model that accurately reflects the hydrologic parameters and the catchment situation is necessary
to accurately simulate the change in the runoff quantity in urban catchments. This study applied
the SWMM model commonly used worldwide for a detailed urban catchment analysis. The model
parameters for the runoff quantity estimation of the catchment were selected based on the values
presented in a 2010 report on the design and expansion of Daerim 3 pumping station [58]. Figure 6 shows
the model construction.
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Figure 6. Status of the two subcatchments reflecting LID facilities using the SWMM model: (a) Past flood
plain maps of the study area; (b) Selection of subcatchments to install LID facilities.

LID facilities were constructed for each catchment in the SWMM model. For the input, the number
of applied LID facilities and the subcatchment area was divided and entered. Before classifying the
number of applied LID facilities by subcatchment, subcatchments that required LID installation were
examined. Initially, the inundation history in the catchment was reviewed using the Inundation Trace
Map provided by the Seoul Information Communication Plaza (Figure 6a) [59]. Inundation Trace Map
analysis confirmed inundation in subcatchment S05 in 2010 and 2011 and significant flood history.
In the S12 subcatchment, overlaps occurred from the inundation trace maps in Seoul. The flood quantity
simulation for each catchment was analyzed using the rainfall data in Table 1. This analysis revealed
most of the flood quantity at the nodes near the S05 and S12 subcatchments. This result indicates the
urgency of improving the subcatchment’s inundation and sewer networks. Figure 6b shows the results
of flood occurrences considering rainfall events of 95.2 mm, with a design frequency of 70 years and a
duration of 60 min. From this result, it is evident that most of the floods occur at the nodes near the
S05 and S12 subcatchments. We also performed simulations for hypothetical scenarios assuming a
single LID facility and 2–3 LID facilities.

2.8. Modeling Approach and Scenario

Seoul’s technical guidelines for the management of rainfall–runoff stipulate that districts with
combined stormwater sewers must be treated using LID facilities by 2030 if one inch of the first
flush occurs in approximately 10% of the impervious surface area [60]. The impervious areas for
the 16 subcatchments considered in this study ranged from 900 to 1500 m2. The LID facility area for
each subcatchment was set to 1200 m2, and eight scenarios were defined considering the existing
sewer network system and three types of LID facilities. The details of these scenarios are outlined in
Table 5. Scenario 1 (OG) was analyzed based on the existing sewer network system configured for
rainfall–runoff modeling. Scenario 2 (PP) reflected permeable pavements within the subcatchment.
In this scenario, a single LID facility was assumed, and a facility area of 1200 m2 per subcatchment was
considered. Scenario 2 (GR) and Scenario 3 (IT) have the same assumptions as Scenario 1 and reflect
green roofs and infiltration trenches in the LID facility areas. Scenario 5 (PP + GR), Scenario 6 (PP + IT),
and Scenario 7 (GR + IT) assume multiple LID facilities, each with an area of 600 m2. Scenario 8
(PP + GR + IT) includes all LID facilities considered in this study, with areas of 400 m2.
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Table 5. Modeling approach and scenario conditions.

Scenario No. Description (Combination of Facility) Analysis Type

1 OG Original Subcatchment Conditions No LID

2 PP Permeable Pavements (A = 1200 m2) After LID
(Type A)3 GR Green Roof (A = 1200 m2)

4 IT Infiltration Trench (A = 1200 m2)

5 PP + GR Permeable Pavements (A = 600 m2), Green Roof (A = 600 m2)
After LIDs

(Type B)
6 PP + IT Permeable Pavements (A = 600 m2), Infiltration Trench (A = 600 m2)
7 GR + IT Green Roof (A = 600 m2), Infiltration Trench (A = 600 m2)

8 PP + GR + IT Permeable Pavements (A = 400 m2), Green Roof (A = 400 m2),
Infiltration Trench (A = 400 m2)

3. Estimation of Reliability Index Factors

In this section, we describe the reliability calculation results of the sewer network system using
DMM. We estimated the reliability of changes in the flood volume and flood nodes, BOD, and TSS.
First, the results of RV and RN are described in Tables 6 and 7. These results were calculated using
synthetic rainfall events with a duration of 30 min and 60 min and five frequency types (30, 50, 70, 80,
and 100 years) in the Daerim 2 rainwater pumping station catchment. An increase in rainfall increased
the total flood quantity and total inflow to the sewer pipe network. Although overflow increased with
the rise in rainfall event frequency, in the scenario considering LID facilities, reduced overflow risk is
confirmed in Tables 6 and 7.

The analysis results of synthetic rainfall events at a frequency of 30 and 50 years and a 60-min
duration showed no overflow in the current sewer network system. Therefore, disaster risk was not
represented in numbers in the reliability calculation process. The same finding applies to the results
of flood volume and the number of flood nodes. However, the number of flood nodes decreased in
Scenario 1 at a 100-year frequency because the sewer pipes’ design flow rate was exceeded, leading to
a reduced burden on several nodes due to multiple overflow occurrences at the upstream nodes.
This also resulted in the reduction of the reliability calculation to some extent. In the case of the
overflow result, on average, in the installed scenario compared to Scenario 1 where the LID facility
was not considered, the reduction effect of about 30% in the case of flood volume and about 18% in the
case of the flood nodes occurrence was confirmed. The RV and RN values improved by 7% and 5%,
respectively, according to the installation of the LID facility.

The reliability of RV and RN in Scenario 1, which did not consider LID facilities, was estimated
at 0.873 and 0.935. For scenarios 2–8, which considered LID facilities, the reliability of RV and RN

improved to 0.937 and 0.957. These results confirm the effect of inundation reduction for rainfall events
exceeding design frequency through the implementation of LID facilities. When the RV and RN results
were considered in combination, Scenario 4 was the most effective installation plan for flood disaster
reduction. “Mean” and “SD” in Tables 6–9 represents the average of reliability and standard deviation
in 30 and 60 min, respectively.
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Table 6. Flood volume reliability calculations.

Flood Volume (Vi) (m3)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 4 0 4 0 4 0 4 0 4 0 4 0 4 0 4 0
50 years 22 0 18 0 18 0 18 0 18 0 18 0 18 0 18 0
70 years 98 271 49 39 49 42 56 102 49 39 54 82 54 84 53 61
80 years 136 468 87 277 87 280 97 318 87 280 95 311 95 312 96 301
100 years 230 734 181 578 179 582 188 623 180 578 185 602 185 604 183 600

Maximum Runoff Volume per minute (Ri × A) (m3)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 934.8 728.9 934.8 728.9 934.8 728.9 934.8 728.9 934.8 728.9 934.8 728.9 934.8 728.9 934.8 728.9
50 years 994.5 778.3 994.5 778.3 994.5 778.3 994.5 778.3 994.5 778.3 994.5 778.3 994.5 778.3 994.5 778.3
70 years 1034 809.2 1034 809.2 1034 809.2 1034 809.2 1034 809.2 1034 809.2 1034 809.2 1034 809.2
80 years 1046 821.5 1046 821.5 1046 821.5 1046 821.5 1046 821.5 1046 821.5 1046 821.5 1046 821.5
100 years 1073 842.1 1073 842.1 1073 842.1 1073 842.1 1073 842.1 1073 842.1 1073 842.1 1073 842.1

Vi/(Ri × A)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.004 0.000 0.004 0.000 0.004 0.000 0.004 0.000 0.004 0.000 0.004 0.000 0.004 0.000 0.004 0.000
50 years 0.022 0.000 0.018 0.000 0.018 0.000 0.018 0.000 0.018 0.000 0.018 0.000 0.018 0.000 0.018 0.000
70 years 0.095 0.335 0.047 0.048 0.047 0.052 0.054 0.126 0.047 0.048 0.052 0.101 0.052 0.104 0.051 0.075
80 years 0.130 0.570 0.083 0.337 0.083 0.341 0.093 0.387 0.083 0.341 0.091 0.379 0.091 0.380 0.092 0.366
100 years 0.214 0.872 0.169 0.686 0.167 0.691 0.175 0.740 0.168 0.686 0.172 0.715 0.172 0.717 0.171 0.712
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Table 6. Cont.

{Vi/(Ri × A)}2

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
50 years 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
70 years 0.009 0.112 0.002 0.002 0.002 0.003 0.003 0.016 0.002 0.002 0.003 0.010 0.003 0.011 0.003 0.006
80 years 0.017 0.325 0.007 0.114 0.007 0.116 0.009 0.150 0.007 0.116 0.008 0.143 0.008 0.144 0.008 0.134

100 years 0.046 0.760 0.028 0.471 0.028 0.478 0.031 0.547 0.028 0.471 0.030 0.511 0.030 0.514 0.029 0.508

Mean 0.127 0.062 0.063 0.076 0.063 0.071 0.071 0.069
SD 0.232 0.140 0.142 0.163 0.140 0.153 0.153 0.152
RV 0.873 0.937 0.937 0.924 0.937 0.929 0.929 0.931

Table 7. Flood node reliability calculations.

Flood Nodes (Ni)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
50 years 3 0 2 0 2 0 2 0 2 0 2 0 2 0 2 0
70 years 8 10 7 2 7 2 7 6 7 2 7 5 7 6 7 4
80 years 10 14 8 11 8 10 9 11 8 10 8 9 8 10 9 10

100 years 9 14 10 16 10 15 11 10 10 15 10 13 10 14 10 16
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Table 7. Cont.

Total amount of rainfall (NT)

34 at all durations and frequencies

Ni/NT

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.029 0.000 0.029 0.000 0.029 0.000 0.029 0.000 0.029 0.000 0.029 0.000 0.029 0.000 0.029 0.000
50 years 0.088 0.000 0.059 0.000 0.059 0.000 0.059 0.000 0.059 0.000 0.059 0.000 0.059 0.000 0.059 0.000
70 years 0.235 0.294 0.206 0.059 0.206 0.059 0.206 0.176 0.206 0.059 0.206 0.147 0.206 0.176 0.206 0.118
80 years 0.294 0.412 0.235 0.324 0.235 0.294 0.265 0.324 0.235 0.294 0.235 0.265 0.235 0.294 0.265 0.294

100 years 0.265 0.412 0.294 0.471 0.294 0.441 0.324 0.294 0.294 0.441 0.294 0.382 0.294 0.412 0.294 0.471

(Ni/NT)2

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000
50 years 0.008 0.000 0.003 0.000 0.003 0.000 0.003 0.000 0.003 0.000 0.003 0.000 0.003 0.000 0.003 0.000
70 years 0.055 0.087 0.042 0.003 0.042 0.003 0.042 0.031 0.042 0.003 0.042 0.022 0.042 0.031 0.042 0.014
80 years 0.087 0.170 0.055 0.105 0.055 0.087 0.070 0.105 0.055 0.087 0.055 0.070 0.055 0.087 0.070 0.087

100 years 0.070 0.170 0.087 0.221 0.087 0.195 0.105 0.087 0.087 0.195 0.087 0.146 0.087 0.170 0.087 0.221

Mean 0.065 0.052 0.047 0.044 0.047 0.043 0.048 0.053
SD 0.062 0.067 0.060 0.042 0.060 0.046 0.052 0.066
RN 0.935 0.948 0.953 0.956 0.953 0.957 0.952 0.947
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Tables 8 and 9 outlines the calculation results of RB and RT by analyzing the loads on water
pollution. These results were calculated using synthetic rainfall events at 30 and 60 min and five
frequency types (30, 50, 70, 80, and 100 years) in the Daerim 2 rainwater pumping station catchment.
Evidently, the pollutant loads of BOD and TSS that occur in the catchment increase as the rainfall
amount increases. Although the occurrence of pollutants increased with an increasing frequency of
rainfall, the results of reducing the risk of water pollution in the scenario considering LID facilities are
confirmed in Tables 8 and 9.

The reason for the smaller result values of the BOD pollutant load in Table 8 compared to the TSS
pollutant load values in Table 9 is possibly due to the dilution effect from the flow rate increase during
transfer to the sewer pipes facility. For TSS, due to the characteristics of nonpoint source pollution in
impervious areas during rainfall, pollutants scattered on the impervious surface during the non-rainfall
period are introduced into sewer pipes at a high concentration by rainfall. The collected pollutants
were discharged in proportion to the rainfall intensity, leading to a high cumulative pollutant load.
This is possibly because the size of variation in the pollutant loads decreased with an increase in the
rainfall amount. In the case of the water pollution result, on average, in the installed scenario compared
to Scenario 1 where the LID facility was not considered, the reduction effect of about 20% in the case of
BOD Pollutant Loads and about 16% in the case of the TSS Pollutant Loads occurrence was confirmed.
The RB and RT values improved by 5% and 4%, respectively, according to the installation of the LID
facility. The pollution load reduction pattern according to the change of the LID facility did not reach
the flood reduction ratio. The sensitivity of the water pollution load according to the change of LID
facilities did not change in proportion to the change of rainfall, and some facilities showed irregular
patterns. In the case of LID facilities, the catchment area for each facility is the dominant function
that determines the reduction rate of the pollution load rather than the difference in the diversity
of facilities.

Pollutant loads were high before the overflow; however, the load values decreased following
the typical pollutants’ concentration after the overflow. Therefore, the resultant values of the loads
shown in this study do not vary significantly as the sewer flow rate increased rapidly following a sharp
increase in surface water. Moreover, when analyzing the water pollution change using LID facilities,
it is more typical to reflect long-term rainfall events based on time-series rainfall. However, in this study,
the resultant values were small due to the consideration of short-duration rainfall with units in minutes.
For identical values shown in Tables 8 and 9, values may differ by decimal points. These differences
can be observed in Table 9.

The reliability of RB and RT in Scenario 1, where LID facilities were not considered, was estimated
at 0.798 and 0.786. In the results of scenarios 2–8, which consider LID facilities, the reliability of RB and
RT improved to 0.840 and 0.821. These results confirm the effect of inundation reduction for rainfall
events exceeding the design frequency through the implementation of LID facilities. When the results
of RB and RT were considered in combination, Scenario 3 was the most effective installation plan for
flood disaster reduction.
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Table 8. BOD pollutant load reliability calculations.

BOD Pollutant Loads in Outfall (OB) (kg)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.020 0.017 0.016 0.014 0.016 0.014 0.015 0.014 0.016 0.014 0.015 0.014 0.015 0.014 0.015 0.014
50 years 0.020 0.017 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014
70 years 0.021 0.017 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014
80 years 0.021 0.017 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014

100 years 0.021 0.017 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014 0.016 0.014

BOD Pollutant Loads in the Total Subcatchment (LB) (kg)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.026 0.029 0.026 0.029 0.026 0.029 0.026 0.029 0.026 0.029 0.026 0.029 0.026 0.029 0.026 0.029
50 years 0.033 0.030 0.033 0.030 0.033 0.030 0.033 0.030 0.033 0.030 0.033 0.030 0.033 0.030 0.033 0.030
70 years 0.033 0.028 0.033 0.028 0.033 0.028 0.033 0.028 0.033 0.028 0.033 0.028 0.033 0.028 0.033 0.028
80 years 0.032 0.028 0.032 0.028 0.032 0.028 0.032 0.028 0.032 0.028 0.032 0.028 0.032 0.028 0.032 0.028

100 years 0.031 0.026 0.031 0.026 0.031 0.026 0.031 0.026 0.031 0.026 0.031 0.026 0.031 0.026 0.031 0.026

OB/LB

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.770 0.583 0.616 0.480 0.616 0.480 0.577 0.480 0.616 0.480 0.577 0.480 0.577 0.480 0.577 0.480
50 years 0.604 0.569 0.483 0.469 0.483 0.469 0.483 0.469 0.483 0.469 0.483 0.469 0.483 0.469 0.483 0.469
70 years 0.644 0.606 0.490 0.499 0.490 0.499 0.490 0.499 0.490 0.499 0.490 0.499 0.490 0.499 0.490 0.499
80 years 0.660 0.617 0.503 0.508 0.503 0.508 0.503 0.508 0.503 0.508 0.503 0.508 0.503 0.508 0.503 0.508

100 years 0.676 0.645 0.515 0.531 0.515 0.531 0.515 0.531 0.515 0.531 0.515 0.531 0.515 0.531 0.515 0.531
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Table 8. Cont.

(OB/LB)2

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
50 years 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
70 years 0.009 0.112 0.002 0.002 0.002 0.003 0.003 0.016 0.002 0.002 0.003 0.010 0.003 0.011 0.003 0.006
80 years 0.017 0.325 0.007 0.114 0.007 0.116 0.009 0.150 0.007 0.116 0.008 0.143 0.008 0.144 0.008 0.134

100 years 0.046 0.760 0.028 0.471 0.028 0.478 0.031 0.547 0.028 0.471 0.030 0.511 0.030 0.514 0.029 0.508

Mean 0.127 0.062 0.063 0.076 0.063 0.071 0.071 0.069
SD 0.232 0.140 0.142 0.163 0.140 0.153 0.153 0.152
RB 0.798 0.838 0.838 0.840 0.838 0.840 0.840 0.840

Table 9. TSS pollutant load reliability calculations.

TSS Pollutant Loads in Outfall (OT) (kg)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.160 0.151 0.128 0.135 0.128 0.135 0.127 0.135 0.128 0.135 0.127 0.135 0.127 0.135 0.128 0.136
50 years 0.158 0.149 0.127 0.132 0.127 0.132 0.127 0.132 0.127 0.132 0.127 0.132 0.128 0.132 0.127 0.133
70 years 0.160 0.148 0.127 0.130 0.127 0.130 0.126 0.131 0.127 0.130 0.127 0.131 0.127 0.131 0.126 0.130
80 years 0.160 0.148 0.125 0.130 0.126 0.130 0.126 0.130 0.126 0.130 0.126 0.131 0.126 0.131 0.126 0.131
100 years 0.159 0.146 0.126 0.129 0.126 0.129 0.126 0.129 0.126 0.129 0.126 0.129 0.126 0.129 0.126 0.129
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Table 9. Cont.

TSS Pollutant Loads in the Total Subcatchment (LT) (kg)

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.215 0.224 0.215 0.224 0.215 0.224 0.215 0.224 0.215 0.224 0.215 0.224 0.215 0.224 0.215 0.224
50 years 0.243 0.231 0.243 0.231 0.243 0.231 0.243 0.231 0.243 0.231 0.243 0.231 0.243 0.231 0.243 0.231
70 years 0.244 0.223 0.244 0.223 0.244 0.223 0.244 0.223 0.244 0.223 0.244 0.223 0.244 0.223 0.244 0.223
80 years 0.240 0.220 0.240 0.220 0.240 0.220 0.240 0.220 0.240 0.220 0.240 0.220 0.240 0.220 0.240 0.220
100 years 0.232 0.210 0.232 0.210 0.232 0.210 0.232 0.210 0.232 0.210 0.232 0.210 0.232 0.210 0.232 0.210

OT/LT

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.745 0.673 0.596 0.601 0.596 0.601 0.591 0.601 0.596 0.601 0.591 0.601 0.591 0.601 0.596 0.606
50 years 0.651 0.646 0.523 0.572 0.523 0.572 0.523 0.572 0.523 0.572 0.523 0.572 0.527 0.572 0.523 0.576
70 years 0.655 0.663 0.520 0.583 0.520 0.583 0.516 0.587 0.520 0.583 0.520 0.587 0.520 0.587 0.516 0.583
80 years 0.668 0.674 0.522 0.592 0.526 0.592 0.526 0.592 0.526 0.592 0.526 0.597 0.526 0.597 0.526 0.597
100 years 0.685 0.695 0.542 0.615 0.542 0.615 0.542 0.615 0.542 0.615 0.542 0.615 0.542 0.615 0.542 0.615

(OT/LT)2

Frequency

Duration
Scenario 1

(OG)
Scenario 2

(PP)
Scenario 3

(GR)
Scenario 4

(IT)
Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30
min

60
min

30 years 0.555 0.453 0.355 0.362 0.355 0.362 0.349 0.362 0.355 0.362 0.349 0.362 0.349 0.362 0.355 0.367
50 years 0.423 0.417 0.274 0.327 0.274 0.327 0.274 0.327 0.274 0.327 0.274 0.327 0.278 0.327 0.274 0.332
70 years 0.429 0.440 0.270 0.339 0.270 0.339 0.266 0.345 0.270 0.339 0.270 0.345 0.270 0.345 0.266 0.339
80 years 0.446 0.455 0.272 0.351 0.277 0.351 0.277 0.351 0.277 0.351 0.277 0.356 0.277 0.356 0.277 0.356
100 years 0.469 0.484 0.294 0.378 0.294 0.378 0.294 0.378 0.294 0.378 0.294 0.378 0.294 0.378 0.294 0.378

Mean 0.457 0.322 0.323 0.322 0.323 0.323 0.324 0.324
SD 0.038 0.039 0.038 0.039 0.038 0.039 0.038 0.040
RT 0.786 0.821 0.820 0.821 0.820 0.820 0.820 0.820
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Table 10 is the calculation result of RLSD in combination with RFQS and RWQD. Figure 7 shows
the results calculated per scenario. The RLSD value of the existing Daerim 2 rainwater pumping station
catchment is 0.8365, and for scenario 5, in which LID facilities are reflected, we obtained an improved
RLSD value of 0.8730 (+4.36%). This result indicates that applying a LID system reduced the existing
flood quantity and the water pollution loads generated in the catchment.

Figure 7a demonstrates the reliability results of RFQD and RWQD. The graph indicates that the
direct numbers could not have achieved the reliability improvement only because the variation in the
improved reliability of the sewer network system in the various scenarios was small. However, evidently,
as the risk of flood disaster and water pollution per scenario decreases, the reliability values gradually
improve. For scenarios 4 and 8 in Table 10, although the evaluation index results for reliability evaluation
items were the same, the different flood quantity and water pollution loads can be individually reflected,
enabling a more quantitative reliability estimation of the sewer network system. Therefore, determining
the reduction of overflow and pollutant loads confirmed the reduced values and established the
actual phenomenon as a type of reliability through a quantitative number value of RLSD, as shown
in Figure 7b.

In summary, the quantification of the reliability index in this study is theoretically significant
and will help to minimize possible system function failures in the future. Moreover, the reliability
indexing process plays an essential role in representing flood control performance and the current state
of urban drainage systems The method proposed in this study can be used as a reference data and as
a measurement tool for system quality in the risk assessment of urban inundation due to overflow
occurrence and the quantification of the water pollution problem.

Table 10. Result of reliability index based on LID scenarios.

Result Scenario 1
(OG)

Scenario 2
(PP)

Scenario 3
(GR)

Scenario 4
(IT)

Scenario 5
(PP + GR)

Scenario 6
(PP + IT)

Scenario 7
(GR + IT)

Scenario 8
(PP + GR + IT)

RV 0.8731 0.9375 0.9366 0.9244 0.9373 0.9294 0.9290 0.9312
RN 0.9354 0.9482 0.9527 0.9556 0.9527 0.9574 0.9524 0.9475
RB 0.7977 0.8384 0.8384 0.8399 0.8384 0.8399 0.8399 0.8399
RT 0.7862 0.8205 0.8204 0.8205 0.8204 0.8202 0.8201 0.8201

RFQD 0.8993 0.9426 0.9441 0.9380 0.9444 0.9417 0.9395 0.9388

RWQD 0.7919 0.8292 0.8292 0.8299 0.8292 0.8298 0.8297 0.8297

RLSD 0.8365 0.8726 0.8729 0.8720 0.8730 0.8728 0.8722 0.8720
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4. Conclusions

Frequent heavy rainfall events caused by climate change increase surface runoff quantity, leading to
the degradation of the sewer network’s flood control function and efficiency. Furthermore, heavy rainfall
exacerbates pollution problems from combined sewer overflows. Recently, the interest in managing
nonpoint source pollution in urban catchments to improve the water quality of local rivers has
increased. However, before this study, no research was conducted on a quantitative estimation method
to facilitate flood disaster and nonpoint source pollution management. This study investigated the LID
technique’s effectiveness in reducing inundation by improving the water cycle environment before
urban development. Concerning the LID method, previous studies only considered the probability of
system failure based on uncertainty analysis and did not examine system failure consequences.

In this study, the probability of failure for several scenarios was estimated using an evaluation
method of the sewer network system and DMM as the reliability index. We defined the stormwater
sewer system’s failure as the overflow and nonpoint source outflow due to synthetic rainfall. The flood
volume and number of occurrence nodes for the sewer network system were used for overflow
occurrence. For nonpoint source outflow, we used BOD and TSS pollutant loads to propose a reliability
analysis method. We refer to this newly proposed index system as RLSD, and using DMM allows
RLSD to comprehensively consider the reliability of flood disasters and water pollution, which have
different dimensions.

However, depending on the difference in the return period of the applied rainfall events,
rainfall duration, and rainfall distribution type, the pattern of overflow occurrence and the pollutant
loads in the sewer network have different values. The different values cause a significant variation of
the results. Therefore, assuming similar criteria, this study estimated the reliability by assigning the
simulation results for each frequency and rainfall duration the same weight. However, the reliability
result estimated by averaging may vary greatly depending on the criterion that reflects the amount of
rainfall applied to the analysis. In this study, the degree of detail in the number and amount of rainfall
to be considered was applied with limitations.

The RLSD proposed in this study can evaluate sewer pipe networks, but it is not sufficient for
determining the absolute reliability of a single network. We recommend establishing a standard for
a range of reliable values for a single pipe network, and further research on this topic is required.
In addition, while RLSD can present the evaluation value for the entire system, it is impossible
to evaluate maintenance holes and sewer pipes constituting the system, and further research in
consideration of these elements is required. Besides, it is necessary to deal with a combination of
system quantity and quality control performance measures. In this process, the model should be
applied and verified using the actual official records as reference data. To increase the reliability of the
study, we will consider a calculation-based approach to determine the cost of flood damage. To actively
utilize this research method in the field, multi-purpose modeling considering various LID facilities
and various results for it should be presented.
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