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Abstract: An automated algorithm based on the dynamic hydrological and hydraulic simulation
modules in Storm Water Management Model (SWMM) was developed to aid the design of storm
sewer networks, provided that a layout is given. Numerical performance of the proposed algorithm
was compared with the existing design methods with two application cases. The automated
computation process of the sewer network design was divided into two stages and solved iteratively,
determining pipe diameter and pipe slope, respectively. In the first stage, starting with a set of
initial values including pipe diameter, pipe cover depth, and ground elevation at manholes, the
iteration was carried out from the downstream to the upstream while the pipe slopes of the network
were assumed to be fixed and the diameter of each pipe segment was calculated. In the second
stage, pipe diameters calculated from the first stage were fixed and the pipe slopes were calculated
successively from the downstream pipe segment to the upstream pipe segment. Every time the
diameter or slope of a pipe segment was adjusted, the pipe flow rate, velocity, and flow depth
were obtained by running SWMM hydrological and hydraulic simulation modules. The iteration
terminated once the combination scheme of pipe diameters and slopes met the design ordinance
which requires the pipe flows full under gravity in a design return period. A real urban sewer
system in a hilly city and a benchmark sewer network from the literature were tested to validate the
proposed automated algorithm, and good performance was shown. The automated design results
explicitly show that the proposed storm sewer design approach leads to a quality solution with
reduced computational effort.

Keywords: storm sewer; network design; iterative algorithm; SWMM

1. Introduction

A storm sewer network is designed to collect storm water and deliver it to the outfall by gravity.
A well-designed storm sewer is essential to guarantee the performance of the storm sewer network
system within design return periods. However, it is a significant challenge for sewer engineers to
design a good network that can transport the flood to outfalls safely and efficiently, while maintaining
a lower construction cost.

In the conventional design of storm sewer systems, the Rational method is traditionally used
to determine the design discharge, while Manning’s equation is used for hydraulic computation [1].
The Rational method has been popular in the design of storm sewer networks because of its simplicity.
In the process of hydraulic computations, Manning’s equation is employed to describe the relationship
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among flowrate, flow depth, and pipe slope assuming a steady-state flow condition in the pipe.
However, the Rational formula is usually restricted to use in small catchments. Stormwater network
design ordinance states that the Rational method is only applicable to catchments that are less
than 2 km?. For larger watersheds, designers usually adopt regional flood-frequency relations or
numerical models such as the The United States Environmental Protection Agency (EPA) Storm
Water Management Model (SWMM) [2] and other SWMM type models (Info Works ICM, XP-SWMM,
MIKE, etc. [3]). These models simulate the dynamic hydrologic and hydraulic process and can be
incorporated with storm sewer design for a more precise result.

In this article, an innovative two-stage storm sewer design algorithm is presented with a more
efficient and low-cost design procedure based on the hydrological and hydraulic simulation results
by SWMM program. In the proposed algorithm, each sub-catchment is simplified as a nonlinear
reservoir to obtain the outflow, and the one-dimensional Saint-Venant shallow water equations are
used to solve for the velocity field and flow routing in pipe segments [4]. The flow hydrograph,
velocity, and flow depth are obtained in the hydrological and hydraulic simulation, and then serve as
the basis for calculating pipe diameters and slopes in each iteration. The proposed design algorithm
implements a dynamic design process. Hence, more precise results can be obtained with sophisticated
hydrological and hydraulic simulation of the physical rainfall-runoff process. The proposed method is
employed to design a real urban sewer system in a hilly city and design a benchmark sewer network
from the literature. Results are compared with those from existing design approaches, which indicates
that the design scheme obtained by the proposed method is more efficient and effective with lower
computational costs. For a better understanding of this proposed algorithm, a brief description of
studies related to the design of storm sewer networks is presented, followed by a general description of
the calculation principle of the proposed design method. The methodology of the proposed algorithm
is then explained in detail. The remaining parts show the application of the proposed methods to two
urban sewer system cases, along with discussions on the design results and conclusions.

2. Literature Review

Because of the high cost of these storm sewer systems, considerable savings can be achieved
with optimized design methods to reduce the costs. Since the concept of optimal design for storm
sewer networks was first proposed in the late 1960s [5,6], many researchers have concentrated on the
optimal design of storm sewer systems, and various optimization techniques were applied to minimize
construction costs whilst ensuring the reliability of sewer networks for their solution, such as linear
programming [5,7,8], nonlinear programming [6,9], dynamic programming [10-12], genetic algorithm
(GA) [13-17], cellular automata (CA) [18-21], ant colony optimization algorithm (ACOA) [22-25],
rebirthing particle swarm optimization (PSO) algorithm [26], and more recently, simulated annealing
(SA) [27,28]. The main goal in the optimal design of a storm sewer system is to find the combination
of pipe diameters and pipe slopes which leads to the sewer system with the least cost, with the total
cost of the sewer network as the objective function subject to proper constraints. It is common that
most of these optimization design methodologies focus on the design of pipe dimeter and slope for
the storm sewer network under the assumption that a layout is given. This is because the complexity
of the optimization task significantly increases when the network layout design is incorporated into
the optimization procedure [29]. A variety of optimization methods adopted for optimal storm sewer
design were discussed in more detail in Karovic et al. [27] and Afshar and Rohani [21].

However, though these methodologies can produce precise designs, most of the design procedures
involve many limitations and simplified hydrological and hydraulic calculations, such as employing
the design flowrate calculated by the Rational method while assuming that the pipe flow state is steady.
Furthermore, the basic principles of these optimization techniques are usually to select the optimal
storm sewer design scheme from a large number of scenarios based on various combinations of pipe
diameters and pipe slopes, which means high computational costs, increasing with the increase of the
size of sewer system. The sewer design algorithm proposed in this paper employs a one-way approach
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to obtain the optimal scheme. This means that in the proposed algorithm, the optimal scheme can be
obtained with a set of maximum or minimum initial values, which gradually decrease or increase and
a low computational cost is obtained.

The proposed two-stage automated algorithm is based upon the hydrological and hydraulic
computing module of SWMM. SWMM provides an integrated environment of hydrological, hydraulic,
and water quality simulation [2]. The hydraulic computing module in SWMM is capable of simulating
complicated flow conditions in a storm sewer system accurately, such as pressurized flow, reverse
flow, backwater effect from downstream, and pump station operations. SWMM has been updated
to Version 5.1 since its first development in 1971 by the US EPA. Many scholars have carried out
research on SWMM. For instance, Liong employed SWMM and a genetic algorithm to forecast the
peak flow [30]. Krebs adopted genetic parameter optimization to obtain a high-resolution application
of SWMM [31]. Martinez-Solano created an SWMM toolkit applied to the optimization of urban
drainage networks [32]. Recently, other rainfall-runoff models were studied and compared with the
SWMM [33,34]. However, among these models, SWMM is the most widely used, as SWMM can be
easily coupled with other models because of the availability of the source code and library functions.

Compared with these optimization algorithms mentioned above, the proposed principle of the
algorithm is simpler with no adverse effects on the quality of the final solution. The hydrological and
hydraulic simulation in SWMM is incorporated to obtain a more precise design, which can provide
the basis for calculating the updated values of pipe diameters and slopes. In the process of iteration,
the pipe diameters increase gradually and the slopes increase or decrease gradually depending on the
topography of the study area, until the best solution is achieved. Due to the features of the proposed
algorithm, while obtaining the optimal combination scheme of pipe sizes and slopes, it can also
guarantee the minimal sewer network construction costs.

3. Governing Equations

3.1. Governing Equations in Hydrologic and Hydraulic Simulations

The time series of flow rate, water depth, and velocity of any pipe segment can be obtained
by running SWMM hydrological and hydraulic simulations [4]. In the process of hydrological
simulation, each sub-catchment is simplified as a nonlinear reservoir. In the process of hydraulic
simulation, flow routing in pipe segments is described by the one-dimensional Saint-Venant equations.
The principles of the governing equations are discussed in more detail by Rossman [2,4].

3.2. Determination of Pipe Diameter and Slope

Several constraints in the sewer pipe network design process must be met, including:
(@) Minimum and maximum velocity: the minimum velocity is vital in preventing suspended solids
from being deposited in the bottom of pipe. The maximum flow velocity is set to prevent pipe erosion.
(b) Minimum slope: the minimum slope is specified to meet the minimum velocity requirements,
decreasing with the increase of pipe diameter; (c) Maximum ratio of flow depth to pipe diameter:
the ratio of flow depth to pipe diameter should be less than a maximum value to avoid the generation
of pressurized flow in the storm sewer pipes; (d) Inlet and outlet offset: inlet and outlet offset are the
elevation of the pipe invert above the node invert at the upstream and downstream ends of the pipe
segment, respectively, as shown in Figure 1. This is to comply with stormwater design ordinance for
flow to pass smoothly at the manholes.
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Figure 1. Illustration of inlet and outlet offset.

The time series of flow rate, flow depth, and flow velocity of any pipe segment can be obtained
through running SWMM hydrological and hydraulic simulation. If the maximum flow depth does
not meet the constraint of maximum ratio of flow depth to pipe diameter, the original pipe diameter
is updated to the diameter calculated with Manning’s equation based on the maximum flow rate
and unchanged slope. If the velocity does not meet the maximum velocity and minimum velocity
constraints, the original slope is updated to the slope calculated with Manning’s equation based on the
maximum or minimum flow velocity and unchanged diameter. The specific process of the proposed
algorithm will be discussed in detail later.

4. Model Development

This article presents a novel storm sewer design algorithm on the basis of the hydrological
and hydraulic simulation in SWMM to determine pipe diameters and slopes. The design practice
is concentrated on pipe diameters and slopes design for a sewer network with a given layout.
The objective function of the storm sewer network design problem can be defined as:

F = Fun(D;, H;) @

Constraints:

Omin < Uj < Omax
hmin < I’ll‘ < hmﬂx
Diy1 > D;
Hi > Hmin

where i refers to pipei =1, ... , I (total number of pipes), D; (m) is the diameter of the i-th pipe, H; (m)
is the cover depth of the i-th node, v,,;, (m/s) and v;5y (M/s) are the minimum and maximum velocity,
respectively, h,,;, and hy,y are the minimum and maximum ratio of flow depth to pipe diameter,
respectively, and H,,;,, (m/s) is the minimum pipe cover depth. Storm hyetograph is counted in the
hydrologic simulation each time the SWMM computation engine is run, and the peak flow is taken as
designed discharge.

The design task is iteratively solved in two consecutive stages. In the first stage, starting with a
set of initial values of pipe diameters, pipe cover depths, and manhole ground elevations, pipe cover
depths are assumed to be fixed and pipe diameters are determined by a set of transition rules. In the
second stage, the pipe cover depths are calculated by other transition rules with the pipe diameters
obtained from the first stage assumed to be fixed. There are two criteria set for terminating the proposed
automated algorithm: (a) A preset maximum number of iterations is achieved; (b) A behavior such
that both flow depth and velocity meet the requirements is detected.

The design of a storm sewer network with a predefined layout involves the determination of
the pipe diameter, pipe slope, and crown elevation. The major steps in executing this approach are
presented below. The flowchart in Figure 2 shows the procedure.
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Figure 2. Schematic description of the proposed algorithm based on Storm Water Management
Model (SWMM).

Each parameter of the sewer network should be assigned an initial value before adjusting the
pipe diameters and slopes, including manhole ground elevations, pipe diameters, pipe cover depths,
as well as inlet and outlet offsets. It should be noted that the initial pipe diameter and pipe cover depth
are the allowable minimum pipe diameter and average pipe cover depth, respectively.

4.1. Initial Value Computation

The initial pipe slope can be calculated according to the manhole ground elevation. From the
upstream pipe segment to the downstream pipe segment, the pipe with a slope less than the minimum
slope is adjusted successively. The specific transition rules are presented below:

1.  Pipe slope that is less than the minimum slope is increased to a minimum grade and the elevation
of the pipe invert at the downstream, correspondingly, is decreased. After that, if the adjusted
elevation of the pipe invert is less than the elevation of the manhole invert at the downstream,
the elevation of the manhole invert and outlet offset at the downstream is updated, otherwise,
only the outlet offset is updated.

2. After adjusting the parameters of this pipe segment, if the adjusted elevation of the pipe invert is
greater than the adjacent downstream pipe invert elevation at the upstream, only the outlet offset
of the pipe segment is decreased. Otherwise, the adjacent downstream pipe crown elevation at
the upstream node is kept the same as the pipe at the downstream node while the inlet offset and
slope of the adjacent downstream pipe segment is updated.

4.2. First Stage Iteration

The flow rate, velocity, flow depth can be obtained by running SWMM computation engine.
From the downstream pipe segment to the upstream pipe segment, the pipe with a maximum flow
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depth dissatisfying the constraint of maximum ratio of flow depth to pipe diameter are adjusted
successively. The flowchart of the design procedure in the first stage is given in Figure 3. The main
transition rules are given below:

1. Based on the maximum flow rate obtained by the hydrological and hydraulic simulation,
the required diameter is calculated using Manning’s equation. The calculated diameter is rounded
to the upper discrete diameter available and the original pipe diameter is updated to this value.

2. After adjusting the pipe diameter, if the original inlet and outlet offset is greater than the increase
of the pipe diameter, the original inlet and outlet offset will be updated. The elevation of the
manhole invert at the upstream and downstream is kept unchanged for the next step, otherwise,
all the parameters will be updated correspondingly.

3. After adjusting the parameters of this pipe segment, the inlet and outlet offset of the adjacent
upstream and downstream pipe segment are updated.

4.  Every time after the adjustment of the pipe diameter, all the downstream pipe diameters are
updated to ensure there is no decrease in sewer pipe diameter in the downstream direction.

Pick the Downstream End
Pipe of the System

Simulation in SWMM

Is the Constraint of Maximum
Ratio of Flow Depth to Pipe
diameter satisfied?

Pick the Adjacent Pipe

Segment at the Upstream
A

Calculate Pipe Diameter by Manning Equation Based

on the Flow Rate, Defined as Dman

l

Update the Original Pipe Diameter to Dman.

|

Update the Corresponding Parameters and the

Diameters of All Pipe Segment at the Downstream

L
<

Is the Pipe Segment the

Upstream End Pipe?

The Pipe Diameter of the System
is Adjusted for One Time

Figure 3. Flowchart for the design process in the first stage.

4.3. Second Stage Iteration

After an adjustment of the pipe diameter of all pipes, run SWMM computation engine. Pipes with
a velocity greater than the maximum velocity or less than the minimum velocity are adjusted in the
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order of from downstream to upstream. The flowchart in Figure 4 shows the design procedure in the
second stage and the main transition rules are given below:

1.

If the flow velocity is greater than maximum flow velocity, the slope of the pipe is decreased to
the slope calculated by Manning’s equation based on maximum flow velocity. In the meanwhile,
the elevation of the pipe invert at the upstream is decreased.

After the elevation of the pipe invert at the upstream is decreased, if the adjusted elevation of the
pipe invert is greater than the elevation of the manhole invert at the upstream, the inlet offset
is updated and the elevation of the manhole invert at the upstream is kept unchanged for the
next step. Otherwise, both parameters need to be updated and the outlet offset of the adjacent
upstream pipe segment is updated simultaneously with the slope keeps unchanged.

If the flow velocity is less than minimum flow velocity, the slope of the pipe is increased to the
slope calculated by Manning’s equation based on minimum flow velocity constraint and the
elevation of the pipe invert at the downstream is decreased correspondingly.

After the elevation of the pipe invert at the downstream is decreased, if the adjusted elevation
of the pipe invert is greater than the adjacent pipe invert elevation at the downstream, only the
outlet offset of the pipe segment is decreased. Otherwise, the adjacent downstream pipe crown
elevation at the upstream node is kept the same as the pipe at the downstream node while the
inlet offset and slope of the adjacent downstream pipe segment is updated.

Pick the Downstream End
Pipe of the System

Simulation in SWMM

Does the Flow Velocity

meet the Constraint?
Pick the Adjacent Pipe

Segment at the Upstream

A

Calculate the Updated slope with Manning Equation
Based on the Maximum or Minimum Velocity

v

Calculate the elevation of the pipe invert at the

upstream or downstream

Is the Pipe Segment the
Upstream End Pipe?

the Pipe Slope of the System is
Adjusted for One Time

Figure 4. Flowchart for the design process in the second stage.
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5. Model Applications

5.1. Description of Study Cases

In this section, the performance of the proposed automated algorithm based on SWMM is
investigated by applying it in the design of a real urban sewer system (case 1) and a benchmark
sewer network from the literature (case 2). The first case is employed to illustrate the feasibility of
the proposed method in real-world practice. Results from the automated algorithm are compared
with those generated by the conventional design procedure. The study area is a typical hilly city with
significant terrain variations including reverse slope, gentle slope, and steep slope. This case is used to
verify the performance of the proposed algorithm in a complex terrain condition. The storm sewer
network consists of a main sewer line and six major branches, as shown in Figure 5a. The second case
is a sewer system originally designed by Mays and Wenzel [12]. This sewer system composes 20 pipes
and 21 manholes, as shown in Figure 5b. The proposed algorithm is applied to this case. The design
result is compared with one of the existing optimal solutions—namely, adaptive Cellular Automata
(CA) proposed by Afshar et al. [21].

&
yig
w

\ &

Yio
Yi4

(a) (b)

Figure 5. Layouts of the two sewer networks: (a) layout for case 1; (b) layout for case 2.

Tables 1 and 2 summarize the basic storm sewer pipe data in cases 1 and 2, respectively.

Table 1. Summary of basic storm sewer information in case 1.

Ground Elevation (m)

Link Length (m)
Upstream Downstream
1 341.95 335.02 108.50
2 335.02 325.11 145.20
3 325.11 315.89 145.50
4 315.89 308.10 109.10
5 308.10 298.14 145.20
6 298.14 297.90 158.90
7 297.90 278.10 110.90
8 278.10 264.31 212.40
9 264.31 257.90 217.60
10 257.90 251.50 92.00
11 251.50 245.00 91.30
12 245.00 240.50 70.20
13 240.50 235.00 30.30
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Table 2. Summary of basic storm sewer information in case 2.

Ground Elevation (m)

Link Length (m)  Design Discharge (m3/s)
Upstream  Downstream
1 152.40 150.88 106.68 0.11
2 150.88 148.49 121.92 0.20
3 148.49 146.30 106.68 0.25
4 149.35 147.83 121.92 0.11
5 147.83 146.30 131.08 0.23
6 146.30 143.26 167.68 0.62
7 149.35 147.83 147.64 0.23
8 147.83 147.83 137.16 0.34
9 144.78 143.26 106.68 0.45
10 143.26 141.73 152.40 1.25
11 147.83 144.78 152.40 0.25
12 144.78 143.26 106.68 0.45
13 143.26 141.73 106.68 0.57
14 141.73 138.65 172.21 2.01
15 142.65 141.43 121.92 0.11
16 141.43 140.21 91.44 0.17
17 140.21 138.65 105.23 0.25
18 138.65 137.46 121.92 2.46
19 137.46 136.55 152.40 2.52
20 136.55 135.64 186.54 2.66

5.2. Automated Design Procedure

In case 1, the data about the characteristics of catchment and storm sewer network with
pre-determined layout in the study area were collected before constructing the model. In SWMM,
Dynamic Wave routing was selected for the hydraulic simulation for its applicability to handle
complex hydraulic conditions including reverse flow, backwater effects and pressurized flow etc. [2].
Chicago storm hyetograph was generated using local storm intensity formula with a return period of
4 years. The main steps in executing the proposed approach are presented below.

1. Assign value for the manhole ground elevation according to the collected catchment information.

2. Assign initial value for the properties of the sewer networks, pipe diameters and minimum pipe
cover depths.

3. Adjust the initial pipe slopes to satisfy the minimum slope constraint.

4.  Determine the pipe diameter and slope calculated iteratively with two consecutive stages.

Table 3 presents the design results of main storm sewer trunk line obtained from the proposed
SWMM-based sewer network design method.

In the conventional design process of a storm sewer system, the surface runoff entering the storm
sewer system is calculated using the Rational method with a single composite runoff coefficient for the
whole catchment. The Rational method is a lumped runoff calculation formula that could provide a
design discharge with a minimum set of data required. But it ignores several key factors that impact
the peak discharge such as surface storage declination of soil infiltration rate and varying rainfall
intensity that occurs over time. The inflow is translated from the upstream end to the downstream
end of the pipe, with no change in shape (i.e., steady flow routing) [2]. Then, Manning’s equation is
adopted to describe the relation among flowrate, flow depth, and pipe slope to determine the final
pipe diameter and slope.

The total storm sewer network costs need to be considered in the whole design process and the
costs entail many factors, including the costs of material, excavation, transport, etc. The cost discussed
here consists of the cost of the sewer pipes and the cost of manholes. Steele summarized the average
cost of pipes ranging in diameter from 0.3 to 2.1 m and the cost of manholes with different depths [28].



Water 2017, 9, 747 10 of 14

However, it should be noted that the cost of a pipe network involves many factors, and the cost of the
sewer network issue in this paper is simplified with no adverse effect on the quality of the proposed
algorithm. Table 3 compares the design results obtained from the proposed SWMM-based sewer
network design procedure and the conventional design method.

Table 3. Comparison of the results for the proposed method and the conventional procedure.

Proposed Algorithm Conventional Method
Link Crown Elevations (m) Slope (%)  Diameter (m) Crown Elevation (m) Slope (%)  Diameter (m)
Upstream  Downstream Upstream  Downstream
1 339.23 333.52 52.60 0.45 338.9 333.52 41.55 0.30
2 329.79 323.61 42.59 0.45 329.23 323.61 38.71 0.45
3 316.68 314.39 15.74 0.70 317.12 314.39 18.79 0.60
4 308.30 306.60 15.58 0.70 307.89 306.6 11.77 0.70
5 299.36 296.64 18.70 0.70 298.12 296.64 10.23 0.90
6 296.58 293.40 20.01 0.80 296.05 294.19 11.71 1.00
7 278.62 276.60 18.22 0.80 277.4 276.6 7.17 1.20
8 267.09 262.81 20.16 0.90 264.25 262.81 6.82 1.30
9 258.75 256.40 10.78 1.20 257.73 256.4 6.08 1.40
10 251.31 250.00 14.25 1.20 250.47 250 5.12 1.40
1 244.60 243.50 12.03 1.25 243.99 243.5 5.39 1.60
12 239.76 239.00 10.85 1.60 239.4 239 5.65 1.70
13 235.02 233.50 50.00 1.70 233.64 233.5 4.79 1.70

In case 2, Afshar adopted an adaptive refinement procedure to enhance the efficiency of the
two-phase simulation optimization cellular automata (CA) for optimal design of a storm sewer
system [29]. The kinematic wave routing was selected to describe the network hydraulic conditions at
each CA iteration [29]. To be consistent, in the proposed algorithm, hydraulic simulation in SWMM is
carried out with fixed design discharge into each manhole. The major steps in executing this approach
are basically consistent with those described in case 1. Table 4 compares the design results obtained
from the proposed SWMM-based sewer network design algorithm and the adaptive CA.

Table 4. Comparison of the results for the proposed method and the Adaptive CA.

Proposed Algorithm Adaptive CA
Link Diameter (m) Crown Elevations (m) Diameter (m) Crown Elevations (m)
Upstream Downstream Upstream Downstream
1 0.30 149.96 148.88 0.30 149.96 148.44
2 0.45 148.88 146.39 0.40 148.44 146.00
3 0.45 146.39 146.03 0.40 146.00 143.87
4 0.30 146.91 145.71 0.30 146.91 145.37
5 0.45 145.71 144.23 0.45 145.39 143.87
6 0.80 144.23 142.80 0.60 143.87 140.82
7 0.30 146.91 145.24 0.45 146.91 145.39
8 0.45 145.24 142.28 0.45 145.39 142.34
9 0.60 142.28 140.79 0.50 142.34 140.82
10 0.80 140.79 138.91 0.70 140.82 139.06
11 0.45 145.39 142.74 0.40 145.39 142.34
12 0.60 142.74 141.15 0.50 142.34 140.82
13 0.60 141.15 139.35 0.60 140.82 139.29
14 0.90 138.26 136.68 0.90 138.40 136.25
15 0.45 140.21 138.53 0.30 140.21 138.67
16 0.45 138.53 138.21 0.40 138.74 137.77
17 0.60 138.21 137.29 0.45 137.77 136.25
18 1.00 137.29 134.58 1.00 136.25 135.03
19 1.00 134.58 133.55 1.00 135.03 133.83
20 1.20 133.55 129.24 1.00 133.83 132.15

5.3. Discussion of Results

It can be observed from Table 3 that the diameters and slopes obtained by the proposed automated
algorithm are similar to those calculated by the conventional design method. Discrepancies exist in the
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design of some pipe segments. Compared to the conventional design results, the larger size pipes in
the proposed algorithm tend to have a smaller slope, while the slope of the pipe segment with smaller
diameter is relatively larger. This is in accordance with the basic principles of the storm sewer system
design, and indicates the proposed algorithm of sewer network design is reliable. Possibe reasons of
these discrepancies are discussed below:

e In the conventional design procedure, flowrate calculation was carried out using Rational
Method with a composite runoff coefficient. The hydraulic design was carried out based on
manning equation and assuming a steady state open channel flow. The hydrologic and hydraulic
processes occurring in the storm water system are greatly simplified in the conventional method.
The proposed algorithm simulates a dynamic rainfall process and unsteady state flow which
typically produce realistic hydrological and hydraulic results. This resulted a difference of the
design discharge using the conventional process and the proposed algorithm. Hencefurther
affects the designed pipe diameters and slopes.

e  Except for pipe 1, the diameter of the remaining pipe segments obtained by the proposed algorithm
are basically smaller than those by the conventional design method. This could be attributed
to the nature of the proposed algorithm and the characteristics of the study area. The diameter
of pipe 1 depends on the setting value of the initial pipe diameter. In the design process of the
proposed algorithm, the pipe diameter with a minimum initial value increases gradually as the
iteration progresses. The study area is steep and the pipe slope with large initial value decreases
as the iteration progresses. The iteration terminates once the pipe flow velocity and depth meet
the requirements. Therefore, while meeting the design requirements of the storm sewer system,
a design scheme of storm sewer network with smaller diameter and pipe cover depth (i.e., a larger
pipe slope) was obtained by the proposed algorithm.

Table 5 compares the total cost of the sewer system obtained by the conventional design procedure
and by the proposed design approach. By using the proposed design approach, the total cost of the
storm sewer network decreased from $1,057,551 to $961,703 with the total savings of over $95,848 or
about 9% with lower cost of both pipes and manholes.

Table 5. Optimal network cost obtained by different methods for the two cases.

Optmization Method Case 1 Case 2
Total Cost ($) Number of Iterations Total Cost ($) Number of Iterations
Conventional Algorithm 1,057,551 - - -
Adaptive CA - - 938,836 174-192
Proposed Algorithm 961,703 - 952,415 9

Table 5 compares the total cost of the sewer system obtained by the conventional design procedure
and by the proposed design approach. By using the proposed design approach, the total cost of the
storm sewer network decreased from $1,057,551 to $961,703 with a total savings of over $95,848 or
about 9% with lower cost of both pipes and manholes.

Table 5 also compares the number of iterations and corresponding construction costs of the
network obtained by the proposed methodology to the adaptive CA. The results show that the
proposed algorithm is capable of obtaining the optimal scheme with fewer iterations. The reasons are
summarized as below: In the process of iteration in the proposed algorithm, a one-way approaching
method is employed to obtain the optimal scheme. The pipe diameters increase gradually and the
slopes increase or decrease gradually depending on the topography of the study area, until the best
solution is achieved; Most studies on the optimization algorithms of sewer networks, including the
adaptive CA, were aimed at further improving the efficiency of screening out the optimal scheme
from a large number of schemes, which leads to higher computational costs, especially for large
sewer networks. In the proposed algorithm, although the total cost of the network is not taken as the
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objective function and the construction costs of its design scheme is a little higher than what obtained
by the adaptive CA, the principle of minimum construction costs is followed throughout the iterative
process. Compared with the adaptive CA, the construction cost only increased by 1%, but the number
of iterations reduced apparently by 95%, which means the proposed algorithm leads to near-optimal
solution with much less computational cost than the adaptive CA. Normally, a less computationally
costly program is more favored by design consultant companies and engineers because of the reduced
labor cost.

6. Conclusions

A novel automated algorithm based on SWMM with two iterative loops was introduced for the
optimal design of a storm sewer system with a given layout. The pipe diameter and pipe cover depth
are the variables to be determined in the design process. Starting with a set of initial values of pipe
diameters, pipe cover depths, and manhole ground elevations, the pipe diameters are determined from
downstream to upstream assuming the pipe slopes to be fixed values in the first stage. Every time the
pipe diameter is adjusted, the pipe flow rate, velocity, and flow depth are obtained by running SWMM
hydrological and hydraulic simulation modules. The pipe with a maximum flow depth dissatisfying
the constraint of maximum ratio of flow depth to pipe diameter is adjusted successively. The pipe
diameter is updated to the diameter calculated by Manning’s equation based on the maximum flow
rate, and increases gradually as the iteration progresses. In the second stage, the pipe slopes are
calculated with the pipe diameters assumed to be fixed values. SWMM hydrological and hydraulic
simulation modules are run, and the slope of the pipe with a velocity greater than the maximum
velocity or less than the minimum velocity is adjusted using Manning’s equation from downstream
to upstream. The process of adjusting the pipe diameters in the first stage and the pipe slopes in
the second stage is iterated until the termination criterion is reached. The proposed algorithm was
used to solve a real urban sewer system in a hilly city and a benchmark sewer network from the
literature, and the results were presented and compared with the results obtained by the conventional
design method and another optimal method. The proposed design method is proved to be reliable,
more efficient, and well adapted to topographic changes.
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