}Zr
=

g wor

- LBk, AKEN FROM Tiig ROOM -

=

A C@MPUTER PROGRAM FOR
DESEGN OF SANITARY SEWER SYSTEMS

THESIS

HOSEYIN BELKAYA

BOGAZ]CI UNIVERSITY
Civil Englneerlng Department
1982



A COMPUTER PROGRAM FOR
DESIGN OF SANITARY
SEWER SYSTEMS

byl
Hiiseyin BELKAYA .
in C.E. Middle East TechnicalAUniversity,.1979

Bo azici UmverSIty Library

UII Jmm =

Submitted to the Faculty of Engineering
in Partial Fulfillment of the

Requ1rements for the Degree of
"MASTER OF SCIENCE
in

CIVIL ENGINEERING

‘Bogazici University
- 1982



[

co

A COMPUTER PROGRAM FOR

DESIGN OF SANITARY SEWER SYSTEMS

Approved by:

Dr. Sahim TEKELi ;
(Thesis Advisor) : / L: . ;
- v \ .
Q\[ /(Is\L

Do¢. Dr. Giray VELIOGLU

>

Do¢. Dr. Ginduz ULUSOY

!
L

-y
&I
()



ACKNOWLEDGEMENT

I gratéfUlly acknowledge myrindebtedness to my
thesis supervisor, Dr. Sahim Tekeli for his continﬁgds!
éupport, invaluabie guidancé,Aforesight and suggestionsv
‘throughéut the périod‘of fhis study. His_undersfénding
and patiencevare’deeply éppreciéted and ﬁill be long

remembered.

I would like to express my sincere-gratitude to
Do¢. Dr. Giray Velioglu for his contribution to this study

and for his advice in general.

- Special thanks are also extended to Dog¢. Dr., Giindiiz
Ulusoy and Dr. Hiisamettin Alper for their valuable criti-
cism and suggestions towards the completion ofbthé work.

I feel grateful to Mr, Ahmet Caglar for his skill
in dréwing the figures and tables, and to Gilsen Karsit
in careful typing of this {hesis;

.Hﬁseyin Belkaya

iii



ABSTRACT

A pngram.is>deVélopedbfor the design of séhitary
séwer networks whenvthe sewef_lines (links) connecting the
»manholeé (nodes), the nodal elevations, the séwer lengths
and a final oﬁtlet-are specified.A,The program consists of
two algorithms_déveloped for hydréulicvdesién and léyout

generation.

The hydraulic design algorithm is i#tended for de-

» sign of networks with specified-main or. full layouts. The 
lift stations required méy be sited either by the'user_qr
may be located automatically. by thg algorithm at nodes
with.depths exceeding a specified limit. Even concurrent
aséignment of both types of lift stationé is within the

capabilities of the algorithm. .

The layout generation algorithm generafes a main
~layout and transfers the data to tﬁé hydraulic design al-
gorithm. Unlike model availaﬁlevin the literatufe, no
initial layout is required for this'algOrithm.> To.génerate
the layout a.standard Shoftésf Path algorithm_is uéed to
seek the path with the "shortest length" to the final out-

. let from every node in the netwérk.‘ When superposed, these
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paths generate the routes froﬁ all initial manholes to.
the final outlet. The criteria tésted to minimize the
total excayation volumé, which;is:found to be the most
siénificant,factor determiﬁing pverali sewer. system cost,
’Vincludedﬁ ﬁorizontai and surface léngths of sewer links,
nétural slope and a hypothetical egcavation volume (com-=
pﬁted by'assuming the upper céver depth and sewer slope
to-be minimuﬁS for'eachvséwer line. VThe'relatively high.
computer storage reqﬁirement invgenerating a layout for
large netwoyks~ié overcomed by sﬁbzoning»the network and

then superposing the layouts generated for each subzone.

The layout'gehefatioﬁvand hydraulic deSigh algorithmé
are applied togethef to éewer networks gf different sizes,-
including PINARKENT_(a resort town. of 13,000), to test the
various minimization criteria and hydrauliq aesign‘para—
meters. The "hypothetical excavation:volume" cfiterion'
is found tdAbe quite‘efficient, especially in view of the
fact that true‘éptimality-(of minimization) in excavation
volume can only be achievéd by the simultaneous_solutioﬂ
of both theklayouf and the hydraulic design préblems. As
such, the ﬁrogram caﬁkallow forbthé.easy evaluation of
many alternative designs aé\well as the effect of various -
hydraulic design parameters.‘ Hence, the objeétive of
minimiziﬁg_the dependence on enginéering judgement in the
overall désign process haé been achieved to a considerable

-degree.



OZET

ﬁaca, kanai, baca kotlarl;xkanal uzuniuklarl ve;son
topiama noktasi belirli bir.kanalizasyon sebekesiﬁin ta-
sarimina yapmak {izere bir bilgiSayar'progréml.gelistiril_
mistir, Progrém hidrolik tasaf;mive glizergah éégim~is—

-lemlerini yapan iki algoritmadan olusur.

Hidrolik tasarim algoritmasi ana veya tliim glizergaha
"belirlenmis sebekeleriﬁ tasarimini yépar. Gerekli‘terfi
,iétasyonlarlnln yerleri kullanici tarafindan belirtilebi-
lecegi gibi, derinligi belirlenmis bir limiti agah baca-
;ara algoritma tarafindan da otomatik olarék yerlestirile-
bilir. Hatta, her iki durumun birlikte ele alinabilmesi

de mimkunddir.

Glizergah secim algoritmasi ana glizergahi belirleyip
sonug¢lari hidrolik tasaraim algoritmasina aktarar. Bu al-
‘goritma literatirde bulunan modellérin aksiné dnceden be-
lirlenmisAbir sebeke gerektirmez:. Her bacayi son toplama
noktaélna baéliyan en kisa glzergahi bulmak ﬁzere stahdard
bir "En Kisa Yal" algoritmasa kUllanllmlstlr. Bu glizer-
gahlarlh biflestirilmesi ile bitin baslénglg bacalarani
éon bécéyé biriestiren sebeke'eide edilmis olur. Toplam

sebeke maliyet}ni belirleyen en etkin: faktdriin toplam kazi
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'maliyeti'olduéu bulunmuétur. Bu noktadan harékéfle, yatay
ve "ylizeysel" kanai_uéunluklarl;:yﬁzéysel egim vé her |
kanal ic¢in, kanal egim ve {ist baca derinliginin minimumda
olduéu_kabuiﬁyle hesaplénén'hipotetik bir kazi, kriterleri
toplam kazi hacmini minimize etﬁek ﬁzére denenmisfir.
Biiylik seﬁekeler'igin gerekli biiylik bilgisayar hafiza ihti-

yaci sebekeyi daha kiliclik sebekelere bélﬁp.sonra da her biri

icin belirlenmis glizergahlary topliyarak Snlenebilir.

Cﬁzergah ségim ve’hidrolik tasaraim algoritmalari ig-
lerinde PINARKENT'in de (13,000 niifuslu bir sayfiye kasa-
5351) bulunduéu deéisik!bﬁyﬁklﬁktekiiFebekelere uygulana-
rak hem eniyilemé (kazinin miﬁimize edilmesi) kriterleri
hem de bazi hidrolik tasaraim parametrelerinin etkilefi
incelenmistir.ivBuvk%iferlerden, hipotetik'kaz1'kriteri,
kazida gercek eniyiiemeﬁin anéak sebeke belirleme ve hi-
drolik tasarim problemlerinin birlikte éézﬁlmésiylé elde
edilebilecegi de gdz O6nine allndléinda,’en basarili ve |
vhayli etkili buiunmustur.v:Progfam bu’haliyle. hem bircok
secenek sebekenin_hém dé~cesitli hidrqlik tasarim para-
]metreleripin»kolayca deéerlendirilﬁesini saglar. Bdylece,
basarill taéarim‘igin mihendislik tecriibe ve‘séédﬁyuSuna
olan bagliligi azaltma iolqndaki émaca bﬁyﬁk 8lciide ulasil-

Amlstlf.‘

vii



TABLE OF CONTENTS

ACKNOWLEDGEMENT | | | oiii
ABSTRACT | | . : | iv
8ZET | o | ‘, | Covi
TABLE OF CONTENTS . | viii
LIST OF TABLES - : ‘ o xi
LIST OF FIGURES ’ : : | - xii
| LIST OF SYMBOLS - : o xdiil
1. INTRODUCTION | . | 1
j2} LITERATURE REVIEW ' 5
2.1 Sewer Systems | , ' - 5
2.1.1 >Sanitary Sewers » - -5

2.1.2 Storm Sewers _ 8 S 8

2.2 Design of Sewer Systems ' ,v : 9
2.2.1 Hydraulic Design Models 4 9

2.2.2' Selection of Optimal Layout | 11

2.3  Summary df Litératﬁre Review ‘ 13

3. DESIGN OF SANITARY SEWER SYSTEMS | 14

3.1 Hydraulic Design of Sanitary Sewer Networks 16

3.1.1 Design Criteria ‘ | o 7 16
3.1.1.1 Quantity of Sanitary Sewage 16
3.1.1.2 Depth. of Sewer | ' 19
3(1.1.3 ,Minimum and-Maximum_Velﬁcities- 20

3.1.1.4 Pipe Diameters o 22
3.lfl.5A'Summary of Constrainfé » ‘ 23~

viii



3.1.2 TFlow Computations

3.1.3 - An Algorithm for Hydraulic Design

3.1.3.1 Design of a Specified
Main Layout .

3.1.3.2 Design of a Given Full Network

3.2 Layout Generation for Sewer Networks

3.2.1 Graph Theory Concepts

3.2.2 Cost Estimates

3.2.3 An Algorithm for Léyout Generation

'3.2:3.1 Tor Small Networks

3.2.3.2 For Large Networks

4., APPLICATION OF THE PROGRAM AND COMPUTATIONAL

RESULTS o '

4.1 Selection of Optimality Criteria

4.2 Guidelines for the Preparation of Data

4.2.1 Siting and Number of Lift Stations

4.2.2 Depth Criteria

4.2.3 Subzone Selection

h.2.4 chation of Subééne Outlet
, | 4.2.5 Location of Final'Qutlet

5. CONCLUSIONS AND RECOMMENDATIONS

. REFERENCES

APPENDIX
1. Introduction \
2. Methéa éf Calculation
2.1 Hydraulic Désign Compufations
>2.2 Layout Generation. |

3. Program Constraints

ix

24

26

27'
38
Bo .
42
u7
57

57

65

69 .

69
76
77
78
80
83
85
87
90
93
9y

gL

- 95

896

96



4. Definitionms : R ’ 97

‘5. Data Preparation 100
5.1 Network Labelling | - | 100
5.2 Program Data Cards , . 102



‘TABLE

TABLE

TABLE

TABLE
- TABLE.

TABLE
TABLE
TABLE
TABLE

TABLE

10

LIST OF TABLES

Table of Constraints

Comparison of MST and SPST for a
Sanitary Sewer Network

Comparison of Liebman's Network with
the Criteria Adapted for Layout
Generation

Effect

of Optimality Criteria for

Three Medium Sized Networks - -

‘Results of the Test Criteria
for PINARKENT

Effect of Outlet chafions

Effect

Effect
Effect

Effect

of Maximum Allowed Depth (DEP)

of Number of Subzones
of Subzone.Outiet Locations

of Final Outlet Location

xi

23
46
71
74

75

78

80 ~

-84

85



FIGURE

FIGURE

FIGURE

"FIGURE

FIGURE

FIGURE .

FIGURE
FIGURE

FIGURE

 FIGURE

FIGURE

FIGURE

FIGURE

FIGURE"

"FIGURE

FIGURE

.

10

11

12

13

1y

15

16

LIST OF FIGURES

A Program for Design of Sanitary Sewers

Hydraulic Elements of a Partly-full

Circular Sewer (@ in Radians)

‘Flowchart of the Algorithm for Hydrau-

lic Design of a Specified Main Layout

(sSML)

Plan .and Profile Details of a Sewer

Flowchart of the  Algorithm for
Hydraulic Design of a Given Full

‘Network (GFN-Subroutine FULNET) .

The MinimﬁmASpanning Tree and the
Shortest Path Spanning Tree of a Graph

Plan of Sewer Locations for Horizontal
and Contoured Surfaces

"Explanation of Real Surface Lengths

Changihg'of Pipe Slope with Natural
Slope . '

Computation of Excavation Cost

Flowchart of the Layout Generation (LG)

Algorithm (For Main Layout)
Example Problem

Formation of Out-of-Tree Nodes (Closed
Loop) in a Network

Topography of Liebman's Network
(Dimensions are in ft)

vMain Layouts, Generated by Liebman

(1967) and EX Criterion

Subzoning of a Large Network

xii

15

25

28
36
39
Ls
50
53

55

56

58

60

6L
70 -

72

82



Az

LIST OF SYMBOLS .

Flow area, em?
Flow width, cm
Unit excavétion cost
Piée diametér, cm, m

Minimum cover depth, m

Cover (nodél) depth of the upper node of a link, m

Cover (nodal) depth of the lower node of a link, m
Average flow coefficient, mslday/m
ﬁoriéoﬁtal length of a ;ink, m
Réal_surfaqe»length, m |

Number of 1links

Manniﬁg's roughness‘coefficient
Number.of nodes

Discha?ge rate, cms/sec

Average wastewater discharge, m3/day
Design»dischérge, m3/day3 cms/Sec
Hydraulic rédiu55 cm

Sewer slope

Natural slope

Minimum pipe slope

" Flow velocity, m/sec

. . 3
Excavation volume, m
Flow aepth, cm

Elevation difference between two nodes of a link, m

S xiii



Subscripts:

denotes maximum
‘max

i, denotes minimum



1. INTRODUCTION

The rapid growth of urban pépﬁlation has led to
severe problems in management éf urban wasfewaters, con-
sisting of domestic and ihdustrial sewaée as Qell as storm
runoff. A sewer system is designed to reméQe unwanted
\}iqﬁid wates from~an area. When the wates come from house-
holds and/or indusffies, the system is known as a sanitary
sewer system. -In caée the wates originate from storm run-
offs, the sysfem would bé‘known as a st;rmvséwer. kLérge
amounts of money and resources are involved in the design,
construétion, mo@ification; operation and maintéhance 6f

urban sewerage systems.

There arevmunicipalities which have coﬁbined sewefv
systems to handle both type of wastes together. Combined
sewer systems are usually not preferred for modern seWer
system design becéusé of the following problems (Symons,

1967)

- The needs for collection of sanitary sewage are

immediate, whereas those for storm run-offs are

not.

- Conditions favor surface transmission of storm

waters for long distances.

1



- Disposal_of combinedbflow Qoﬁld generaily re-
quiré pumping, which would beAunnecesséry_for"
storm runoffs. |

- Tréafment of.storm'wafers is not.neéessaryk(since
1967, partial treatment is requifed - Winklehaus,

1977).

Even though many éities.have'extensive, 0ld combined
Ssewer systems, the trend'during the recent years, has bgen‘
toward construction of two separafe éysfems. The main
reason for this shift has beén the increased necessity'for
construction of séwage/treatment fécilities to control’
?ollution in streams and waterways. However, due to the
above differencés,’the.findings of the investigétions 
dealing with stofﬁ sewer networks caﬁ'find only 1imitéd

use in design of sanitary sewer systems.

A sewer system is usually designed to serve a single
drainage érea'and_to operate'entirely bj,gravity.l It con-
sists of a tree—shaped’netwprk of pipes (or links)-connéc-
ting.points 6f inflow (i.e., manholeé). Such a séwer net-.
work may be defined by speqifying the manholes and the con-
necting links. Then fhe;size and slopes of all the pipes
in the system ‘are defermined‘so that the:construgtion and
operational costs are miniﬁized. -Several studies dealing
bwith the minimum—gost design 6f sever sy;temé have beeh

reported in the literature (Mays and Yen,.1975; Tang, Mays



and Yen, 1975).

The selection of a layout for a‘ﬁastewatef collec-
tion system is a complex task requiriﬂg’a great deal of
experience and engineering judgement. At Best; the de-
éigﬁer'can investigate only a handful of possible layogts
while seeking for the most suitable one.7‘Despite_the
.growing concern for the urben enviranment and the future
expenses and effort involved, these cohventionel, intui-

tive design methods fail to account explicitly for the cost

interactions of the various components of the system.

The large expenditures involved make it imperative
that the most economical solutions be reached with the
Essistance of.mathematical,analysis. Specifically, a
systematic approach must be sought so ﬁhat such powefful
tools as high speed digital eomputers can aid the engineeﬁ
in the assessment of the alternatives. The results of
the calculations, when cembined with subeequent detailed
investigations andrsound engineering judgement, should

yield routes superior to those determined by previous

methods. Such an approach is sought herein.

In the present study the purpose is to develop a
procedure and a program for design of sanitary sewer sys-
tems,with particular emphasis on cost optimization of net-

_work layout.i Given a drainage area,vits topography and



the layout, the design objective considered is to deter-
mine the diameter and invert élevétions for each component
of a sewer system. Pinally,lthe new design program is
applied to realistic examples to illustrate its advantages
over the traditional design méthods.‘ A usef's guidé is
prepared for the program aqd presented in the Appendix

along with a worked -example..



2. LITERATURE REVIEW

- The work done on various aspects of the design of
sever sysfems,is reviewed in this_dhapter. However, sewer
systems will be described first to bring to attention the

relevant characteristics.

2.1, SEWER SYSTEMS

Since the sanitary and stofm sewers are to serve for
different purposes, they are designed with respéct to
different criteria. Dis;ussion of the design of storm
sewérs is beyond the scope of this study. Detailed infor-

mation on design of storm sewers may be found in Yen and

Sevuk (1975), Yen, et al. (1976), and ASCE (1969).
2.1.1. SANITARY SEWERS

Sanitary séwers, being specifically designed for‘
domestic and/or industrial wates, must run along streets,
alleys and right—of—ways‘to ﬁrovide access-té the adjacent
properties and be blaced'at sufficient depths so sewage
from the neighboring properfies can flow by'gravi;y,-wheﬁ_

‘ever possible. - Depth of a sanitary sewer varies between a



minimum cover depth and a‘maxiﬁum alloWed depth. The
minimum cover depth is requifed to prptect the pipes/from
freezing and other extérnal,effects such as surface loa-
dings. ’The'maximum depth critefia is a factor which must
be adapted to prevent enormous debths and excavation costs.
Besides, presence of a rocky foundation'or a>hiéh water
table affects the working cOndifions adversely and in-
creases'both the construction and installation costs. On
the other hand, infiltration of groundwatér to existing
sanitary sewers, causes a hydraulic ovérloading t§ both
tﬁe collection system apd the treatment plant. To avoid
infiltration into sewers, either the sewer tfench must be

underdrained or cast iron pipes must be preferred.

Manholes are placed at major changes in grade, at
pipe junctioné, and'at‘selected intervals‘to’faqilitate
inspection and cleaning of the sewers. The layout of a
sewer system can be represented by a network without con-
sidering the pumping stations and special appurtenances
such as siphons, check valves,and junctions. Manholes

connecting the pipes in a sewer network may be considered

as the nodes of the system. Within this network of pipes

and manholes, the sewage flow by gravity towards a speci-

fied outlet is preferréd,until the depth exceedsvan allow-

_ éble l1imit. When this maximum depth is exceeded a 1lift

station must be built to elevate the wastewater up to the

/minimum cover depth to continue with gravity flow. The



sewage outlet is normally a treatment plant. 'Occasiqnally
it may be the connectionAtb another existing sewer system
or a receivingkwaterubody.‘ There may be one or more such
outlets depending on thé siie of‘the’drainége area. As
far as generation of a network iayout is concerned, the
lift stations would'act as a‘local outlet. Thus a Seﬁer

network may have more than one outlet (multi-outlets).

Pipes ending at the same manhole may be.connécted at
different elevations. Hoﬁever, it is necessary to set the
elevation of the outlet pipe low enough to drain the deepest
incoming pipe. Manholes in which an inlet pipe is much |
above.the outlet pipe require a special exit section. Such

manholes are known as drop manholes.

The discharge'in aﬁparticular pipe is determinea by
several factors such as the population served By‘thaf
pipe, the characteriétics of that populationiand the amount
of sewage inﬁéfited from other_systéms. ‘The flow‘faté,
braléng with the desired flow velocity; is theﬁ ﬁsed fb'de—
termine the required pipe size and its slppé; The diameter
of a pipe should‘normally not be smailer than the previous
one. In determining the pipe size, special attention must
be paid to legal requirementsigovefning the minimum allow-
able pipe size as well as the available standard pipe sizes.

Smaller sewers clog quickiy and are harder to clean.



’

To’preveﬁt or redﬁcerpermanent deposition in éeweré,
a minimum permissible flow veiocity at design discharge
is specified. On the other hand, to prevent abbraéion of
sewer materials due toAhigh velocity flow, a maximum per-

missible flow velocity is'aISO‘specified.
2.1.2. STORM SEWERS

The primary function of storm sewers is to prevent
the inundation of étreets, sidewalks,aﬁd'other low-1lying
structures,.together with disruption of traffic;and damage
"to property. Wastewaters other than storm runoff 'are.'
ordinarily negligiblg quantities in the hydraulié design
of storm sewers. Therefore, storm sewers aré de;igned to
drain away the runoff of storms rapidly and without be-
coﬁing surcharged. »Surfacé runoff is led from,streef
lgutters into storm drains through street inlets andbcatch
‘basins and through property drainsQ The éuantity of storm
water is 50 to 100 times that of sanitary sewagé (Fair,
Geyer and Okun, 1971). Therefofe combined sewers are de-
signed for the storm dischérge rather than the‘sanitary
flow rate.‘ To induce the necessary cleaning veloqities,

sewers with special cross-sections may be used (Tekeli,

1982).

Sanitary and storm sewers show differences in the

type of flow induced in each. In sanitary sewers, the



'discharge rates are low and(relatively constant. Hence

the hydraulic analysis of such flows may be simplified by
assuming sfeadyjflow conditiqns. In case of storm seﬁers,
‘the unsteadiness of the flow control cannot be ignored.

Yen and Sevuk (19755 showed that the hydraulic design of
sewer systems becomes quite complex because of this un-
éteady nafure of the flows and the mutual effects of the
backwater in the sewers. Such factors are not significant
in sanitary sewers and thus theyvare not consiaerea in |

this study.

2.2, DESIGN OF SEWER SYSTEMS

The minimum-cost design of a seWer\systeﬁ can be .
considered.in two:phases} (i) optimiiation of the system
layout, and (2) optimization of the pipe design parameters
(elevatioﬁs, slopes, diameters and manhole depths) for
prescribed layouts. Due to the .complexity of the problem
when considering the layout‘énd design simulténeously in
an optimization procedure, ugually only one phase of the
problem is considered in any particglar model. In this
study, these effeéts will be discussed and summarized

separately.

2.2.1. HYDRAULIC DESIGN MODELS

!

A review of the literature indicates that the problem



of‘thé hydraulic deﬁign of a predétermined layout is at-
tacked by various investigators. The‘hydraulics of ;eWers,
the quantity of sewage to bérexpected and the selection

of pipe sizes are discussed in detail in ASCE (1969).
Detailed discussions on hydrology and hydraulic design,
environmental responsibility, economic considerations and
the selection and installation of sever sysfems for resi-
dental, commercial and industrial use are provided in

AISI (1980).

LeastICOst design of sewer systems has been attempted
by Hoiland (1966), Deininger (1969) and Gemmel (1972),
using linear programming; However, these models_afe 1i-
ﬁited to linear cost functions or to nonlinear cost func-
tion that are separable forkuse in the linear programming
algorithm. Meredith (1972), Mays and Yen (1975), and
Mays and/Wenzel (1976) suggest dynamic programmiﬁg as an
alternative techniqgue which‘is fle#ible as far as the form
"of cost functions and conétréint equations are concerned.
Using discrete differential dynamic programming (DDDP)
technique, Tang, Mays and Yen (1975) and Yen et al. (1976)
developed modeis, which seek minimum cost by balancing
‘inStallation costs and poten%ial flood damages. All mo-

‘dels pose computational difficulties for large networks.



2.2.2. SELECTION OF OPTIMAL LAYOUT

Models that select system layout include those. of
Liebman (1967) and Lowsley (1973). Here, optimal layout
term refers to the layout requiring the minimum excavation

and pipe costs.

Liebman (1967) developed a heuristic method to op-
timize théllayout, assuming the pipe diameters to be fixed.
Suéh an assumption is reasonable for small‘netWorks where
a legal minimum size may be governing, but not for larger
networks. In the method, the "best" layout is found by
a search procedure. At each step, one,linkiof the ;et-'
work is chénged. ‘The change is retained if the total cost
décreases. This searéh/is quite lengthy and the evalué—
tion procedure requires excessive computation times.
Liebman (1967) suggests use of the method for laying the
trunk sewers withouf considering all{pf the branch lines..
"A trunk sewer‘(alsorcalled main liné) receives wastewater
from many tributory branches or laterals and serves a

large area. Hence, this algorithm would be suitable for

- generation of layouts for small storm networks.

"Lowsley (1973) presents an algorithm for obtaining
an optimal layout within a range of pipe slopes. ' The
algorithm begins with either a designer specified layout

or a’layout derived from Liebman's (1967) technigue to



find the longest path (or trunk) having the largest exca-
,vation and pipe cost. The algorithm connects each un- |
drained node to the trunk by searching for the minimum
branch cost;v'The efficiency of this algorithm is heavily

. dependent on the selection process for trunks and branches.
'Furthermore, pipe sizes are not specified and. the flow
characteristics are not considerea. Thus the algorithm
would be useful only for relatively smali areas where a
ksingle pipe size would ordinarily be used.. Lowsley's (1973)
comparison indicated that Liebman's (1967) algorithm is
significantly faster and usually‘obtaips the optimal solu-

tion.

A dynamic,programing modei developed by Argaman,
Shamir and Spirak (1973) attempted\the simultaﬁeous opti-
mization of layout and design of sewer systems. Although
dynamic programing lenables complete. freedom in selecting
the objective functioas, consfraints, cost functiohs, etc.,
the applicabilitj of this model is restficfed to very small
networks due to exccssive computer memory and execution

time requirements.

Mays, Wenzel and Liebmaa (1976) developed a_heuristic
optimizafion model for the simultaneous selection of lay-
out and design of sewer systemsl DDDP ﬁas used as the
optimization technique but the solution was modified by

introducing an Isonodal Line (INL) concept. These are
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imaginary lines connecting manholes that are located at
ground surface elevations. The system depends on the INL
construction and global optimum solutions cannot be gua-

ranteed.

2,3, SUMMARY OF LITERATURE REVIEW

A review of the literature ciearly indicates that
the problem of optimality in determining the layout and
hydraulic design of a sewer system'has'not been solved
satisfadtorily. Most. solution methods are limited to
small areas due to théir computer memory aﬁd Central Prb—_
cessing Unit (CPU) time requirements; hence, they aré not
sﬁitable for practical use. »Finally, some are only heu-
ristic procedures which form a step towards the develdp—‘

ment of a precise solution to the sewer design problem.

The present étudy attempts to develop a procedure
and a program which will avoid the need for exqessive
computer memory and CPU time, for the désign of saﬁitéry
sewer networks. Particular emphasis is placed on the op-

timization of the system layout. The objective function

to be minimized is the total cost of the sewer system.



3. DESIGN OF SANITARY =~ -
SEWER SYSTEMS

Within the framework of the discusssions presented
in the previous sections, a program (SEWNET) is developed -
for dgsign'of sanitary sewer nétworks.» The pfogram con-
gists of fwo algorithms: hydraulic design and layout
generation as can be seen in the flowchart presented in
Figufe 1. The hydraulic design ai;ofithm is intended for
.networks‘with.specified layouts., The description of the
layout may be possible either by specifying the flow di-
rectiohs in a full network or in a main layout. Here,
main layout term refersvto a 1ayout-which'drains all the
nodes, except the outlet, in a network. So it contains
N-1 linké, where N is the ﬁumbef of nodes in the network.
For networks without a given layout, the layout generation
portion of fhé program‘ first generétés a main layout;
connects the unused linksﬂand then completes the hydraﬁlic
design. A flag variable (MLAYOT); provided by the user
identifies the computationéloscheme to be followed (Figure
1). The develoément as well as the details of the algorithm

is described in'thisbchapter along with a discussion of

the relevant design criteria. .



- 15 -

'Input.«of the .
‘Control and Design Parameters
Topographic Conditions and

Possi'ble. Connections of the

Network

=2
LAYOUT Read Given
' GENERATION | . L Main Layout
(LG)
SPECIFIED GIVE
— MAIN LAYOUT FULL NETWORK
| (SML) (GFN).

! sTOP }-—

FIGURE 1. A Program for Design of Sanitary Sewers (SEWNET).
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3.1, HYDRAULIC DESIGN OF SANITARY SEWER NETWORKS

-

In this section, the design criteria and cOmputatiohal
scheme is‘présénted first. Then, the alg¢rithm developed

for the hydraulic design of the systems is presented.

3.1.1. DESIGN CRITERIA -

Once installed, it is‘difficult and expe%sive to
expand or to increase the capacity of a sewer system.
Therefore, it is common practice to take precaufions to
maintain ‘a continuous operation. American and Turkish

standards are discussed comparatively.

3.1.1.1. Quantity of Sanitary Sewage

Separate sanitary sewers are provided primarily to
carryithé domestic and industrial waétes of a community.
.So, conhéction of roof, yard and foundatibn drains to the
sanitarj sewers should be prohibited. However, watef_
leakage into the sewers (infiltration) is always avpossi—
Bilityvdue to,cracked.pipes, defective joints, faulty man;‘
holes and/or improper house conneétions. - Due to this
inevitable addition to thé’to%al flow, sanitary sewer de -

sign quantities must include an allowance for non-waste

components.

Design period during which a sewer system will serve
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-

.must be decidéd upon prior to the désign of the sewef,SyS-b
tems. Then consideration must’be giveﬁ to the quantity

-of wastewater, which is largely a function.of the ‘popula-
tion Served,‘population density and waterpconsumptioﬁ, to
be handled. Iller Bankasa (1972a) suggests é design period
of 3O years for sanitary sewers. But a rapidly growing
population may make the use of a long design periéd uneco-
nomical. After determination of the design period, popu-
lation can be estimated using the suggested methods in

Iller Bankasi (1972a).

_The average daily ﬁer cépita domestic wéstewater
;floﬁ used'fop design purposes may be determined as ?0% of
the daily per capita watef consumption (ASCE,'1969;.Muslﬁ,
197u).—'In addition, the contribution from touristié, com-
mercial, industrial and other facilities‘and infiltration
from ground water must_be considered in determination of

average wastewater discharge (Qave,ma/day).

Infiltratibn_rates‘vary, depending on sewer constrﬁc—
‘tion, type of soil, elevation of water table, manhole leak-
age, foof drainaée,.etg. However;'wheﬁ making.estimates
fbr design purpbses,’thé seﬁep layout, sizé and depths are
not knownj; therefore,‘estimates based on valués reported

in‘literature may be used: 5000 gpd per mile (l3.75}xlo-5

5

ms/sec per kmd, or 200 gpd per'écre (2.16x10° m?/sec_per_

hectare) or on a per capita basis values between 10 and



40 gpecd (4.38-17.52x10 / ms/séc) are often used (Symons,

1967).

In‘thevdesign'of sanitary sewers and treatmént works
where wastewater éontributions govern, the daily minimﬁm;
‘maximum and mean discharge rates are impprtant., The mean
daily flow of sewage is derived from tHe analysis described

above. Then the design discharge of sewer system is de-

termined as (ASCE, 1969; Muslu, 1974):
Qq = 1.5 *Q - (l)}}

The daily minimum and maximum discharges are neédéd
in determining treatment plant capacities and sufficiency
of the flow velocities, pipe sizes and slopes. For these

ASCE Manual (1969) and Muslu (1974) suggest:

O
fl
N
N
wn
o

(2)

max . ave

min

Q. = = % » ()

These computations should be prepared for all regions

of a drainage area where discharge factors differ signi-

~

ficantly. 1In case of homogeneous regions, for ease in

computation an average flow coefficient (KQ) may be as:

- q, L |
K. = _8ve (m3/day/m) (w)

I pipe length




This coefficient can be increased with a weight fac-
tor for densely-populated regions. Multiplication of the
length of a pipe with its flow coefficient gives directly

the average discharge for that pibe.

3.1.1.2. Depth of Sewer

Insofar as feasible, sewers should be lai& at suffi-
‘ciént'depths to recéivé the ‘contributed flows by gravity.
Unjustified costs may preclude the lowering of a whole
sewer system. to provide service for only a feﬁ hoﬁses.
Such’cases may require iqdiviQual pumping:facilities. Nor-
mally house connections aié laid at a siopé of é.percent

(ASCE, 1969).

\

Sewers must be placed at dépths that wili nbt bé
sﬁscéptible to frost and alldw for sufficient cﬁshioning
to prevent breakage due to ground surface loading. There-
fore, minimum cover depths must be specified.' Pair,‘Geyer
and Okun (1971) state that a cover depth of 60-30cm should. ‘3
be'adéquate-to prevent occurfgncefbf such failures. Iller
Bankasi (1972b) Suggeéts different céver depths ‘depending

on the altitude of the drainage area. s S

\ Oh the 6ther hénd, large sewer depths should also be
aQoided due to the increased possibility of encountering
‘rocky soil formations and difficult working conditions,

both of which increase construction costs. . Also, on a flat -



araipage area a deep manhole will iead to greater depths

- at the gonsecutive manholes. waever, ASCE (13869) poiﬁté
out thatvsewens as deep as 3.6 m or mofe may not be uncom-
mon. in business or commercial districts. This is allowed

to accomodate the undergfound facilities normally found

in such areas. -

3.1.1.3. Minimum and Maximum Velocities -

A sanitary sever has two main functions: tO’éarry
the discharge for which it‘is designed and to transport
‘the suspended solids so that deposits in the éewers are
kavoided. Therefore, it is éssentiél that the seﬁers have
adequate:capacity for peék flows and they func{ion at

minimum flows.’

- Minimum velocities should be selected so_asrto pre-
vent deposition and to prevent or-fo retard sulfide forma-
tion. Commonly, slopes are calculated so that when flowing
half—full or full, the velocity will be 0.6 m/sec for sani-
tary sewers or 0.9 m/sec Qhere sand and gravel exists
(ASCE, 1969). Iller Bankas:i (1972a)Arequires a minimum
velocity of 0.5 m/sec. In additioﬁ, a ﬁinimum'flow depth
"of 2 cm is also required to prevent critical situationé

in view of deposition.

Slope calculations are based on the assumption that

these minimum slopes will produce self-cleaning velocities.



However, upper reaches of‘sanitary sewers generally have
Vshallow flow depths. Since the pipe size employed is re-
latively large whereas the collected wastewater is rela-
tively small, Self-cleaning §elocities cannot be attained
in Suchbseweré. These sewers must be‘flushed out from
time to time by providing flushing manholes at the begin-
ning ofysuCh lines., |

Velocities in excess of 10 m/sec have been found
harmful to concrete channels, due to‘abraSién. So, a 1li-
miting velocity of 3 m/sec is often taken, to prévenf
occurrence of.scour and'qther undesirable effects of high

velocities.

In the ideal case the velocity of flow in all pipes

of a sewer system should be within the following range:

max max

min min

" But this may be a short range to.achievé and some-
times may only be possible by providing relatively steep
>pipe slopes due to assignment éf afminimum»sewer size. So,
in practice exceéding the minimum velocity at the maximum

discharge is considered as satisfactory (Tekeli, 1982):

Q > V>V .
max “min




This maintains the self-flushing of each pipe once

a day.

3.1.1.4., Pipe Diameters

The design diameter of a sewer Pipe is the smallest
commercially available size that has a flow capacity equal
to or greater than the design discharge.  The sewers should

be no smaller than 8 in. (ASCE, 1969) or 20 cm (Iller

Bankasi, 1972a) in diameter to prevent clogging.

A 20 cm diameter sewer pipe must be laid-at a slope
of 1/300 to induce a flow velocity of 0.6 m/sec. The
slope which induces the minimum velocity at the minimum

. . - : N
sewer size is referred to as the minimum slope.

The minimum flow depth and velocity requirements are
not so crucial for storm sewers, since they are designed
to flow full. To ventilate the sewage,'sanitaryAsewérs
are designed to flow at 40-80% of full capacity. Ventila-
tion is necessary to av&id excessive oxygen deficiencieé,
which induces a septic condition leading to sulfide pro-
dﬁcfion. - Manholes and 5uilding vents help to keep sewers

sufficiently ventilated.

A final note about the sewer size is: at any junc-
tion or manhole, a downstream sewer cannot be smaller than

any of the upstream sewers at that junction. However, Yen



~and Sevuk (1975) have,shown that this is validbonli for
adjacent links having the same slope. Hence, if tﬁe slope
of a dOWnstreém sewer is high enough to carry the incoming
discharge within-the specified velocity constraints, then

this restriction may be removed.
3.1.1.5. Summary of Constraints

TABLE 1. TABLE OF CONSTRAINTS

’ American Practice | Turkish Practice
Constraints ASCE (1963); Fair, Geyer and Clam(ro7T) itier Bankasi (1972 a,b)
{Minimum Cover Depth 060-090 m (Chanq,':nz.ofh?mﬁmdel
Minimum Velocity 060 m/sec 050 m/sec
Maximum Velocity 3.00 m/sec 3.00 m/sec
Winimum Flow Depth : o 2 cm
Minimuin Sewer Size | 8 in. - 20 cm

As evident in Table 1, Turkish and American specifi-
cations show ' little differences. To increase the flexibi-
lity of the developed algorlthm the constraints showing

dlfferences are con31dered as 1nput variables while the

rest are declared in the program.




3.1.2. FLOW COMPUTATIONS

Tﬁeldesignvof sanitary sewers is concerned with the
“hydraulic performance of paftiy—full and full sections.
Partly full pipe flows are computéd using either Kutter's
or M;nningxs formula. Both formulas give approximately
thgvsame results in usage of alignment charts for solution.
But Manning's formula, because of its greater simplicity
in specifying channel roughneés, has replaced Kutter's

formula in computerized engineering practice.

Using Manning's formulé; flow and hyq?aulic elements
in a partly-full cifcular section can be computed iﬁ the
following iterative way. Here, Figure 2 gives  the rela-
tionships for the hy&raulic eleménts of a partly?full cir-

cular section with a known diameter.

For steady flows Manning's equation can be written

as
(5)

where Q = discharge, cma/sec; n =‘Manhing'$ roughness co-
efficient; A = fiow afea? cﬁzg.RH = hydraulic radius, cm;
and S = sewer slope. Substituting the flow area, A, ana

hYdraulic'radiﬁs, RH; given in FigureAQ, inte the above

~equation and solving for © yields:
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FIGURE 2.

Sewer (O in Radians).

Flow Area : A= -98—2-‘(6_- sin 8 )
L . D s" 8 |
Hydrauhc Radius : Ry= 7 (1- 'g )
Flow Depth Y -,—2— (1—cos%)
Flow Width B = D sin
Hydraulic Elements of a ?artiy-full Circular

BOGAZICI ONIVERSITES| KUTUPHANES!



© = sinb + (2/R)[ Q - » 1/] °F 0t ()
‘ 9.642 R*S8™

where R is the sewer radius in cm. This equation can be
solved for € iteratiﬁely aftef determining the design dia-
meter. The design diameter shotld satisfy all the appro-
Priate constraints and have a flow caﬁacity equal to or
greater than the gesign discharge. .The minimum requifed
;ewer diémeter D? can be computed from Manning's_fcrmﬁla
written fcr full pipes:

- D = (0,601 2 q, )3/ 8

/s

(7)
in which D is in cm and the design discharge, Qg in cms/sec.

Then an estimated 0 value (0O') is substituted into
the right hand side of Equation 6 to obtain a new © value.
s

i
. . . - t
continued until a percentage error, defined as € = Q_@_Q_

This new O is taken as ©' and the iteration process

is reduced below 0.001 (Croley, 1977). Finally, the 0
value found at the end of the iteration process is substi-
tuted into the expressions in Figure 2 to determine the

flow area, velocity and depth.
3.1.3. AN ALGORITHM FTOR HYDRAULIC DESIGN

The hydraulic computations for a sanitary sewer mnet-

"work with a prescfibed,layout was presented in the previous
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sections. These computations, including the itera&ive
computation scheme for each pipe, are’foutine, but tedious.
A computer program,‘devéloped by Alper et al. (1980) and
described by‘Tekeli (198i), for the computation and tabular
printing of hydraulic and topdgréphic elements of a sani-
tary)sewer network under the declared constraints, is used.
This algorithm is modified here to increase its adaptabi-
lity to do the following: adjustment of origiﬁal data for
multi-outlet declaratiéh by Subroutine ADJUST, assignment
of 1ift stations by Subroutiné POMPA to nodes with depths
exceeding the.allowable limit, and the hydraulic éesign of
a network in which all the flow directions ahe_specified
by Subroutine FULNET. Wﬁen mofe than one outiet is (multi-
outlet) is déclared, the last one in the list is the final

outlet while the others are 1lift statiomns.

Here, the hydraulic design algorithm for a specified
main layout will be presented in detail. However, for a
given full network, to avoid repetition, only the diffe-

rences from the previous algorithm will be discussed.

3.1.3.1. Design of a Specified Main Layout'

. The procedure uéed for the hydrau;icbdesign of a
’sanitary sewer network with ; specified main layout is
illustrated in thé flbw chart in Figure 3. The program
can handle both the given and geﬁerated main layouts. ‘The

computations carried out in each of the steps is explained
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below.

STEP 1. Adjustment of data for multi-outlets.

The number of‘outlets; NNOUT, present in-thé speci-
fied main layout is checked and if a single outlet is' de-
clared, meaning that no 1lift stations will be placed'into
the system, execution 1s transferred directly_to\Step 2.’

S

In case multi-outlets are declared (NNOUT>1), every
node, except the last one, in the NOUT array, [NOUT(NNQUT)],,
will have a 1lift station. Thesg stations function as local

outlets. Then the network data is adjusted by Subroutine

_ADJUST for each 1ift station in the following way:

A}

1. A dummy node is genérated'at theﬁstafion and
assigned a new node number eqﬁal to N+1,

2. Elevation of the station node is.aésigned to
the dummy node.

3. Total number of nodes is increased by one.

4, The first node of the draining link is replaced

by the number of the dummy node.

It should be noted that the number of links in the main
layout, NM, is still equal to the original node number,

NO, minus one.

STEP 2. Check data.

Through Subroutine KNTRL, Subroutine CHECK2 is called



for each link of the ﬁain layout to check for compatibi-
lity of the main layout with the spanning tree regulations.
If there is no qontradiction, execution is transferred to
Step 3. Otherwise all the declaration mistakes in the
~main layout are printed out with appropriate error mes-

ages (i.e., "NO EXIT FTROM LINK 2?2"), and then execution is

stopped.

STEP 3. Determine initial nodes.

An initial node in a'layouf is defined as an upper
‘node (in flow direction) of a link to which no 1link is
draining. " These nodes serve as the starting points in

tracing the routes to be followed when determining nodal

depths and discharge rates. The dummy nodes are regarded

as initial nodes as well.

Before returning to the main program, Subroutine
KNTRL determines the initial nodes by scanning the links
of the maiﬁ layout. It finds all the initial nodes (NIN)

and stores the information in an array (array IN) for

later use.

STEP 4. Find nodal depths.

If the input yariable'DEP has been set equal to zero,
meaning that no restriction was set for the maximum nodal

depths, the algorithm calls Subroutine DEPTH to assign the



minimum cover depth, DMIN, to all initial nodes. -Begin-
ning with each initial node, all the routes are traced
~down tq an outlet. During‘the‘process, the nodal depths
are set according to the minimum slope, SMIN, for all
links. Nodes resulting with depths smaller than DMIN, are

automatically set equal to DMIN.

On the other hand, if a maximum allowabie depth has
" been specified (DEP#O), the algorithm calls Spbroutiﬁe
POMPA, which bégips with each initial node and sets nodal
depths according to SMIN upto an outlet, just as Subrou-
tine DEPTH does. Thén, in addition to the 1ift stationms
specified by the designér, it assigns a 1lift station .to
.nodes with depths éxceeding the allowed limit. After as-
.sﬁgning a 1lift station to a node, Subroutine POMPA updates

the network data by increasing the number of outlets:

1. ‘Assigning a dummy node to each 1ift station
and numbering it as N+1.
2. Setting the elevation of the dummy node equal
to the elevation of the original node.
3. Increasing the number of nodes by one: N=N+1.
4. Increasing the number of outlets by one:
NNOUT = NNOUT+1. |
B 5. Shifting the final\outlet in the outlet array
(NOUT) so that it still remains as the lést one .
6. Placing the origihal node number of the 1ift

station into the outlet array.



7. Replaéing the first noae of the draining link
by the dummy node.

8. Increasing the number of initial nodes by one:
NIN = NIN+1.

9. Storing the dummy node to the initial nodeb

array, IN.

Thé first three énd the seventh items are exactly
the same adjustments made when multi-outlets are declared.
Since assignment of a lift station is equivalent to in-
creasing the number of outlets, these itgms‘are repeated
here. The other items are necessities fgr updating the
outlet and initial ndde'arrays. |

N

STEP 5. Connect unused links.

The complete netwbrk contains M possible links.
Only NM (NM = NO-1 or NM = N-NNOUT, where N is the number
of nodes) of these links are used in the main layout.
Thus, the remaining‘(M-NM) unused links must be connected
to the main layout. This is done by Subroutine BAGLA.
In Subroutine BAGLA while connecting each unused link,v
drainagé into an initial ﬁode was avoided aé much as pos-
sible. Otherwise, the depths at.the immediate as well as
the later nodes would'incréase until an outlet is reached.
If such a case could not bé prevented, the connection is
madé in the direction which féquires the least excavation.

The total number of initial nodes, NIN, and the inital



node  array, IN, is updated accordingly.

STEP 6. Find new nodal depths.

After connectlng all the unused llnks to>the main
: layout, Subroutlne BAGLA calls Subroutlne DEPTH for a

second time to retrace all ‘the routes. However, these
depths still cannot be considered_as final since tﬁére

is a possibility of changing the slopes during hydraulic

computations.
STEP 7. Connect 1ift stations to downstream seuers.

If a single outlet is specified, the aigorithm skips

direétly to Step 8.

In all the.computations so fér, the node number of
a lift station has been referred to as an outlet and the
dummy node a551gned there is considered as an 1n1t1al nodé
for the contlnulng link. To transfer the flow to the flnal
outlet, the 1lift station muét be connected to the dummy
nude by a link of zero length. . Henée the total number
of links, M, is increased by one for each dummy link.
Since the dummy links have zero lengths% the already com-

puted depfhs would remain unchanged.

STEP 8. Determine pipe discharges.

At %his step, Subroutine DEBI is called to compute
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the dischérgesrfor each pipe. The h;rizontal length of
‘each link is multipiied'by tﬂe flow coefficient (CLOAD),
which was read into the program, to find the_individuél
‘discharges of the corrésponding'pipes. Then, by a process
similar toythat used in Subroutine DEPTH, all route; are
traced beginning from initial nodes. However, unlike Sub-
routine DEPTH, where trécing had stopped at any outlet en-

" countered, tracing is continued until the final outlet.

The total discharge for each pipe is computed by

summing its own discharge to the contributions from the

upstream links.

After completition of this step execution returns
back to the main program. Then Subroutine HIDRO is called

for the remaining hydraulic computations.

STEP 9. Determine diameter and flow characteristics of

each pipe.

At this step of Subroutine HIDRO, Subroutine BORU
is called for each pipe to do the iteration éxblained'in
Section 3.1.2. The value of Manning's Roughness Coeffi-

cient for the pipe material used, required at this step,

was read into RN earlier.

To start the iteration process, the pipe diameter

should be predetermined. Assuming that the design discharge;f

=



Q4> is flowing at half depth (Section—3.l.l.u), Subroutine
_EORU solves Manning's Eqﬁation for the pipe diameter.

Then this diameter is standardized to the specified mini-
mum sewer size (20 cm) if it is less than 20 cm; for larger
sizes computed, the diaheter is selected as the next com-

mercially available size exceeding the computed.valué.

With known pipe diameter and deéign discharge, angle
© is computed iteratively. Then, the flow veloci{y is

calculated using the equations given'in Figure 2.

STEP 10. .Check for maximum and minimum velocitiés.

Before leaving Subroutine BORU the flow velocity is

checked against the velocity limits and: )

a) 1f tﬁe maxiﬁum velocity 1is excééded, the pipe
diametér is increased.

b) If the minimﬁm Qelocify_could not be éatisfied,
the pipe slbpe is increased by an increment of

0.0005.

In the case of any chéhge in pipe diameter or slope

Step 9 is repeated to compute the new hydraulic elements.
‘Once veloc1ty constralnts are satisfied the ‘execu-

tion returns back to Subroutine HIDRO with the calculated

hydraulic elements of that~link.



§IE§;££. Determine topographic elements for each 1link.

Subroutine HIDRO calculates the new nodal (manhole)
depth’ at the lower end of a pipe after a change in slope.
Then the excavation volume (Vt) of that 1link is computed

as (Figure u4):

-4
—
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In. |
+
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D1 .
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ﬂj—aGravél
a) Side View b) Front View

FIGURE 4, Plan and Profile Details of a Sewer.
* L% (d + 0.6) (8)

D, = cover depths of the upper and lower nodes

where, Dl’ 5

of a link (m); L = horizontal length of a link (m); a =

pipe diameter (m). Here 0.30 m of working area is left
between each side of the pipe-.and the trench walls (ASCE,
1969). Finaliy, when the manhole drop and sewer invert

elevations of the handled link are calculated, calculation

of all the hydraulic and topographic elements would be



complete.

STEP 12, Store information about the fﬁll network.

A

Different layouts can only be compafed with para-
meters which reflect the practicality and the economy of
the particular layout. Before handling another link, the

following are carried out: -

1. Add the sewer length to the previous total if
the sewér @iameter is equal to the minimum spe-
cified sizge.

2. Add the.e#cavation volume of the 1link to the
previous total.

3. Add the upper nodal depth to the previous total.

4. Compare the upper manhole depth to find the.
maximum depth in th;'nétwork and its location.

-

STEP 13. List the topographic and hydraulic information

for each 1link.

The listing of results, link by link, is aimed to
reduce the storage capacity needed for the program. The
organization of the listings are consistent with the guide-

lines of Iller Bankasi (1972a).

Execution is transferred to Step 9 until all the

links are designed.



STEP 14. Print totals.

—

After all the links are handled, the totals ‘and the
comparison parameters obtained in Step 12 are printed
under corresponding headings. Thus the hydraulic design

of the network is completed.
3.1.3.2. Design of a Given Full Network

The hydraulic design of a given full network is
achieved by Subroutine FULNET. As shoﬁn-in the flowchart
presented in Figure 5, this sgbrOutine‘is formed'by collec-
ting the relevant partsvfrom those subroutines which are
not fully needed; hence, it serves as a maln program to
achieve the execﬁtibn trans fers betwéen existing subrou-

times.

The design method is essentially similar to the one
presentéd in Section 3.1.3.1. Several steps, however are

excluded due to the followingbreasons:

i) Since the network layout is specified'as a
whole data check for the 'main layout (Step 2)
becomes meaningless.

ii) Since flow directions in the network are al-
ready sﬁecified, the designer needslonly the
hydréulic aésign- So, there should not be any

unconnected link left (Step 5).



Determine
Initial Nodes

, Yy . S
CALL POMPA | |_CALL DEPTH |

-

Connect
Litt Stations

| caLL peBl |

[ CALL HIDRO ]

v

[ cal BorRU |

STOP

FIGURE 5.

STEP 1

STEP 3

STEP ©

STEP 7

STEP 8

STEPS 9,10,11,
12,13 ,14

Flowchart of the Algorithm for Hydraulic Design
of a Given Full Network (GFN) Subroutine FULNET.



iii) Since all links are connected, predetermina-
tion of depths (Step 4) needed for completion

of missing connections becomes unnecessary.

For convenience the same STEP numbers are retained

in the algorithm presented in Sections 3.1.3.1. and 3.1.3.2.

3.2 LAYOUT GENERATION FOR SEWER NETWORKS

Sewers are laid in the,direction of theAground slope,
with tﬁe'fpibutaries lying down the sides of hills towards
the main lines which are following the valleys. Shortly,
the layout is seiécfed to conform with the topography,
with particular emphasis on locating the mainvliﬁes in vai—
leys. Since—the design enéinee£ cannotvalWayé be -lucky to
havé a favorable.fopograﬁﬁy; with a valley to drain the.
area to the outlet, the routing of-main lines becomes quite
significant in the design process. Once the main‘éolleé—
{ors are routed, the femaining problem consists of connec-
ting the tributaries.to the nearby trunks .by considering
the topography. Thus, the fléw directions, and consequent-
ly.the excavation costs, depend strictly on the selected

main lines.

To reduce fhe dependence on the deéigners experience
a more consistent procedure, which preferably can be com-

puterized is desired. A literature search for methods to
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generate main iiﬁeé for é network turned up the works of
Héll and Hammond (1965) and Buras and Schweig (1969).

These are summarized here briefly: Hall and Hammond (1965)
developed a ;émiacomputerizéd/tephnique'for the optimiza-
tion of an aqueduct route. An aquéduct in anropen channel
system is equivalent to a main line of'a seﬁer system.
Given a topography, a set of specificatioﬁs and the unit
cost figures, they tried to optimize the route of the aque-

duct from a cost stand-point. A dynamic programing algo-

rithm was used to determine the kth best route from all
nodes in the agueduct system to a given node. This- analy-
sis yielded a gboup of feasible routes. Then, these routes

were evaluated to select one that has a cost within the

desired percentage of the cost of the best route available

and satisfies a set of practical constraints not considered

when creating the set of feasible routes.

Buras and Schweig (1969) sought an optimal route for
‘the main aqueduct in a water distribution system. They
noted that the basic layout of an aqueduct system was like
a fishbone: thé laterals forming the ribs andbthe main
conduit, the backbone. Without the lateral lines, the
routing problem femains as one of aligning the backbone,
the main agqueduct to cross the,laterals in such a way as’

fo minimize the cost of all components of the system.

In view of the works of Hall and Hammond (1965) and



Lowsley (1973) the ideé of generating the main lines by a
Shortest Path algorithm occured. Hence the graphitheorya
from which the shortest paths are developed is reviewed.

To develop the optimality criterion required for applica-
tion of a Shoftest Path algorithm, various criteria are
derived from characteristics of sewer networks. Then Ehe

+ Layout Generation (LG) algorithm developed using Bellmore's

(1972) Shortest Path algorithm, is described in detail.’
3.2.1, ~ GRAPH THEORY CONCEPTS

The thimization teéhnique‘to be présenfed is based
on graph theory. Hence, it:wiil bg useful to review the
fﬁndamental concepts of éraph theory. Tor detailed;infdr—'
mation on graph theory the reader is referred to Harary

- (1969).

A gréph may be defiﬁed as a collection (or set) of
nodes and arcs. Each arc must have.a node éf eithér end,
but there is no restriction as to the number of arcs con-
nected to any particular ﬁode. The two end nodes of an .

arc are called adjacent nodes.

Every arc has a characteristic length, which is a
function -of some measurable quantity in the problem at
hand. For example, if nodes in a graph represented Izmir

and Istanbul, the length of an arc connecting these nodes



may represent aﬁy one of the foliowing: the distance flown
by airplane, the time spent in flying or the flight cost.

- Likewise, the length of anothér’arc-between these two nodes
may represent‘similaf criteria for'travel-by ship. All

arc length; within a gféph musf_bé consistenf, represehting'

the same measurable @uantity.

The arcs may be either directed or undirected. if
all the ares ih a graph are undirected, the graph is said
to be undirected. Similarly, if all the arcs are dirécted,
the graph is said to be directed. Any graph having both
directed and undirected-arcs is said to be mixed. Clearly,
any given undirected graph can be transformed into-a di-
_rectéd graph by replacing each undirected aré with two
opposite directed arcs.

:

A graph is called a planar graph, if it can be drawn
on a surface such that none of its arcs intersect except
at its nodes. A graph becomes a connectea graph, if there
is\at least one path from each node to every other node.

A path is defined as a sequence of ‘arcs between any pair

of nodes.

For the remainder of this study, the term gfaph will
hean a "connected, directed, planar graph" unless other-
wise noted. Also, if a directed arc joins Node I to Node

J, it will be indicated as Aij'




A cycle is'axpath that begins and ends at the same
node. A cyclic graph contains at least one cycle, while
an acyclic graph contains none. A connected acyclic graph,
i.e., a tree, whi@h contains all nddes of an original
graph is called a spanningAtree. A spanning free is céiled
the Minimum Spanning Tree (MST), if the total sum of its
arc .lengths is minimum. Referring to the graph in Figure
~6.a, the MST rooted (having its terminal node) at Node 9

is shown in Figure 6.b. :

Path length is defined as the sum of the lengths of
the arcs contained in a path. Among the feasiblélpaths
tracing the routes from an initial node to a terminal node,
the one having. the minimum path length is terhed as the
shortest path. In a similar manner, the shortest path‘
from each node to a root may be found. Applying this pro-
cedure to the graph in Figure 6.a, tﬁé ;hortest path be-
tween Nodes 1 to 9 is obtained as depicted. The»graph
‘shown in Figure 6.c isvcalled the Shortest Path Spanning

Tree (SPST) rooted at Node 9.

The following are properties of rooted spanning

trees (Harary, 1969): |

i) There is one, and orly one, path from any
given node to the root.

ii) In a tree connecting N nodes, there are N-1

. arcs.



- Possible Arcs (Sewer Links)

Total Path Length =330 Total Path Length =380

b} Minimum Spanning Tree c)
~ Rooted -at Node 9. |

a) Example Graph Shortest Path Spanning Tree
' Rooted at Node S.

FIGURE 6. The Minimum Spanning Tree and the Shortest Path Spanning Tree of a Graph.



iii) Except the root, each node has one, and only
one, arc leaving it.

iv) No arc leaves the root. .

In this study, the term "terminal node" is preferred
over the term "root" due to its self explanatory meaning
Similarly, the term "arc"

in case of a sewer network.

will be replaced by the term "link".

Using horizont;l.distance between nodes of planar
graph as link lengfh; the MST (Figure 6.b5 clearly‘has
the minimum total path length. The SPST (Figure 6.c) is
appéaling; because its use guarantees ﬁinimum distance
between any node and a terminal node. In a seWerléystem
SPST thus guarantees the quickest»removal of wastewater

from any node, and the minimum depth at the terminal node.

This is verified in Table 2.

TABLE 2. COMPARISON OF MST AND SPST
FOR A SANITARY SEWER NETWORK

Main X Exc. Vol X Depths Max At
Layout () (m) Depth (m) Node
MST 601 15.91 2.08 9
SPST 543 13.90 1.61 9




Hydraulic'design of main layouts derived as MST and
SPST for a sanitary'sewer_system'yields the results pre-
" sented in Table 2.- Nofe that the reduction in total man-
hole depths has caused a reduction in total excavation

volume.

Even though MST results with the minimum path length,
it is nbt appropriate for sanitary sewérvnetworks, since
sanitary sewers must be laid in all streets with possible
wastewater éonnections.. This approach may be suitable for
storm sewers where the. runoff. may be permitted to flow

through gutters in streets with unconnected links.

The problem of finding the shortest path in a net-
work can be solved by using one of the several algorithms
developed. An algorithm Suggested by Bellmore (1972) is

preferred for the problem considered here.

3.2.2, COST ESTIMATES

As noted earlier, determination of a sewer system
layout is a problem of optimization. To deVelop an appro-
priate optimization critebia, discussion of all relevant

C

cost factors for a sewer systems is in order.

Items affecting total cost of a sewerage system may
be grouped as: labor, land acquisition, excavation (rock,



earth), manholés,‘maintenance and repair , materiéls (pipe,
special‘sectioné), pump installations, etc. Dajani and
Gemmel (1971) pointed out that the cost of supplying and
installing the different sewer pipes, the cost of excava-
tion and the Cést of manholes cohstitute the major portion
of the copstruction costs of sewer systems. Baffa (1955)
reports fhat 85% bf;the cost of gravity flow sewer systems

is due to excavation, pipe and installation costs, while.

.the remaining 15% is due to the manholes.

In view of the above discussion, the cost of a gra-

vity flow sewer system can be approximated By:

L Cost = Z(Manhole + Material + Installation

+ Excavation) Cpéts. (9)

Manholes in a sewér network’are generally located at
regular.intervéls along sewer links in addition to all
nodes. Turkish codes reqﬁire a maximum interval of 75)m
(Iller Bankasi, 1972a), whereas American codes permit
maximum intervalé'of 30 to 120 m (ASCE, 1969). In this
study, the number and location of maﬁholes are fegarded

as fixed so that their contribution to the total system

cost is constant and thus not subject to optimization.

Pipe costs constitute a significant part of the ma-
terial costs; however, since pipes are laid in all streets,

thé'total pPipe 1length is fixed for a sewer network. Be-



Aksides length diémeten also affects pipe costs, Fér rela-
tively small networks the minimum permissible size may be
‘governing. Alper, et al. (1980) reported that a sanitary
sewer network with a total length ‘of 41605 m required
40755 m of thevminimum perﬁissiblé size. This corresponds
to ég%; Thus increases in size can also be considered
insigﬁificant fromva cost stand'péint. Although material
.cpsts,vdue to pipe:lenéth and diaméter,are’beyond the op-
timiza;ion‘process, the effect éf pipe diameter on excava-

tions costs is considered in Equation 8.

Insta&lafioﬁ costs aré a function of soil type,
working conditions and seﬁer depths. Meredith (1972) pro-
posed a‘series of installation cost equations in terms of
uqit prices, which are given as funétions of average in-
vért depth and pipe diameter.( Since the total pipe length

and pipe diameter are approximately constant, installation

costs will not be dealt with explicitly.

In view of the above discussion the excavation cost
is the only remaining item and thus Equation 9 is replaced

by:
I Cost = I Ci(VE)i . - (10)

where (VE)i and Ci are, respectively, the excavation volume

and unit excavation cost for each link. For uniform soil

-



type and working conditions the unit excavation cost as-

sumes a constant value and reduces to:
| I Cost = C I (Vp), ' (11)

Furthermore, assuming a uniform slope between adja-
cent nodes,'thé excavation volume of each link can be
written as in Equation 8. Figure 7 shows that Equation 8

is valid for both type of surfaces.

a) Horizontal Surfaces b) Contoured Surfaces

FIGURE 7. Plan of Sewer Locations for Horizontal and
Contoured Surfaces. :

~Combining Equation 8 with Equation 11 for a network

with M links_yields the following:

' M .
L Cost = C « T’ . Li - (4 + O'B)i - (12)



Since the effect of diameter variations on cost is

insignificant Equation 12 may be reduced to:
I Cost = = C(d + 0.6) % (D, + D). L. : (13)

Since the objective is. cost minimization, the con-
stants may be eliminated and the objective funection may
be approximated as:

/‘ M
X

(D, + D L ‘ (14)

Min X COSt‘f Min 1 0y Ly

i=1
Unfortunately, theﬂdbjectiVe function expressed in

Equation 14 .is pretty difficult to deal with. To illustrate

this point consider the simple case of uniform horizontal

lengths (i.e.,-Li=L for all i). Then;Equation 14 reduces

to:
, M
Min ¥ Cost ~ Min .Z (Dl + D2)i (15)
i=1
or equivalently:
. N
Min I Cost ~ Min X D, . (16)
: i=1 :

Equation 16 states that the layout with tﬁe minimum total
nodal depths will approximate the layoutvwitﬁ the minimum
cost. However, the nodal‘depths are unknown prior to the
sele;tion of fhe 1ayout.. Therefore, it is impossible to

solve the problem within this framework.



Several attempts have been made to get around this
difficulty. TFor example, Joneja et al. (1978) developed
a cost function depending on trench depth and pipe diameter
which obviously cannot be used unless the layout is speci-
fied. Dong (1980) preéented an optimization technique,
which varies both the pipe diaheter and slope to obtain a
least-cost combination. However, although such a combina-
tion may be found for individual pipes; for pipes in series,
an unnecessary increase in the slope of an upstream pipe
will iﬁcrease the excavation costs of all the downstream
pipes. -In short, the actual excaﬁation'bost of eack link
cannot be assigned due to unknown invert elevations. Thus
the following question ariseé: "What must be assigned as
a measure of the cost of each 1link?". Hence, an appro-
priate cost must be developed from the known data, even if

it is only an indirect measure of actual excavation costs.

In sewer systems, thé purpose 1is to drain the sewage
'té the final outlet as quickly as possible and thus along
the shortest paths. Since flow travel time depends on the
slope of the sewers and the path lengths; the total path
length is the parameter characterizing a particular layout.
The only known.data,‘prior to hydraulic design, consists
of the horizontal lengths of the sewers and the surface
elevations of the nodes. The criteria which can be deve-

loped from this data includes the following:



1) Assigning the horizontal length of each link

as its cost.

In this case the algoritﬁm will drain each node
to the outlet through the path having the shortest length.
For a flat drainage area; this method guarantees the mini-
mum depth'at the ocutlet. However, over contoured surfacesv
the resulting main layout may be far from optimum, due to
exclusion of the natural slope. This criterion will be

_referred to as HL.

2) Assigning the real surface length of each

link as its cost.

To include the effect of natural topography,
assingment of real surace lengths may be more realistic.

These lengths may be computed as illustrated below:

1
i

FIGURE 8. Explanation of Real Surface Lengths.



This run will be referred to as RL.

3) Assigning the inverse of the natural slope

as the link cost.

Laying the main lines in the direction of maxi-

" mum surface slope can reduce the necessary excavation

volume as illustrated in

Figure 9. If the natural slope

(SN) between two adjacent nodes is equal to SMIN, the pipe

slope will also be equal
crease of pipe slope due
dered.) However, if the

SMIN, the pipe slope may

to SMIN (Figure 9.a). (The in-
to VMIN requirement is not comsi-

natural sldpe is greater than

‘be equal to or less than SN (Fi-

gure 9.b). Both cases reduce the invert elevation of the

lower node of a pipe again reducing the excavation volume.

Since Shortest Path is a minimization algorithm, this may

be achieved by assigning

as the link cost:

Is

1/8N

L/AZ

the inverse of the natural slope

1/(AZ/L)

(17)

For links having an elevation difference more than

1.0 m between its nodes,

the cost in Equation 17 is. re-

duced. - To prevent large increases in cost for smaller

‘elevation differences, horizontal léngths are assigned as

the corresponding costs in both directions.(i.e., AZ is

.



1) Dy= DMIN 2) Dy> DMIN
a) SN = SMIN : "~ b) SN>SMIN

FIGURE 9. Changing of Pipe Slope with Nétural Slope.

;

set to unity).

This run will be referred to as 1s.

4) Assigning a hypotheticél excavation cost for

each link.

A hypothetical excavation cost can be assigned
to each 1link by setting the depth of the upstream node to
‘DMIN and laying the sewer at SMIN. By doing so, fhe down-
sfream depth is calculated and the excavation volume (an
excavation cost) can be computed iﬁ the following way - as

shown in Figure 10.
This excavation cost is true only for the sewers
draining the initial nodes at minimum slope. This run will

be referred to as EX.

~In all four’criteria‘developed_above, the flow direc-




ELEV(D ELEV(J) Y =SMINxL
% X e ELEV(J) - (ELEV(]) -DMIN)
' D,= X+Y
Y 'IF B, <DMIN => D,= DMIN
EX = DMI2N+D2 L

FIGURE 10. - Computation of Excavation Cost.

tion is_always set in the direction of ground slope. If
the flow in any sewer 1is not consiétent with the natural
slope it will be called as adverse flow. -Adverse flow is
permitted only in links,with elevation differences less
than 1.0 m betﬁeen its nbdes. The same cost is assigned in
the adverse flow direction as well. This is the true case
for the first two eriteria. Tt is self adjusted in the third
criterion, but it does not reflect the true case for the
fourth criterion. Thus EX criterioh is modified to assign_
the corresponding excavatioﬁ cost when adverse flow is
permitted. This cost is caléulatea using again the method

explained in Figure 10.

The above criteria will be applied to networks of
various sizes available in the -literature. The results ob-
‘tained will be compared with one-another and with the solu-

tions presented for these networks. The comparisons will



be assessed to select the best criterion for generating
layouts with the least excavation volume.

3.2.3. AN ALGORITHM FOR LAYOUT GENERATION

The generated layout for a network is to be made up
of the Shortest Path Spanning Tree of that network. Links
join the nodes with a cost penalty and they may be either

directed or undirected.

Due to the high storage capacity needed, the basic
algorithm is not suitable for large networks. Thus the
layout generation (LG) algorithm has been modified to
analyze both small and large networks separately. .The

flowchart of the LG algorithm is presented in Figure 11.

3.213.1. For Small Networks

Layout generation for smali networks is achieved
using an algorithﬁ made of fiQe subroutines: INILAY,
CHECK1, PATHS, DECODE and LOOP., The major steps of the
algorithm are listed and described below. As a further
aid in understanding the structure of-the.algorithm, an
example network ié worked out in conjuﬁction with fhe
steps of the algorithm. The.géneration of the layout as
well as the design Ofvthis example is presented in the
Appéndix to illustrate the data preparation and to show

the output obtained from the program. '}



—1  CALL ZONE

—
CALL INILAY  je——— STEP 1
CALL CHECK! STEP 2
CALL PATHS - STEP 3
CALL DECODE | - STEP 4
_Detect
Main Layout
STEP S
CALL LOOP — STEP §

Store Information

FIGURE 11. Flowchart of the Layout Generation (LG) Algorithm

(for main layout).



STEP 1. "Assign flow directions.

Flow direction in each sewer 1is assigned in accor-
dance‘with the surface elevatioﬁs. Initially, flow is
permitted in the direction of naturél ground slope. As
a weight factér, or cost, one of the criteria discussed
in Section 3.2.2 is assigned to each link to generate the
weighted adjaceny matrix, DIST, ‘of thé network. This ma-
trix has dimensions of (NxN) and later, it will be used

to store the information on the shortest paths.

This step is completgd by the initiiiZation éf two
matrices IPATH(NxN) and ICONT(Mxl) which are to be used
in‘the upcoming steps. IPATH is initialized by having
every fow set to 1,2,3,...,N, whereas ICONT is initialized

by setting every entry to unity.

j

STEP 2. Check all nodes for a drainage link.

Due to the assignment of flow directiéns in accor-
dance with the topography, Somé nodes (i.e.? nodes whose
elevation is less than the elevations of the adjacent
nodes) may not have a drainage link and may act as a sink
to that sectioﬁ of the network. Node 4 in Figure 12.a
shows such a case. Subroutine CHECK1l detects such sink-
nodes and assigns adverse flows‘to all links leading.from’

these nodes. Figure 12.e represents the resulting network.
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FIGURE 12. Continued.




Another problem that may occur‘is the existeﬁce of
drainage links at the outlet. This type of a situation
’may arise when the elevation of the outlet ié higher than
the elevation of the adjacent nodes. Subroutine CHECK1
again changes the flow direcfions of aii links to drain

them to the outlet.

STEP 3. Find the shortest pathé.

Subroutine PATHS is called to find the shortest paths
between eﬁery pair of nodes in the network. The output
of Subroutiﬁe PATHS éonsifs of fhe finai fofm of the DIST
and the IPATH matrices. ‘The DIST matrix provides informa-
tion on total length, or Cosf, 6f a path; whereas the
IPATH matrix is used in tracing thé shorteét_paths. lA
matrix entry DIST(I,J) gives the total length, or cost,
of the shorest path from Node I to Node J. On the other
hand, the matrix entry IPATH(I,J) gives the first node
visited along the shortest path from Node I to Node J.
Figﬁre 12.1 and 12.3 give the final DIST‘and IPATH matrices
'for the example network. For example, the shortest péth
from Node 1 to 6 has a total lengtﬁ of 130 units
(=DIST(1,6)). Thé node visited firét along the shortest
path is Node 2 (=IPATH(1,6)), fol;owed b&'Node 5
(=IPATH(2,6)) and by Node 6 (=IPATH(5,6)). ‘Thus, the

shortest path is specified as 1-2-5-6.

Incidentally, the initialized state of IPATH

N



(Figure 12.c) assumes that every node is joined to every
other node throhgh a single link. Clearly, if this is
not possible the cost of going over such a link is taken

as a very large number (Figure 12.b).

STEP 4. Decode péth information.

The shortest path from each ﬁode to fhe specified
outlet node is decoded By Subréﬁtine ﬁECODE. In decoding
' each path all the visited nodes including thé initial and
terminal ones, are stored into Qector JPATH. ‘For example,
_the shortest path from Node 1 to Node 6 is stored as
Figﬁré 12.k. From this information the links traced on
the way (qrossed links) are identifigd and recorded iﬁto
ICOﬁT vecto;. The récording of traced linké is done by
setting ICONT(M)=0 for link M. Before decoding a new
path, the final flow directions of the felatéd links are
corrected in NODE array in view of the shortest path

(Figure 12.m).

STEP 5. Map the links marked in ICONT to generate SPST.

A1l the marked links in ICONT are counted to see if
‘there is e#actly,N—l links (Spanﬁing*Tree Specifications 2).
If so, these N-1 liﬁks are stored into the LAYOUT array as
the generated layout. Thisyéompletés the layout genepatipn

part and execution is transferred to the main program.

If there is less than N-1 links, thefe must be a



group of out-of-tree nodes, which form a closed loop and
cannot drain to the outlet; Since the flow directions

are assigned in accordance with the ground slope (Stepl)
~and Node 53 is locally lower t%an the adjacent nodes
(Figure 13.a), Node 53 cannot drain. This was checked in
Step2 and adverse fléws were all&wed in all the links con-
nectedaZlinks 67 aﬁa 68). As seen in Pigufe 13.b, in
spite'of the adverse flows allowed these links have no con-

nection to ‘the outlet, forming a closed loop.

.‘,'» .."" .9 5.5

'b) After Subroutine CHECK]

FIGURE 13. Formation  of Out-of-Tree Nodes (Closed Loop)
in a Network.

STEP 6. -Identify closed loops.

Subroutine LOOP is called at this step to detect the
closed loops present in the network. Such nodes are iden-
tified and execution is returned to Stepl for a rerun.

. -

‘During the rerun process, at Step2, Subroutine CHECK per-

mits adverse flows in those links leading to the nodes of



the closed‘loop, When StepS5 is reached, the number of

links equals N-1.
83.2.3.2. TFor Large Networks

Due to limited storage capacity, layout generation
for large nétworks may not be possible with the existing
program. The storage could be increased by increasing the
matrix size; however, this would lead fokexcessive storage
capacity demands. This problém can be avoided by subzo-

ning the network.

The number of suprnes created is specified in vari-
able NNSUBZ. Then each subzone is defined by specifying
the nodes contained. Another way of dividing fhe network

into subzones, may be by separating links into groups.

Declaration of zero for NNSUBZ means thaf fhe net-
wofk size is within the capacity of the prégram and this
will be solved as a whole. Then the network information,
'read into the-working arrays, is sent directly to Subroutine

INILAY to generate the layout of the network.

In case subzoning is required, information of each
subzone must be sent to Sburoutine INILAY in working
arrays. Thus, to store the original input, the complete

network information is copied into suitable arrays if sub-



zoning is required.

Subroutine ZONE is called from the main program, to
réad and prepare the first subzone for layout generation.
This is achieved by taking out the necessary values from
storage and renumbering them consecutively, since all
existing subprograms work with ordered link and node num-

bers.

Anéthér problem that may arise is the double coun-
ting of é link‘by inqiudingiit int§ more than one subzone.
To'prevehtrthis the flow direétion:in each link is set
considering the‘t0pography and the upper and.lowervnodes
of that link are\storéd'into NODEF array, accordingly.» No

change is.allowéd in this array afterwards.

Subroutine ZONE follows the sequence below:

1) Read the node numbers of a subzone into afray NF.

2) Read local outlet, NUH.

3) Obtainbthe link numbers from array NODEF: If
the second node of any 1link is among the declared ﬁodes
of the subzone then the link number is stored into MF(M)
array. Here M is the total number of links in a subzdne.
It is. initialized to zéro af the beginning’and incremented
by‘one as each'link is checked.

4) Existence of a link in a subzone requireé both

the initial and final nodes of that link to be in that sub-



zone. The first nodes of the links stored in the MPlarray
is also checked to see if they are among the nodes of the
subzone. The miséing nodes are added to the existing
nodes of the subzone. Whiie searcﬁingvfor the links, the
links tﬁat are drained to such nodes ﬁéed not be consi-
dered as a membér of that subzone. This is necessary to
pfévent the inéluéion of nodes_which are not adjacent to
the declared nodes of the handled éubzoqe.

5) The new numbers assigned for each node and link
represent their order. For example, NF(5)=17 means that
Node 5 was-prg&iéusly Nbde 17. |

6) Find the éorreSponding length and elevation for
each link from arrays HLC and ELEVC, both of which contain
the original déta:_ - ) |

7) Fill the NODE array with the new node numbers.

After these steps, the data for this subzone is
ready fof layout generafion. The proceauré described in —
Section 3.2.3.1 can now be applied. The flow directioné
determined for this subzone are stofed‘in NODET array.

The link numbers confained in this generated layout are
stored in LAYO arfay. Both sets of information are saved

in terms of the original node and link numbers.

The interconnections among subzones is achieved by
‘declaring the outlet df one subzone (say Subzone 2) among

the nodes of the neighboring subzone (say Subzone 1). The



outlet node of Subzone 2, along with all the other nodes

in Subzone 1 will.be drained into the outlet of Subzone 1.

After the layouts of all subzones are generated and
the results placed into the final collection arrays, this
data is transferred back to the work arrays (NODE, LAYOUT,

" ELEV and HL) to be used in the hydraulic design algorithm.



4, APPLICATION OF THE PROGRAM AND
- COMPUTATICNAL RESULTS

To implement the criteria discussed in Section 3.2,
a prégram has been writtén iﬁ FORTRAN IV. This éomputer
'prograﬁ is presently dimensioned to handle a network with
up to 600 nodes and 600 links. However, for layout gene-
ratioh, such a network must be divided iqto subzones,

each having a maximum of 70 nodes.

In this chapter, first the optimality criferion se-
lected is tested by applying it to networks wifh various
sizes. Then, for proper_application of the layout genera-
tion algorithm, guidelineSfare developed and presented for

data preparation.

4,1, SELECTION OF OPTIMALITY CRITERION

Based on the various applicatiomns of the test cri-
teria the one yielding the minimum excavation volume will

be selected as the optimality criterion.

The‘seleCted'criteria are first tested with Liebman's

(1967) trial network (Figure 14). The data is converted
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FIGURE 1u. Topography of Liebman's Network. (Dimensions
are in ft).



into SI units. To compare the results obtained, Liebman's
trial layout (dark lines in Figure 15) is taken as the
given main layout, and designed. Comparison of these runs

is presentéd in Table 3.

TABLE 3. COMPARISON OF LIEBMAN'S NETWORK WITH

THE CRITERIA ADAFTED FOR:
LAYOUT GENERATION

: X Exc. Yol. ¥ Depths | Max At

Data Criteria (r?) Am) Depth(m) Node

GIVEN LAY| 3152 3288 | 516 12

| ru | 3285 3364 ['S16 12
Liebman's

| HL | . 16

Network 3254 | 3364 | 516 12

| 1S 3183 3288 | 516 12

EX | 3152 3288 | 5.16 12

‘Results are compared with réspect to the following
criteria: total excavation volume, total manhole depths
and the maximum manhole depth; Among these, the total
éxcaVation volume is the most significant one due to its
domination of the system cést. Althqugh; ail four criteria
show similar variations, total excévation volume has a
wider range tovreflect fhe small differences‘among thé
criteria tested. This can\be.;een between HL and RL
criteria, and IS and EX criteria in Table 4. Table 3

shows that RL, HL and IS criteria yield poor layouts in
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comparison with Liebman'sj; however, EX criterion matched
Liebman's layout. The main layout, generated by EX cri-
terion and shown in Figure 15, is different that Liberman's

layout.

Liebman (1967) stated that the computer execution
time for trials ranged from 30 sec.to 90 sec., dgpending
on‘thé number of exchanges required. Execution time is
.diréctly affecfed whén‘starteh with a poor initiél layout.
Here, the éxécution  time for the rﬁn wifh tﬁe EX criteria
was 1.97 sec on aFUNIVAC 1106. Since the layout generation
-process is the same for ali criteria,'thé execution time
does not change ah&ng them.

N

A}

Perfofmance of the existing criteria was then tesfed
on medium sized-networks; Hefe the term is used to refer
- to networks with 70 or less nodes. For these networks,
layout cén be generated without subzoning. 'Thrge differént
medium sized networks with preselected main layouts were
désignéd by  three different sfudents.' For these networks,
" the optimal layouts were generated and thé networks de-
signed to compare with the results of their givén lajouts

(Tahle 4).

Table 4 shows that the RL, HL and IS criteria yield
similar results for medium sized networks. The EX criterion

yielded the best layouts for all cases. One may question



TABLE 4. .EFFECT OF OPTIMALITY CRITERIA FOR
THREE MEDIUM SIZED NETWORKS
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_ % Exc. Vol. = Depths [. Max At
Network: Criteria (m?) {m) Depth(m) Node
| GIVEN LAY| 5632 80.70 3.38 36

M1 |RL,HL,1S | 5632 8070 | 338 36
iNei8) EX 5553 7835 | 395 36
GIVEN LAY| 6658 87.36 | 3.93 39

- M2 RL HL | 6187 86.12 3.03 39
() | ex.is 5986 81.20 306 39
GIVEN LAY| 7315 9447 | 477 36

M3 IRLHL,IS | 6586 89.48 | 353 22
i) EX 6179 86.31 353 22

the acceptability of the given layouts.

were checked and found to be realistic and suitable;

The given layouts

The EX criterion shows a 1136 m2 decrease in excava-

tion volume in fhe largest network, M3.

to a 15.5% improvement in the given layout.

This corresponds

The execution time varied in the range of 7-13 secs,

.changing with the size of the nmetwork. This time includes

both the>layout generation and hydraulic design process.




However, the execution time for only the hydraulic design

process (which corresponds to given layouts) ranged from

3 to 5 seconds.

'Finally, the existing criteria are applied to the

sanitary sewer network of a 13,000 resort town,

presented by Alper et al. (1980). This network

and a layout was recommended by the designers.

out is specified as the given layout. However,

Panabkent,

was solved

This lay-

since

Pinarkent had 312.nodes, layout generation was possible

. only by subzoning.

This network was divided into 8 sub-

zones and a-'set of runs were obtained. Results are pre-

Sented in Table 5.

200.

]

Node

TABLE

5. RESULTS OF THE TEST CRITERIA

FOR ‘PINARKENT

For these runs, the outlet was at

_ | ¥ Exc.Vol. | "= Depths | Max At
H‘f Data _Criteria () (m) Depth(m) Nﬂj‘
PINARKENT | GIVEN LAY| 53240 | 82270 | 856 127

| RL 57 674 868.85 | 8.27 127
PINARKENT|  HL 57302 | 868.96 | 8.27 127
(8 Subzenes)] g 55948 | 850.20 |8.27 127

EX Ss141 | 839.20 | 8.34 127




Although the EX criterion conéistently yielded bet-

ter layouts in comparison with the other's, it is still

inferior to the given layout. This results was somewhat

expected and may be explained as floows: +the LG algorithm
searched for the best layout in each sﬁbzone, The layout

obtained by combining the generated layout of each subzone

is not necessarily the best one for the whole layoﬁt. The

main reason for this result may be the lack of enough in-

terconnectioné_among the subzones. Draining each subzone

by a single outlet may have induced large .depths in the

adjacent subzone draining this outlet.

As a result of the

applications presented above,

use of the EX criterion can be recommended. However, it

must be emphasized that this criterion does not necessa-

rily yield the optimum layout since it relies on a hypo-

thetical excavation volume, as previously discussed in

Section 8.2.2. From here on, the influence of all the

other parameters will be

criterion.

44,2, GUIDELINES FOR THE

One of the aims of

of engineering judgément

investigated using only the EX

PREPARATION OF DATA

this study is to reduce the role

in sewer éystem design. Thus the

layout generation algorithm has been developed. As a ma-

jor advantage over the previous work (Liebman, 1967§



Lowsley, 1973), the present algorithm does not require an
initial layout.' Specifying the drainage area topegraphy,
is sufficient for the algorithm developed here. To simpli-
fy the applicetioh of this algorithm some control para-
meferS'are specified. These'parameterS'will'be discussed
in thisﬂseqtion. Also, te improVe'the layout generated, a

few guidelines in data preparation will be presented.
4.2.1. SITING AND NUMBER OF LIFT STATIONS

Speeifica{ion‘of multijqutlets for a given layout is
a routine task.’ The 1lift stations are predetermined and
the layout is specified accordingly. While decla;ing-ﬁulti—
outlets fof a'geneféted layout, special care should beL
taken. Specification of a node for siting a 1ift station
‘without considering itskposition in the generated layout
may reduce the expected benefits from that lift station.
To find the approprlatev51tes for lift stations a layout
.may be generated and designed with only the final outlet
specified. This layout may be studied to select the sites
for 1lift statibns.. Then the layout must be redesigned to

reflect the effect of'the 1ift station on the sewer lines.

In Table 6, the given layout is created in accordance
with a predetefmined 1lift station at Node 119. Specifica-
tion of this node as an outlet on the generated layout re-

sulted in 940 m3 of additional excavation in comparison



TABLE 6. EFFECT OF OUTLET LOCATIONS

pata | Lirte seations] Criteria | o i | T 0ok et ) Nege
PINARKEN] 119 |GIVEN LAY | 50295 | 79686 | 6.23 Sj
PINARKENT, 118 | EX 53973 | 80360 | 652 18
(6 Subzones) 115 CEX 52993 | 79268 | 582 106

with the declaration of Node 115 inétead of Node 119.
Node 115 is the common outlet of two adjacent subzones.

This choice led to a 1l.7u4% decrease in the total excavation.

The existence of aﬁ additionél outlet (or a iift
station) in a network always decreases‘the total excava-
tion volume. Hence, aithough the egcavation.costs are re-
duced the total cost méy increase due to the cost of the
pump station placed. In such cases, the designer should
consider the overall economy. Unless the additional cost
of a 1lift station is Qorth'thé benefits obtained, it should
be avoidea. Alper et al. (1980) made such an analysis and
found that two pumpé for this network is the mqst,suitable

one.
4.2.2. DEPTH CRITERIA

To investigate'fhe effect of DEP parameter a set of

runs are obtained for PINARKENT. This parameter is tested



on the layout ggnerated in 8 subzoneé with EX criterion.

Results are presented in Table 7.

TABLE 7. EFFECT OF MAXIMUM ALLOWED
DEPTH (DEP) ’

Number of | = Exc, Vol. > Depths | Max At
Data DEP(m) |Lift Statiors (m (m) Depth (m) Node
, _ —=
40 7 | 49858 | 73508 | 413 50
s | 4 S1424 | 76644 | 448 19
PINARKENT| 50 2 5271 78369 | 494 121
(8 Subzones)] 55 2| s238s | 7813|537 123
6.0 1 53176 794 65 591 n7z
The.increasé of the eXcavation volume with the in-
érease.of maximum allowed depth is expected due to the de--
crease in the number of 1ift statioms. For DEP=4.0 and
L.5 m it can be‘seen that the decrease achieved in total
excévation volume méy not be worth the building of 7 or U4
1ift sta%ions. This decision is a matter of economic
.analjsis. In case of DEP=5.0 and 5,5 m the total excava-
tion volume decreased in spite of the increase in the'al—
lowed maximum depth. This decrease is due to better siting

of fhe same number of 1ift stations (2 here). The last

DEP restriction can be satisfied with a single 1ift station.

Along with automatic siting, simultaneous siting of



Prescribed lift‘stétions is'consideréd; initially, Sub-
foutine POMPA was developed to site all 1ift stations
(outlets), except the final outlet.. Due to possibility

of noise and odor problems,.pumping stations cannot be
placgd,arbitrarily. Suitable,SPQts for“lift stations may
be selected prior to the generatibn of the 1ayout. There-
'fore, this subroutine was modified to work with preselec-

ted pump locations as well.
4.2.3. SUBZONE SELECTION

To iﬁvestigate.the effect of the number of subzones
fb ‘the performance of the LG algorithm, fhen network for
_PINARKENT, inifially subzoned info 8, is redivided into.
smaller ana laréer subzones. For these.runé; fhe progrém
.used the”equivalents of 52811 words of storage capacity
(21356 words for instruction Eank and 31465 words for data
~bank). The CPU time was about 5 minuteé. Resuits obtained

are presented in Table 8.

TABLE 8. EFFECT OF NUMBER OF SUBZONES .

Number | T Exc. Vol. | X Depths | Max At
Data of Subzones ) (m) Depth(m) Node
GIVEN LAY | 53 260 | 82270 | 856 127

2 | seess | ser7s | em 188

PINARKENT| o | ssw41 | e3s20 | 834 122
6 52565 | 0785 | 8.2% 127




The increage of excavation volume with the iécrease
in the ﬁumber of subzones has verified another intuitive
expecfation. Addition of one more subzohe means repeti-
 tion,of the failures (in Section 4.1). Hence subzoning may
lead to higher costs. It can be concluaed that the net-
. ' ! - :
work should be divided into as few subzones as possible.
Since each subzone  is considered as a single drainage
area, the nodes to be contained in a sﬁbzone should be
grouped considefing not‘oniy their relative/locatioﬁ But

also fhe topbgraphy of the surface ‘as well.

The efficiency of the LG‘algorithm is affected by
proper selection of the subzones. A subzoned nefwork is
presented in'F;gure 16 and the essential aspects of this
seiection will be discuésed here. ‘

-During>the layogt,generation process, each subzone
is considered as an individual drainage érea with a known
outlet. So, each suzone should be formed to cohform with
the natqral topography. - Every node in a subzone must be
adjacéﬁt to at least one other node to be drained satis-

factorily to the outlet.

To achieve the minimum'number of subzones, the al-
lowed capacity (here 70) must be fully utilized. Hence
the number of nodes in each subzone should be as near to

70 as possible{ It should not be forgotten that, the first
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nodes of all links draining into a sﬁbzone are included
into that subzone by the program. For example, Subzone 5
in‘Figure 16 initially had 60 nodes; for the number of
nodes incréased to 69. In Subzone 6, 62 increased only to
63. Therefore, thevdesigner should eithér check such
links or, coﬁsideringvpossible additions stay at approxi-

mately 60 nodes.

The parallel Qriéntation of adjacent subzones in the
direction of the oﬁtlet shpﬁld be avoided. To illustrate
this a poor selection of subzones is presented in dotted
lines in Figure 16. This recommendation is made to pre-
vent parallel main iines;,which are deeper fhan the late-

rals.

The order of analysis for the subzones must be from
the closest subzone towards the fartherest. This recom-
mendation is related with the order of execution and would

result in some benefits.
4,2.4, LOCATION OF SUBZONE OUTLET

Since.eéch subzone is considered as a single drainage
area, its outlet should be selected at a suitable node,
in'accordance with its topograp£y. The first two rows of
Table 9 show.the effect of such a selection. Here the se-

lection of an appropriate subzone outlet yielded a better



layout in that subzone.

TABLE 9. EFFECT OF SUBZONE
OUTLET LOCATIONS

Outlet Node for] E Exc.Vol. | = Depths | Max At

Data Subzone 6 (m) (m) Depth(m) Node
Subzome 6 | 107 | 11689 183.8, | 582 60

| PlN/:Ff?KENT 67 w22 | 17827 | 475 55
PINARKENT | 107 56059 | 84606 | 834 127
(8 Subzones) 67 52565 | 80795 | 8.24 127

On the other hénd, the location of eéch subzone out-
let mustiﬁiso be in.agreement with the final outlet_wheﬁ\
considering the network as a ﬁhole. /fhe last two rows of
Table 9 present the effect of a change in'a subzoﬁe outlet
to the>fu;l network. Although the improvement in excava-
tion volume, due to sélection of_a.ﬁore suitable outlet

3

location, is only 1467 m~ (11689-10222) in Subzone 6, the

reduction increased to L4268 m3

(56833-52565) for the full
,nétwork. This means that the selection of a subzone outlet
does affect the excavétion volumes of the adjacent zones

as well. Howéver, the opposite of this situation can aiso
dcecur. Althbugh a poor outlet selection increases the ex-
'cavafion volume of a particular'subzone, it may decrease’

the total excavation volume of the whole network, meaning

that it is a better subzone outlet.
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‘4.2;5. LOCATION OF FiNAL OUTLﬁT

Location of the final outlet is also important for
the total excavation volume of the'fﬁll,network. In all
the rﬁns of PINARKENT, the final outlet was selected at
Node 200,Aas recommended by Alper et al.(1980). Here the
effect of a different final outlet location, Node 119, is

presented ‘in Table .10.

TABLE 10. EFFECT OF FINAL OUTLET

LOCATION
Final ¥ Exc. Vol. = Depths Max At
Data Outlet Node (m?) {m) Depth{m) Node
“ﬂNARKENT 200 52 565 . 80785 8.24 127
(6 Subzones)|  4yg 51785 | 79571 |656 120

{

This change in final outlet location caused a 1.30%
‘reduction in total excavation volume. The second finél
outlet location, Node 118, is selected from the nodes in
the middle region of the full drainagé area. Then, it can
be concluded that the final outlet should be located some-
where in the central part of the drainage area to prevent
_too long main lines. 'This caution will decrease the invert
elevations of the nodes crossed; which in turn, resulté
in a decreése of the total excavation volume. Clearly;

while locating the final outlet, the suitability of the node



for practical purposes, such as treatment facilities,
drainage to an existing system or river, sea, etc., and

odor pfoblems, should also be considered.

The Layout Geperation algorithm is limited to func-
tion with a single final outlet. Thereforé in case more
than one final outiet existsvin‘a network, there are two |
possible apéroaches to deal with such a situation: a) the
network must be divded iﬁto two or more separate networks,
eaéh with a single final outlet, and designed separately,

b) the final outlets may be connected to a hypothetical

outlet by zero-length and zero-cost links.



CONCLUSIONS AND RECOMMENDATIONS

A.eemputer progtam, SEWNET, developed for generation
of the layout and hydraulic design\of_sanitary Sewer net-
works, is pfesented in this study. Specification of the
- topographic conditions and the possible sewer lines in
the drainage area are sufficient to run the program. Un-
like the programs presented ip the literature, the program
does not need an initial network layout. Effect of the
Amajof hydraulic design éerameters can be investigated by
successive runs. Thus the major objective of the program,
which ﬁas to decrease the role of engineering judgement
in the overall design process, has been achieved to a con-

siderable degree.

eThe hydraulic‘design algorithm presented here is'an
efficient one for the routine works encountered in the de-
sign of senitery sewer systems with prescribed layouts. |
The layout may be described either in the form of a main
elaybut erva.full network. TFor a main layout, the algqrithm
connects the missing sewer lines to.generate the fuli net-
owrk. -The flow directioﬁ is selected so as to minimize
the excavation for each sewer link. All hydraulic and

topographic results_obtained for each link are printed in

87



tabular form for easy tracing. This form has been orga-
nized to conform with the Turkish practice (Iller Bankasaz,

1972a).

The Layout Genera%ion (ﬁG) algorithm uses a standard
Shortest-Path Algorithm along W%th a hypothetical excava-
tion cost for each sewér to generate layouts‘with1minimum
excavation volumes. The hypothetical excavation for each
sewer link is computed by léying the sewer at minimuﬁ
cover depth and slopé. Excavation minimizétion.routine
has been successful, particuiarly in medium sized .networks.
The high'computer storage’requirément for larger networks
may be avoided by éubzonihg the drainage area and then

'

"superposing the layouts generated for each subzone.

The optimalityrlevel reached is somewhat restrictéd
by the subzoning process.‘ The excavations réquired de-
crease as‘the number of subzones ié reduced. 'Hoﬁever,
the efficiency of the aigorithm can be improved by a suc-
cessful selection of the élgo?ithm can be improved by a
successful selection of the subzones. Each subzone must
form a singlevdrainage'area conforming with the local topo-
graphy. Also, where additional computer storage is avail-
able,}dividing the network into as largé.subzones as pos-

sible would lead to layouts with smaller excavations.

The siting of 1ift stations in the network may be



~done either manual;y or_automatically‘by the program dufing
the hydraulic design stage. For automatic siting, ‘the
prbgram locates the 1ift stations at those nodes with
aepths exceedingvan allowed depth limit. Thé concurrent

)

assignment of preselected 1ift stations is also within the

capabilities of the programn.

The generated main layout can match the necessities
of a storm sewer -layout without aﬁy further modification
since storm runoff is permitted to flow in street gutters

over the unconnected links.

‘An exteﬁsion of the present program would be the ad-
dition of an algorithm to modify the generated layout.
This modification process should include the assignment of
enough interconneétions between subzones to result in
.lower excavatién vdlumes. Likewise, assignment of a more
realistic cost for the links in generating the Sﬁortest
Path-Spaﬁning Tree would generate solutions closer fo the
optimum; Recall that/thié cost must be in termsrof the
information known prior to layout selection. Specification
of the "excavation cost versus deptﬁ" relationship, and
the "variations of the soil type withrcorrequnding exca-
vétion costs", would provide more accurate estimates for
the actual excavatioﬁ costs. Tﬁe existing, EX criterion
can be‘modifiéd w;th such information to yield more econ-

-mical layouts.
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USER’S GUIDE FOR SEWNET



1. INTRODUCTION

Use of computers for the design of sewer networks,
makes possible, not only the analysis of many possible
sewer layouts in a short time, but also the application

of more advanced methods of analysis.

The hydraulic desién of a sanitary sewer network
with a prescribed layout is a routine but time consuming
process when performed manually. Use of computer techni-

ques reduces it to a relatively simple task.

The purpose of this manual is to.intréduce the com-
puter pfogram, SEWNET; devéloped at Bogazici University.
This program accepté‘even the most general topography forr
a drainage area. It is capable to désign networks with
both'preécribed and unprescribed'layouts. For the latter
case, first a layout is generatea for the drainage area
and then the deéign phase is complefed. ‘Here the capa-
bilities of the SEWNET program is described and it 1is
applied to the example worked in Section 3.2.3.1 to de-

monstrate its capabilities.
2. METHOD OF CALCULATION

The design of a sanitary sewer system can be divided

9y



y
i

. into two phases: (1) determination of the system layout;

,

and (2) determination of the pipe design parameters (ele-
vations, siopes, diameters and manhole depths) for given
layouts. These two together constitute the total design

.problem.

To achieve minimum—cdst'designs for>sanitary sewer
systems both phases of the problem shouid bégconsidered
simultaneously in an optimizafion ppocedure. But;_due to
the complexity of the problem, the present study is ad-
dressed to developing a‘cdmputer progréﬁ witﬂ particular
emphasis oﬂ optimization of fhev;ystem'layout, |

2.1. Hydraulic DesignAComputations

Various publications in sewer design, foremost of
which is thg ASCE Manual on "Design and Construction of
Sanitary and Storm Sewers" (1969), discussed in detail the
hydraulics of sewers, estimation of the quantity of sewage
to be handled, and determinafion of the pipe design para-

meters., Here these are briefly summarized.

For the given drainage area, the design period and
the guantity of Sanifary sewage must be estimated. Assu-
ming that the design discharg; of an individual pipe is
flowing at fhé half depth, Manning's Equation is solved
for the pipe diameter. Then, with a known pipe diameter

and design discharge the other hydraulic elements of an



individual pipe is computed iteratively. If these arve
within the required specifications, then such topographic
‘elements as invert elevations, slope and manhole depths

are calculated using these values.

2.2, Layout Generation

The.Shortest Path Spanning Tree drained to a speci-
fied outlet is determined for the givén network and named
as the generated layout. During this process, flow is

permitted in the direction of natural slope.

To develop an optimizatioﬁ criterion, significant
contributions to the fofal project cost are analyzed.
Among thesé, excavati§n cost is seen to be the governing
one and this minimization of the total excavation volume
'is taken as the sole optimization criterion. Since Shor-
test Path ié a minimization algorithm an excavation cost
is assigned to each link to achieve the overall minimum-

cost layout (Section 3.2).
3. PROGRAM CONSTRAINTS

The hydraulic design part oflthe program isrcapaﬁle
of handling a network withﬁa maxiﬁum of 600 nodes. On
the othér hahd, the layout generation'algérithm can work
with networks of a maximum of 7Q nodes only. Both of théSg

conétraihts are imposed by the limited capacity of the



3

computer storage facilities. They can be modified to
conform with the capacity of the machines used.

Layout gemneration, for networks having more than 70
nodés,’may be achieved by subzoning a larger network. A
subzone 1s delineated by specifying the nodes contained in

it and by selecting one as the outlet node.

Here the layout for each subzone is generatéd se-
parately. " To satisfy continuity among the subzoﬁes, the
~outlet node of each subzone must also be specified among
the nodes of the adjacent subzoné to interconnect the two
subzones. This, of course, is not necessary f&r the final

\ -

outlét.

This multi-declaration of nodes in more than one
subzone will. increase the total number of nodes for the
whole network. This increase must be equal to the number

of subzones minus one.
4. DEFINITIONS

All input-output variables are defined below along
with their typical values“aﬁd‘restrictions, if any. All.

dimensional variables must be specified in SI units.

- N . = Totél number of nodes (i 600)



M
MLAYOT=0
MLAYOT=1
MLAYOT=2
NNOUT

NOUT(I)
NNSUBZ
NSUBZ(I)
DMIN
SMIN
SINC

RN -
CLOAD
VMIN

DEP

ELEV(I)

HL(I)

NODE(I,J)

NM

Total number of pOSsible links (< 600)

Flag for Layout Genération

Flag for Given Main Layout

Flag for Given Full Network

Total number of outlets (<.9)

Array to store the number  of the oﬁtlet nodes
(1 <-9) |

Total number of subzones (=0 when running

for the complete network)

Number of nodes in each subzone (when running

for the complete network)-

‘Minimum Cover Depth (= 1.0 m)

Minimum Slope (= 0.0033 for ¢ = 20 cm)

Pipe Size Increment (= 10 cm for ) > 30 cm)
Manning's n (= 0.013 for concrete)
Plowlcoefficiént.at mean discharge

(= qQ /5 n®/day /m)

mean’ “pipe length

Minimum velocity for full pipe flow (0.60
m/sec)

Maximum manhole depth éllowed (m; =0 if no
resfriction)b

Surface elevation for each mnode (m; I < N)

Horizoﬁtal length for each link (m; I < M)

‘Initial (J=1) and terminal (J=2) nodes for

each link (I) in the flow direction. (Flow
direction is not important for MLAYOT=0; I<M)

Number of links in the given layout (= N-1)



LAYOUT&I) = ‘Arrary for link numbers cbntained in the spe-
| cified main layout (I < NM declared only for
MLAYOT=1) (
NF(I) = ArrayAer stpring the nodé numbers in the
corresponding subzone (I < NSUBZ(J))
" NUH = Outlet node number for the corresponding éub-

zone.

Some of the above definitions belong to data vari-
ables, but some of them are control parameters. The second

group will be re-explained here in detail.

The progfam first checks the vaiﬁe qf MLAYOT. If
MLAYQT=2,’cbrre§ponding to a given full network, the pro-
gram designs the directed complete network hydraulicly.
If’MLAYCT=1,_§orre5ponding to a given main layout, the
proéram reads this main layout into LAYOUT(I<NM). For
both‘of the above cases variableé NNSUBZ, NSUBZ, Nf and

NUH need not be specified.

If MLAYOT=0, this means thaf a layout will be géne—
rated for the netwofk. At,this step, the value of NNSUBZ
'is checked. NNSUBZ=0 again makes specification of vari-
ables NSUBZ, NF and NUH unnecessary. This means that the
network is within the restrictions of the program capacity

and that a layout can be generated at once.
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If the network is divided int; subzones, (NNSUBZ#0),
the tgtal numbe? of nodes in each subzone is declared into
‘NSUBZ(Ii70). Then the corresponding node numbers are read
into NF(I<NSUBZ(J)) and thé number of the Outlet Node into
NUH. After the generation of the main layout for this
subzone fﬁe necessary information'is stored and the pro-

cess 1s repeated for another subzone.

5. DATA PREPARATION

The user should follow the steps below for a success-

ful ‘run.

5.1. Network Labelling

Before describing the exact format of the data cards,
a discussion of the labelling procedure for the network

will be useful. Labelling steps are as follows:

a) At each junction or grade change, a node should
be placed and ﬁumberéd.

b) The surface elevations‘of each node should be
d;terminéd. ‘

c) All the possible connections between these nodes
(simply:possible links) should be determined
and numbered.

d) The horizontal lengths of the possible links

'should be determined.
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If the layout is to be generated by LG algofithm,
these four steps are sufficient to run the program. If
the network has more than 70 nodes, subzoning becomes

necessary. Then:

e) Determine the following additional informatibn
i) Number of subzones (NNSUBZ)
~ii) Number ofvnodeé in each subzone (NSUBZ(I))
viii)‘ Node numbers fér each subzone
iv) Outlet for each subzone
v) >Except for final outlet, outlet of each
subzone must be déclared again within
adjacent subzone for interconnection.
iﬁ case eithe; vathe main layout or the full lay-
out is td be manually generatéd and specified for the pro-

gram, then:

f) The liﬁks forming the main layout and their
flow directions must be specified. Flow direc-
tions for linké which are not included in‘the
main layout need not be determiﬁed.

g) For the full ﬁetwork; the flow directioms for
the unused links must be determined and these

links must be connected to the main layout.

" The procedure to be followed are summarized below

for eaéh of the above cases discussed:



"
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a):,For Layout Generation: Steps a,b,c,d,é,
b) For Given Main Layout: Steps a,b,c,d,f

¢) For Given Full Network: Steps . a,b,c,d,f,g.

5.2. ‘Program Data Cards

For simplicity in understanding, the input format

will'be given in their required order.

READ5+23N-MLAYOUT.NNOUT A {NOUTLT} 1I=1NNOUT3 -NNSUBZ-
INSUBZ{J}J=1-NNSUBZ? o

READL5+1}DHIN-SHIN:SINC~RN+CLOADVNIN, DEP

READL 5+1F{ELEVAT} I=1.N} |

READLS.1}{HL{I} I=1.M}

READL52} {{NODELIJ}d=1-23.I=1M} | S
IF {MLAYOT-13} 3. 4~ 5 | '
CALL FULNET
STOP
NM=N-1 
READ{ 5.2} {LAYOUT{I} I=1 NN}
GO0 TO b
DO 7 I=1.NNSUBZ
NOT=NSUBZ{I}
READ{S;E}{NF{J}TJ=1{N0T}1NUH‘
CONTINUE | | | |
FORMATL1bF5 .0}
FORMAT{1bI5}
> SPECIFIED MAIN LAYOUTLSML: Hydraulic Design Algorithm}



£ INPUT NATA

E' FAZLA DERINLTKE 2,18 M

AACA NO= 5'.'

6 L0 16
I.anng-‘ 0.1 '013 0.5 60.
5 4 z 2 3 L2,
35 65 40 50 60 55 . .45
1 > > 3 1 g 2 5 3 6 4 5 &
€ ouTPuT
NO. OF MOPES  Nn, OF LTNKS ~ OUTLET NONE * |
6 ‘ 7. L6 ! g
ELEVATIONS | |
5+00 400 3.00 ST2400. 3.00 2,00 ~
HORTZONTAL LLENGTHE 4 - ,
35,00 65,00 0.0n 50500 60,00 55.00 45,nn
GENFRATFD LAyouT
. 4
LINK NL O N2 LFNGTH
1 g 2 35,00
5 .3 6 60.00
6. .4 S 55,00
L b S 1 6 45400
DEPTHFAT.FACH MOnF , g .
' 1.00 1,00 1.00 1,000 2,18 1,35 .
A1 B2 L 6B Q1 . G2 7K1 . 7ks . DI " n2 . TKY  Tks  EGIM  CAP  HT? (CW/S)  SU D, (6w
v ¢ cv3rs ) o '7M_ f‘7M2 : KoL o M!»,‘ M? 'sﬁ/u S L A P. " ¥,
1 2 35.0 0 26 9 .26 5,00 4,00 00 100 - 3.80 - 2.A0 C.02R6 20 176 23 26 .3 .4
> 3 6510, 59 0 79 - 4,00 3.00 - %oo 1n0 . 2.80 1180 t0185 20 %10, 22 9% 5 eh
14 bg.n. 30 - 0. 30 5400 2.00 100° 100 3.80 80 WN750 20 2% 33 xR 3 2
2 S 0.0 38 26 64 4410 . 3,00 100 1n0-  2.80 1.80 «0200 20 1A 2 3N oh o7
T 6 60.0 w5 1 Tg 45 '3.00 2,00 100 1A0 " 1.80 BD L0167 20 135 22 9R RPN
N5 550n 41 . 3 71 2.00 . 3.00 o0 218 TR0 62 aN033 20 AN 14T 1R .00 1,
5 6 $5.00 34 1135 169 - 3400 2.00 218" 133 w62 47 0 .0D033. 20 A0 19 21 1e® 1,
TOPLAM 20=LTK pORU 11Z0NLYGY= 350 M- TOPLAM KA1z . 333 M3 TOPLAM. DFRTNL YK= "Q.R1 M
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