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Abstract: The development of urban drainage systems is challenged by rapid urbanization; however,
little attention is paid to the urban form and its effects on these systems. This study develops an
integrated city-drainage model that configures typical urban forms and their associated drainage
infrastructures, specifically domestic wastewater and rainwater systems, to analyze the relationship
between them. Three typical types of urban forms were investigated: the square, the star, and the strip.
Virtual cities were designed first, with the corresponding drainage systems generated automatically
and then linked to a model herein called the Storm Water Management Model (SWMM). Evaluation
was based on 200 random configurations of wastewater/rainwater systems with different structures
or attributes. The results show that urban forms play more important roles on three dimensions of
performance, namely economic efficiency, effectiveness, and adaptability, of the rainwater systems
than of the wastewater systems. Cost is positively correlated to the effectiveness of rainwater
systems among the different urban forms, while adaptability is negatively correlated to the other two
performance dimensions. Regardless of the form, it is difficult for a city to make its drainage systems
simultaneously cost-effective, efficient, and adaptable based on the virtual cities we investigated.
This study could inspire the urban planning of both built-up and to-be-built areas to become more
sustainable with their drainage infrastructure by recognizing the pros and cons of different macroscale
urban forms.

Keywords: urban form; urban drainage system; integrated modelling; virtual city; performance
evaluation; urban planning

1. Introduction

China’s large-scale urbanization means rapid growth of urban drainage infrastructures; the length
of urban drainage pipes in urban areas increased dramatically by an average of 19.2% per year from
2000 to 2016 [1]. There is a requirement to use separate drainage systems for all newly developed areas,
and existing combined sewer systems are encouraged to transform into separate ones, according to the
relevant national regulation in China issued in 2013 [2,3]. However, in many Chinese cities, drainage
systems experience a number of problems or challenges. The first concerns economic feasibility,
as the cost of drainage constitutes a considerable expense for cities, especially small cities focusing on
infrastructure. From 1981 to 2016, investments in drainage systems accounted for an average of 7.7% of
fixed asset investments in urban service facilities nationwide, which ranks fourth among 10 facilities,
i.e., only below roads and bridges, rail transit systems, and water supply. This percentage is even
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higher in small cities (14.42%) than in medium- and large-sized cities (9.04%) [1]. The second problem
concerns effectiveness. Deposition in drainage pipes is common according to monitoring tests of some
pipes that were used for several years [4], and this negatively impacts the performance of wastewater
pipes. In rainwater systems, urban flooding is a serious problem; 176 Chinese cities, accounting for
27% of all prefecture-level and county-level cities in China, experienced water-logging at least once
from 2010 to 2017 [5]. The third problem concerns the adaptability of the fixed drainage systems to
various future conditions mainly driven by urban growth [6-9] and climate change [10-13].

As one of the major driving forces, urbanization tends to worsen the performance of drainage
systems as the urban form changes. Typical characteristics of urban form change include the increases
of both the constructed area and its impervious fraction, which lead to a larger volume of urban
flooding [14,15] and higher urban water pollutant loads such as TSS (total suspended solids) and
NH4-N [16]. In addition to the impervious fraction, other relevant characteristics, such as allotment
geometry and roof area can be conceptualized by a newly developed software that performs refined
simulation and management of urban water systems [17]. Further, with a newly developed urban
development model that relies on minimal data, the population distribution and building attributes
could be simulated and easily interlinked with urban water models; an application of the technology to
the city of Innsbruck shows that an analysis of numerous spatial scenarios is accessible and necessary,
which enables pro-active adaptation or (if possible) the option to prioritize the development of some
areas, which put less stress on the existing network [18]. In addition, to analyze the effects of urban
form on urban water systems, the results of Mikovits et al. [19] showed that reasonable spatial planning
can reduce the negative effects caused by population growth on drainage system performance, which
indicates the potential effects of urban form on drainage systems. Applying water-sensitive urban
design (WSUD) in Australia, researchers found that green technologies should also be regarded
as an integral part of the urban form [20]. The concepts of green infrastructure (GI), low-impact
development (LID), and sustainable urban drainage system (SUDS) as the methods to reduce runoff
and mitigate the negative effects of urbanization received lots of research attention [21,22]; since these
green measures could provide hydrological and bioecological benefits on different spatial scales, there
are, thus, additional challenges in the planning of these measures [23]. However, it is worth noting
that the concept “urban form” involved in the abovementioned studies adopted a point of view at
the micro or the medium level (i.e., related to buildings, parcels, or blocks) and there is little research
that considers a city as a whole and investigates its spatial characteristics in relation to urban drainage
systems [24].

As cities grow larger worldwide, it could bring both the benefits and the costs associated with
the scale of cities [25], which become a major concern in urban planning. The relationship between
macroscale urban forms, namely the physical contour of the urban built area, and the atmospheric
environment or its related carbon emission or energy consumption, is already widely researched. Most
of those studies focused on the form of a compact city, which is characterized by high residential density
and mixed land use. Comparing based on sprawl pattern, the compact form will have a positive impact
on the reduction of energy consumption, carbon emission [26], and air pollution [27,28]. However, some
studies drew a different conclusion, e.g., compact development will increase the concentration of PM2.5
in local hotspots [29]. Among the effects of macroscale urban forms on water systems, the distribution
system received some research attention. Results show that the radial/monocentric combination and
the physical topology of traditional gridiron neighborhoods have lower energy requirements for the
water supply system [30,31], compared to other urban forms involved. Analyzed from the perspective
of urban form expansion, another study concluded that the best cost-benefit performance of a water
distribution system occurs under uniform expansion, regardless of the population growth rate or
whether the system is reformed [32]. However, to our knowledge, there are only few studies that
considered drainage systems and macroscale urban forms, even though the features of urban forms
play decisive roles in the scale and spatial structures of drainage systems. Therefore, this is the subject
matter of this study.
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Some of the studies cited above focusing on the urban form and its environmental effects
were not based on empirical research on actual cities, but were based on either a spatially explicit
theoretical model [33] or an artificial framework of the urban forms [34]. This kind of theoretical or
virtual approach may decouple results from location-specific characteristics and, thus, may make it
possible to analyze how different elements related to urban planning and population distribution
affect the environment [33]. In studies concerning water distribution systems, this virtual approach
is applied frequently due to the paucity of published water distribution system models and the low
availability of data due to security reasons. Currently. there are several algorithms or software creating
benchmark virtual networks stochastically, e.g., Modular Design System [35], WaterNetGen [36],
Virtual Infrastructure Benchmarking (VIBe) [37], each of which has its specific advantages [38].
For its application with urban form, some typical patterns, such as gridiron, radial and satellite [31],
compact/uniform, monocentric, polycentric, and edge developments [32], are set up during the artificial
design process of the physical configuration of pipes along with the spatial distribution of water users.
To simulate drainage systems, the VIBe model was applied to generate virtual cities of varying sizes
and simulate its impact on combined sewer overflows (CSO) and flooding [39].

Here, we develop an integrated model based on the virtual city concept to investigate the
relationship between the macroscale outer contour of the urban form and the performance of urban
drainage systems. The three main parts consist of the virtual city design, drainage system generation,
and drainage performance simulation. Separate wastewater and rainwater systems are generated
independently, and, in the following text, the wastewater and rainwater systems are abbreviated
as WS and RS, respectively. System performance was measured in terms of its economic efficiency,
effectiveness, and adaptability, where the last two aspects used different indicators of the two separate
systems. In the end, an evaluation and a comparison of the two drainage systems’ performance under
different urban forms were conducted.

2. Materials and Methods

There are two general principles when designing virtual cities and corresponding drainage
systems. Firstly, all the parameters and assumptions should reflect the reality of Chinese cities and
current drainage systems. Here, the word “reflect” does not mean “exactly the same”, because cities
have numerous attributes with large degrees of diversity, some of which are hard to measure or count.
For example, a wastewater treatment plant is generally located downstream, but its actual position
depends on many influencing factors and is very hard to pinpoint. Therefore, the term “reflect” here
means that all the parameters and assumptions in this study are reasonable and not against any current
Chinese standard or common knowledge in this field. Secondly, the virtual system should be simplified
as much as possible on the premise of the first principle. This simplification mainly includes unifying
some parameters or assumptions and selecting values or attributes that are relatively easy to calculate.
For example, the position of a wastewater treatment plant should be at the lowest area that is a corner
of the virtual city, according to the set uniform slope. Moreover, the receiving water body is assumed
to be a straight river alongside the virtual city; the situation where the river crosses through a city
receives no special consideration because the city could be regarded as two independent systems on
each side of the river.

2.1. Virtual City Design

2.1.1. Forms of the Virtual Cities

Since cities differ greatly in terms of urban form, a large array of classifications of urban form
can be found in the literature. Milder [40] summarized the various classifications roughly into seven
typologies, i.e., dispersed city, compact city, corridor/linear/radial city, multi-nuclear/polycentric
city/edge city, fringe city, edge city, and satellite city. From the perspective of physical configuration,
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Besussi et al. [41] classified urban forms into four types, i.e., compact contiguous, linear strip corridor,
polynucleated nodal, and scattered/discontiguous.

According to Wu [42], Chinese cities can be divided into two categories: centralized cities and
group cities. The former category, which is the focus of this study, is divided into three typical types:
block, strip, and star, based on the outer contours. As these studies only provide theoretical support, we
looked into the actual built-up areas of 276 Chinese cities for the year 2015, and found corresponding
cities for all the three form types. Some cities with these three typical forms are shown in Figure 1a.
Based on these findings and the simplicity principle, this study used three typical shapes as the forms
of the virtual cities. The first is the square, which is the most typical and regular graphic, and indicative
of the block form. The second is the rectangle, with a length-to-width ratio of 25:4, which indicates a
common strip form. The third form resembles a maple leaf (see Figure 1b) and indicates the star form.
Using these three outer forms, three virtual cities were designed in this study, and they are named The
Square, The Strip and The Star.

This study focused only on the effects of urban contour forms on separate drainage systems, and
all other factors were assumed to be equal. Thus, other features that may contribute to urban forms,
such as population distribution patterns and terrains, are not considered here and they are assumed
homogeneously in every location of all the three virtual cities for simplicity.

2.1.2. Scale and Natural Conditions of the Virtual Cities

The scale of the virtual city was based on small cities in China. This choice was dictated by multiple
reasons. Firstly, Sitzenfrei et al. [39] drew a conclusion that water infrastructures of smaller cities are
more affected by condition change compared to medium-sized and larger cities. Secondly, in China in
the period 2010-2015, the increase in underground pipeline length and sewage treatment capacity was
higher in county-level cities (mainly small- and medium-sized cities) than that of prefecture-level cities
(mainly medium- and large-sized cities) [1], and small- and medium-sized cities are planned to develop
even faster to 2020 according to China’s 13th five-year plan. Thirdly, traditional drainage systems will
continue to play dominant roles in smaller cities in the near future because distributed low-impact
development (LID) measures were not planned there [43]. Moreover, the urban forms and drainage
systems in small cities are relatively simple, making it more suitable to study the relationship between
them. According to the statistical results of the small cities with populations ranging roughly from
200,000 to 500,000 in 2015, the virtual city used in this study has an area of 36 km? and a population of
360,000. The three urban forms mentioned above are set in the virtual city (see Figure 1b).

In order to exclude the influence of terrain, we assume a nearly flat ground with only a small slope
of 0.01%, which enables runoff to flow into pipes; however, this may produce the need for pumping
stations. The water body is set along the longest side of each virtual city, since cities are usually built
and developed alongside a river.

2.1.3. Blocks and Drainage Units

Each virtual city is composed of 400 uniform blocks of 300 m x 300 m, since this is the common
size and shape of a block in Chinese cities located in the plain. Residents are evenly distributed among
all the blocks. Each block has three drainage units (DU), containing one core DU and two road DUs
(see Figure 1c), and the area distribution is set according to the Code for Classification of Urban Land
Use and Planning Standards of Development Land in China [44]. Based on the composition of surfaces
with different imperviousness rates in ordinary Chinese cities, all of the 400 core DUs were divided
into three groups of 260, 120, and 20 DUs with runoff coefficients of 0.2, 0.6, and 0.7, respectively.
The runoff coefficient of road DUs is 0.9 [45].
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Figure 1. (a) Extracted shapes of built-up areas of six cities with three typical contour forms in 2015.
(b) Virtual cities of three typical urban forms with the position and the flow direction of the receiving
river. (c) The basic block and its three drainage units.

Usually, the layout of the rainwater pipe network is closely correlated with the road network [46],
since runoff is produced on the surface almost everywhere and it is necessary to build the pipes
underneath all the roads. It is natural that the runoff from a particular zone is collected by the nearest
pipe situated at a lower location. On the other hand, the residential wastewater is a kind of point
source. The aim of the wastewater pipe network is to collect wastewater from all discharge points,
making it unnecessary to build pipes underneath all roads. Moreover, the flow direction of wastewater
does not necessarily follow the slope, especially if the slope is small. Based on this knowledge, we set
the wastewater from a core DU to flow to any one of four surrounding roads randomly, while the
runoff from a core DU flows to the road closest to the receiving river and the runoff from a road DU
flows to itself. The attributes of drainage units are shown in Table 1.
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Table 1. Attributes of drainage units in the virtual city. DU—drainage unit.

Attributes Core DU Road DU
Types Three One
Basic information Area 7.29 ha 0.855 ha
Number 400 800
Produce wastewater? Yes No
Wastewater Population 900 -
system . Randomly choose any one of four
Where to discharge? ) -
surrounding roads
Produce rain water? Yes Yes
Rainwater system Runoff coefficient 0.2,0.6,and 0.7 0.9
Where to discharge? The road closest to the receiving water body Itself

2.2. Drainage System Generation and Performance Simulation

Before drainage system generation, the number and position of the wastewater treatment plants
(WWTP, for the WS) and outfall points (for the RS) have to be set because they are the starting points for
a whole pipeline network. As introduced in Section 2.1, one WWTP is located at the topographically
lowest corner of each virtual city. It is feasible that such a city containing 360,000 residents uses only
one WWTP designed to handle a flow smaller than 100,000 m® per day, which is a common size for
Chinese WWTPs. For the RS, we set ten outfalls which are uniformly located along the river side of
the city, dividing the city into ten equal and vertical drainage zones to the river. The area of a single
drainage zone is 3.6 km?, and 10 outfalls enable all three cities to be evenly and vertically divided.

The three main steps involved in generating the whole pipeline networks for both drainage
systems are (i) network layout determination, (ii) hydraulic calculation of the pipes, and (iii) pump
setting. For layout determination, we use the Kruskal algorithm [47], which seeks only one minimum
tree with a starting point at the WWTP and the outfalls traversing all the needed roads. Considering
the water flow from every DU and the connection of pipes, the velocity, diameter, and slope of each
pipe are calculated according to the current code for outdoor drainage engineering design in China [45].
Pumps are set only when the burial depth of the pipe outlet is more than 7 m [48].

According to the assumptions set in Table 1, for each kind of drainage system, there is a variable
deciding the final generation result of the pipe networks. For WS, the variation arises from the
connected road randomly chosen by every core DU; thus, the network layout changes every time the
connected roads change. For RS, the variation arises from the various spatial distributions of three types
of core DU; thus, the hydraulic calculation result of pipes changes every time the spatial distribution
changes. As a result, for the city of each form, the generation of a pipeline network is conducted a
number of times before the means of every performance indicator (which will be introduced in the
next section) do not change significantly.

A widely used urban water management model, SWMM (Storm Water Management Model) [49],
was connected to simulate the hydraulic performance of the two drainage systems separately every
time a whole wastewater system and a whole rainwater system is generated. The generation of the
drainage systems is automatically accomplished through Matlab, as well as its connection with SWMM.
The Matlab code automates the process of writing and reading the input files, running the software,
reading the output files, and extracting the simulated results of SWMM.

The Horton infiltration model and the dynamic wave routing model are used for the hydraulic
simulation in SWMM [49]. The infiltration parameters are calibrated according to the assumptions set
on DUs before running the model. The simulation time for WS is 24 h, which indicates a whole day,
while, for RS, the rainfall events last for two hours and the simulation time is four hours. The time step
for reporting the results is five minutes. Other main settings and parameters used in this research are
shown in Table 2.
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Table 2. Basic settings and parameters of the model.

Items Wastewater System Rainwater System

Variables of sampling The roads (pipes) included The layout of Core DUs
Rain pattern: Chicago [51] 1
Typical household wastewater Return period: 2 years [45]

discharge: 240 L/cap/day [45,50] Rain.fall ilrageérgs_i:%gglggjing)i

T (H411.1907) 65
Peak position coefficient: 0.35
Rainfall duration: 2 h
Rainfall events of different return periods

Design parameters

24 h, using a typical daily

Simulation parameters .
wastewater discharge curve

1 According to the code for design of outdoor wastewater engineering in China, the Chicago rain pattern is recommended
when a local storm statistical model is not accessible [45].

2.3. Evaluation of Drainage System Performance

Three criteria, namely economic efficiency, effectiveness, and adaptability, are applied to evaluate
the performance of both drainage systems.

2.3.1. Economic Efficiency

The total cost of the system is calculated as its economic efficiency. The total cost (Cost) is defined as
the sum of the construction cost (CC) and the operation and maintenance cost (OMC) after discounting,
as shown in Equation (1), where r denotes the discount rate and ¢ is the discount time, set at 6%
and 30 years, respectively. For both the WS and the RS, the construction costs include the pipeline
network and pumps (if they exist), and, for the WS, the cost of the WWTP is also included, as shown in
Equations (2) and (3).

Cost = CC+ ((1471)" =1)/(rx (1+7)) x OMC; (1)
CC = Ccpipe + Ccpump + CCwwrp; 2)
OMC = OMCpipe + OMCpump + OMCrwrp. ©)

The construction cost and the operation and maintenance cost of pipes, pumps, and the WWTP
are calculated according to Wang [52] and Liu et al. [53].

CCpipe = Z ((-34.4 4+ 8.8H + 1.0H? + 121.1D x H + 180.7D*315%8) x L), )
Npipe
CCpump = Z 79, 418-5Hpump X qumpo'Szr ®)
Npump
CCwwrp = (O.OOSBQWWTPZ + 1.1202Qwwrp + 1.5011) /107, (6)
OMCyipe = 0.03CChipe, @)
OMCpump = 0.03CCpump, ®)
OMCywrp = 0.8217 x Quwwrp **" X Quwrp X 365/10%, )

where H denotes the depth (m), D is the diameter (m), L is the length (m), Ny, is the number of the
pipes, Hpump denotes the lifting height (m), Qpump represents the design flow (L/s), Npymp is the number
of the pumps, and Qwwrp denotes the design flow of the WWTP (10* m3/d). The unit of all kinds of
cost is Chinese yuan.
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2.3.2. Effectiveness

Based on the simulated results from the SWMM, we set two indicators for each of the two systems
to evaluate their respective hydraulic performance based on current conditions. For the WS, since the
deposition-related problems of pipes suggest frequent low water flow inside the pipes [54], and since
extremely high water flow is also harmful to the pipe network, the capacity of the pipes, here defined
as the fraction of the full area filled by flow for conduits suggested in the SWMM user’s manual [49],
and the velocity of water flow inside the pipes are computed. We calculate the percentage of the pipes
whose capacity exceeds 75% at least once during the 24 h, and the percentage of pipes whose flow
velocity is less than 0.6 m/s constantly for one day. These two percentages are defined as capacity
failure (Cy) and velocity failure (V) indicators, respectively. For the RS, we focus on local flooding
under rainfall events with different return periods of 1, 2, 3, 5, 10, 20, 50, and 100 years. The other
parameters of the rainfall events are consistent with the designed one, and it rains for two hours with
the peak position coefficient 0.35. We calculate both the number of the flooded nodes and the flooding
volume of all flooded nodes during the eight rainfall events. The final indicators are calculated as the
sum of each individual indicator with the reciprocal of the return periods used as weights, and the
named number of flooded nodes (N) and quantity of flood (Q, m?), calculated as follows:

N = Z N, (10)
i€ERP !
1
Q=) - 1D
i€ERP

where RP = {1, 2, 3, 5, 10, 20, 50, 100}.

2.3.3. Adaptability

Once a drainage system is constructed, it is not easy to replace or rebuild it during its entire life
span. Thus, it is important to build a drainage system with a capacity to adapt well to uncertain
conditions in the future. The quantity of wastewater discharge will face multiple influencing factors
such as climate change, population change, and water consumption behavior change. Moreover, actual
rainfall events will not always be consistent with the designed one. In order to simplify measurements,
we set different scenarios for the two systems. For the WS, the wastewater change coefficient is set to
an upper value of 1.5 and a lower value of 0.5, which will be used to multiply the 24-hour wastewater
discharge, doubling or halving the discharge. For the RS, we change the peak position coefficient,
which is a parameter in the Chicago rain pattern formula that ranges from 0 to 1, deciding when the
maximum precipitation occurs during a rainfall event. Based on previous research showing that the
closer it is to 1, the more intensively the rainfall may strike the system [48], we set the value to 0.5 to
represent the adverse scenario in this study.

We use the proportions of the effectiveness indicators (Cy, Vg, N, and Q) under changing scenarios
and the baseline scenario as the adaptability indicators, named Cr_Adapt, Vy_Adapt, N_Adapt, and
Q_Adapt, respectively. In particular, capacity failure and velocity failure correspond to the wastewater
discharge change oppositely. The greater the wastewater discharges, the higher the flow capacity and
the faster the velocity become; additionally, the likelihood for the capacity to fail is greater, but the
likelihood for the velocity to fail is lower. Therefore, we only consider the high-discharge scenario for
Cr and the low-discharge scenario for V. For both the WS and the RS, the larger these indicators are,
the less adaptability the system has.
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3. Results and Discussion

In this section, the results of the three dimensions including the economic efficiency along with
the pipe network structure, the effectiveness, and the adaptability for both WS and RS are described
and discussed, and a comprehensive evaluation of both systems is conducted at the end of this section.

3.1. Structure and Economic Efficiency

For each virtual city, simulation and indicator calculations are implemented 200 times for both the
wastewater and the rainwater systems, since the relative errors between the means after each round of
calculation and the mean of all 200 times are constantly below 0.005 before 200 times for all indicators.
One of the drainage generation results of The Square can be found in Figure A1 (Appendix A). Other
wastewater pipeline results have different layouts of pipes from this one, and other rainwater pipelines
are generated with the same layout but possess different attributes compared to this one. The WS
always has much fewer pipes than the RS, because the rainwater pipes are under all roads, while
the wastewater pipes only exist when it is necessary to build a pipe to receive the discharge or link
two pipes. The diameters of the wastewater pipes are generally smaller than those of the other
system due to the difference between the wastewater flow and the runoff when the area is fixed.
Such structural differences between the RS and the WS are also applicable in The Star and The Strip
cities. The consequence of this structural difference between the two kinds of drainage systems is the
difference in economic efficiency, as shown in Figure 2. The total costs of wastewater systems lie within
the range of 0.65 to 0.8 billion Chinese RMB yuan (equivalent to 94 to 116 million United States (US)
dollars), regardless of the urban form. However, the lowest cost associated with the RS in The Strip is
similar to the mean cost of the WS, and the RS costs more than the WS, especially for The Square and
The Star.
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Figure 2. Economic efficiency of the wastewater system (WS) and the rainwater system (RS) under
three urban forms.

The Kruskal-Wallis test for independent samples and the median test for both drainage systems
suggest that the difference in cost among the three forms is statistically significant (p < 0.01), and the
pairwise comparisons suggest that the costs among the three forms are statistically different from
each other (Adjusted p < 0.01), for both drainage systems. However, the difference between the WS
forms is not as apparent as that of the RS, as shown in Figure 2. The two drainage systems of the three
urban forms have opposite cost trends. Considered in the order of The Square, The Star, and The Strip,
the total cost of wastewater system increases while that of rainwater system declines. For the WS, the
cost difference is mainly due to the pipeline network other than the WWTP, since the cost of WWTP
does not vary because the total wastewater discharge is fixed. However, because the WWTP is located
at a corner of the city, The Strip has the longest transport path for water flow, which leads to larger and



Water 2019, 11, 758 10 0of 18

deeper pipes, especially in the downstream portion. As Figure 3a shows, considering the percentage of
the pipes that are larger than 1 m in diameter, on average, The Strip has 6.4% more pipes than The

Square. As a consequence, The Strip requires the most expensive wastewater system compared to the
other forms.
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Figure 3. Analysis of the pipe structure under three urban forms. (a) WS: average percentages of pipes
with different diameters; (b) RS: Kernel smoothing function estimate of diameter multiplying depth
of pipes.

For the RS, we used the Kernel smoothing function, a non-parametric way to estimate the
probability density of a variable [55], to quantify the probability density of the pipe diameter multiplied
by the depth of all pipes. As Figure 3b shows, for the very small or shallow pipes that are usually at
the start of the pipe networks, the difference in probabilities among the three forms is not apparent.
However, the probability difference tends to increase as this variable increases. The probability curve
of The Square is the flattest among the three curves, while that of The Strip declines sharply from the
highest to the lowest when the variable reaches 6.5. This indicates that The Square has the largest
number of large and deep pipes, thus leading to its highest cost, while The Strip has the opposite
attributes. Since the outfalls are uniformly located along the longest side of the city and the main pipes
stretch vertically along this side from the outfalls, the distance from the opposite side to the water
body side plays the key role in determining the diameter and depth of the pipes. The Strip has the
shortest distance, resulting in the cheapest rainwater system, while The Square has the most expensive
system; The Star is intermediate between the other two.
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3.2. Effectiveness

The effectiveness indicators of the two drainage systems differ according to the three urban forms,
as Figure 4 shows. For the RS, the differences involving the number of flooded nodes and the quantity
of flood are significant (p < 0.01); however, for the WS, both Cr and V¢ fail the Kruskal-Wallis statistical
test. Regardless of the urban form, for the WS, the percentage of pipes that fail in terms of capacity is
in the range of 30-40%, while the percentage of pipes that fail in terms of velocity is higher, within the
range of 47-53%. This indicates that urban forms have limited influence on the pipe effectiveness for
the WS.

For the RS, the size relationships of the effectiveness indicators under the three urban forms are
basically consistent with those of economic efficiency, and the changes in the number of flooded nodes
and quantity of flood occur in the same direction. Compared to the RS of The Square, on average,
the RS of The Star and The Strip are 14.9% and 25.4% lower, respectively, in the number of flooded
nodes, and 17.2% and 36.7% lower, respectively, in the quantity of flood. The difference in the quantity
is larger than that of the number.

100 50 25
I Capacity failure (%) Il Number of flooded nodes
2 Velocity failure (%) V77 Quantity of flood
80 %
ot L .
- =] g
E 420 =
60 x ~ x B X
g b=
<1 L S
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Figure 4. (a) Effectiveness of wastewater systems under three urban forms. (b) Effectiveness of
rainwater systems under three urban forms.

To conduct a more in-depth analysis of the results, the numbers of flooded nodes with different
sums of weighted frequencies of the eight rainfall events are counted for each city. The weights of each
flooded node are the reciprocals of the eight return periods (1, 2, 3, 5, 10, 20, 50, and 100), which are
consistent with those of the effectiveness indicators. Based on the results, there are, in total, 17 discrete
weighed sums, and the average number of the flooded nodes of the 200 configurations with different
sums for each urban form is shown in Figure 5. Generally, The Square has the least number of low- and
medium-frequency (weighted frequencies lower than 0.17) flooded nodes but the most high-frequency
(weighted frequencies higher than 0.17) flooded nodes, and its average number of high-frequency
flooded nodes is more than two times higher than The Strip. This indicates that the worst effectiveness
of The Square in the RS is due to its largest number of flooded nodes during the lighter rainfalls,
rather than its vulnerability to the rainfall events of larger return periods. This result could also be
traced into the structural difference of the pipe networks among the three urban forms. As mentioned
in the previous section, The Strip has the shortest distance from the opposite side to the water body
and, thus, the shortest length for main pipes of the RS, while The Square has the longest ones. When
the rainfall is above the design return period, the downstream pipes of The Square are filled rapidly,
thus creating a backwater effect in the upstream nodes and subsequent flooding. However, when the
rainfall is heavy, there would be little difference among the RS of the three forms as the pipes are filled
almost uniformly. That could be the reason for the similar trend of costs and effectiveness among the
three forms for the RS.
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Figure 5. The average number of flooded nodes with weighted frequency of the RS under three

urban forms.

3.3. Adaptability

The adaptability results are shown in Figure 6, and all the indicators among the three forms differ
significantly based on the Kruskal-Wallis test (p < 0.01) for both drainage systems.

For the WS, when the total wastewater discharge increases by 50%, the average capacity failure
values of The Square, The Star, and The Strip are 1.53, 1.48, and 1.46 times higher, respectively, than the
baselines, as shown in Figure 6a. When the discharge reduces by half, the velocity failure values of The
Square, The Star, and The Strip are 1.31, 1.29, and 1.28 times higher, respectively, than the baselines.
The difference between The Star and The Strip for both indicators is minor, but The Strip is inferior
compared to the other two, especially for the C;_Adapt. The results indicate that The Square, which has
the best economic efficiency for the WS, has the lowest adaptability to changes. The reason for this
could be traced to the structure of the pipe networks (see Figure 3a), which shows that the percentage of
the relatively small pipes for The Square is the highest. Since smaller pipes are located in the upstream
part of the network and are designed according to the direct inflow from the junctions rather than the
water flow of the upstream pipes, they are more sensitive to the inflow changes than larger pipes.

For the RS, when the peak coefficient of the rainfall changes from 0.35 to 0.5, both the number of
flooded nodes and flood quantity increase with rates of 30-60% and 40-70%, respectively, as shown in
Figure 6b. This increase occurs because, when the rainfall peak moves to a later position, the internal
space of the pipes is easier to be fulfilled by the smaller runoff in the initial stage and, thus, it is more
likely that the pipes will get overloaded from the peak runoff. Both indicators here show generally
contrasting patterns in the three urban forms as compared to economic efficiency and effectiveness,
except for N_Adapt of The Strip. The reason for the increasing trend of Q_Adapt under the three forms
can be traced to the relationship between the increment of change and its original values. For The
Square, although the increment of flood quantity remains the biggest, its largest original value plays a
more important role in deciding the quotient, which leads to its relatively better adaptability. For The
Strip, although its adaptability on the quantity of flood is the worst, its adaptability on the number of
flooded nodes is not. We compared the separate adaptability values of the quantity and the number
after the scenario changes under each return period of rainfall that causes flooding (starting from
five years). As shown in Figure 7, the ratios of The Strip are always larger than 1 and higher than the
other two forms, especially under the five-year rainfall. This indicates that, when the rainfall is heavy
enough to cause floods in the RS for The Strip, the move of the peak position will lead to a higher flood
volume in the original flooded nodes rather than making more nodes into the flood. The Square and
The Star, however, have opposite responses when the rainfall starts to cause a flood.
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Figure 6. (a) Adaptability of wastewater systems under three urban forms. (b) Adaptability of rainwater
systems under three urban forms.
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Figure 7. Ratios between quantity adaptability and number adaptability under rainfall events of each
return period for the RS.

3.4. Comprehensive Evaluation

For the five indicators above of both the WS and the RS, all 600 results of three urban forms were
normalized, and the means of each indicator under each urban form were calculated before being
evenly distributed into effectiveness and adaptability, and directly distributed into economic efficiency.
The results are shown in Figure 8; the closer the value is to 1.0, the worse the dimension is for the
urban form.

On the whole, the effect of the urban form on the performance of the RS is more significant than
that of the WS. For the WS, only the economic efficiency shows the most significant difference among
the three forms; however, this difference is still smaller compared to all the dimensions of the RS.
For the RS, the difference among the three forms in economic efficiency and effectiveness is larger than
that of adaptability; in adaptability, The Star and The Strip are more similar to each other.

For the RS, the rankings of the three urban forms on the economic efficiency and effectiveness are
relatively consistent; however, the rankings based on adaptability are the opposite to that of the other
two dimensions. These results suggest that costs and effectiveness for the RS are positively correlated,
but the correlation between adaptability and costs or effectiveness is negative when looking at the type
of urban form. This suggests that a city with a certain form may not have an effective rainwater system
despite spending much money on it, but it may have relatively good adaptability if the rain pattern
changes, and vice versa.
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Figure 8. Comprehensive evaluation results under three urban forms: (a) the wastewater systems;
(b) the rainwater systems.

For the RS, The Star has similar performances on all three dimensions; this form performs
moderately compared to the other two forms on all dimensions. The Strip is superior to The Square
in terms of both economic efficiency and effectiveness for the RS, but their rankings are switched
when looking at adaptability for the RS and economic efficiency for the WS. These results indicate
that cities with three typical urban forms could face different challenges when constructing and using
drainage systems, with the precondition that the other natural or social conditions such as terrains and
population densities remain homogeneous. A square-shaped city is likely to suffer from serious urban
flooding even though it has to spend much money on the RS, and its wastewater pipes may not work
very well when the discharge changes. A strip-shaped city does not face these problems; however,
its wastewater system may cost higher compared to the other shapes, and its rainwater system may not
adapt well when the rain pattern changes. Although a star-shaped city performs relatively moderately
compared to the other two urban forms, it has nearly the worst adaptability to the rainwater system;
thus, this urban form will have difficulty dealing with changing conditions. Furthermore, these
results also suggest that, regardless of urban form, it is difficult for a city to simultaneously build a
drainage system that is cost-saving, effective at the present, and adaptable to changes in the future,
under the premise that all the hypotheses in the virtual cities are valid and no green infrastructure is
included. In other words, we did not identify the most suitable urban form based on the investigated
performances of drainage systems in the virtual cities we defined.

4. Conclusions

This paper analyzes the relationship between urban forms and the performance of separate
drainage systems by means of integrated models. Virtual cities with three typical urban contour forms
were designed based on a series of reasonable assumptions and feasible pre-conditions. For each virtual
city, a number of wastewater systems and rainwater systems were generated automatically following
Chinese urban planning and outdoor drainage standards. The performance of each system was then
simulated with SWMM. Three performance dimensions, i.e., economic efficiency, effectiveness, and
adaptability, were calculated for each system and later compared for each of the three urban forms.

Results show that all three dimensions for the RS differed significantly among the three urban
forms, while, for the WS, only economic efficiency and adaptability differed significantly among the
forms, even though the difference was not as large as that of the RS. This indicates that urban contour
forms play more significant roles in the performance of rainwater systems than on wastewater systems.
Cost was positively correlated to the effectiveness of rainwater systems among the different urban forms;
however, adaptability was negatively correlated to the other two performance dimensions. For the
three urban forms, The Square and The Strip always performed oppositely on all three dimensions
of the RS and economic efficiency of the WS, while the RS performance of The Star always ranked
intermediately. On the whole, each urban form has its own advantages and disadvantages concerning
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drainage systems. This study could not identify the best urban contour form that can make drainage
systems simultaneously cost-saving, effective, and adaptable to changes.

Although all the numerical results can only be addressed under the conditions we set in the virtual
city model, the results may have implications in actual urban planning and drainage design. Cities
that used rainwater systems for decades can hardly be expected to reconstruct their underground
infrastructures; thus, they need to pay more attention to system adaptability to possible future changes,
especially for cities shaped like irregular stars or long strips. Increasing the infiltration rainfall volume
and extending the hydraulic retention time before the runoff goes to the pipes are possible measures
to improve the adaptability of the rainwater systems. For cities being planned, especially those
tending to resemble a square built-up area, the total costs and effectiveness of the rainwater systems
should be of great concern; on the other hand, a strip city should pay closer attention to the total
costs of the wastewater system. The infrastructure planning of such cities needs to be prepared for
high investment and possible failures of the drainage systems. Although this study is based on
cities, the basic conclusions and practical implications may also be applied to independent urban
drainage zones with equivalent areas and population scales, since these two organizing concepts do
not essentially differ when it comes to drainage systems.

As this study only focused on the contour urban forms, some urban attributes that could also
affect the performance of drainage systems, such as terrains and population distributions, were
excluded from the research. Furthermore, the green infrastructures, being a cost-effective technology
for rainwater systems as recognized by many studies [56], were also not considered in this study;
the cities with selected urban forms may have different potentials with various green infrastructures
either in increasing the economic feasibility and effectiveness in the sewer design stage or improving
the adaptability after infrastructure renewal. As a result, it should be noted that all the conclusions in
this study are limited to these simplifications, as well as the hypothesis made on the virtual cities.

The critical point of this study may be the usefulness of virtual cities, which relies on a number
of assumptions. Whereas cities and urban drainage systems are complex and diverse in reality,
any approximation or mapping model cannot be entirely “correct”. The virtual city is useful in
this study, as it does not rely on empirical evidence on the relationship between urban forms and
drainage performance. Instead, it is an effort to provide a theoretical analysis framework to understand
the relationship between urban spatial structures and drainage infrastructures. Since the results
show that urban forms do have effects on urban drainage systems, especially rainwater systems,
it is worth developing virtual city models in future investigations. This method could be further
improved and refined to be more flexible and adaptable to various urban growth scenarios, as well as
green infrastructures.

Author Contributions: N.J. designed the study, performed the analysis, and wrote the original draft; R.S. helped
in improving the model, analyzed the results, and reviewed the writing; W.R. helped in analyzing the results and
reviewed the writing; S.L. performed preliminary calculations of the wastewater system; Y.L. supervised the work
and helped in editing the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 71473148), and
“12th Five-Year” Major Science and Technology Program for Water Pollution Control and Treatment: “Integration
of Urban Water Pollution Control and Water Treatment Technology” (No. 2014Z2X07323001). The work of the
University Innsbruck in this research was funded by the Austrian Science Fund (FWF): P 31104-N29.

Acknowledgments: The authors would like to acknowledge Hua Bai, Dazhen Zhang, and Zhiwei Xu for their
support provided for the model. We are also grateful to the anonymous reviewers for their useful comments
and suggestions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Water 2019, 11, 758 16 of 18

Appendix A

| SEEEEEEEREE RN

=L

i1
=

—_— — Outfalls
[ Link

Max. Depth
0.60

120

1.80

240

m
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