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Abstract: This paper aims to analyze different sediment self-cleansing criteria and to find out what
the corresponding implications are on the optimal design of sewer systems. A methodology based
on enumeration is used to find the sewer network design that minimizes the costs of construction
while fulfilling a number of design criteria including self-cleansing constraints. Three stormwater
and wastewater sewer networks are used for the analyses. The results indicate that in cases where
the terrain slopes and design flow rates are higher, the self-cleansing restrictions are irrelevant to
the optimal design. However, when the terrain slopes and the design flow rates are lower, these
restrictions affect the final design. Using the results obtained, a graph is constructed showing the
limit at which self-cleansing restrictions become a constraining parameter in optimal design for sewer
networks. It is expected that this graph will be useful for the design of future sewer networks in
low-income areas, where the design of traditional, gravity-based sewer systems is essential.

Keywords: self-cleansing sewer systems; self-cleansing criteria; sewer system optimal
design; sedimentation

1. Introduction

Sewer systems can be defined as an infrastructure used to collect and transport stormwater
and wastewater produced in urban areas. Traditionally, these systems have been designed without
considering optimization criteria, which has resulted in high construction costs and overdesigned
sewer networks. Recently, several techniques have been proposed to reduce construction costs.
These techniques include typical recommendations and constraints proposed in several water utilities
design manuals. Some of these constraints include minimum velocities or minimum shear stress values
to guarantee self-cleansing conditions in sewer systems.

The traditional design of sewer networks has been considered to be a single-objective strategy, i.e.,
without including construction costs. Recently, several authors have used multi-objective strategies,
which consider an optimal design of sewer pipes while a cost function equation is being minimized.
Techniques such as dynamic programming [1,2], nonlinear programming [3], random search [4],
LP-based heuristic approach [5], genetic algorithms [6–10], automated algorithm combining hydraulic
and hydrological simulation [11], and DP-based optimization engine [12], amongst other approaches,
have been used for the optimal design of sewer systems. Each of these approaches has been used in
several benchmark sewer networks, e.g., Mays and Wenzel [13] stormwater sewer network, taking into
account different cost function equations and design constraints.
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Part of the design constraints included in water utilities design manuals relate to self-cleansing
capacity. In this context, the concept of self-cleansing sewer systems has been introduced in sanitary
engineering practices. These systems must guarantee that transported particles do not deposit at the
bottom of the pipes, avoiding problems such as changes in the pipe cross-section or variations in
the water velocity profiles [14]. Some phenomena associated with these problems include blockages,
overcharges, water quality, and flooding.

In order to prevent problems such as the previously stated ones, several minimum velocities,
and minimum shear stress values have been proposed in the design manuals of different countries.
Usually, self-cleansing criteria depends on the type of sewer, i.e., stormwater, wastewater or combined
sewer system, and sometimes on the pipe’s diameter, e.g., Germany [15]. On the basis of this criteria,
Table 1 summarizes traditional values of self-cleansing criteria, obtained from the previous studies
of Vongvisessomjai et al. [16] and complemented with self-cleansing criteria collected in the United
States, Europe, and Latin American water utilities [17]. These values have traditionally been used in
the design of small sewer networks [16] and are widely employed today.

Table 1. Minimum velocity and shear stress values.

Criterion No. Source Country Sewer Type vmin [m/s] τmin [Pa]

(1) Lysne [18] USA All - 2.0–4.0

(2) ASCE [19] USA
WW 0.6 -
SW 0.9 -

(3) Yao [20] USA
SW - 3.0–4.0
WW - 1.0–2.0

(4) Minister of Interior [21] France
WW 0.3 -

C 0.6 -

(5) British Standard BS 8001 [22] UK
SW 0.75 -
C 1 -

(6) Ecuadorian Normalization Institute (Instituto Ecuatoriano de
Normalización) [23] Ecuador

WW 0.45 -
SW 0.9 -

(7) European Standard EN 752-4 [24] Europe All 0.7 -
(8) ATV-DVWK-Regelwerk [15] Germany All Depends on pipe diameter -
(9) Great Lakes [25] USA WW 0.6 -

(10) National Water Commission (Comisión Nacional del Agua) [26] Mexico
SW 0.6 -
WW 0.3 -

(11)
Bolivian Institute for Standarization and Quality (Instituto

Boliviano de Normalización y Calidad) [27] Bolivia
WW - 1

SW and C - 1.5

(12) Medellin Public Enterprises (Empresas Públicas de Medellín) [28] Colombia
WW 0.45 1.5

SW and C 0.75 3

(13)
Colombia. Ministry of Housing, City and Territory (Colombia.

Ministerio de Vivienda, Ciudad y Territorio) [29] Colombia
WW 0.45 1.5

SW and C 0.75 3

Note: WW, wastewater; SW, stormwater; C, combined; All, all sewers.

The self-cleansing criteria, shown above, are commonly used to avoid the problems aforementioned.
In addition, the criteria shown in Table 1 cover the range of variation found in water utilities design
manuals. These values vary in different manuals and regions because of different climate conditions,
lifestyles, and cultures of people. These variations in self-cleansing criteria have usually been discussed
by water utilities, since there is no agreement that establishes a definitive or permanent self-cleansing
criterion. On the basis of previous concepts, this paper aims to evaluate the impact of different
self-cleansing criteria, as shown in Table 1, on the optimal design of sewer networks. This evaluation is
important, especially in low-income areas of South America, where the design of gravity-based sewer
systems is essential, and the implementation of non-traditional systems, i.e., systems that consider
pump infrastructure, is usually not possible. In this context, a preliminary assessment of the impact
of self-cleansing criteria, especially in flat areas with low population density, on the design of future
sewer networks is essential to the evaluation of the feasibility of implementing a sewer system. In areas
where this is not possible, other solutions should be implemented, such as condominial sewer systems
or septic tanks, among others.

The remainder of the paper is organized as follows: Section 2 presents the methodology used
for the optimal design of sewer systems, the cost function, the hydraulic design constraints, and case
studies. Section 3 contains the solution of each network and the preliminary results. Section 4 presents a
sensitivity analysis which is performed to establish the limits of the terrain slope and design flow where
self-cleaning criteria affect the final optimized network design. Section 5 outlines the conclusions.
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2. Methodology

2.1. Optimal Sewer Network Design

2.1.1. Design Cost

The sewer design methodology used in this study is described by Duque et al. [12]. It is a
three-step approach, based on graph modeling and shortest path algorithm, which is solved using
the Bellman–Ford algorithm [30]. In this approach, an exhaustive search is used to find the best
combination of slope and diameter for each pipe in a sewer network. The best combination chosen
guarantees a minimum total cost of the network, represented by Equation (1), fulfilling the design
constraints shown in Table 2.

Table 2. Hydraulic design constraints modified from Duque et al. [12].

Design Constraint Threshold Value

Minimum diameter 200 mm
Maximum filling ratio 0.85

Minimum self-cleansing velocity 0.6–0.9 m/s
Minimum shear stress 2.0–4.0 Pa

Maximum velocity 5.0 m/s
Minimum depth below ground level 1.2 m
Maximum depth below ground level 5.0 m

In this methodology, each graph is considered as a combination of nodes (manholes) and arcs
(pipes), representing a single sewer design with a specific cost and a combination of diameter and slope
of each pipe. In addition, each manhole is represented by a subset of elevation and diameter. On the
basis of this information, each pipe in the network is created by joining two consecutive manholes
with a specific upstream and downstream elevation, i.e., with a specific slope and diameter. The subset
of diameters depends on the commercially available diameters.

The methodology has been tested for several sizes of networks, varying the number of pipes from
5 to 20. According to Duque et al. [12], the number of pipes and the terrain topography (steep or flat
terrain) affect the computational time. As an example, the computational time required to solve a
network with five pipes located in a flat topography is close to 45 s; in contrast, the computational time
required to solve a network with 20 pipes located in a steep topography is about 190 s. As previously
mentioned, this methodology allows for the design of sewer networks in a short time. The full details
of this methodology are outlined by Duque et al. [12].

The total cost function used for the analyses is a regression-based cost model, developed using data
from different sources such as the Ministry of Environment (Colombia), the Housing and Territorial
Development (Ministerio de Ambiente, Vivienda y Desarrollo Territorial, in Spanish), the Financial
Fund for Development Projects (Fondo Financiero de Proyectos de Desarrollo FONADE, in Spanish),
and from sewage and water utilities. Equation (1) presents the cost function where C represents the
total cost (USD), D is the pipe diameter (mm), l is the pipe length (m) and V is the excavated volume
(m3), as defined in Equation (2).

C =
1.32

2, 800

(
9579 D0.57 l + 1163 V1.31

)
(1)

V =

(
D + 2e + 0.15 +

H + H′

2

)
× (2B + 2e + D) ×

(
l cos

(
tan−1 So

))
(2)

where e is the wall thickness of the pipe (m); H and H′ are the excavation limits above the top of the
pipe in the upstream and downstream of the pipe (m), respectively; B is the width of trench (m); and So

is the pipe slope (m/m).
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The cost equation shown above is deemed appropriate for the work done here with this
methodology. This equation is useful for analyses, especially in South America, because it was
developed using information available in the region. However, the methodology presented in this
paper is generic in the sense that it allows alternative cost model(s) equations to be used, e.g.,
Maurer et al. [31], Moeini and Afshar [32] and Marchionni et al. [33], amongst others.

2.1.2. Design Constraints

Several design constraints are considered to ensure proper operation of sewer systems.
These constraints are usually recommended by the technical standards of each water utility. This study
takes the following restrictions suggested by the Colombian Standard [29]:

1. Minimum pipe diameter required for the cleaning and maintenance of the network;
2. Maximum filling ratio that must be enabled to allow adequate aeration in the system;
3. Minimum velocity and shear stress inside the pipes necessary to prevent particle sedimentation;
4. Maximum velocity required to prevent problems such as cavitation and pipe wall erosion;
5. Minimum and maximum depth below ground level necessary to protect the pipe structure from

overloading and axial stresses, respectively.

2.2. Self-Cleansing Limits

The limits of self-cleansing are obtained by solving the Manning equation, for circular conduits,
for a specific minimum self-cleansing velocity and pipe diameter, according to Equation (3).
The self-cleansing limit for minimum shear stress is estimated by solving the shear stress equation for
a shear stress value and pipe diameter, according to Equation (4). Using these equations, it is possible
to estimate the minimum self-cleansing slope based on a specific self-cleansing criterion of minimum
velocity or minimum shear stress, and considering several pipe diameters and filling ratios:

vl =
1
n

D
(
π + 2 sin−1

( 2y
D − 1

)
− sin

(
π + 2 sin−1

( 2y
D − 1

)))
4
(
π+ 2 sin−1

( 2y
D − 1

)) 
2/3

S1/2
min (3)

τ = γ

D
(
π + 2 sin−1

( 2y
D − 1

)
− sin

(
π + 2 sin−1

( 2y
D − 1

)))
4
(
π + 2 sin−1

( 2y
D − 1

)) Smin (4)

where Smin is the minimum self-cleansing pipe slope, vl is the minimum self-cleansing velocity
constraint, n is the Manning’s roughness coefficient equal to 0.013 m−1/3s for all the conduits of the
sewer network, y is the water depth, D is the pipe diameter, τ is the minimum shear stress value
constraint, and γ is the specific weight of water.

3. Case Studies

3.1. Description

Three different sewer networks are used to test the impact of self-cleansing criteria in sewer systems.
The first network is a stormwater system that is part of the Bogota’s, Colombia, full network, located

in an area named Chicó. This network includes 36 nodes and 35 pipes, as shown in Figure 1A. Table S1,
which can be found in the Supplementary Material, shows the ground elevation and design flow for each
pipe in the analyzed network.

The second network used for the analysis is proposed by Mays and Wenzel [13]. This stormwater
sewer network consists of 20 pipes and 21 nodes with the layout shown in Figure 1B. The ground
elevation and design flow rate data can be found in Table S2, in the Supplementary Material.
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The last network is the Kerman city wastewater network in Iran which has been reported in many
studies [10,34]. This network includes 20 pipes and 21 nodes, as shown in Figure 1C. Table S3, in the
Supplementary Material, shows the ground elevation and the design flow rate of each pipe in this network.
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Figure 1. Sewer networks used for the analyses: (A) Mini-Chicó network; (B) Mays and Wenzel [13]
network and (C) Kerman city network.
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3.2. Design Constraints

Each network is designed considering the constraints shown in Table 2 and using the optimal
design methodology proposed by Duque et al. [12]. As Table 2 shows, the minimum self-cleansing
velocity and minimum shear stress constraints are presented as a range since they depend on the value
(criterion) chosen in Table 1. Likewise, pipe diameters of 200, 250, 300, 350, 380, 400, 450, 500, 530, 600,
700, 800, 900, 1000, 1050, 1200, 1350, 1400, 1500, 1800, 2200, 2500, 2800, and 3000 mm are assumed
available for those sewer network designs.

The values of all constraint variables are presented in Table 2. These values are used in the
optimization methodology presented here. As in the case of a cost model, the methodology presented
here is generic in the sense that other constraints used by different water utilities can be used instead.

A number of self-cleansing criteria are used in three case studies, these are shown as follows (see
Table 1): (1), (3), (6), (10), and (13). The chosen criteria, cover a range of variation of the minimum velocity
and minimum shear stress criteria applied to stormwater sewer systems, established by water utilities in the
USA, Europe, and Latin America, i.e., minimum velocity = (0.60–0.90) m/s and shear stress = (2.0–4.0) Pa.

Self-Cleansing Limits

Equations (3) and (4) are used to estimate the impact of several self-cleansing criteria on the
design of sewer networks. A simple general step-by-step procedure to obtain the self-cleansing limits
is considered as follows:

1. Select a minimum velocity or minimum shear stress from Table 1;
2. Select a pipe diameter;
3. Define the filling ratio y

D ;
4. Solve Equation (3), for the minimum velocity, or Equation (4), for shear stress, to estimate the

minimum self-cleansing slope;
5. Move to the next pipe diameter and repeat step 4;
6. Move to the next self-cleansing criterion in Table 1 and start the entire procedure over again.

By applying the previous step-by-step procedure, it is possible to obtain several self-cleansing
thresholds for each criterion. These results can be seen in the lines of Figure 2.Water 2019, 11, x FOR PEER REVIEW 9 of 14 
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3.3. Design Procedure

The procedure for designing sewer networks using Duque et al. [12] methodology is as follows:

1. Create a .txt file that includes the manholes of the main path of the network. Each manhole must
include ground elevation and inflow information;

2. Define design constraints and list of available commercial diameters;
3. Create a graph with all the possible arcs (pipes). Each arc has an associated pipe diameter as well

as upstream and downstream elevation to calculate the slope;
4. Calculate the cost of each pipe using Equation (1);
5. Calculate the hydraulic of each arc, i.e., determine flow, hydraulic radius, wetted area, and top

width, amongst other hydraulic parameters, using the Manning equation using Equation (3).
If the arc does not fulfill all the design constraints it will not be created;

6. Use the Bellman–Ford algorithm to estimate the combination of arcs that minimize network cost;
7. Report the results of the slope and diameter of each pipe in the network.

The previous procedure is applied to each network in Figure 1. The results of the best combination
of slope versus pipe diameter for each consecutive manhole are presented as dots in Figure 2.

4. Results and Discussion

The optimal designs for three sewer networks are presented in Figure 2. These designs compare
and analysis the influence of different self-cleansing criteria on the final cost of the networks. Figure 2
shows the threshold (i.e., the line) for each self-cleansing criterion considered. Each threshold represents
the minimum self-cleansing slope (So in Equations (3) and (4)) for each commercially available diameter.
In addition, Figure 2 shows that the minimum self-cleansing velocity criteria tends to be less restrictive
for large diameters (D > 1.0 m). As well, the minimum shear stress of 4.0 Pa is clearly more restrictive
than the minimum self-cleansing velocities. In contrast, the minimum shear stress of 2.0 Pa tends to be
less restrictive than the minimum self-cleansing velocities in small sewers (D < 1.0 m). The threshold
line for a shear stress value of 2.0 Pa intersects the minimum velocities thresholds of 0.9 m/s and 0.75 m/s
close to diameters of 1.0 m and 0.45 m, respectively. These intersections are produced by the nature of the
equations used to calculate the minimum self-cleansing slope, according to Equations (3) and (4).

As seen in Figure 2, the results (i.e., each dot in Figure 2 shows the best combination of slope vs
diameter of each pipe in the network, estimated by the methodology used) of the Mini-Chicó and
Mays and Wenzel [13] networks (Figure 2A,B), which are stormwater sewer networks, show that
self-cleansing restrictions are not a critical parameter in the optimal design of these systems, since all
points (i.e., network pipes) are located in the feasible area (i.e., region of graph where all the possible
combinations of diameter and slope of each pipe fulfills the self-cleansing criteria). In this case, the final
cost is the same for all the self-cleansing restrictions.

However, in the case of the Kerman city network designs (Figure 2C,D), the self-cleansing restrictions
have an impact on the final design of the network. As a result, two different designs are obtained: first,
for the minimum velocities/shear stresses of 0.6 m/s, 0.75 m/s, 0.9 m/s, and 2.0 Pa (Figure 2C); and second,
for the minimum shear stress of 4.0 Pa (Figure 2D). The final cost of the network is calculated using
Equation (1) and increases when a self-cleansing restriction of 4.0 Pa is used. This means that the diameter
or the slope of the pipes increases, as compared with designs obtained with the least restrictive criteria,
to satisfy the hydraulic constraints. On the basis of previously mentioned information, it is possible to
conclude that the final optimal design of a wastewater sewer network, i.e., networks with low inflows per
node, depends on the self-cleansing criterion used in the design.

The results in Figure 2 show a relationship between the design flow of the pipes, the ground
elevation (or terrain slope), and the self-cleansing criteria. In networks with high flow rates and highly
variable ground elevation, such as the Mini-Chicó and Mays and Wenzel [13] stormwater networks
(Figure 2B), pipe designs are always above the self-cleansing restrictions limit, or in the feasible area,
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when highly self-cleansing constraining criteria such as 4.0 Pa are used. However, networks with low
flow rates and little topographic difference, such as the wastewater Kerman city network, are affected
by the self-cleansing restriction, and costs will be higher when the criteria are more restrictive.

The above analysis of the results of the case studies made it necessary to perform a sensitivity
analysis on the design of the network, with the objective to identify limit flow rates and limit terrain
slopes. This sensitivity analysis seeks to evaluate scenarios with low flow rates (wastewater sewer
networks) and low ground elevation differences to determine the relevance of self-cleansing criteria
under these circumstances.

5. Sensitivity Analysis

On the basis of the results of the previous section, a sensitivity analysis is performed considering
only the main path of the Mini-Chicó network, i.e., the highlighted path shown in Figure 1A. The ground
elevation and the inflow rate of each node in this path are modified. It is carried out to find the limit
where self-cleansing criteria, even highly constraining criteria, does not change the final cost of the optimal
sewer network design. This analysis is performed for wastewater sewer system conditions only, since the
purpose is to assess the behavior of low design flow rates under different topographic conditions.

In the context of this information, five simulations, where different combinations of flow rates and
terrain topography, i.e., ground elevation, are analyzed. For each simulation, a constant inflow and
a variable ground elevation in each node of the main path of the Mini-Chicó network are assumed.
For example, in the first scenario of the first simulation, each node has a constant inflow of 1 L/s,
and its ground elevation does not change, compared to the original ground elevation of the network.
Accordingly, pipe one of the path will have a design flow rate of 1 L/s and a ground elevation of
2587.34 m and 2575.50 m at the upstream and downstream nodes, respectively (as shown in Table S4,
in the Supplementary Material). Following this idea, pipe two will have a design flow of 2 L/s and a
ground elevation of 2575.50 m and 2569.69 m in the upstream and downstream node, respectively,
and this is repeated until the last pipe is reached. Another example is the second scenario of the first
simulation, where the ground elevation is 50% of the original conditions. In this case, the ground
elevation of each node of the path is multiplied by 0.5 and the design flow is the same as compared
to case one of the first scenario, which means the first pipe now has a ground elevation of 1293.67 m
for the upstream node and 1287.75 m for the downstream node. The five proposed simulations are
presented in the Supplementary Material, Tables S4–S8.

The proposed methodology is applied to the defined scenarios. This methodology takes into
account the self-cleansing criteria (3), (4), (6), (9), (11), and (12) shown in Table 1, which are used for
wastewater sewer systems, and it covers the range of self-cleansing criteria for variations of these
systems. The results of the methodology for each simulation are presented in Figure 3.

For the wastewater sewer system case, it is found that as slopes decrease, network costs vary
depending on the self-cleansing criteria considered. This suggests that the optimal design is not
independent of self-cleansing criteria. In scenario one of the first simulation, where the terrain
slopes are relatively high, i.e., greater than 1.8%, as shown in Figure 3A, sewer design costs are
independent of self-cleansing criteria because there is no variation on the cost for the considered criteria.
However, for other scenarios of the same simulation, as slopes decrease, e.g., scenario 3 (terrain slope
of 0.53%) to scenario 5 (terrain slope of 0.09%), the network costs variability becomes larger, depending
on the self-cleansing criteria considered.

On the basis of the results, it is possible to propose a power regression between mean terrain
slope and the inflow per node. The purpose of this regression is to establish the limit conditions on
which costs change as a function of self-cleansing restrictions for sewer system designs. Figure 4
presents the relationship between inflow per node and terrain slope in the main path of the analyzed
network. The horizontal axis represents the mean terrain slope, while the vertical axis represents
the inflow per node in the network. As a result, the dots in Figure 4 indicate the combination of
terrain slope and inflow per node in which self-cleansing criteria do not modify the final cost of
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the network. Consequently, designing with a criterion of 0.6 m/s for minimum velocity, or 2.0 Pa
for minimum shear stress, is irrelevant. The potential regression curve is generated using the dots
described previously. It is found that the self-cleansing threshold can be estimated with the equation,
inflow per node = 0.0615 × terrain slope−0.718.
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Figure 4 shows the region where the self-cleansing criteria should be taken into account in the
design for future sewer systems. For example, if the design of a new sewer network has an inflow rate
per node greater than of 3.0 L/s and an average terrain slope of 0.01, the network will always satisfy all
the self-cleansing restrictions, and the final cost will not depend on the criterion used. However, if the
network has the same inflow rate and an average terrain slope of 0.001, the final cost changes and this
change would depend on the self-cleansing restriction used. This figure is useful for a preliminary
evaluation of the impact of self-cleansing criteria on future sewer systems designs. As shown in
Figure 4, pipes located above the dotted line will always have velocities and shear stress values greater
than the minimum required by water utilities to prevent sediment deposition on sewer pipes, even the
most difficult. On the other hand, if the pipes are below the dotted line, the final cost will be different if
a highly restrictive criterion, such as 2.0 Pa or 0.6 m/s, is used.

6. Conclusions

The impact of choosing self-cleansing criteria on the optimal design of sewer networks is
presented in this paper. The impact evaluation of these criteria is carried out using an optimal
sewer network design methodology by Duque et al. [12], subject to a number of design constraints.
Three sewer networks were designed using this methodology taking into consideration several different
self-cleansing criteria based on both minimum flow velocities and shear stresses.

The results obtained demonstrate that the influence of self-cleansing criteria on sewer systems
optimal design depends mainly on the relationship between the land topography and the inflow (i.e.,
design) rate at each node of the network.

More specifically, the results obtained demonstrate that stormwater sewer system designs (case
studies Mini-Chicó network and Mays and Wenzel [13] network) are not affected by the self-cleansing
criteria. The reason for this, is that flow rates in these networks are high during precipitation events,
resulting in velocities and shear stresses above the minimums required, regardless of the self-cleansing
criteria used. In contrast, in wastewater sewer systems where the design flow rates are lower,
self-cleansing criteria becomes relevant for the optimal network design.

Sewer networks with flat topography are also affected by the self-cleansing criteria used for their
design. By applying a highly restrictive self-cleansing criterion, the cost of the network will be higher
compared to a less restrictive criterion. In addition, in sewer pipes with design flow and terrain
slopes greater than 10 L/s and 0.09%, respectively, the design will remain the same since self-cleansing
restrictions do not affect the final design cost.

A graph depicting self-cleansing limits in sewer systems is presented in the paper (see Figure 4).
This graph is useful for evaluating new sewer network designs. The designer must include the
information for each pipe in the network (as a point in this graph), to determine if the self-cleansing
restrictions should be considered in the optimal design or not. This is especially important in
low-income areas because by using the graph in Figure 4 it is possible to determine if the construction
of a gravity-based system is viable.

Finally, traditional self-cleansing criteria consider the variability of inflow at each node, i.e., non-steady
flow conditions. Using the design flow rate, the self-cleansing conditions must be satisfied for the
design flow. During lower flow rates, it is possible that particles deposit at the bottom of the pipes,
however, when the design flow is reached all particles deposited are flushed and the pipe is cleaned.
Therefore, the conclusions of this paper will be the same if other design flow rates are considered.

For future work, it is recommended that the proposed methodology be extended to larger sewer
networks and take into account different cost models. Additionally, this extension should be applied
in the estimation of the layout of the network, i.e., the flow directions and the initial nodes, which have
the most influence on the optimal design of the sewers.
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