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ABSTRACT  

Currently, most of the world's population lives in cities and this trend is 

expected to continue, moving more rural population to urban areas every 

year. This phenomenon is mainly due to the economic development that is 

generated in the cities. These condi tions pose significant challenges for 

cities in terms of planning and management. If the growth of urbanization is 

properly managed, it can contribute to sustainable growth, increasing 

productivity and people's standard of living. However, it cannot be 

ove rlooked that the growth of cities implies an impact on the environment. 

One of the problems that causes the most concern is the expansion of cities 

that replace the green and agricultural spaces that surround the cities with 

streets and impermeable structu res. This process decreases the capacity of 

the soil to absorb water in a rain event, increasing runoff and the risk of 

flooding. If add ing  to this problem  of cities the undeniable climate change 

that increases the frequency of extreme rainfall events in c ertain areas of 

the planet, the adaptation of the infrastructure of cities to make them safer 

is an urgent need.  

Drainage systems are essential infrastructures, designed to capture and 

transport water produced by precipitation, their proper functioning 

gen erates security and well ness  for people, while inadequate functioning is 

associated with risk and vulnerability. Under climate change scenarios , 

these structures, which were designed for lower flows, do not guarantee the 

effective evacuation of water, maki ng cities vulnerable to floods that can 

generate social and economic losses. To mitigate these impacts, different 

measures have been developed, such as the so -called Best  Management 

Practices or the installation of Low I mpact Development  etc . However, thes e 

measures are not enough to control the peak flow of extreme rainfall. 

Adapting the existing network to the new climatic conditions is presented as 

an ideal alternative for flood control in the urban environment. Expanding 

the capacity of the network by c hanging the size of the pipes for others with 

a larger diameter has been the traditional approach that has been used for 

many years. The inclusion of storm tanks in the system is a measure that 

was later adopted to provide it with greater resilience to ext reme rainfall 

peaks. Unfortunately, the construction of these structures in the 
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environment entails great difficulty due to the size of the intervention, the 

time,  and the cost. In this context, the present work presents a novel way 

of improving drainage networks combining the replacement  of pipes, the 

installation of storm tanks in the drainage network and  also includes 

elements of hydraulic control in the drainage  network. With these actions it 

is considered that the rehabilitation of the network will be more efficient in 

technical and economic terms. To achieve this, an optimization model 

created from a modified genetic algorithm  connected to the SWMM model 

throu gh a toolkit is used. The optimization model focuses on minimizing the 

cost of the required infrastructure and the costs associated with flooding. 

Posing the problem in this way, an objective function is defined composed 

of cost functions that will be eval uated to find the best solutions. The 

development of different steps to obtain an efficient methodology, the 

strategies to reduce calculation times and computational effort, the 

economic analysis of floods and the required structures are detailed in each 

chapter of this thesis.   
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RESUMEN  

Actualmente, la mayor parte de la población mundial vive en ciudades  y se 

espera que esta tendencia continue, traslada ndo  cada año más  población 

rural hac ia las áreas urbanas . Es te fenómeno se debe principalmente al 

desarro llo económico que se genera en las ciudades . Estas condiciones 

plantean desafíos importantes para las ciudades en cuanto a su planificación  

y gestión. Si el crecimiento de la urbanización se gestiona adecuadamente 

puede contribuir al crecimiento sostenible , aumentando la productividad y el 

nivel de vida de las personas . Sin embargo, no se puede pasar por alto que 

el crecimiento de las ciudades implica una afectación al medioambiente. 

Uno de los problemas que m ás preocupación causa es la expansión de las 

ciudades que sustituyen los espacios verdes y agrícolas que rodean a las 

ciudades por calles y estructuras impermeables. Este proceso disminuye la 

capacidad del suelo para absorber el agua en un evento de lluvia,  

incrementando la escorrentía y el riesgo de inundaciones. Si a este 

problema particular  de las ciudades, le sumamos el innegable cambio 

climático que aumenta la frecuencia de eventos de lluvias extremas en 

ciertas zonas del planeta, la adaptación de la in fraestructura de las ciudades 

para hacerlas más  seguras es una necesidad imperiosa.  

Los sistemas de drenaje son infraestructuras esenciales, concebidos para 

captar y transportar el agua producto de las precipitaciones , su buen 

funcionamiento genera segurid ad y bienestar a las personas mientras que 

un funcionamiento inadecuado se asocia al riesgo y a la vulnerabilidad . Bajo 

escenarios de cambio climático estas estructuras que fueron diseñadas para 

caudales menores no garantizan la efectiva evacuación de las aguas, 

volviendo a las ciudades vulnerables a las inundaciones  que pueden generar 

pérdidas sociales y económicas. Para mitigar estos impactos se han 

desarrollado diferentes medidas como las denominadas buenas prácticas de 

manejo o la instalación de sistema s de drenaje con tecnología de bajo 

impacto , entre otras . Sin embargo, estas medidas no son suficientes  para 

controlar el caudal pico de una lluvia extrema. Adaptar la red existente a las 

nuevas condiciones climáticas, se presenta como una alternativa idón ea 

para el control de las inundaciones en el entorno urbano. Ampliar la 

capacidad de la red cambiando el tamaño de las tuberías por otr as de 
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mayor diámetro ha sido el enfoque tradicional que se ha venido usando 

desde hace muchos años. La inclusión de tanqu es de tormenta en el 

sistema es una medida que se adoptó posteriormente para dotarlo de 

mayor resiliencia a los picos de lluvias extremas. Desafortunadamente la 

construcción de estas estructuras en el entorno conlleva una gran dificultad 

por el tamaño de l a intervención, el tiempo y el coste. En este contexto, e l 

presente trabajo, presenta una novedosa forma de mejorar las redes de 

drenaje combinando el cambio de tuberías, la instalación de tanques de 

tormenta en la red de drenaje e incluye también elementos de control 

hidráulico  en la red de drenaje . Con estas acciones se considera que la 

rehabilitación de la red será más eficiente en términos técnicos y 

económicos. Para lograrlo, se usa un modelo de optimización creado a partir 

de un algoritmo gené tico modificado conectado al modelo SWMM mediante 

una toolkit. El modelo de optimización se enfoca en minimizar el coste de la 

infraestructura requerida y de los costes asociados a las inundaciones. 

Planteado así el problema, se define una función objetivo  compuesta por 

funciones de coste que será evaluada para encontrar las mejores 

soluciones. El desarrollo de diferentes pasos para la obtención de una 

metodología eficiente , las estrategias para reducir los tiempos de cálculo y  

el esfuerzo computacional, el análisis económico de las inundaciones y las 

estructuras requeridas se detalla en cada capítulo de esta tesis.  
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RESUM  

Actualment, la major part de la població mundial viu en ciutats i s'espera 

que aquesta tendència continue, traslladant cada any més població rural 

cap a les àrees urbanes. Aquest fenomen es deu principalment al 

desenvolupament econòmic que es genera a les ciutats. Aquestes 

condicions plantegen desafiaments importants per a les ciutats quant a la 

seua planificació i gestió. Si el creixe ment de la urbanització es gestiona 

adequadament pot contribuir al creixement sostenible, augmentant la 

productivitat i el nivell de vida de les persones. No obstant això, no es pot 

passar per alt que el creixement de les ciutats implica una afectació al m edi 

ambient. Un dels problemes que més preocupació causa és l'expansió de les 

ciutats que substitueixen els espais verds i agrícoles que envolten a les 

ciutats per carrers i estructures impermeables. Aquest procés disminueix la 

capacitat del sòl per a abso rbir l'aigua en un esdeveniment de pluja, 

incrementant l'escolament i el risc d'inundacions. Si a aquest problema 

particular de les ciutats, li sumem l'innegable canvi climàtic que augmenta 

la freqüència d'esdeveniments de pluges extremes en unes certes zo nes del 

planeta, l'adaptació de la infraestructura de les ciutats per a fer - les més 

segures és una necessitat imperiosa.  

Els sistemes de drenatge són infraestructures essencials, concebuts per a 

captar i transportar l'aigua producte de les precipitacions, el seu bon 

funcionament genera seguretat i benestar a les persones mentre que un 

funcionament inadequat s'associa al risc i a la vulnerabilitat. Sota escenaris 

de canvi climàtic aquestes estructures que van ser dissenyades per a cabals 

menors no garanteixe n l'efectiva evacuació de les aigües, tornant a les 

ciutats vulnerables a les inundacions que poden generar pèrdues socials i 

econòmiques. Per a mitigar aquests impactes s'han desenvolupat diferents 

mesures com les denominades bones pràctiques de maneig o la instal·lació 

de sistemes de drenatge amb tecnologia de baix impacte, entre altres. No 

obstant això, aquestes mesures no són suficients per a controlar el cabal 

pique d'una pluja extrema. Adaptar la xarxa existent a les noves condicions 

climàtiques, es p resenta com una alternativa idònia per al control de les 

inundacions en l'entorn urbà. Ampliar la capacitat de la xarxa canviant la 

grandària de les canonades per altres de major diàmetre ha sigut 
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l'enfocament tradicional que s'ha vingut usant des de fa mo lts anys. La 

inclusió de tancs de tempesta en el sistema és una mesura que es va 

adoptar posteriorment per a dotar - lo de major resiliència als pics de pluges 

extremes. Desafortunadament la construcció d'aquestes estructures en 

l'entorn comporta una gran di ficultat per la grandària de la intervenció, el 

temps i el cost. En aquest context, el present treball, presenta una nova 

manera de millorar les xarxes de drenatge combinant el canvi de 

canonades, la instal·lació de tancs de tempesta en la xarxa de drenatg e i 

inclou també elements de control hidràulic en la xarxa de drenatge. Amb 

aquestes accions es considera que la rehabilitació de la xarxa serà més 

eficient en termes tècnics i econòmics. Per a aconseguir -ho, s'usa un model 

d'optimització creat a partir d' un algorisme genètic modificat connectat al 

model SWMM mitjançant una toolkit. El model d'optimització s'enfoca a 

minimitzar el cost de la infraestructura requerida i dels costos associats a 

les inundacions. Plantejat així el problema, es defineix una func ió objectiu 

composta per funcions de cost que serà avaluada per a trobar les millors 

solucions. El desenvolupament de diferents passos per a l'obtenció d'una 

metodologia eficient, les estratègies per a reduir els temps de càlcul i 

l'esforç computacional, l 'anàlisi econòmica de les inundacions i les 

estructures requerides es detalla en cada capítol d'aquesta tesi.  
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1.1 MOTIVATION OF THE THESIS  

The growth of urban areas in the world has accelerated . More than 50% of 

the world population lives in cities. This trend increases in developing 

countries  where , although growth is lower, the percentage is high (Figure 

1. 1) . These conditions  presen t  important challenges for administrators of 

the cities who detect  that the demand for service and infrastructure 

increases year by year. This demand for services occurs mainly in slums  

generally built without planning where an overload to the existing 

inf rastructures and their malfunction  is generated . In 2018, 23.5% of the 

urban population lived in slums [ 1].  

 

Figure 1. 1.  Percentage of population living in urban areas for region (Data from 

The World Bank  [ 2])  

This growth of cities also reduces the green spaces , increasing the 

impervious surface, reducing the volume of water that infiltrates and 

increasing surface runoff. Considering extreme rainfall events have 

increased in frequency and intensity in different parts of the world, it is 

undeniable flooding in urban areas will become more common and damage 

in these densely populated areas will be greater and more dangerous.  

The United Nations approved the 2030 agenda for sustainable development 

in 2015 , which  includes a series of goals  as an opportunity to improve 

people's lives, combat climate change , and defend the environment. In the 

Goal 11 : Make cities and human settlemen ts inclusive, safe, resilient, and 

sustainable  [3] . On Target 11.1 mentions  ɐBy 2030, ensure access for all to 

adequate, safe and affordable housing and basic services and upgrade 

slums.ɑ While Target 11.b  mentions that  ɐBy 2020, substantially increase 

the  number of cities and human settlements adopting and implementing 

integrated policies and plans towards inclusion, resource efficiency, 

mitigation and adaptation to climate change, resilience to disasters, and 

develop and implement, in line with the Sendai  Framework for Disaster Risk 

Reduction 2015 -2030, holistic disaster risk management at all levelsɑ. 

These targets directly imply the management of drainage networks and the 
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need to adapt them to current scenarios  offering people safe cities to live. 

The ma in motivation of this work is to offer an alternative to achieve flood 

control in urban environments through the rehabilitation of drainage 

networks, focused on optimizing available resources. To achieve this 

purpose, current tools and knowledge are used t o propose a robust and 

reliable methodology for network managers.  

 

1. 2  GENERAL INTRODUCTION  

1. 2 .1 Current problems of drainage systems  

Drainage networks are designed to capture and convey surface runoff 

water, preventing it from accumulating on the surface and causing 

inconvenience to people in their daily activities. The proper functioning of 

the drainage network offers the city security and well -being, while a 

network with problems provokes a feeling of risk and vulnerability to floods 

[ 4-6]. Vario us causes generate the malfunction of the drainage networks, 

poor planning, the deterioration of the networks over time, poor 

maintenance of the system, among other problems [ 7,8]. However, the 

increase in the intensity of extreme rainfall due mainly to cl imate change 

and the waterproofing of the soil due to the growth of cities are considered 

the most important reasons of this increase [ 9-11 ]. The effects of climate 

change have led to droughts in certain parts of the planet, while in others 

there is an inc rease in extreme rainfall. The Intergovernmental Panel on 

Climate Change in its Sixth Assessment Report reports a global increase in 

the frequency of extreme rainfall as a result of global warming [ 12 ]. 

Simulations of climate models with future scenarios s how that this trend is 

very likely to continue [1 3-15].  

On the other hand, cities continue to grow unstoppably. The phenomenon of 

moving rural population to cities continues to increase . Estimates show that 

this trend will continue , projecting that by 2050  the 60% of the world 

population will live in urban environments [1 6,17]. As a result of this 

population increase the impervious area and pavement rate increase, 

changing the land use and decreasing the surrounding green areas. 

Consequently, it generates t he increase of runoff and a shorter time of 

concentration. Thus, there is an increase in flooding events with serious 

economic and social consequences. Therefore, the problem arises that many 

networks initially designed in an adequate manner have a lack of  capacity 

and must be rehabilitated.  

1. 2 .2 Drainage r ehabilitation techniques  

There  are several different methods to improve the functioning of drainage 

networks . They can be grouped into two categories:  

¶ Structural measures, which consider designing and constructing 

infrastructure focused on increasing volume capacity or quality control 

and are based primarily on rainwater retention or infiltration into the 

ground.  
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¶ Non -structural measures, which include p rocedures such as modified 

landscaping practices, pollution prevention, citizen education, street 

sweeping, management and development practices designed to limit 

urban runoff.  

1. 2.2.1 Traditional rehabilitation techniques  

In this thesis, the structural me asure considered is the replacement of pipes 

with others of greater capacity . It is  a traditional method to improve 

drainage networks. Different methods are used to identify a pipe with 

problems :  Deterioration Point Assignment Schemes ;  Break even analysis ;  

Regression and failure probability methods ;  and Mechanistic models [1 8].  

However, the rehabilitation of a drainage system by changing only specific 

pipes contradicts the methodologies used for the design of the systems . For 

instance, increasing the diamet er of a pipe could imply that downstream the 

system experiences a narrowing in the diameter of the networks. In this 

scenario optimization methods are a tool that allows finding solutions to the 

identified problem. Some methods previously  used to optimize drainage 

networks are: linear programming [1 9], nonlinear programming [ 20 ], 

dynamic programming [ 21 ], metaheuristic approaches [ 22 ,23], machine 

learning techniques [2 4,25], and, cellular automata [2 6], among others. 

These techniques allow giving greater re silience to drainage networks and 

are a good option that should be considered as a valid and suitable  

alternative.  

However, in current scenarios in which environmental conditions have 

changed, concerns are focused on the increase of extreme rainfall events  

that would generate greater  surface runoff and aggravate the risk of 

flooding. It is necessary to consider other types of structures to make 

drainage systems more robust. Structures such as Storm Tanks (STs), and 

Low Impact Development  (LID) are among the most studied measures to 

mitigate the effects of increased runoff, not only in terms of flooding that 

can be generated but also the water quality that can be affected in the first 

moments of the event [2 7-29].  

1. 2.2.2 Use of storm tanks in rehabi litation  

The use of STs in an urban environment to reduce the risk of flooding has 

been studied and proven to be one of the most efficient methods to reduce 

surface runoff [2 8,30 -34]. LID systems , on the contrary,  are still mostly at 

the stage of theoretic al analysis and pilot testing , w ithout their extensive 

use being widely implemented [3 5-36].  

Cimorelli et al. [3 7] after a literature inspection, deduce the following 

practical rules regarding the use of STs:  

1.  The reduction in peak discharge caused by the presence of a ST 

decreases gradually along the downstream direction . I t is not 

advisable to place tanks too far from the location where the flow 

attenuation effect is desired.  



PhD THESIS . FLOOD CONTROL IN U RBAN AREAS 

6 
 

2.  Placing a tank on the downstream side of the network produces no 

upstream effec t.  

3.  Unwise placement of multiple STs can  result in increased peak 

discharges downstream due to time shifting of the peaks, which may 

result in their possible overlap.  

Some studies delve into the use of algorithmic optimization to find the best 

location and dimensions of the STs [ 6,3 3,3 8,39]. The re have also been 

works studying the suitability of installing on - line STs instead of traditional 

STs. Traditional STs receive water that is derived from the drainage system  

and require pumping systems to evacuate the water after the rain event. 

The on - lin e STs base their operation on using the longitudinal slope of the 

drainage networks for the entry and exit of water from its structure. It is 

clear then that the objective of these tanks is the momentary detention of 

water and the control of water peaks in  an extreme rainfall event. Studies 

show the convenience of the use of these tanks to prevent flooding 

[3 7,40 ,41 ]. The importance of the sizing of the outlet orifice to retain water 

is another topic that has aroused the interest of researchers [ 32 ,42, 43].  

1. 2.2.3 Modern rehabilitation techniques  

Recent research considers the combined use of STs and pipe replacement 

[3 6,38,41 ,44]. Th ese works show the combination of actions offers very 

good results . These authors use for their research on - line STs with the 

objective that water is temporarily stored in the tanks. The authors use 

evolutionary algorithms and the Storm Water Management Model (SWMM) 

to perform the hydraulic simulations of the network for the opt imization of 

the drainage networks. In some results, the researchers observe the 

solutions require a reduction in the diameter of certain pipes, so they 

conclude that some Hydraulic Control (HC) element should be implemented. 

The inclusion of HCs in draina ge networks has been studied as a way to 

improve networks especially when considering real - time control techniques 

[4 5,46] and to use the drainage network as temporary water storage [4 7-

49].  

1.2.2.4 Green infrastructure  

Green infrastructure is  another tec hnique that can be used for flood control, 

such as LID techniques. LID is a surface element, preferably vegetated and 

permeable, that is part of the urban -hydrological - landscape structure. They 

are designed to filter, retain, transport, store, reuse, and i nfiltrate rainwater 

into the ground, in order to reduce floods and maintain or even improve the 

water quality. Among the main types of LID structures are permeable 

pavements, rain gardens and filtering drains, permeable channels, 

ecological roofs, vertical  gardens, wetlands, etc. LID proves to be an 

infrastructure that reduces the volume of flooding and, above all, water 

contamination [27,29]. However, for extreme rainfall events, they cannot 

be as efficient in containing the flow peak as STs [28].  
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1. 2 .3 Th e cost of flood damage  

The objectives of the rehabilitation of drainage networks in all the research 

works are the same: to adapt the drainage network to current conditions in 

order to achieve optimum performance at minimum cost and to provide 

greater safe ty to cities in the face of flood risk. The study of the risks to 

people, property and infrastructure that a flood would cause should focus on 

determining the distribution and magnitude of the damage. Studies in this 

field have divided damage into two grou ps: intangible damage and tangible 

damage. Intangible damages are negative impacts whose quantification is 

subjective and very difficult to quantify [ 50 ]. These damages can include 

mental suffering, environmental degradation, among others. Tangible 

damages  are divided into indirect damages and direct damages. Indirect 

damages are not caused by the flood directly but by the secondary effects 

that interrupt economic activities. OɍDonnell and Thorne [51 ] point out that 

a large proportion of the total economic burden of floods can be attributed 

to indirect chain effects on goods, services, supply chains and productivity, 

until the economy fully recovers. Some studies  analyze these damages 

based on the concept of vulnerability and propose alternative ways to 

esti mate them [2 5,52 ].  

Direct damage, on the other hand, is generally determined using observable 

data and in economic terms. This type of damage has been analyzed in 

greater depth by engineers and researchers. To determine these damages, 

damage -depth curves are generally used to represent the vulnerability of 

the assets at risk. The parameters used to estimate the damage with these 

curves are based on statistics and involve high uncertainty [5 3]. Martínez -

Gomariz, et al. [5 4] express that the actual damage no t only depends on 

water depth but also on other factors such as water velocity, flood duration, 

time of year, suspended debris,  or warning time . So damage -depth 

approaches carry significant intrinsic uncertainty. Damage -depth curves can 

be expressed in abs olute or relative terms. Absolute curves express damage 

in economic terms. Relative curves express damage as a percentage of the 

total value of the property. Depth -damage curves can be classified by the 

way in which they are obtained as follows: analytical  [5 5,56], empirical 

[5 7,58], synthetic [5 9]; and combined [ 60 ,61 ]. Finally, there are curves 

determined as a function of land use, type of structures, social stratum, 

flood duration or warning time.  

The damages obtained in economic terms using depth -damage curves are 

of significant interest in establishing the annual cost to cities. Generally, 

flood studies focus their attention on large rainfall events produced by high 

return periods that usually cause substantial damages but may not 

contribute  much to average annual costs due to their low probability [ 62 ]. 

The Expected Annual Damage (EAD) is an index used to measure the 

annual impact of floods in economic terms. It  is determined by integrating 

the area under the curve of flood damages produced by a series of events 

with against their corresponding exceedance probabilities of the return 

periods studied  (Figure 1.2) .  
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Figure 1.2  Expected annual damage as area under the curve  

Several works on floods have been developed based on the EAD [6 3-67] 

and  have made this index one of the most widely used to analyze the 

impact of flood damages in cities. Zhou et. [6 8] present a framework in 

which they recommend the use of a log - linear relationship in obtaining the 

exceedance probability damage curve. This  simplification allows to perform 

few simulations and to extrapolate the damage cost for intermediate return 

periods. The use of logarithmic - linear models is frequently used in 

hydrology, which suggests that this approximation is quite reasonable.  

Olsen e t al [ 62 ] conducted a work comparing three ways of calculating the 

EAD and concluded that there is no substantial difference between the 

methodologies analyzed. However, they point out that in urban watersheds 

special attention should be paid to land use i n the vulnerability assessment 

since there may be significant differences in the results. This 

recommendation is also made by other authors [6 9,70 ].  

1. 2 .4 Computational advances applied to the rehabilitation of 

drainage networks  

A common feature of all the  exhibited works is they are based on 

optimization techniques and mathematical models. Computational 

development has given a great boost to research in urban drainage. 

Computational hydraulic models are used as virtual laboratories to mimic 

the real sewer network , where scenarios and alternatives can be evaluated 

to make the better decisions [ 7].  

The extraordinary power of current computer equipment  had allowed the 

consolidation of sophisticated tools for modeling and simulating the 

hydrological cycle, its transport and final discharge. Simulation results using 

mathematical models are widely used for planning, design, rehabilitation, 

and exploitation pur poses. A mathematical model of rainwater is composed 

of three main processes: hydrological modeling, hydraulic modeling, and 

water quality modeling. Among the best known mathematical models used 

in urban drainage research the following are available: EPA S WMM 5 [ 71 ], 

SOBEK URBAN [ 72 ], MOUSE [7 3], Infoworks CS [7 4], ResUrSim [7 5]. These 
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models are based on the formulation and resolution of the complete Saint -

Venant equations.  

1. 2 .5 Optimization in the rehabilitation of drainage networks  

The mathematical mode ling of drainage networks is a powerful tool for 

network rehabilitation and flood prevention. However, it  is joint work with 

optimization algorithms that  has facilitated significant progress in this field 

of research.  

Metaheuristics is a powerful tool used  for optimization in the field of water 

resources for different applications such as design, calibration, 

rehabilitation, operation, planning, among others. Evolutionary algorithms 

are the most widely used [7 6]. These algorithms use various mechanisms of 

biological evolution for their operation (reproduction, selection, mutation, 

crossover). The most used algorithms are the Genetic Algorithms (GA) [7 7-

80 ], Shuffled frog leaping algorithm (SFLA) [ 81 -84], Simulated annealing 

[8 5,86], Ant colony [8 4, 8 7], and Particle Swarm Optimization (PSO) 

[8 8,8 9].  

1. 2 .6 Use of Genetic Algorithms in rehabilitation of drainage 

networks  

GAs have been gaining popularity in different fields mainly because they 

have proven to be very robust and do not require the continuity of the 

objective function. Afshar [ 90 ] concludes GAs can be more efficient than 

other methods to solve large -scale problems. In a work carried out by Mora -

Melia [ 91 ] different evolutionary algorithms are compared . The author 

points out that GAs and SFLA are the most powerful techniques to find the 

minimum solution in complex problems. However, GAs may have an 

advantage over the other algorithms because they have two tuning 

parameters while SFLA has five parameters, which makes it easier to 

implem ent. They  also warns that all these techniques entail a high 

computational cost.  

1. 2 .7 Search Space Reduction  

These algorithms search for the solution in a Search Space (SS) formed by 

the Decision Variables (DVs) and the precision of the values they can t ake. 

Computational advances have made it possible to find solutions closer to 

the optimum. However, the computational effort and time can be 

considerably large due to the large SS to be explored if the accuracy or 

refinement of the search is high. Converse ly, if the refinement of the search 

is decreased, the founded solution may be far from the optimal one. 

Refining the search for the solution can exponentially increase the size of 

the SS [ 92 ]. For these reasons, establishing a method to improve and 

reduce the SS is a topic of much interest. Research on this topic has 

determined two groups of techniques to Search Space Reduction (SSR). A 

first group of techniques are  focuse d on specifically modifying the space to 

be explored, reducing the search to the promi nent areas of containing the 

best solutions [4 4,7 8, 9 3,9 4] . Another group of techniques are focus ed on 
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modifying the algorithm performance by incorporating some heuristics [9 5-

99].  

1. 2 .8 Stop criterion  

Due to the iterative nature of these techniques,  it is important to establish a 

point where  the algorithms terminate the search process. Evolutionary 

techniques do not have a defined stopping point as do other techniques 

such as linear programming . So an a pproximate stopping criterion must be 

defined. This stopping criterion must guarantee the algorithm does not stop 

prematurely delivering unsatisfactory solutions, but also it does not 

generate excessive and unnecessary work. The most frequently used 

stoppi ng criterion is the one that stops the process after a defined number 

of generations. While recent approaches prefer a stopping criterion that 

terminates  the process after not finding a significant improvement in the 

quality of the solutions found.    

Howev er, in a study made by  Zielinski et al .  [ 100 ]  the authors define six  

stopping criteria:  

1.  Reference criteria: the process stops when a set percentage of the 
population converges.  

2.  Exhaustion -based criteria: The process stops when a predefined 

number of genera tions is reached.  

3.  Improvement -based criteria: The process stops when no significant 
improvement is found after a certain number of evaluations.  

4.  Movement -based criteria: The process stops when the changes in the 

population with respect to the average valu e of the solutions found 
are below a previously defined limit value.  

5.  Distribution -based criteria: The process stops when the distance of 
each vector to the best population vector is less than a previously 

defined limit value.  

6.  Combined criteria: The proce ss stops when a criterion product of the 
combinations of the above -mentioned criteria is reached.  

Maier et al.  [ 92 ]  mentions that no particular criterion  would have an 

advantage over another for a given problem, so testing different options 

remains a necessity for researchers.  

 

1. 3  OBJECTIVES  

1.3.1 General Objective  

The general objective of this thesis is to propose a methodology for flood 

control in urban areas through the rehabilitation of drainage networks  with 

the inclusion of different structures in the drainage network.  To achieve this 

rehabilitation, the use of an optimization model is considered . This model  

allows to identify  the best solutions  for  the proposed problem by evaluating 
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an objective function through a Pseudo -Genetic Algorithm ( PGA) . The 

objective function is established in economic values through the evaluation 

of the cost of the installed infrastructure and the cost of the damage  caused 

by floods.  

1.3.2. Specific Objectives  

To achieve the general objective described above , the following specific 

objectives are established:  

¶ To d efine an optimization model that considers as rehabilitation actions: 

the replacement of pipes increasing the water transport capacity , the 

construction of on- line STs for the temporary storage of water and the 

inclusion of some element that generates head  losses in order to down 

the flow of water.  The utilization of smaller STs in proximity to areas 

experiencing flooding issues will be prioritized over the option of installing 

a few larger STs. This approach aligns with the recommendations 

provided by Cimo relli  et al. [37] . 

¶ To e stablish an objective function This function  composed of the costs of 

the infrastructure required to improve the network and the cost of the 

damage caused by floods.  

¶ To s tudy the impact of including head losses by including HCs in th e 

network to reduce flooding . 

¶ To e stablish a stop criterion or convergence criterion that improves the 

efficiency of the search process for the solution closest to the global 

optimum.   

¶ To p ropose different SSR methods to improve the efficiency of the 

optim ization process, reduc ing  computational effort and calculation times.  

¶ To a nalyze the cost of the damage caused by the floods considering the 

different land uses of the studied area to have a more exact value of the 

costs and propitiating a better optimizat ion of the network.  

¶ To p ropose a new optimization approach that allows analyzing the cost of 

annual flood damage and the annual investment cost of the infrastructure 

proposed to improve the network.  

1.4 GENERAL APPROACH  

1.4.1  Background  

The starting point for this work is the research carried out by Ngamalieu -

Nengoue et al. [38,41,44] . They  propose a way of rehabilitating drainage 

networks using modern rehabilitation techniques and consider ing  the 

replacement of pipes and the installation  of on - line STs. These type s of 

techniques are presented in section 1.2.2.3 of this thesis. The authors use 

PGA and Sorting Genetic Algorithm (NSGA- II )  to optimize the network and  

the SWMM model  to perform the hydraulic analysis . To find the solutions, an 

objective function established in economic terms is evaluated to relate the 

damage costs to the actions to be taken to reduce them.  
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The researchers also present a process of reduction of the SS.  The results 

obtained are relevant in acceptable computation times. One of the 

observations made to this work is that in certain results the optimized pipes 

have smaller diameters than the original ones . Thus it is deduced that 

introducing head losses in certain pipes of the network allows to improve its 

operation w hen they work together with on - line STs. These head losses can 

be generated by a HC element that allows to reduce the water outflow.  

The study of HC elements (valves, orifices, etc.) is presented as an 

interesting alternative to control flood s. But its jo int work with pipe 

replacement and tank installation is a new alternative that could give good 

results. As mentioned,  the work also focuses on reducing of the SS through 

a process of eliminating DVs by identifying the nodes where STs should be 

installed . I n a second part of the process, identifying the pipes to be 

replaced. This is an important contribution of his work that is intended to be 

deepened and expanded in this thesis.   

In addition, in their work, the researchers use an average damage -depth 

curve  for the entire area analyzed to determine the cost of flood damage . 

However, this approach does not discriminate the level of protection 

required for certain strategic or vulnerable areas from others . Therefore, 

this approach should be critically analyzed  in order to propose alternatives. 

Having thus introduced the starting scenario, the present work pretends to 

provide a new rehabilitation methodology based on the research previously 

carried out and increase its performance . 

1.4.2 Calculation alternatives  

To achieve the objectives set out in this thesis, a rehabilitation methodology 

will be developed considering the inclusion of HCs in addition to the 

replacement of pipes and the installation of STs. From this initial approach, 

an optimization model will b e developed to find the best solutions. The PGA 

is chosen as the search engine, whose benefits are mentioned in the 

introduction. The SWMM model is used for the hydraulic analysis.  The 

optimization model will evaluate an objective function composed of two 

types of terms. A first term made up of the costs of the infrastructure 

needed to upgrade the network (pipes, tanks , and HCs) and a second term 

made up of the cost of flood damages. The optimization model will try to 

find the best solution to the problem b y minimizing this function.  

It should be mentioned that when working with a discrete coding PGA it is 

necessary to study the discretization to be used, the discretization should 

be done in such a way that it covers all the options that each DVs can 

adopt,  without falling into an excessive refinement that generates a very 

large SS that generates unnecessary computational efforts. In this regard, 

one of the factors to consider is that when including in the analysis the 

possibility of installing HCs, the numb er of DVs increases significantly, which 

may affect the calculation times. Due to this condition, implementing a 

process that reduces the SS is a priority task in this work. The study will 

focus on the reduction of the SS by adopting different procedures t o identify 

the best search region thus reducing the computational effort required, it is 
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very important to note that the measures adopted are directly related to the 

size of the networks so different procedures should be adopted according to 

the analyzed n etwork. At this point it should be noted that although there 

are strategies to reduce the SS by modifying the search algorithm, this 

work does not consider this option.  

Besides, a fundamental part of this study is the analysis of the flood 

damage  cost . The ways to determine this cost are mentioned in section 

1.2.3 of this work. A prominent alternative is the use of damage -depth 

curves. These curves can be related to the land uses of the basin analyzed, 

allowing measures to be taken according to th e importance and needs of 

each urban area.  

1.4. 3  Challenges  

This research presents different challenges that will be addressed in the 

following chapters. The main and most worrying one is the computational 

time required by the model to find good solutions.  It should be considered 

that the SS depends fundamentally on two factors, the network elements 

analyzed (nodes and pipes) and the discretization used. In the pipes, two 

actions are considered, the change of the pipes and the installation of HCs. 

This make s it clear the study of the SS is essential to reduce computation 

times. In this sense the actions to reduce the SS can be two. First, to 

reduce the number of options that each DVs can adopt through a study of 

the discretization and to reduce the DVs by id entifying the most prominent. 

In this sense, it must be clear that the objective of reducing computation 

times does not imply a loss of quality in the results obtained, so the study 

must be sufficiently deep to ensure a balance between the required 

computa tion times and the solutions found. Related to this issue, improving 

the efficiency of the process is another challenge of this work, the 

computation time should be used in an appropriate way, allocating an 

important time to reduce the SS but also to the s earch for the best solutions 

in the optimal region. Therefore, setting a correct limit of the computational 

time will be an important aspect of study in this thesis.  

Finally, another important challenge in this thesis is to complete certain 

research lines opened in previous works. In this sense, an important 

challenge in this thesis is to present a new way of evaluating the costs of 

rehabilitation. Analyzing the cost of the damage that can be caused by the 

most unfavorable extreme rainfall event versus the cost of the whole 

infrastructure can be a good alternative of evaluation. However, this 

analysis does not consider other rainfall events that will occur during the 

system design period that are not accounted for when evaluating the 

objective function. Thus , the challenge in this aspect will be to present a 

new way of quantifying the damage that overcomes these drawbacks, 

giving greater accuracy to the results. This new approach could increase 

computation times, so the relevance of the SSR process once again  

becomes relevant.  
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1. 4. 4  Initial Assumptions  and limitations  

This work uses the SWMM model to carry out the simulations of the studied 

networks and a PGA algorithm as a search engine. Defined  the optimization 

model in this way, certain premises must be considered:  

1.  This work does not contemplate the hydrological stud y of the 
analyzed area. The available IDF curves are used to obtain the 
rainfall events used for the hydraulic study of the network. In the 

same way, the study of runoff, its characteristics,  and parameters, 
exceed the objectives of this work.  

2.  Rain is cons idered spatially static for the entire network. There are 

works that show that for the analysis in small basins typical of urban 
areas, flash floods are used  [ 101 ,102 ] . Flash floods are defined in the 

work carried out by  R. Merz & Blöschl  [10 3] .  

3.  In this d octoral thesis, the SWMM 1D model developed for urban 
areas is used, which completely solves the Saint -Venant equations. 
For the execution of the simulations, the Dynamic Wave model is 

used, which better represents the pressure flow and the floods. The 
mai n force equation used is Darcy -Weisbach.  

4.  It is assumed that flooding occurs due to water stagnation and that 

100% of the runoff enters the manholes through the system's 
gutters.  

5.  In this work the mathematical model of the network is not 

questioned. It is as sumed that the networks to be rehabilitated were 
initially well designed and it is considered as starting data.  

6.  To develop the optimization models, a PGA is used. The algorithm 

parameters used Population, Crossing and Mutation are those that 
have tradition ally been used in this type of work  [10 4] . 

7.  This work for flood control in urban areas develops some 
methodologies to rehabilitate drainage networks. The contemplated 

interventions in the networks that are  the following : Replacement of 
pipes, Installation o f STs and inclusion of HCs in the pipes of the 

network. In this way, the nodes and pipes of the analyzed drainage 
network are defined as DVs. 

8.  The u sed STs have the following features: online configuration; single 
chamber without outlet  control device; dept h equal to that of existing 

manholes.  

9.  The objective function or fitness evaluated to find the best solutions 
to the problem s and set in economic terms. Having to establish cost 

functions for each action analyzing the hydraulic variables of the 
problem.  

Finally, this work has certain limitations that should be considered:  

1.  This work is focused on  gravity feed d rainage networks. Drainage 

networks with pumping systems are outside the objectives of this 
work.  
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2.  To establish the cost functions, the average excavat ion depths for 
both pipes and STs is considered . 

3.  This work does not contemplate changes in the topology of the 

network . 

4.  For the  study of the  SSR this work focuses on the analysis of the 
search region. Changes in the algorithm are not considered.  

1. 5  STRUCTURE OF THE THESIS  

This thesis is structured according to the current normative for obtaining 

the title of PhD at the Universitat Polit ècnica de Val ència by compendium of 

scientific articles.  In order to  achieve the p lanned  objectives, different 

chapters have been developed in which the topics proposed in this thesis 

are studied in depth. Chapters 2 Ɉ 4 correspond to three scientific articles 

(each of these articles presents different case studies analyze d with the 

proposed methodology)  these chapters include the literal text of the 

published articles. However, changes have been made in the numbering of 

figures, tables, equations, and citations to adapt them to a single order 

within this thesis.  

In short, the chapters developed are the following:  

¶ Chapter 1:  Introduction.  This chapter describes the motivation behind 

this thesis . Next, a general introduction to the subject is made through 

a review of the main contributions in the field of study. The general 

objective and the specific objectives of this thesis are also established. 

After this , the general approach of this thesis is expose d.  Further on, 

the hypotheses used, and the scope of this work are established. 

Finally, the structure of this thesis is shown.  

¶ Chapter 2: Inclusion of Hydraulic Controls in Rehabilitation Models of 

Drainage Networks to Control Floods. This chapter shows a new way to 

improve drainage systems with minimal investment costs, using for this 

purpose a novel methodology that considers the inclusion  of HCs in the 

network, the installation of STs and the replacement of pipes. The 

presented methodology uses the SWMM m odel for the hydraulic analysis 

of the network and a PGA to optimize the network.  This work evaluates 

the cost of the required infrastruc ture and the damage caused by floods 

to find the optimal solution. The main conclusion of this study is that the 

inclusion of HCs can reduce the cost of network rehabilitation and 

decrease flood levels.  

¶ Chapter 3: Search Space Reduction for Genetic Algorit hms Applied to 

Drainage Network Optimization Problems. This work presents a method 

of SSR applied to the rehabilitation of drainage networks. The method is 

based on reducing the initially large SS to a smaller one that contains 

the optimal solution. Throug h iterative processes, the SSis gradually 

reduced to define the final region. The rehabilitation methodology 

contemplates the optimization of networks using the joint work of the 

installation of STs, replacement of pipes, and implementation of HCs. 



PhD THESIS . FLOOD CONTROL IN U RBAN AREAS 

16  
 

Optimiz ation problems consider a large number of DVs and  could 

require a huge computational effort. For this reason, this work focuses 

on identifying the most promising region of the SS to contain the 

optimal solution and to improve the efficiency of the process.  Finally, 

this method is applied in real networks to show its validity.  

¶ Chapter 4: Economic Analysis of Flood Risk Applied to the Rehabilitation 

of Drainage Networks. This chapter focuses on evaluating the flood risk 

in economic terms. To achieve this, the  EAD from floods and the annual 

investments in infrastructure to control floods are estimated. These two 

terms are used to form an objective function to be minimized. To 

evaluate this objective function, an optimization model is presented that 

incorporates  a GA to find the best solutions to the problem; the 

hydraulic analysis of the network is performed with the SWMM model. 

This work also presents a strategy to reduce computation times by 

reducing the SS focused mainly on large networks. This is intended to  

show a complete and robust methodology that can be used by 

managers and administrators of drainage networks in cities . 

¶ Chapter 5: General Discussion . This chapter presents a general 

discussion of the results achieved in Chapters 2 -  4. The discussion 

focu ses on two main aspects, the results obtained in the rehabilitation 

of drainage networks itself and the results obtained in improving the 

efficiency of the optimization  process.  

¶ Chapter 6: Conclusions . This chapter presents the general conclusions 

of this work. It also presents the main contributions of this thesis to the 

study field and the future lines of research resulting from this work. 

Finally, the publications derived from this research are shown.   

¶ Chapter 7: References.  

Appendix. This section contains the following appendices. Appendix I. 

Notation. Appendix II. Abbreviations. Appendix III. Network data.  The 

data correspond to the networks used as case studies presented in 

previous chapters. E-Chico network, Ayurá network, Balloon network 

and ES -N network.  
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Preamble  

The article presented in this chapter analy zes the advantages of including 

HCs in the drainage network rehabilitation process. This novel methodology 

arises from the need to introduce head losses in certain pipes of the 

rehabilitated drainage networks that have been observed in previous works.  

With  the study carried out in this chapter, the following objectives are 

intended to be covered as starting points of this thesis. First, the study of 

the impact that head losses generated by HCs can have on the system and 

to analyze the possible advantages of  using these elements in conjunction 

with the installation of on - line STs and the replacement of pipes with other 

of larger diameters. Second, the development of an optimization model that 

considers the three actions described in the rehabilitation of netw orks using 

a PGA to find the best solutions. Third, establish an objective function in 

economic terms that considers infrastructure costs and the cost of flood 

damage that should be minimized by the developed optimization model. 

Finally, the work carried o ut proposes a new stopping criterion for the 

optimization process to improve its efficiency. The purpose of the criterion is 

to set the number of iterations of the optimization model developed based 

on the characteristics of the algorithm used.  

In this way , this work begins an investigation that aims to provide a 

methodology for urban flood control using current developments to find 

solutions at a relatively low cost.  

This a rticle was published as: Bayas -Jiménez, L.; Martínez -Solano, F.J.; 

Iglesias -Rey, P.L.; Mora -Melia, D.; Fuertes -Miquel, V.S. Inclusion of 

Hydraulic Controls in Rehabilitation Models of Drainage Networks to Control 

Floods. Water 2021, 13, 514. Available in open access at: 

https://doi.org/10.3390/w13040514  
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2 .1 INTRODUCTION  

Discussions have been generated about the pressure that climate change 

can generate on water supply and drainage systems. Recent research has 

shown that climate change is a preponde rant factor and affects the future 

availability of water resources [1 05] . Additionally, other studies show that 

due to anthropogenic climate change, the climate cannot be considered 

unchanging and presents spatially heterogeneous trends in both mean 

behavi or and variability. [ 10 6]  This shows that the increase in extreme 

rains in certain parts of the world is evident, and there is a need to take 

measures [ 10 7] . Floods in urban areas are mainly due to the increase in the 

impervious surface and the increase in  the intensity of extreme rains [ 10 8Ɉ

111 ] . This increase and the impervious surface due to the urban growth of 

cities reduces the time of concentration of the water and produces a rapid 

accumulation of water on the surface that drainage network systems can not 

evacuate. All these effects have a consequence: the appearance of 

increasingly frequent and intense floods.  

Floods in urban areas are one of the problems of greatest concern. The 

damage associated with this type of disaster is expected to increase in t he 

future [ 112 ,11 3] . Although rain floods generate less economic losses than 

river floods, they are much more frequent, so their accumulated cost could 

be higher in one year than another [1 14] . 

There are different methods or technologies that can be applie d to face the 

consequences of excess runoff in urban areas. A proven measure to control 

urban runoff is the installation of infrastructure that allows water to be 

temporarily retained and stored during rain events. One of the best 

structures to achieve thi s goal is STs. In this field, one of the first works 

was developed by Howard [11 5] , who presented a theoretical method to 

evaluate the storage efficiency of a retention tank in combination with a 

treatment plant using probabilistic methods based on precipi tation data. 

More recently, Butler et al. [1 16]  studied the effect of climate change on ST 

performance. They relied on Intergovernmental Panel on Climate Change 

(IPCC) medium -high emission scenarios for the city of London. The results 

of their work indicat e that significantly larger storage volumes are required 

to maintain the same level of flood protection. One of the most prominent 

studies on this topic was conducted by Andrés -Doménech et al. [ 28],  who 

studied the ability of STs to regain their efficiency . With this objective, they 

presented a probabilistic analytical model to assess the volumetric efficiency 

of STs according to the new climatic scenarios and urban catchment.  

Later, Wang et al. [ 33]  presented a method of optimizing the location of 

STs in t wo modules trying to reduce flooding, cost of tanks and available 

total solids load. The first module evaluates and classifies flood nodes with 

the Analytical Hierarchy Process (AHP) [1 17]  using two indicators: flood 

depth and flood duration. The second is an iterative module that provides 

the optimal scheme for the location of the tanks through the method of 

searching for generalized patterns. In addition, Cunha et al. [ 32 ]  presented 

an op timization method based on a previous disposition of STs to size them 
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and the outflow orifice. They concluded the importance of a good 

dimensioning of the orifice since it reduces the output flow of the storage 

unit that regulates the descending flows, all owing flow control and a 

reduction of floods in the whole network.  

Better results are obtained by the combination of STs and the replacement 

of pipes with others with higher diameters. Saldarriaga et al. [1 18]  applied 

two different approaches to determine the optimal location and size of the 

storage units through the application of Simulated Annealing and GAs. This 

research validated the use of STs for peak flow reduction in urban areas. It 

also showed the advantages of considering the replacement of certai n pipes 

and the installation of STs instead of replacing the whole pipe infrastructure. 

Iglesias et al. [ 36]  presented a methodology to improve stormwater 

systems using an optimization model that incorporates a  PGA [1 04] . The 

model includes as DVs the repl acement of pipes, the location and sizing of 

STs and the initial state, and start and stop levels in the case of systems 

with pumping stations. The study demonstrated the economic benefits of 

the joint installation of STs and the replacement of pipes with others of 

greater capacity. Following this line of research, Ngamalieu -Nengoue et al. 

[ 44] present a methodology that uses the aforementioned postulates 

seeking rehabilitation of drainage networks and shortens the calculation 

time through a process of SSR.  Their methodology is divided into two parts. 

The first one uses a PGA and aims to reduce the SS for solutions. The 

second one optimizes the multiple objectives of the new scenario generated 

in the first part using a NSGA - II. Continuing with his research, Ngamalieu -

Nengoue et al. [ 38]  present in their work a way to calculate the flood level 

using the ponded area of the SWMM  model  [ 71 ] . The optimization model 

assumes the definition of this area in each node to convert flood volume 

into flood level. The metho d developed by Ngamalieu -Nengoue et al. [ 38] 

considers reducing the diameter of certain pipes and concludes that it is 

necessary to include resistance elements that generate a head loss 

equivalent to that which would be caused by the installation of smalle r 

diameters.  

The use of HCs in drainage networks is considered by different authors as a 

tool to limit the flow of water in drainage networks, promoting their 

retention and storage within the network. An outstanding study is the one 

prepared by Dziopak [ 49],  who proposed, as an alternative to ST, using the 

sewerage network as a temporary water storage unit. To achieve this goal, 

this author designed a retention channel with interior partitions in the form 

of cameras with an opening at the bottom of the chan nel acting as an 

orifice. In this way, the conduit becomes a retention channel.  

On the other hand, Leitão et al. [ 47]  presented a model that includes an 

algorithm for the location of flow limiters in the drainage network with the 

objective of maximizing s torage within the network. They reach two 

conclusions. The first was that the storage capacity in the networks can be 

very large. The second was that if the local flow control devices are installed 

correctly, it can become an interesting solution to mitiga te floods. This 
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model also considers the potential impact of the failure of the flow control 

device. In parallel, SĽyŖ [ 48]  proposed a type of channel to retain runoff 

within the network. To achieve this, the channel is segmented into 

compartments. These c ompartments have two outlets; a hole at the bottom 

for the passage of wastewater and an opening at the top to allow rainwater 

to overflow into the next compartment. Later, Ngamalieu -Nengoue et al. 

[ 41 ]  obtained optimized diameters smaller than the original  in certain pipes 

as a result of their study in which they use an NSGA - II. These results 

emphasize the need to include HCs to introduce a head loss in the system. 

These investigations suggest that HCs can be used as a technique to 

improve the efficiency of  the system by allowing the accumulation of water 

at certain points in the network. HCs slow down the flow of the water, 

reducing the time of concentration and therefore the probability of flooding. 

However, none of the previous authors has considered perf orming joint 

optimization of STs and HCs. 

For this reason, this methodology proposes including the use of HC in the 

optimization of drainage networks. In this work, two classes of cost 

functions have been defined, one associated with the investment cost to 

improve the network (installation of tanks, replacement of pipes and HCs) 

and the other related to the cost  of the damage that flooding can cause. To 

find the optimal solution, the model uses a PGA connected to the SWMM 

hydraulic simulation model through a Toolkit [ 11 9] . For this reason, the 

objective of this work is to include additional energy losses to help retain 

water in the network, decrease the levels of flooding in the networks and 

minimize the size of the necessary protection structures.  

2 .2. FORMULATION OF THE PROBLEM  

2 .2.1. Initial Assumptions  

The methodology consists of performing the hydraulic ana lysis of the 

network using the SWMM model and with the help of a PGA to find the best 

solutions to adapt the system to extreme rain events. The possibilities to 

improve the performance of the network are changing pipe diameters, 

installing ST s and includin g devices for HC of flow. Presented in this way, 

the following hypotheses are considered:  

A spatially static design storm is considered for the entire network. This 

design storm contemplates the most unfavorable operating scenario. The 

hydrologic study and  the runoff model are beyond the scope of this work. 

Usually, for design or assessment purposes in small, urban areas, flash 

floods are used as defined by Merz and Blöschl [ 10 3] . 

The SWMM is used as a network analysis tool. Dynamic wave model was 

used beca use it is the model that best represents both the pressurized flow 

and floods.  

The mathematical model of the network must be calibrated and simplified 

as much as possible without losing accuracy in the results.  
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The actions considered are the renovation o f pipes with others of greater 

diameter, the installation of STs and the installation of HCs. Changes in the 

topology of the network are not included in this work.  

STs are considered installed on - line, and their depth is the same as that of 

the existing ma nhole. Therefore, the cost of STs is proportional to the 

depth, and the area of STs is defined as a DV. 

The optimization problem is analyzed in terms of costs [ 38] . The objective 

function must be established based on the hydraulic variables and includes 

th e cost of renovating pipes, the cost of installing STs, the cost of HCs and 

the damage costs caused by floods.  

2 .2.2. Hydraulic Control  

A HC element is a device that allows the control of flow in the network. In 

this work, the HCs are installed in the pipe s that come out of the STs 

(Figure 2. 1). The purpose of including this device is to generate a local loss 

to slow down the flow of water, inducing it to accumulate upstream and 

using the network as temporary storage. This alternative is presented as a 

novel option that can contribute to improving the levels of flooding of the 

networks and minimizing the size of the necessary protection infrastructure.  

 

Figure 2. 1.  Gate  valve installed as a HC. 

In the results obtained in the study carried out by Ngamalieu -Nengoue et 

al. [ 38], the reduction of the diameter is observed in certain pipes leaving 

ST. These smaller diameters act as HC in the system. It would then be 

thought that the inclusion of a loca l head loss in the initial part of the pipe 

that leaves the ST produces similar results to those obtained by these 

researchers. This statement needed to be proven.  

To find the best option for including the HCs, the network used by 

Ngamalieu -Nengoue et al.  [ 38] was used. In the final solution presented by 

these authors, it was observed that two pipes of the solution (named as P04 

and P10) had smaller diameters than the original ones. Reducing diameters 
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during a rehabilitation program in a sewage network see med unrealistic. An 

alternative solution consisted of the use of some type of HC of flow in these 

pipes. To verify that similar results could be obtained, the network was 

considered with the optimized solution proposed by the authors but keeping 

the origin al diameters of pipes P04 and P10. In these pipes, a HC based on 

including local head losses was used. This local loss was modeled by 

installing a valve or a gate in the initial part of the pipes that came out of 

the ST. The area of the through -hole is var iable, allowing setting the 

opening according to the demands of the system. To represent the head 

loss generated by the control element, an expression to calculate the 

coefficient of losses in valves was needed. In this work, the expression 

defined by Tull is [ 120 ] was used (Equation ( 2. 1)):  

Ë  
ςÇɝ(

6
 (2. 1)  

where, g is the acceleration of the gravity, ƦH is the loss of energy in the 

gate and V is the average flow velocity through the gate. The values of the 

coefficient k as a function of valve travel are shown in Figure 2. 2.  

 

Figure 2. 2.  Head loss coefficient as a function of valve travel.  

The head loss coefficient represented in Figure 2. 2 can be mathematically 

adjusted to the following Equation ( 2. 2):  

Ë #ʃ  (2. 2)  

where C 1 and C 2 represent the adjustment coefficients and ǉ is the valve 

opening percentage. For this work, the value used of coefficient C 1 was 

0.2736 and the value for the exponent C 2 was ʆ2.395. 

The local head loss defin ed in Equation ( 2. 1) was calculated based on the 

flow that the pipes with the smaller diameter would transport. Once these 

local head losses were obtained, they were included in pipes P04 and P10. 

Under these conditions, a hydraulic analysis of the network  was performed 

in the SWMM model, obtaining the flow rates in these pipes for the entire 

simulation period. Figure 2. 3 compares the flow rates of the pipes P04 and 
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P10 in the solution presented by Ngamalieu -Nengoue et al. [ 38] to the flow 

rates that were o btained including a local head loss in the pipes.  

 

Figure 2. 3.  Evolution over time of the flow in pipes P04 and P10.  

The results indicated that both alternatives (a pipe with a reduced diameter 

and a local head loss) could be used as HC in a network. It is interesting to 

analyze the use of a local loss since it would be much easier to implement 

than a pipe change and economically more advantageous. In the work 

presented in this paper, a modification of the SWMM connection Toolkit was 

done to allow the mod ification of the local head loss coefficient within any 

pipe.  

2 .2.3. Decision Variables  

In this investigation, the drainage network optimization problem considers 

three types of DVs. The first type is the diameter of the pipes; the 

optimization model searches for the best combination of network diameters 

to minimize flooding. This DV can range from a value of 0 (the pipe is not 

replaced) to a maximum established value. The value 0 i mplies that the 

capacity of the pipe is enough to carry the analyzed flow, while a different 

value indicates the need to increase the capacity of the pipe. It is necessary 

to define the following parameters for the analysis of this DV: N C represents 

the nu mber of pipes in the network, and m s is the number of pipes selected 

for replacement and can vary from 0 to N C. Each pipe candidate to be 

replaced can adopt a diameter of a defined range. Therefore, ND is defined 

as the range of available diameters, and th is range can have a reduced 

number of diameters ND 0 or a full range ND max .  

The second type of DV considered by the optimization model is the storage 

capacity of the nodes. The optimization model searches for the best location 

of the STs in the network and their lowest volume to reduce flooding. When 

considering the problem in an urban environment, the excavation is limited 

to the current depth of the manholes, defining the cross -section of the ST 

as a DV. DVs related to STs can take values from 0 (ST is not  required in 

the node) to a previously defined maximum value based on the available 

space. The model defines the following parameters to analyze this DV: N N is 

the number of nodes in the network; n s is the number of nodes where ST 
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will be installed and who se value can vary from 0 to N N. SWMM defines the 

cross -section of an ST using Equation ( 2. 3):  

3  ! Ù  # (2. 3)  

where A S, B S and C S are adjustment coefficients for the tank section and y is 

the water level of the node. For  tanks of constant section, the coefficient A S 

represents the cross -section, while the coefficients B S and C S are null. This 

cross -section S must necessarily be discretized. For this purpose, the 

maximum cross -section S max  is divided into a range of partit ions N that can 

take values from N 0 to N max .  

The last group of DVs are those that consider the loss coefficients 

introduced in certain pipes in the network. A local loss can be caused by a 

rapid change in magnitude or direction of velocity (bends, contractions or 

extensions in the pipe geometry). In this work, a gate va lve with different 

opening degrees is installed in the initial part of the pipes that come out of 

the ST. The action of this local head loss is considered as HC. The number 

of pipes in which HCs are installed is represented by p s. ǉ is defined as the 

openi ng range that the gate valve can adopt. The range of opening values 

that the gate valve can take is represented as Nǉ. 

2 .2.4. Objective Function  

The objective function to be optimized is established in monetary units and 

is based on the research carried ou t by Ngamalieu -Nengoue et al.  [ 44] . The 

main contribution of this work is to consider a new term in the objective 

function. This term is the cost function of installation of the HC elements at 

the exit of the selected STs. Equation (2. 4)  represents the obj ective 

function.  

& ʐ # $  ʐ # 6  ʐ # $  ʐ # Ù  (2. 4)  

where C D(D i) represents the cost of the renovation of pipes, C V(V i) 

represents the cost of installation of the STs, C v(D i) represents the cost of 

the installation of the HC and C y(y i) represents the damage costs caused by 

the flood.  

The cost of the renovation of the pipes was established from actual data 

supplied by manufacturers. This function represents the cost of changing 

pipes for others of greater capacity. It is a second -degree polynomial 

function and is expressed as a function of the diameter D i. Equation ( 2. 5) 

expresses the cost of each meter of pipe. In this equation, ǂ and ǃ are 

adjustment coefficients selec ted for each project.  

# $  θ$  ɼ $  (2. 5)  

The cost of installing ST is related to the volume required to store water 

that cannot be evacuated by the network in an event of extreme rain. The 

cost function (Equation ( 2. 6)) is composed of two terms. The first term, 
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Cmin , represents a minimum cost established for the ST, while the second 

term, V j, is variable based on the required storage volume V j affected by a 

constant C var  and an exponent w.  

# 6 # #  6  (2. 6)  

The cost of installing HC was established based on the actual cost of gate 

valves of different diameters supplied by the manufacturers. It is a second -

degree polynomial function and is expressed as a function of the diameter 

D i. In Equation ( 2.7), Ǆ and Ǎ are adjustment coefficients specifically 

defined for each project.  

# $ ɾ$ ʈ$  (2. 7)  

The cost of flood damage is based on studies by I glesias -Rey et al.  [ 37] and 

later by Ngamalieu -Nengoue et al. [ 44] . The function expresses the cost 

based on the depth that the water reaches in a flood event. The expression 

is determined using a vulnerability curve that establishes the percentage of 

damages based on the water level reached. The authors combined this 

curve with the flood costs per square meter for d ifferent land uses 

(Equation ( 2. 8)).  

# Ù  #  ρ Å
 

 (2. 8)  

In Equation ( 2. 8), C max  represents the maximum cost per square meter that 

causes a flood. When the maximum flood level y max is reached, the damage 

is consid ered irreparable, and the function takes this maximum value. ǌ and 

r are adjustment coefficients based on historical flood damage data.  

2 .3. METHODOLOGY  

The methodology of this work is to perform the network analysis using the 

SWMM model. Then, the results of this analysis are analyzed with the help 

of an algorithm to find the best solutions according to the values of the 

objective function. This work used  a PGA based on an integer coding of the 

solution instead of traditional binary coding. A PGA solution is represented 

by a chromosome comprising a series of genes, and each gene is identified 

with a DV through an integer coding. These algorithms can find m any local 

optimums that can give a final solution far from the optimum.  

In this case, every individual has a genome that codes the diameter of 

selected conduits, the size of the ST and the setting of the HCs installed in 

the network. In all three cases, i f the gene is 0, this is interpreted as there 

being no tank, conduit or control to be installed or modified in such a 

location. Then, an evaluation of investment costs is made using Equations 

(2. 5)Ɉ(2. 7). Finally, a hydraulic analysis is performed, and the  results are 

extracted using a programming library [ 11 9]  so that the flood cost can also 

be evaluated using Equation ( 2. 8). More details about the whole process 

might be found in [1 04] .  
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To improve the efficiency of the algorithm in the optimization process, a 

convergence criterion must be defined. This convergence criterion 

determines the number of iterations that the algorithm must perform when 

evaluating the objective function to find a satisfactory final solution.  

To define this conve rgence criterion, it is considered that a solution very 

close to the final solution has been found, in which only one gene on the 

chromosome has not yet reached its optimal value. This value is reached by 

mutation, so the probability of occurrence of this change must be 

calculated. Equation ( 2. 9) shows the expression to calculate this probability.  

0  0 ρ  0  
ρ

8
 (2. 9)  

where, P O is the probability of occurrence, P mut  is the mutation probability, 

NDV is the number of DVs and X max  is the maximum number of discretization 

options of the DVs.  

Pmut  can be defined with Equation ( 2. 10) presented by Mora -Melia et al. 

[1 04]:  

0  
ɿ

.
 (2. 10 )  

where ǅ is a constant with a value equal to 1. The authors note that the 

crossover process in a PGA generates fewer alternatives than a classic GA. 

For this reason, the probability of mutation in PGA is between 1% and 10%.  

If a certain probability of success is established for several iterations, the 

convergence criterion G max  can be determined using Equation ( 2. 11).  

'  
ÌÏÇρ 0

ÌÏÇρ 0
 (2. 11 )  

where P e is the value of the previously established probability of success. To 

guarantee that the change by mutation is made, a minimum probability of 

80% is established. This convergence criterion increases the computational 

effort required in the optimization pr ocess compared to traditional 

convergence criteria; however, its use is justified because results closer to 

the global optimum are obtained.  

2 .3.1. Optimization Process  

Optimization problems have challenges due to the large Space of Solutions 

(SS) they can generate. In this work, the maximum size of each 

rehabilitation scenario (problem size) can be expressed using Equation 

(2. 12).  

33 .$ .  .ʃ  (2. 12 )  

To improve the efficiency of the model, an SSR method similar to that 

proposed by Ngamalieu -Nengoue et al. [ 44] has been used . This method 

aims to decrease the calculation time in drainage network rehabilitation 
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models through an i nteractive process that decreases the SS with the use of 

a PGA. Specifically, the methodology consists of two stages that are 

summarized in Figure 2. 4.  

 

Figure 2. 4.  Optimization process.  

As a first stage, the methodology focuses on determining the probabl e 

location of the STs. For this, a series of simulations (N it ) are carried out with 

the optimization model considering all the nodes of the network as possible 

ST locations and without considering the change of pipes (n = N N; m = 0). 

Regarding the discreti zation of the cross -section, a reduced range N = N 0 is 

used. This simplification is valid because the objective is to pre - locate the 

ST and not to reach an optimization of the ST dimension. The simulations 

obtained are classified according to the values th at the objective function 

yields. Then, a percentage of the best solutions found (p n) are selected. An 

analysis of the genomes obtained is performed from this selected group, 

determining the number of n s nodes in which it is highly probable that an ST 

is l ocated.  

In the second stage, the goal is to locate the pipes that likely require a pipe 

change. To achieve this, a new set of N it  simulations is run. In this process, 

the nodes considered are those obtained in the previous stage (n = n s). As 

for the pipes,  they are considered as candidates to change all the pipes in 

the network (m = N c). The range of pipes used as DV is a reduced range as 

is the ST cross -section discretization (ND = ND 0; N = N 0). After the 

simulations, a classification of the best solutions  obtained is made according 

to the values of the objective function. A percentage of the best solutions p n 

is selected, and an analysis of the genomes obtained is carried out to finally 

determine the number of candidate pipes to be renewed (m = m s). The SS R 

procedure has been studied previously, giving good results  [ 44] . Its use 

was deepened in later studies [ 121 ],  in which the authors showed the 

results of applying this method in different ways; their results show the 

suitability of implementing an SSR method in this type of problem.  
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Once the SS for solutions has been reduced, a final network optimization is 

carrie d out, that is, locating and dimensioning the ST, the pipes to be 

renewed and the HCs. Regarding HCs, since their installation is linked to the 

installation of an ST, they are not considered in the SS reduction process. In 

the final optimization, although the number of DVs has been reduced, each 

of these variables must explored be more in -depth. Consequently, the 

discretization of the ST cross -section takes a full range (N = N max ). Likewise, 

the range of candidate diameters for the pipes will also be a full  range (ND 

= ND max ). The opening degrees of the HC will be defined as Nǉ. With these 

determined parameters, a final simulation is carried out in which the best 

solution of the process is obtained.  

In summary, the optimization process is made up of two part s. In the first 

part, the DVs are reduced by locating the probable ST locations and 

conduits to renew. The level of detail of each of the variables is small but 

valid for the established objectives. In the second part, a final optimization 

was carried out where the location and final dimensions of ST, pipes and 

HCs were determined. A smaller number of variables were used in this part, 

but with a higher level of detail.  

2 .4. CASE STUDY  

2 .4.1. Description of the Network  

The proposed methodology was tested for  various drainage networks. In 

order to show its application, E -Chico network located in Bogotá (Colombia) 

was selected as a case study (Figure 2. 5). This network covers an area of 

51 hectares and limits with the Andes in its East end. The difference in 

elevation between the highest and lowest points is 39 m in height. Figure 

2. 6 shows a digital elevation model of the area. In this figure, it is easy to 

realize the role that the hills play in the network. Near the hills, the slope of 

the terrain is very ste ep. The slopes of the network pipes vary from 7.22% 

as maximum value (near the Andes) to 0.16% as minimum value, close to 

the outlet. The area is divided into 35 hydrological sub -basins. The network 

has a total length of 5000 m. Pipesɍ diameters have values from 300 mm to 

1400 mm. Further details of this network were presented in the work of 

Ngamalieu -Nengoue et al. [ 41 ],  and its use allows comparison of results. 

Data used for the case study is attached to this article as Supplementary 

Material.  
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Figure 2. 5.  Representation of the E -Chico network in SWMM model. (Background 

image taken from [ 122]).  

 

Figure 2. 6.  Digital elevation model of the area for the E -Chico network.  


