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.( o " ABSTRACT

OPTIMAL DESIGN OF PUMPED STORM WATER SYSTEMS
by

Emad Hamdy Hassan Imam

.? N
A computer-aided design procedure has been developed

to obtain the optimum design of pumped stor& sewer systems.
The optimal design is achieved when th; combined cost of
both annual dperaging and capital recovery cost, and average
annuwal probable damage is minimum. The design variablés
’Enclude the.depéhs, slopes and diameters of ;he sewers, as
- well as sump area ana rated pumping head and-discharge for
#Ne pumping station. : - . _ -
Th¢ proposed model consists of a simulation sub-model ‘
and a linear programming subroutine. The simulation sub-
model includes a hydraulic s}mulation'algorithﬁ, and |
installation cost and potential ge al orithms; The
' hydraulic simulétion algorithms considers gravity and sur-~
charged flows in the sewer system, and flow to and from the
'basements as well as the Streets, i.e., the ground surface
This hydrQEiifJﬁ;ﬁﬁTEhlgaﬂiigggigym has proved to be useful

in obtaining the various parameters that form the bases for

damage evaluation.

The model also presents an effective design tool for

(iv)



. ﬁimehsiéning the suhp well and thg pumﬁing_units, yvhich is
:an improvement over the available rule ofithumb methods. Iﬁ
takes into consideration the mutual effects betweip'the sewer
system and the pumpn.ng stat:.on. The model has the cap‘n.l:.ty
6f balancing any initial design, i.e.,adjusting the pipe and
pump sizes sé.that all componenté in the ?yStem ope;aée aF\the
same relative capacity. ) '

The flow-damgge algqrithm,'incorporated in the model,
integrates high as well as low probability storms, i.e.,it~
considers a wide range of system operating Eonditi&ns. When
this flow-damage algorithm is coupled with the cost‘aléorithm,
it presents an-effective tool for testing exiéting svstems as
we as specific designs._ . .

The optimization model was applied to a hypothetical
drainége basin and the resulting design was_compared;ﬁith gt::
design obtained by the Rational Metﬁod. The model” /;fered a

significant total cost (installation and potential damage)

saving over the design by tye Ratioral Method.

;
A sensitivity analysif was carried OQF to investigate

the effects of selected pa eters on the resulting optimum
Y ;
design. This analysis indikates that system performance and

damage costs are very sensiftive to an increase in sewer

- diameters. It also poipig/ out that increasing sump area is

-

not an -economically feasible solution, unless the unit cost of

storage is very low. 3

(v). o
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CHAPTER T

INTRODUCTION

1.1 Obiecti;e

The éurpose of this research is to develop_an improved
methodclogy for the design of pumped storm sewer‘;etﬁorks.
An optlmal deSLgn is achieved when the comblned cost of both

annual operating and capital recovery cost, and average annual

probable damage ls_mlnlmum.

1.2 Definition of the Problem

In urban areas, stérm water is usually collected in the
streets and conveyed through inlets to sewers which carry it
to a point where it can be safely disposed off. The cdllectgd
water is ﬁsually discharged into a streaq,'lake, Oor ocean.
In some inStances, the topography is such that pumping of
storm water isg neceséary. Water collects in the wet well until
it rises to a predetermined level and starts the pump. The

pumping stations may be located at intermediate points or

at the outfall. It is a common practice in Windsor,‘and other

municipalities in the Essex County area, to use downstream
pumping stations in the stori sewer networks.

In some communities, €.g. Windsor, basements are drained

» . .
through house conneé¢tions to Separate storm sewers. It is

believed that the arrangement of separating storm and sanitary

l .

-



2
-wastewater significantly reduces health hazards resulting

from backflow in case of storms more severe than the design

storm. Though the recent measurements of the quality of

storm wastewater indicate that it is almost as polluted as

domestic wastewater. o

[

}

s
1.3 Motivation : - 'r‘%\
s

It has been the practice to design storm sewers for!
R . . e

.gravity flow and to avoid surcharged (pressurized) flow,{
conditions for flows equal to or less thén the design flow.™
In designing storm sewer networks, an appropriate.return pensgd
is selected refl;cting the importance of the district being ;
considered;' Sewer slopes and diameters are selected such
that, at peak flows, the sewers are just flowing full.
Iterative procedures are ﬁsed to achieve sudh a goai.

The longer the return period selected for design, the,
greater will be the capacity of the network and, consequently,
the larger will be its annual costs, e.g. investment charges
ahd maintenance. On the other‘hand, the longer the return
period, the less ﬁill be the probable average annual damage.
This illustrates why it is.recommended to use a longer return
period in commercial,dis;ricts than in residential districts.
Yet, it 4is not a traditional practice to make an economic
study to determine the optimum return period.

The Rational Method is the simplest of all the models

used in the design of storm sewer networks. Its éimplicity -

has led to its wide-spread use. But, it has its own limitations
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and deficiencies both as a simulation model and as a design

tool. AS a design model, it has the tendency to overdesign,
but the actual safety %acto s in a sew;r network can vary
widely and their values are not fixed. It has been reported
that usiné the Rational Method éan lead to underdesigned as

well as overdesigned sewers. Recognizing the unsuitability

¥ .
‘of the Rational Method and considering the investments

reéuired in the near future, the implementation of such an
unpredictable method is no ;dnger acceptable.

Large'sums of money afe curréntly spént in the design,
constructibn, modification, operation, "and maintenance of

storm sewer systems. These large investments have motivated

many investigators to develop new rainfall-runoff mathematical

models. These models can be classified into two basic
categories, "management models," and "design‘models." Manage-
ment models are used primarily for flow simulation of

existing systems. Design models are used to determine the
sewer's diameters and slopes. Various optimization technigques
ﬁave been used by these models, e.g., linear programming, non-
linear p;;grammingﬁ,and dynamic programming.

The majority §f the design models are confined to instal-
lation cost minimization only, while very few models attempt to
minimize the combined cost of installation ‘and damage. The |
later models obtain® a balance between the annual cost of
installing, operaﬁing the sewer system, and the potential
aamages resulting from adopting a specific designi;;Obviously,

if any of these models overestimates the probable damage, the

. mmee et P - i i B L T T L TP AU




4
output of the optimization will be an oVerdesigne&,ggtwork.

Consequently, the accuracy of predicting damage cannot be

ovgrlooked.
A review of thelavailable models that predict daﬁages
shows that they are not based on the ﬁrue events that take
place during flooding storms. In this reseafch, new paré— "
meters are introduced és bases for damage evaluation.
Basement damages and surface damages constitute most of the
‘damages.- resulting from an overloaded system. Average
.assessment value of houses, portion of property value
assigned to basements, health hazérds{'and severity of flooding
conditions are used to estimate basement damages. An
effective number of vehicle grossings, type fof distriqf,
property value, and damége severity paramet are used to
predict surface damage. : f}\-
The pumping station used for pumping storm water from
the wet well represents one of the major components of the
system which drastically affects its performance. But, it ié
geneially designed separately, and the designe:é neglect the
interactién between its pu@ping capacity, storage cébacity,
and the sewer network. Thé present model routes the flow through

.

the entire/ sewer network including the wet well, such, that it

can be considered as an integrated system.

1.4 The Approach in General

.
L]

The model'preseﬁted in this thesis designs pumped storm
sewer networks. To start with, an. initial design that

satisfies the ASCE conventiocnal constraints is considered.
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The*model generates a synthetic design hyetagraph using a

method develoﬁed.in Chicago by Chu and Kiefer. The Joad

Research Laboratory Method is used to obtain the inflow

'hydrographs to the system. A modified form of the Muskingum

Method _routes the flow through the sewérs. " A. modified
reservoir routlng technique is used to route the outfall
hydrograph through the wet well.

Various design storms, with prescribed retﬁrn periods,

are generated. The system is bdlanced for a storm with a

‘'specific return period, e.g. the 1 : 5 year storm. The

balancing involves adjusting the pipe and pump sizes so that
all componénts in’ the system operate at the same relative
capacity. The balanced system 1s tested against all the
generated storms. Thé model evaluéées the damages‘assbciated'
with each storm, and a damage—probability cuéve is derived
for aﬁy spec}fic design. The averége annual probable damagé
is determined by integrating the area under this curve; The
averagg'annual cost bf the network is estimated. Cos} as
well as damage gradients are computed with respect to désign
variables. ’

The data required for linear programming are prepared

using the cost and damage gradients.. The transformed con-

straints are determined. The optimal design is obtained using

'a linear programming in the Simplex form. ' =



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

-

2.1 Preliminary Considerations of Hydrograph Runoff Models

f.l.l Description of Phenomena and Basic Coﬁcepts

An urban watershed consists of two méjor-types,of.-.
elemenﬁs: surfaces to.be drained and collecting channels.
Surfaces pormally encountered in urban Qatersheds‘can be
classified into fwo basic types, pervious and impervious o
areas. Qrassea areas and gravel roads are cpns}dered perv®us
while roofs (connected to storﬁ sewers) and paved areas are -

regarded as impervious. Impervious areas may have direct
connections té the sewer system, or ?hey may be disé;nnected
and scattered within the pervious are;s. Like natural
drainage basins, smaller sewer brgn;hes Eonvey storm water
to larger branches, and so on, until a main or tfunk sewer
is reached. Gutters, lateral, main and trunk sewers ére
common names fdr'collectiﬁg channels in order of size.
Designing-é model to simulate the rainfall-runoff
Process requires a deep understanding of the events that téﬁe
Place from the time a storm starts until the storm and runoff
Ceases Storm pattern, infiltration-capacity of pervious
areas, depression storage, overland flow detention, detention
in guEfers, and detention in laterai sewer systems are the

principal components of the problem,

&

e



TR
B = W-"g‘h-’h‘ln‘?.-.l-vf -

7

, buring the rain'storm on a pervious area, water is
being abstracted by infiltration, intercepfion and evapo-
t:anspiration; Quantitatively, rainfall interception aﬁd
evapotranspiration are of minor importance in urban storm;
drainage and may properly be ignored in design. If the
rainfall intensity exceeds the possible rate of infiltration,
natural depressions trap some of the excess precipitation

creating the depression storage. These depressions are of

varying size and depth. They must be.filled before runoff

(overland flow) commences. .-

The depth of water detained ‘in the overland sheet flow
forms the detentionrstorage on the perviods area which,
cbmbinea with'the depression storage, forms the total surface
storage. Oﬁ the other hand, impervious areas have negligible
infiltration losses and much smaller depression and detention
storages cpmpargd to pe;vious areas. However, the }atter
two factors cannot be overlooked if accurate simulation is
to be achieved. It is worthy of notice that pervious areas

start to contributes surface runoff after approximately one

.or two hours from the beginning of the rainfall (36). This-

may véry according to type pf soil, surface conditions that‘
exist and antecedent conditioné. |

Overland flow from both. types of areas is collected in
gutters or ditches and subsequently enters the sewer system..
The probiem 6f predicting the flow,.at a certa;n time, at a

specified point in the sewer system can be divided into two

parts, namely; surface xrouting up-to the inlets (or inlet
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catch basins if‘any), i.e. basic hydrographs, and routing
through the conduits downstream from the inlets. The
sxmulatlon process is -illustrated.in Figure 2.1. o~
Transforming the ralnfall to the inlet inflow hydro—
graphs is the first part of the simulation. To ‘achieve this
goal an analysis of -the rainfall data should be made. The
sewer district, and ba51c subcatchments should be studied
to reduce the data necessary for the ralnfall—runoff model.
Different models %ave been.used to route the overland supply

(Section 2.2.2) with various degrees of sophistiéation. The

'generated hydrograph from each of the basic subcatchments is

input-into the sewer system. The flow entering an inlet
does not depend on the depth of water in the inlet nor the
discharge into the sewer unless the inlet basin is completely
filled and submerged whichlrarély occurs. This provides )
means to divide the simulation into sequential subsystems
for hydraulic analysis without sacrificing the accuracy and .
usefulness of the model. These.outlet hydrographs of the
basic subcatchments are routed by more sophisticated methods
(Section 2.2.3). | |

The degree of schematization (lumping) (20, 26, 28)
used in the definition of the basic subcatghmenté, and the
selection of the sewers to be modelled reqﬁireé some experience.
The sizé chosen for subcatchments should be based upon the
sensitivity of the model and the objectives of the simulation.
The major sources of errofs lie in the simulation of the

outlet hydrographs. .Thé cost of collecting input data
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describing the catchment characteristics is proportionate to

the degree of detail chosen for defining the basic sub- }

‘catchments.

2.1.2 Model Calibration and Validation

Models uséd for the simulation_of urban rainfall-
runoff have, as an icput, a real orAsynthetic fictitious ¢
design rain stormﬁand,vas an -output, the runoff (flow) at
ane or several locéticns of the sewer eystem;

Schaake (20) has discussed a general rationale for
modelling urban”runoff in "Trgatise of Urban Water Systems."
Imitating the physical system is not the only route to
simulate the'runoff process. An exact representation of
-nature is not the purpose of the model builder. Proper -
selectlon of equivalent parameters and simplifying assumpteons,

may give a tool whlch yields a useful result with a reasonable
balance between cost of modelling and accuracy.

Natural hydrcloglc phenomena” encountered in the problem
of urban runoff are so complicated that any- model. must neglect
at least some of their aspects. The modelling probiem there-
. fore, is to choose the most important aspects to be represented
and to dec;de how these could be simulated. Because of this,
models differ from one another. The availability of input
parameters and the cost of data collecting are also important
considerations. Models with moderate data requirements and
reasonable accuracy -are preferred by most of the designers.

Any model has parameters which may or may not have a
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pﬂ?éiéal cdunterpart. Séme of the parameters can be déteé—
mined from physicél daté'which can be -accurately measﬁred or
esgiﬁateé by_the‘ﬁoaglfuser without difficulty, such as the
degree of imperviousneSs or the roughness coefficient of a
sewer. Most models,-however, include-paraﬁéters-ﬁhiéh are
not readily determined, such as depressions-stérége andl
infiltration capacity characteristics. The non-uni form shape
of the watershed is ;eplaéed in some modeis by equivalent
areas with a uniform slope and, in this casé; the equivalent
slope hés to be estimated. In this special case, this is
done because theorefical routing methods are available for
a plane surface.

Because of the approximate nature of the previous
factors,_modgls have to calibrate the values of the parameters
by fitting the simulated hydrographs to some pf the available
measurements. If an acc;ptable goodness of fit is achieved,
+he model is then validated by comparing oOther measured
samples with the computed output. The fact that a model
compares favourably with measurements for a limited number of
events may be just the result of the calibration process,
however, and it is not nééessarily truye that similar results
will be ohtained for other input data. Once a mode} is”

éalibrated and validated for real rainfall runoff data, it

may be used in design.



SR S

-~
" 2.2 Elements of the Simulation ‘of Urban Runoff &

"2.2.1 Design Storms . - ' | B

Analysis of rainfall data is the first step‘infsimulating

runoff whether for management or design pu:pOSes. Before the

introduction of the hydrograph models for simulation; the

Rational Method was the most frequently used désign procedure.

One of the important parameters invélveé'in this method 1is
the time of concentration. The basic concept behind the
Rational Method is that the storm giving the highest funoff
peak for a given catchment would have a duration equal to the
time of concentration for the cétchment.. Consequently, rain-
fall data are processed to bbtain the average Eainfall

imtensity for a given duratioh (equal_ to the Eimelof con-
centration) and a given return perioa.

_fn current practice, a design storm hyetograph ig an
_essential paré of the rainfall models. A rain ;torm. _
lspecified by the mynicipality,or a synthetic hyetograph may
be used. To develop a synthetic hyetograph, the following
conditions should be m&t (36, 20): ) |

‘(i) For any given duration, the maximum average
intensiﬁy‘equals that of the intenéity;duration curve of the

same return period. This condition enables the designer

+o make use of the reduced data which are available in the

igg-form ofjintensity-durationqpurves. . (

. g (ii) Characteristic parametérs of the hyetograph, such

-

as'the total duration of the rainfall and the reljative advance—-

ment of the peak intensity, are obtained by tﬁéisﬁicél
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analysis of man§ rainfall évents'in or néar.the watershed.
) "The most fregquently used method for the derivation of -
a design hyetograph is that deve;oPed in Chicago by Chu and
Kiefer (36, 3, 25). The equation fof the design storm pattern

is

a [(1-b) (5/1)° + cl

(Before the Peak) 1 = - (2.1.a)
[, /0)° + el
a [(1-D) (£/1-0° + ¢ -
(After the Peak) i= - (2.1.b)
- .
- (e /1-)° + c]

inwhich t, and t_  are the time measured from the peak to

the left and to the right respectively, and a, b, and ¢ are
constants found in the intensity-duration-frequency curve

formula such as

lave. = — (2.2)
~ : .
The value of r is a measure of the advancement of the storm
pattern and is defined as ﬁhe elépsed time, in minutes from
the beginning of the design storm to its peak, divided by
total duration of storm. “
‘A typical graph of a design-storm hyetograph (Figure

2.2.b),_aﬂd its interrelation with the corresponding inteﬁsity—

duration curve is shown in Figure 2.2.a. For this example the

constants are a = 90, b = 0.9, ¢ =11, and r = 318.
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For hydrograph methods, the same rainfall is considered
for all’points in the-systemfF For a small subcatchment, the
critical part of the storm occurs during the short period of
very high intensities while the initial rainfall preceding
this period creates wet antecedent conditidns._ Antecedent
‘Spnditiens can also be estimated-by the statistical analysis
of rainfall events. : . .

In some regions, a summer design rainfall with a higher
intensity, shorter duration and dry antecedent conditions
may be less critical than a sSpring or autumn storm with lower _v
_ interisity, but with high soil moisture content or frozen
) - soil condi;ions. Stoddard and Watt (4) presénted a study
3 on the possible relative magnitudes (shifﬁs) of summer and
spring frequency curves. It showed that in large watersheds,
? _peak spring flows are higher than peak summer flows for all‘
return periods. On the other hand, it indicated that iﬁ
small subcatchments which are chmoﬁ in urban areas, peak
summer flows.are higher than peak 'spring flows. _Conéequently,
the summer rain storms can be considered the critic;l type

of storm in urban areas, unless the locality requires special

study of spring conditions.

2.2.2 Overland Runoff Simulation

The input to this part of the simulation model is
rainfall data and characteristics of basic unit subcatchments.
The output of the overland refoff model is the basic inflow

hydrographs to the sewer system. There are two. approaches to
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- true events that take place within' the overland surface.

derived on the basis of reglonal obsé%%ed data and have

.14

estimate overland runoff due to rainfall and, consequently,‘
basi¢c hydrographs. The black box {lumped system).approach

produces output from a given input without considering the

U= i e IS $t kel LD KRB

The hydraullc,routlng (distributed system) approach routes
the rainfall excess through the overland surface to produce
the runoff Hydrograph. ‘

ven (39) subdivided the models using black box approach
inteo four groups. namely; the rainfall-intensity coefficient
formulas, the frequencv formulas, the monograph methods, and
the hydrograph methods. The first three groups glve onlv
the magnitude of-the peak rate of storm runoff. The 1ast
group, the hydrograph methods, gives lnformation on tﬁe time "E
distributaon of runoff and hence is more useful in solving
urban drainage-problems.

-

Chow (39) presented an excellent summary of the rainfall-

‘intensity coeff1c1ent formulas. All of these formulas were

1imitations on basin size, region, and other geOgraphlcal
conditions of application. All but two of these formulas .
are of no use today. They are the Rational and Burkli-Ziegler

formulas which have been applied to different geographic

* regions with the coefficients evaluated over.a wide range of

conditions. =§oth formulas can provide reliable estimates of

peak runoff if the coefficients‘are‘correctly chosen. Because

- of its simplicity, the Rational formula is still used as a

-

s tandard method in storm sewer design (ASCE manual). The
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‘deficiencies and 1imitétions.of the Rational ﬁethod are
presented 'in Section 2.5. |

The frequency forﬁulas or graphs based on past flood
records-have been propésed for-sméllsaslwell as large water-
sheds. However, this method has yetlto be successfully
édopted to urban environmént. The monograph methdds were
developed primarily for and have been widely used in rural
areas. Because the monogrééhé 6f these methodé for urban
areas have not been developed, they are seldom used in urban -
areas. . )

The hydrograph methods, whfch‘give'nét only the values
of the peak flow but also the entire runoff hydrographs are
more sophisticated than the Previously discussed methods and
require more data. The'hydrograph ﬁethods are based on an
approach thaf establishes a reference hydrograph or hydro-
graphs for a prescribed drainage area wﬂ}ch can be,uéed
repeatedly for different rainfall storms. :The‘unit hydro-
graph is a tyﬁical example of this approach. In this method,
as described by Eagleson'(39), measured sewer outflow hydro-
graphs from urban areas of va;zing types are stu&ied in order
to construct svnthetic unit hydrographs for areas ﬁnger
design. It is subject to a restriction that no appreciable
chahges should take place in physical nature of the drainage
area, othefwise the réference hydrograph might be altgred.
None of these methods has been sufficiently tested for .urban
drainage areas.

The hydraulic routing {distributed system) approach for
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the.évalhation of overland rhnoff_providee not only:-the runoff
.. hydrograph but also some information on the flow within the
drainage area. Two of‘these methods, the Izzard (39, 155

and the Horton (39, 15) methods, have long been accepted by

hydraulic and sanitary englneers They studied flow across

a sloping plane at an unsteady state. Horton wrorosed an
equation for overland flow, -considered suitable for turbulent
flow with high discharge on natural surfaces, whereas Izzard
developed e dimensionlesg/h?drograph for surface flow which
is largely applicable to laminar flow on developed surfaces.

| Several sophisticated models have been proposed recently
to engineers for practlcal appllcatlons. The Klnematlc Wav%
method solvlng the St. Venant equations in one-space dlmen51on

and two-space_dlmen51ons are possible routing technigues that

can be used to evaluate overland runoff. A review of these

2.2.3 Ssewer Flow Simulation

Sewer flow s;mulatlon mode¥s require basic inflow
hydrograbhs to the sewer system as the input and give as
the output, thé runoff hydrograph at the poipt of interest
in the drainage system. Several approaches have been proposed
to route the inflow hydrogfaphs thrdugh the sewer system with
various degrees of sophistication. These approaches can be
claeeified inte two éasic groups, namely; approaches using
hydrologic routing techniques, and approaches solving the

continuit§ equation together with various simplifications of
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the momentum equation (dynamic routing). All the afore-

mentioned flow routing technigues are applicable to a'sinéle

sewer. When these technigues are applied to a network, the
sewers or channels are simply treated individually in sequence
with the flow casqading downstream from one sewer to another
(20,_39). However, in a sewer network, coﬁsiderations must
be given to such mutual'dynamic effects as backwater and
energy losses amoﬁ% sewers and junctions.

The basis for any sewex flow routing technique is the
two basic eguations (20) répresenting the'gradually varied

free-surface unsteady flow. These are the momentum eguation

v - l v sh _ ey - V.g
.58 ¥ ¥ = t 93x ~ 9 (8, -8 = 3 (2.3.a)

and the corresponding equation of continuity

(2.3.b)

A 3V sdh _ ¢«
st VB 3 T Vix T Be

where .
x = longitudinal coordinate.dlong chgnpel'bottom
direction;'
y = cross sectional average flow velocity.aloné the x
. .
direction;

t = time;

gravitational acceleration;

depth of flow;
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Sq = channel bottom slope:
S¢g = friction slope: o t
.q = the distributed lateral inflow'(or oytflow) as

. discharge per unit length of the conduit:
A = area of channel cross-section:
and B = wéter sgfface width. . . -
These quasi—liﬁear hyperbolic‘first—order partial differential
"equations-are derived from the well-known §t. Venant equations
by adding the Lateral flow term to the right hand side to
each equa%ion. These two eéuations can be solved numerically
by using the method of charactexistics.  although this method
gives the most accurate of all practical methods of flbod
routing in channels and conduits, it requires‘a considerable
amount of computation time. In addition, difficulties are
also encountered in defining the.boundary conditions. ~Hence,
varioua/simplifications have been proposed to give simple
»

approximate solutions.

The Hydrologic Routing Techniques:

'This approach uses the continuity equation, often

-~

rewritten in the form

1 - 0 = ds/dt (2.4.a)
where
1 = rate of inflow into the control volume considered
-
o = rate of outflow from the control volume considered
- , a>
. s = storage wrthini\the control volume

or it may be written in finite difference form,

IR Aoy o
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At i _ At . -
Leqy + 1) = 3 Oy 0

-

where the subscripts indicate the variab

(S, - 8y) (%.4,b)

les at the beginning

and end of the time increment’ At. A storage flow relation-"

graphs or by making other simplifying as
acceleration effects cannot be taken int
this routing technique.

One of the procedures that has bee

with the hydrologic routing technigues i

‘'ship has to be derived either by analyzing recorded hydro-

sumptlons. Obviously,

o consideration in.

n used in association

s the method of

summing hydrographs (15). The procedure for this method

involves the development of an lnflow hydrograph from a

drainage area at junctlon manhole A Oon a sewer, routlng of

this hydrograph using Eguation 2.4.b, through a reac of the

conduit to point B, where it is added Jinearly with'al

N

hydrographs from sewers trlbutary to manhole B. The summed

hydrograph lzaiéuted to another junction, point C, and so on

'through“the system.

Examining Equation 2.4.b, shows that the basis of the

derivation of the storage flow relationship is the most

important characteristic of the hydrologic eechnique. The

Road Research Laboratory Model (RRL) uses the idea of 2

reservoir with a simple overflow welr.

There is a fixed

relationsﬁlp between the volume of water above weir level

and the rate of discharge over the weir. The relatlonshlp is

the comblnatlon of the relatlonshlps between volume stored

against head on weir and between head on weir and discharge.

L RIS R ..
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In other words, it is assumed that -the storage is a function
of the outflow only, regardlesé.of the inflow.

Another approach that has been proposed. for Chicago
(36, 4) to derive the storage flow relationship is the
Muskingum Method."This method (iO) involves the concept of
wedge and prism storageé. Storage volume can be correctiy
related to outflow with a simple function only when inflow
and outflow‘AQe equal, that is, when steady flow gxists. The
wedge storage which is reiated to the difference between
the instantaneoquyalues of inflow and outflow, ig édded to
the prism storage to obtain the total storage. Additional

aspects of this technigue are discussed in Section 3.2.3.

An improved'but more sophisticated scheme of the steady-

" flow routing method (40)" is to account for the time shifting.

of the hydrographs. The shifting time is equal to the flow
time in the sewer, te = L/V, ﬁﬁeie V is the full-bore }
ve%ocity. Froﬁ.thé hydraulic/point of view, it is a linear
kinematic wave approximationif Tholin and Keife; (36)
improved‘the aforementioned scheme. In their :gcommendeﬁ
scheﬁe; the inflow hydrograph of a sewer is suﬁdivided.into

a number of component hydrqgraphs, each shifted'by a time
equal'to an assumed time of travel. The sum of these ﬁ\\~\
shifted component hydrographs gives the outflow hydrogfapp

of the sewer.

The Dynamic Routihg Techniques

In these routing techniques, the continuity equation

is solved together with various simplifications of the



momentum eguation. Table 2.1 illustrates the various
approximate simulation models.

It is'obvious that the dynamic routing technigues can .

.

-predict more accurately the runoff hydrographs tthJFhe
hydrologic routing techniques. ' Yet, with the present computer
capabilities and existing optimization algofithmé, it is not
practica; (39) to find tﬁé optimum sewer system design with
the hydraulics of the system simulated bf using‘the St. Venant
equations. So, it may be concluded that the St. Venant
equations can be used for simulating the runoff of existing

_ systems or possibiy for finding the sizes of the sewers for

a network with predetermined layout and slopes.

2.3 Classificatioﬁ of Urban Runoff Models

Models are generally used for studies of quantity and ?
quality probiems associated with urban runoff. Three bread
objectives (32) may be identified in these. models, n lé;
planning, operation and design. The core of allrthese models
is the same, which is the simulation of the rainfall-runoff
problem. Yet, each objective typically produces models with §
somewhat different charactefistics, and the different models
overlap to some degree. .

Planniﬁg-or long term models are used for an overall
assesément of the urban runoff problem as weil as estimates
of the effectiveness andﬁcosts of abatement procedures. They
may be used for evaluating various contrél options, e.g.

treatment versus storage. They are characterized by relatively
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large time steps (hours) and long simulation tlmes (months
and years). Data requirements are kept to a minimum and
their mathematical complexity is low. An example of such a
model is the Storage, Treatment, Overflow, and Runoff Modei
(STORM) (32).

Operational models (32) are used to produce actual

control decisions during a storm event. Raiafall is entered
from telemetered stations aﬁd the model is used to predict
system responses a short time into the future. Various control
options then may be employed, e.g.ﬁin—system storage, diver-
aions, regulator settings. These models are frequently
developed from sophisticated simulating models and applied
to an existing system. An example of these models is the
operational model for Minneapolis;St. Paul (7).

Design models are. used for.the detailed simulation of
a single storm event. Ultimately, they provide a complete
description of flow and pollutant routing from the point of
rainfall through the entire urban runoff system and into the
receiving waters as well. Such models may be referred to as
either quantity or quality simulating models. They are
useful for determining least cost abatement procedures for
both quantlty and guality problems in urban areas.

An example of a model\éeveloped specially for simulation
of urban quantltg and quality processes is the Storm Water
Management Model (SWMM). _Many other urban runoff models

have been described in the literature (20, 39). Yet, almost

all of them, except the aforementioned oé§$\}ack quality -
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simulation. Examples of thesé models range from relativelx
simple models, e.g. R RL (38, 35) and Chicago'(ﬁsq 3), to
highly complex mq@els that utilize the complete dyﬁamic

equations of motion to simulate many aspects of the drainage

' systems, e.g. SWMM (28, 29, 32), Hydrograph Volume Method

(HVM) , and Illinois Storm Sewer (ISS) (39, 40). Selected
models are described in Appendix I.

_ The usefulness of the various available design models
can be détermined b§ studying ‘the goals of design. There
are three approaches (39) to the design of a storm sewer
system: .

(i) Select a léyout, select the slopes and determine
the sizes of the sewers. |

(ii) Select a layout, and find the optimumdslopes and
diameters_of the sewers which will ensure the minimum cqsﬁ
or satisfy bthér objective functions, e.g. minihum conbined
cost of both installation and potentiai damagestfor_the
selected layout.

(iii)} Pind the optimum layout and the optimum slopés
and diameters of the sewers which will ensure the minimum
cost or satisfy some other 'objective functions.

The majority of t@e recent sophistiéated ﬁgdels, e.g. SWMM,
lHVM.and Iss, are flow simulation models for existing éystems
but they can be adopted to the fifst design approach. They'
are used primarily, from the design viewpoint, in modi%ying
existing systems for better performance. On the other hand,

there are only a few design models in existence that can

— =
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handle the second and the third design approaches. A review
of this type of optimization model has been pfésentéd by Yen,
Mays and Tang (42). The optimization design models are

discussed in Section 2.4.

2.4 oOptimization Design Models

2.4.1 General

Optimization design models are generally used to find
the optimum\i}opes and diameters of the sewers for a'p;e—
determined layout. Some of these models have an additional
capability to find the optimum layout (18, 2). The optimiza-
tion design models can be:classified’into £W0“ba5ic groups, .
namely; models searching for least cost design and models
minimiéing the coﬁbined cost ofuigstaliation and potential
damages. . In the fifst group, several alternative systems,
each meeting the physical and hydraulic requirements, are
analyéed and the least-cost system is selected. The second
éfoup of 0ppimization desigﬁ modelé seeks a balance be#ween
the cost ofAnstalling, operating the sewer system, and the
potential damages resulting from a specific design. It.is

obvious that the second group presents the final solution to

the problem' of selecting optimum return period for the system.

v

2.4.2 Objective Function
In the least-capital cost design models (the first
group) , the objective function is to minimize the cost of

the sewer network. The cost of the system -consists of the

rd
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cost of sewers, manholes, lnlets and pumplng statlons, if-

any. Other costs, e.g. appurtenance cost, may be cons;dered
constant in an Optlmazatlon problem. In the least-total

cosh design models (the second group), the objective function
is to minimize the sum of the installation cost and the
expected potential damage resulting from adopting a specific.
design.' ‘

Cost Functions ~

Sewers: Estimating thegunrt costs of construction for

a ‘combined or separate sewer line is an. essential part in any
optimization model. To develop the cost function, the major
parameters that affect the cost of construction, purchaséf-
installation, and excavation, must be identified. A review
of the literature shows that "there is an agreenent among the
investigators to consider the sewer diameter and thevaverage

- depth of excavation as the most important variables affecting
the unit cost. The cost %unction can be obtained from

-

current conseruction data. Two forms have been used in the-

optimization models to incorporate the cost function. Arrays
of unit cost for different excavatlonﬂcondlé;ons and sewer
diameters may be used, or alternatlvely a proposed equatlon
relatlng the unit cost with the sewer diameter and the avera§€“‘\\
depth of excavation may be adopted. . ," ‘

Walsh and Linfield (37) and Mer_itt‘and Bogan (23) used
arrays of unit costs for different excavation conditions,

pipes, manholes, and pavement replacements. In this way, the

actual sewer construction costs could be,accuratélj_EStimated.

i
.
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“Yet lt has a serious limitation, that it cannot be coupled

- with many of the thlmlzatlon algorlthms. The aforementloned

model builders 1ncorporated it in conmection with dynamlc
programmlng. Linear and non-linear Programming require

mathematical relétionships for the cost.

Dajani, Gemmel, and Morlok (6) and Dajani and Hasxt (7),

using linear regreSSLOn techniques, have shown that a good
fit can be obtained for a cost function in which cost is

estimated on the basis of sewer diameters and average excava-

~tion depth. The general form of their cost function is:

C = a + bD? + ¢ x? (2.5)
where
" C = cost per unit length of sewer
a,b,c are.regression coefficients
D_ = sewer diameter and )
X = average depth of excavation.
Henry and Bhern (13) used the same form of equation for both
separate and combined sewers in their stud§ of the effect of
étorage on storm and combined sewers. A slightly modifigé
cost function was incorporatéﬁ in a least-capital-cost model
by‘Gupta et al. (11). Several cost equations to cover the

whole range of sewer diameters and depths of excavation were

proposed by Meredith. These equations by Meredith were

- adopted by Tang, Mays, and Yen (34), and'Mays and Yen (22)

in dynamic programming optimization models.

Lemieux, Zech and Delarue (17) studied the geometry of

-,
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a tfpical trench in order to compute the “actual vélﬁme of
excavation. Thei: proposed form of cost function is }elatively
complicated and requires additional information about the
trench geometry. It appears that 'this appioach does not
significantly improve the accuracf of estimating the unit
cost and it results iqij relatively complicated cbjective
function. | o
Manholes: The cost of ﬁanholes can be estimated by

two different approaches. The first approach is merely a
black box method which assumes a certain ratio between the
cost of manholes and sewers. Baffa 1955, (6) estimatéd.that
85 per cent of the cost of gravity sewer systems is devotéd
to excavation, p?pe supply, and installation. The remaining
15 per cent covers the cost of manholes. Henry and hhern

1973, (13) estimated component costs in thé combined sewer
system for the case of no off-channel to be 67.9 pér cent

for sewer pipes, 20.5 per cent for manholes, and 11.6 per

cent for catch basins. The second approach to estimate the

. _cost of manholes is to propose a cost equation and determine '

its regression coefficients from current construction data.
Me;rit and Bogan (23) assumed a linear relationship between
cost and depth. Mays and Yen (22) considered the cost of a
manhole to vary with the square of the depty of the manhole,
which was determined by the lowest invert of the sewers
joiﬁing the manhole.

Pumps; In pumped storm sewer systems, an adéitional

term has to be added to the cost function, which 1s the cost
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of the pumping station. A review of tﬁe 1iteratufe shows
that all the proposed optlmlzatlon des;gn models for sewer "
systems can handle only gravity sewer systems, i.e. no
pumping stations. Deb (8), in his optimization design model
for distribution systems proposed a pumping, cost function.
He expressed the capltal cost of the pumplng statlon as a

funétion of installed power as

Coump = K (®) (2.6)
where
Coump = capital cost of pumping station
P = power of installed pump
K = regression ooefficient, and
m_ = exponent

Deb also has proposed for pumping station operating
costs, including labour, electricity, and maintenance, an

equation in the form

Coper. = aQ + bHQ (2.7)
where
Coper. = operating costs per year
Q = rated discharge
H = rated head, and a and b are regression

coefficients.
It is obvious that the differences between a water pumping
station and a sewerage and storm water pumping station cannot

be overlooked. For example, the sewerage and storm water



29
Eumping stations have wet'wellsjin addition to the dry wells,
while water SuUpply pumps ﬁay be placed directly in line. it
appears that there is a need for an approprlate cost model
for pumping statlons in storm sewer systems.

Damage Function .

Deriving a function that is capable of predicting the

damages resulting from adopting a specific design sﬁould be

one of the major parts in an optimization design model.. The -

first step of developing such a fﬂnction is to identify.the
dlfferent components constituting the total damage. Burns
EE_EE' (5) studied the performance of the combined sewer
system in the City of Winnipeg. They reported that a sevefe
flooding problem ﬁas found in 50 pef cent of the City, as a
result of the exceedingly flat terrain, e.g. in the spring
of 1974 about 30 per cent of the cify experienced basemént
flooding during heavy rains. |

‘James F. Maclaren Ltd. (20)'presanted an exéellent
survey on the problem of ponding in residential areas in --
Canadian cities. The different aspects of the problem
considered in that survey ﬁeré water ponding in back yards,
water ponding at inlets, water entering basemenés{ waﬁer
just covering street, water rising above curbs, and manhole
. covers popping off. The above aspects of flood damage can
be used as.a basis é;r introducing new appropriate parameters
;b evaluate damage.

Yen (39) classified the damages into two types. The

first type are the damages resulting from temporal flooding of
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low land and basements, and interruption of traffic in case
of,raig storm being more severe than the design storm. In
other words, it is property damages and inconvenience without
structural failure. The second type involves failure in
structural fynctioning such as overioading and aamaging of
sewage pumps or treatment plants. It appearé that the second
type has little contribution to the dam?ges in urban areas. -

A review of the appfoaches uééd in estimating flood
damages in flood-plains {(rural areas) (14) might be useful
to develop a damage predicting medel in urban areas. When
reducing the physical damageg caused by a given'flddd’event:”
an estimate of average damage can replace a property—by—
property damage evaluation. The land market idea is used
for an estimate of the-ﬁalue of flood-plain land. Depth of
flooding is used to estimate the severity of flooding produced
by a givén hydrograph. The total severity 6f a flood event
depends on the areal extent of.flooding to each depth. After
estimating flood damages for several flood events with varioﬁs
frequencies, a damage-frequency curve is plotted. The area
under the curve is the expected aﬂnual damage. .

In 1975, Tang, Mays apd Yen (34) presented an optimal
risk-based design of sewer networks. In their model, the
expected damage cost during the service period of the sewer-
was evaluated as the product of the assessed damage value in

the event of a flood exceeding the sewer capaciéy?-Qc, and

the risk. The risk was defined as the probability of occur-

rence of a flood event exceeding the sewer capacity during
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the service period of the Sewer. To evaluate the risk, the

safety factor, SF, is first computed by SF = QC/Q§ where

Qp is the design discharge comﬁﬁied for a.design return periodq

equal to or less than the service period of the sewer. “With

a given value of SF, the corresponding risk can be obtained
from the risk-safety factur curve correspondinglto the
service life of th(4l). Yen et al. (42) incorporated

the previously

discussed approach into their improved model,
ILSD~2, for optimal sewer system design.
In the previous work of Tang et al. (34) and Yen et al.

-

(42),.the assessed damkge cost in the event of insufficient
capacity wvas assumed to be eQual to soﬁe coﬁ;tant value
regardless of the severity of flooding conditions. Moreover,
it-was assumed that only one flood with the largest 'inflow o
Wwill contribute to the expected flood damages over‘the service
period.

In 1976, Tang, Mays and Wenzel (33) developed a model
for determining flood damage based on the flood volume-depth
relatlonshlp for a spec1f1c street section and the flood-
damage-depth relationship for a specific q?gghbourhood.
Hydrographs corresponding to several storm durations were
considered. The hydrograph giving the maximum volume of
flood water (Figure 2.3) was identified with the corresponding
storm duration. Congtruction of a damage cost~flooding volume
relationship is illustrated in Figure 2.4. To determine the

depth-total damage cost curve for a given residential or

business district, a set of flood-damage cost curves presented.
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by Grigg EE_EL"(33) were used. In these curves, flood
dépth was plotted as a function of the normaiized damage
(in terms of the fraction of total properxty value), for
various ciasses of structures. Thefdamage-freaﬁaﬁay curves
for various combinations of sewer sizes and slopes were
plotted. The area under any of these curves 1is equal to the
average annual expected damage if this specific combination
of diaﬁetér and slope was chosen.

In the-previously outlined approach, it was assumed

that the excess flow, Ql - Q_, Figure 2.3, remains on the

c
ground surface. It is believed that developing a sﬁrcharged
flow model to replace this assumption will yield a better
simulation. Although basement flooding constitutes one of
the major components of the total damage, backflow to (_’
basements (if any) was not considered by Yen et al. The
flood damage was evaluated for each sewer individually
neglecting the ;nfluence of the adequacy of the other sewers
on the sewér considered. |

Constraints

A review of sewer design practices shows that the
following can be consideréd as the most commonly used
constraints (3, 11, 42, 19):

‘ (i) Free-surface flow exists for the design discharges
or hydrographs.

(ii) The commercially available pipe sizes iﬁ inches

are 8, 10, 12, from 12 to 30 with a 3 in., increment and from

30 to 120 with an increment of 6 in.

v é
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(iii} The design diETeter is-the smallest commerci%lly
available pipe that has a flow capacity équal to or greatér
than the design discharge and satisfies all fhe appropriate.
constraints. ¢

(iv) Storm sewers must be placed at a depth that will
not be susceptible to frost, will drain basements, and will
allow sufficient cushioning ﬁo prevent breakage due to ground
surface.loading. |

(v) The sewers are joined at junctio such that the
crown elevation of the upsﬁream sewer is_no Aower than that
oé:}he downstream sewer. ‘ |

(vi) To érevent or reduce permanent deposition in the
sewers, a minimum permissible flow velocity at design dis-
chirge or at near full;pipe gravity flow is_Specified.' A
survey by James F. MacLaren (20) of the Canadian design
practices showed that the minimum design velocity ranges
from 2 to 3 fps.

{vii) To §revent 6ccurrence of scour and other undesir-
able effects "of high velocity flow, a maximum_permissible
flow velécity is also specified. The MacLaren.%:;vey (20)
showed that the maximum design velocity ranges from 10-15 fps.

(ﬁiii)‘ At any junction or manhole, the downstream .
sewer cannot be smaller than any of the éewers of the upstream
of that junction.

(ix) .To avoid the difficulties and excessive expenses

encountered in construction, in case of large excavation

depths, a maximum depth of excavation is specified according
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to the‘type of soil, ground water table, and the available
methods of construction (11).

" Optimization Algorithms

An optimization algorithm requires as an input, an
objective function and a set of appropriate constraints, and
gives as an output, an optimal design satisfying both the
objective function and the technological constraints.
bptimization algsrithms may be claséified into two basic
groups, namely; linear and nonlinear programming aléorithms,
and algorithms using dynamic programming approach or any of

its modified forms.

When the objective and constraint functions are linear,
the required optimgzation is said to belong to the linear

programming group (31). Sperifically, the form

Minimize 2 = Cy¥Xq _i eee Cn¥n . (2.8)
Subject to ' - _ ///’_‘/
all xl + P X, + ... + aln xn = bl

(2.9)

b
| v
o
-
.
i}
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-
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-

seer, (2.%9)_
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N .
is called the standard linear programming form. The function
to be minimized, 2, is called the objective function. ' The

variaqges xj (3 =1, 2, ..., n) are called the ‘design

(decision) variables. The quantities cj, bi > 0, and aij

(i=1, ..., mand 3§ =1, ..., n) are assumed to be known
constants, and m, n are positive integersi The constants

- - > )
bi are conventionally non-negative, and the cj and aij are

‘unrestricted in sign. Details of linear programming can be

found in standard textbooks (31, 9). A linear programming
problem can be solved by the Simplex Method which has been
programmed and is available in almost any computer's library.
If the objective function or any of the technological
constraints i; non-linear, the problem cannot be directly
solved using linear programming. SOmetiﬁés, it is possible
to transform the problem to a linear form to permit the uée .
of linear programming élgorithms. Dajani. et al.l(6) and
Dajani and Hasit (7) inéorporated in their optimizétion_
models a piecewisellinea;izétion. This approach can only
be used with convex functions. Another problem, noE;ally
encountered when using linear or non-linear programming is
thét they yield impractical fractional pipe_diaﬁeters.
Dajani and Hasit (7) solved the previous problem by intro-
ducing a new approach called “separable-cdnvek mixed-integer"
programming.. The latter approach obtains the optimal‘solutién

in discrete values representing commercially available pipe

sizes. Lemieux et al. (17) developed a methodology to design
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storm sewer systems using a nonlinear programming approach.
In their model, optimization was achieved.with thé Rosen's
projected gradient method. Gupta et al. (¥I) used Powell's
method of conjugate directions to minimize a honlineaf cdst
function subject to a set of nonlinear cqnstraints.

The secoqd group of optimization algorithms uses the
dynamic programming, DP, technique. Dynamic programming is-
a technique specially designed for analvzing nultirle, stage
processes. Some investigators have assumed that sewer
design is a sequential decision process; hence, they
incorpoféted‘dynamic prograﬁming in their models, e.g.lWalsh
and Brown (37), Merritt and Bogan (23), Dajani and Hasit (Tff
Tang et al. (34), Yen et al. (42), Tang et al. (33), and Mays
and Yen (22). A sewer system consists of sewers connected
by manholes. The DP computations start at the upstream end
(stage 1) of the sewer system and proceed downstream stage
by stage. For each stage,.several.combinations of design
variables satisfying the coﬂstraints are tested searching
for the optimél com@inatioh for that stage.

Dynamic programming has the flexiblility to handle any

objective function or constraint equations regardless of )
its linearity or non—linearity..‘Moreover, it_gives optimal
solutions with commercial piée sizes. When DP is applied to
large systems, there are difficulties in obtaining an accurate
optimal solution because of excessive computer time and

storage requirements (12). To overcome these difficulties,

several techniques based upon DP have been developed including
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successive approximation, state increment dynamic pfbgramming,
. and discrete differential dynamic programming, DDDP (22). DDDP
has been found to be efficient in obtaining the oﬁtimal'
design with reésonable‘comﬁutér time and storage réquirements;
Details of DﬂDP.applied to sewer design have been presented

elsewhere (34, 42, 33, 22).

2.5 Assessment of the Rational Method

The Rational Method i$ the simplest of all models used
in the.desigh of urban dréinage systems. Although the urban
hydrograph runoff models present better simulation of the
rainfall-runoff prob;em, the Rétional Method continues to
be used bf most of the consultants and municipalities in

- - Canada and the United States. A suﬁxﬁg conducted by James F.

| MacLareﬁ Ltd. (20) concerning the.méthods used for runoff

computation showed that of the 37 cities considered in the
study, 36 used the Rational Method, and one, Sainte-Foy,
used the ﬁcMath formula. A comparison of Rational Method
peak flows with measurements has been reported in Reference
20 for differeht watersheds with varving sizes. The results
indicated'£ﬁat the Rational Method is inconsistent and not
appropriate for the simulation of runoff from a real.storm

event.

A;_,_,-f"”Iﬁr56£;aring the Rational Method with the runoff hydro-

graph methods, it is possible to present the following
comments:

(i} The Rational Method does not take into account the
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time distribution of the rainfall.

(ii) The runoff coefficient ‘C'_lumps'all the char-

acteristics of the system, such as the degree of impervious-

"‘ness (which is é&xclusively a subcatchment pardmetdr), with

iﬁfiltration losses, depreésion, aﬁd detention storage,

which are also a function of the raihfall characteristics.
(iii) It gives only peak flows, while runoff"ﬁydro-

graph methods give comgleteAhyd:ographg at any desired point

in the system and permit the investigation of—storm water

management teéhniques such as .storage and pgnding,

(iv) While computers have made the development and

. implementation of-#tFdrograph runcff models possible, the

Rational Method is not improved when computerized (16).
Several attempts have been made to improve the Rational

Method but apparently none of thége methods is widely used

in Canada at present (20). For ample:, Schaake et al. (30)

: 1
presented empirical equations forscomputing the values ofr--\\\‘_'L

C and the characteristic "rainfall intensitv averaging time"
from the physicgl characteristics of the drainage area.
Rogers (19) presented thé "Rational 'Rational' Method of
storm draiﬁage design" in whicdh he utilized the Rational
Formula with a modification to allow for nonuniform runoff.
It appears that real progress can ohly be made by replacing '
an empiriéal method%by a model that attempts to simulate the

physical phenomena.
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Urban drainage practices in North America are in a
transition stage. Although tradltlonal methods contlnue to”
be applled on a large scale, there are also ‘many attempts

to apply new concepts such as off-channel storage, and runoff

detention (20, l}). Ralnfall-runoff models ‘are essentlal

L =

for examining these new concepts.

L

One of the new trends which has proved to be efficient

.

in reducmng peak flows from runoff is to prov1de for ocontrolled

-

ponding. Parking lots may be ‘used to prov1de surface storage

with little inconvenience to the parklng lot users., This can

‘be accomplished by sizing tﬁe drains to allow runoff from

the more fregquent minor storms to pass unimpeded to the sewer

system. Various.degrees of ponding may be allowed in malls,’

| plazas, and on rooftops. Aartificial ponds and lakes can be

*incofporated into proposed'parkland and green-belt areas to

act as retention basins; moreover, the presence of water in

or near a development is very desirable from both aesthetic

" and recreational viewpoints.. Disadvantéges of the latter

on-51te storm water detentlon facility have been found to be..
-
related to maintenance and operatloadl problems In some
cases. a constructed fa::ligy_such as an undergro d tank may
A large part of the stormwater runoff enters sewers
by way of catch basins into which street gutters discharge.

It may be feasible to incorporate storage at catch basins

fdr temporary detention of Street runoff before release to

L 4
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Reduction of urban runoff can'also be accomplished by

- , . various means such as requiring roof leaders to drain to

' lawns, using porous pﬁvements where c;imate permits,‘grasse&
wa&ercoufse, gravel-fiiled'channels and seepage pits, and the
preservation of natural ravinés and green belps.’ Side effects
of new practices require careful consideration. One possible

effect might, for example; be a higher ground water table

which- could increase infiltration in sanitary sewers.
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lowering the degree of imperviousness. This is achieved by



CHAPTER 3

MATHEMATICAL ASPECTS OF THE MODEL -

3.1 General
The major task involved in building 2 model is to
organize the available algorithms to achieve the goaf ofi the

model. The procedure normally followed to build a model

can be divided into a number of steps. . The first ep
to define the objective of the model. In the Bgesent model,
the objegtiv&ais to arrive at the optimal design [of pumped

% storm sewer networks. The optimality is achig@¥ed when the

total cost-of installation and expecﬁed age is minimum.
& ' The second step is to.draw a flow chért that specifies-the
varioﬁs staées along the input-output path, and the required
| algérithms for each stége. For example, an appropriate - |
' algorithm 1is necessary to transform the rainfall to the inlet
- inflow hydrographé (see Section 2.1.1).
The third step is to review the literature searching
6Gr the available algorithms that will perform the required
’role. The accuracy and degree of sophistication in the
selected methodology should be consistent with the objective
of the mégél. For example, incorporating a highly sopﬁisti-

cated hydraulic routing technique in an optimization design

- : . model cannot be justified. Instead, it may be more efficient

41
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to use an éppropriaté.routing technique with less accuracy
but with shdrter computer time. |

It in obvious that each model has to incorporate certain
new algorith;s, which present better functioning than the
existing algorithms. These specially developed algorithms
as weli as the 6bjectives of the model determine its driginal—
ity and distinction among other models.

The last step before using the model for practical
applications is to calibrate and validate the model (see
Section 2.1.2). Fof simulation models, calibration is done
Ey'comparing computed and measured hydrographs at the outfall
of test areas. For design models, calibration is done by
designing the drainage system of a catchment by the model,
and comparing the results with the deéign of another approp-
riate model for the same catchment. In some instances,
algorithms incorporated in a design model may be tested
agalnst other methods which have been known to give relatlvely '
accurate solutions.

Figure 3.1 shows a schematic diagram of the model. ‘The
mathematical aspects of the model will be illustrated in this
chapter in the sequence in which they appear in the diagram.

’

3.2 Simulation

3.2.1 Design Rainfall Storm
The design rainfall-storm‘incorporated in a design model
'may be a synthetic hyetograph or a storm specified by the

municipality (see Sectlon 2.2.1). The synthetic hyetograph,
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generated from the intensity-dﬁration éﬁrve for a certain
return period, appears to be more convenient from modelling
viewpoints. This approach requires, as an input, the
coefficients a, b, ¢ used in Equation 2.2 and x which is:
the relative advancement of the peak intensity. The co-
efficients a, b, and ¢ of the ihteﬁsity duration curve can
be easily obtained from }ainfall recorés which are available
for most of the regions in North America. The relativg
advancement of the peak inteﬁsity can bé obtained by statis-
tical analysis of many rainfall events in or near the water-
shed. Based upon the previous discussion, it was decided éo
incorporate ﬁhe design hyetograph developeq in Chicags by
Chu and Kiefer (Section 2.2.1). -

To simplify the modélling problem, the same rainfall
was considered for all points in the syvstem. Moreover, it
was assumed that the summer rain storms are the Eritical

type 'of storm. These two assumptions are reasonable for

small watersheds {Section 2.2.1)}

3.2.2 Runoff Model (Basic Inflow Hydrographs)

Various approaches have been proposed to generate the
basic inflow h&drographs (see Section 2.2.2). They vary in
the degree of sophistication, the required input data, and
the computational time. For a-design model, the selected

approaéh should have a minimum data requirement and computa-

tional time and it should be able to develop the inflow

hydrographs with reasonable accuracy. Considering the previous
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requlrements, it was dec1ded to use a similar approach to

that 1ncorporated in.the Road Research Laboratory Model.

{ see Appendix I[ for generating the inflow hydrographs.

This approach considers only runoff generated on

impervious areas directly connected to the sewer system,

. and neglects the contribution from the pervious areas where

infiltration and detention are usually high. The model
assumes a runoff coefficient of 1.0 for the impervious areas
(Appendix I). To find the impervious area contributing to
each manhole, a map of the catchment is prerared showing all
impervious areas that are connected to the sewer system.

The Area-Time Diagram: This diagram shows the impervious

area contributing runoff to the design point (manhole in the
present case, Figure 3.2) at any moment after the start of
the storm. The graph starts at the origin of the Area and
Time axes and gradually rises to a point corresponding to
the total impervious area and the estimated time of concen-
tration of the system (Figuro 3.3.a). The time of concen-~
tration of tte'basic subcatchment.coqsists of the ihlet time
and the travel time in sewer branches to the manhole considered.
For simplicity and to avoid excessive input data, the model
assumes a linear reiationship betweet contributing area and
time.

" Generation of Basic Inflow Hydrographs: Figure 3.3

shows the development of the hydrograph from the area-tlme
diagram, and the design storm hyetograph. The ordinates of

the hydrograph are calculated from the series
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Qinf(IMH,K) = (lk + lk_l + ik_2 + ee. ¥ ik—n) AN |
(3.1}
where

(IMH,X) runoff (cfs) at time E.At;

Qinf

I

i
m

average rainfall intensity (in/hr)
during the time increment starting (m=-1) At and ending (m)
At;

AA = increment of impervious area for é time
increment At, contributing to junction manhole IME, acres;
and n = number of increments of impervious area,
contributing to junction manhole IMH:

= impervious area contributing/time

increment.

3.2.3 Transport Model

The function of this model is to simulate the flow in
the sewer system. For storms’less severe than the design
storm, the flow in the sewer is gravity flqy. Oni%he other
hand, if one or more of the sewers are under-designed, or in
the case of storms more severe than the design séorm, the '
flow switches to surcharged flow. Alsé_if the pump is undér-
designed premature surcharge could occur. For a sugcharged
flow, if the total energy'is higher than the basement levels,

or the ground surface at the manholes, there will be backflow

to basements or to the streets. Based on the previous

- discussion, the transport model should have the capabilities

to simulate the gravity flow, detect switching, and simulate

»
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the éurcﬁarged flow considering backflow to bésemenEs (if
any) and to the ground sﬁrface. |
3.2.3.1 Gravity Flow Model

Several approaches have been proposed to route the
inflow hydrographs through the sewer system. As Qreéiously
discussed in Section 2.2.3, these approaches can be ciéssi—
fied into two basic groups, namely; approaches using hydro-
iogic routing techniques, and approaches solving the continuity
equation together with various simplifications of the momentum
equation, i.e. dynamic routing. Considering that the main
objective of the present model is to optimize the design of
a2 pumped sewer system, and based on the compariscon between

the two approaches in Section 2.2.3, it was decided to

incorporate a hydrologic routing techniaue in the model.

_This selection is also supported by the fact that if damage

is being considered, the surcharged flow model will be more
importaht than the gravity flow model in predicting the
performance of the system.

| A modified Muskingum Method (Section 2.2.3) has been‘
adopted as part of the transport model. One merit of the
Muskingum Method is that it takes into account the inflow
in addition to the outflow in computing the storage, i.e. it
includes wedge and prism storage as sh&wn in Pigure 3.4. The

total storage is "
S=KO+ Kx (I -0) (3.2)

which may be rewritten in a finite difference form,

X
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L= K [xy - Ip) + (1 - x) (0, = 0)] (3.3)

oy

A4

82 - S5

‘

where
§ = storage within the control volume;
I = rate of inflow into the control volume;
0 = rate of outflow from the control volume;
K = storage coefficient;
®x = routing parameter.
Subscripts 1, 2 indicate‘the variables at the beginning and
end of the time increment. Combining‘Equation 3.3 with the

continuity equation in the following form,

BB (1) + 1,) =55 (0 + 0y + {8, = Sy (3.4)

results in the following eguation

02 = Co 12 + Cl Il + C2 Ol . (3.5) ¢
where
_ Kx - 0.5 At )
Co © K - Kx + 0.5 At (3.6)
_ Kx + 0.5 At
C1 ¥ K=XKx + 0.5 &t (3.7)
_ K - Kx - 0.5 4t
Cy = X - R®x + 0.5 &t (3.8)
Co' Cl’ C2 are called the Muskingﬁﬁ Coefficients.

One restriction on the- Muskingum Method is that the
slope of the sewers has to be significantly greater than zero,

. otherwise the method is not applicable. The parameter X

s
S T
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used in computing the Muskingum's cOefficiénté depenés on
the limb of the hydrograph, i.e. rising limb or recession
limb,"énd.on the downstream copditions. The model assumes
a default value of 0.5 for x.. |

The coefficient K represents the ratio of storage to
weighted discharge in the reach, and has the dimension of
éime.. The techniques uéed in river‘routing do not apply for
flow in storm sewers because measurements are not available
for each reach of sewer. A simplifving assumption was made
to find the value of K . Figure 3.5 shows the relationship

between the relative storage, S/So, and the relative dis-
charge, Q/Qo, where ‘SO and Qo, are the storage within "the

sewer when flowing full, and the full flcw“capacity of the

sewer. Approximating the graph relating S/So and Q/Qo by a

straight line of slope unity, i.e.

S/8, = Q/Qg ' (3.9.a)
oxr ) -

s = (S,/2,) Q (3.9.b)
But | S = Ko
hence K = SO/Qo (3.10)
" Substituting for s, = g D¢,
and . o, = =22 Zop2y 3 s 12

, \

then the value of K can be obtained for each sewer using

NS
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th e following equation,

 1.696 n £
K. = ' (3.11)
i D.?/3 S1/2

where

ﬂi = length of the i-th sewer, £t

= diameter of the i-th sewer, ft;

L Dy
n = Manning's Coefficient;
and SO = invert slope of the i-th sewer.
i .

3.2.3.2 Surcharged Flow Model

(i) Definitions and Assumptions: Figure 3.6 illustrates

a typical sewer section showing i-th sewer 1 , connecting

manhole MNH{i} at the upstream 2nd and manhole MNH(i+l)

at the downstream end. It is assumed that ground surface

slopes linearly from elevation H, at MNH(i) to elevation

Hi+l at MNH(i+1l). Also, it is assumed that the basements,

if any,/é;;-locéted a

the locus p

yage depth m; from the ground

{e basement floors (basement grade
‘ P .

surface, i.e.
as the ground surface slope,

line) has the same slopg B. *

i
H. - H. )
i i+l
sBi = -__Z;___— - o (3.12)

is positive

where ﬂi is the length of the i-th sewer. Sy
' i

when the ground surface slopes downﬁards while proceeding

downstream.
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During surcharged flow, the slope of the energy line

may no longer-be egual to the sewer slopé: In that case,

the model evaluates the energy slope, Sar using Manning's

Eqguation in the'following form:

. - 4.66 n2 ' . 2
Se(l;t), = —ST37§— [Qav(l;t)] (3.13.a)
i .
or A
. — . 2
Se(l,t) = Kei [Qav(l,t)l {(3.13.b)
Hence,

2 s . N

Ke - 4.66 n (3.14)

i D-
i
where
Se(i,t) = energy line slope of the i-th sewer, at _
the t-th time index;
Qav(i,t) = average flowrate in the i-th sewer, dufiﬁ@
the t-th time interval;
X, = coefficient of energy line slope the
i . -
i-th sewer; ’

t = time index representing the interval t-At

to t.

Equation 3.13.b gives the slope of the energy line of
the i-th sewer, provided th;;}the average rate of flow
is known. Tﬁe average rate of flow in the i-th sewer can be

determined from the mass balance of the inflow to and outflow
Figure 3.7.a shows the different components

from the system.
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© constituting the inflow and outflow, namelf, bésement flows,

Qp, street (ground surface) flows, Qst,.and'the basic inflow -

‘hydrographs,zQinf. Thg/éQuation used for mass balance is

-
- -

Q, (i t) = ) Qe i, t) = 7 Q. (i,8) - lfl Qg (1,t)
1 1 . 1
) - QB(i,t)/Z - - (3.15)
where _ ' \
Qinf(l,t) = inflow ruﬁoff (cfé at the upstream' end )
of the i-th sewer,; i.e. at MNH(i);
Q. (i,8) = street flow (cfs) at MNH(i): \
éB(i,t) = basement flow (cfs) along the 'i-th sewer.
The summation of Qinf(i,t) for manholes_l to i is assumed
to be the sum of Qine fqr each manhole at time t .
Both basement fldws and street flows may be either

outflow (positive with regard to Equation 3.15) or inflow
(negative). At the beéinniﬁg of the éurcharged flow condition,
storm ‘water collects into the basements and on the ground,
+i.e, the basement and.street flows are considered as outflow
from the system. During the recession limb of the hydrograph,

storm water from streets and basements flows back into the -

[

sewer system as inflow. B
Basement flows and street flows are functions of the
respective positions of energy {ine, basement grade line and

ground surface elevation at manholes. Based upon the

S~
\
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previous discussion, it can be seen gyét the différent.;
variaibes, energy line, Qé and Qst.are interdependent and
none’ can be e#pressgd explicitly in terms of the others.
The mpdel assumes an initial solution and iterates to obtain
an izgroved solﬁt&on. |

(ii) Construction of the Energy Line of the System: To

simplify the simulation“éroblem, the model assumes that
energy losses at manholes (junctions) are negligible. Also,
the model approximates the- actual energy line by an equivalent

straight line of slope, Sar computed from Equation 3.13.b

using the average rate of flow ,along a particular reach of
the sewer. The construction of the éﬁergy line of the sewer
system is illustrated in Figure 3.7, and Figure 3.81

Tﬁe solution starts from the downstream end of the
outfall sewer energy line, point A, Figure 3.7.b, and
proceeds ;pstream obtaining points B, C; and so on. Points
A, B, ... etc. are the elevations of the energv line at
manholes n, n-1, n—é, ... etec. at time index t . The model
sets the basement and street flows equél to their values
at the previous time étep; t-1. Point A is obtained usiﬁé
the sump-pump model for time t-1, and is used as an initial

solution. Then, the model computes the average rate of flow

for the i-th sewer ﬁsing the assumed values of Qg Q..

Equation 3.15.b is then used to find the energy slope, Se(i,t),

which subsequently will be used in the following equation

USELi .= USELi+l + Se(l,t) ﬂi (3.16)'



*"at the upstream end of sewers i, and i+l respectively.

-of a typical house connection. Also) rooftops may pe drained
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: : S e . ' o s
where USEL,, USEL; , are the elevations of the .energy line °

After obtaining all the points defining the energy line

Aﬁ_B,'.:., the model computes basement and street flows

e e e ol B T
.

using the constructed enexrgy line and incorporates the. -
‘refined values in a new iteration. A similar iterative

procedure is necessary'for improving the starting point A

by substituting its initial value with}an?ther'refined value

evaluated by the sump-pump model uéing_the most recent falugs Cod

of the variables involved. ' : ) 7 o %

A

(iii) Basement Flows ’ _/

In some urban areas, basements are drained-through - -
house ‘connections to separate storm sewers. Check valves -
may be used to protect basements against backflow but the

.. -

pegformance of these valves cannot be relied upon. The model

assumes that these valves are either not existing or are not
-

working properly. Figure .3[9'3 sho{s a _schematic drawing

.

£ SRR R AR 1 e T L € de XA L e PSR R
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to foundation drains which subsequ%ptly are connected to storm.}

sewers.’ 4.

Description of Basement-Flooding Process

-

»
If the elevation of .the energy line along the storm -

sewer, point A, Figure 3.9.b, exceeds the basement floor

gt s b T e

elevation at a particular ?;:jf connection, point B, the storm

ing from storm sewer, through Lo

PP T

water is assumed %o start £

- .the house connection, into” the basement (see Figure 3.9.b). ‘ i

. In this case, the baseméﬁz\flow is a function of the difference ﬁ
“
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-

in elevation between A and B. The storm water collects in

-

the basement and its depth is called basement "flooding depih,“

da

£-

The water surface in the basement, point C, Figure 3.9.b,

represents the total erergy level in the basement. In this

“case, the basement flow is a function of the difference

between points A and C;, instead of A and B. 1In the;recession

limb of the hydrograph, point C excedfls point A in elevation

and consequently the basement discharges the collected water

into the storm sewer.

Development of Basement Flow Model

To-simplify the modelling problem, the model assumes
! F g

2 unifofm flooding depth for all the basements associated

-

with a particular sewer section. This assumption means that

- <&
th e storm ther flowing into all the basements will be

accumulate

d distributed uniformly over the entire area

of basements, Abaseﬂ In other words, after time t , the

flooding depth can be obtained from

4

T ggli,f) At(s0)

. _ t=k '
G0 = 73550 (3.17)
~ i
where -
df(i;t) = flooding depth of the baééments associated

with the i-th sewer at the‘end of the t=th ﬁime step, fta

= avérage rate of basement flow for i-th sewer

during the t-th time step, cfs;

At

-

= time increment, min.; . .

o i k. d ek o e

~—
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Abaéei = total basements area aéséciated Qith'the i-th
sewer, écres: ' ) o A

k = first time step index of the surcharged flow
condition. | \

_Figure 3.10 illustrates the possible'ﬁases of the
_ respective positions of the sewer ehergy line, and the locus
of the basement total energy levels (basement energy line).
Also, it shows that 5;Semept eﬁeféy line has the same slope
as the basement grade line, and lies above-it b& a value

equal to df. Before proceeding, a new parameter which is

the flooding ratio, F, should be introduced. It is the ratio.
between the length of ﬁhe sewer actively béing'floodéd and
its total lengéh. For example, in Figure 3.10.b, F is equal
to unity because the sewer energy line, is higher in elevation
than the basement energy line over the whole séwér length.
The development of the basement flow model will be divided
into .three parts,‘computat;pn of flow‘through a single house
coﬁnecﬁion, computation of total basement flows along a
?articular sewer ségtioh, and'depermination of the flooding
rat%o, Fli,t). - |

Computation of Flow Through a Single House

Connection: To compute the flow through a single house

connection, Q the energy egquation is applied between

s.house’
points A and C, Figure 3.9.b. The difference‘in elevation

between points A and C is the head loss, hz, in the house

connection. This head loss is the sum of the frictional head
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loss and the secondary losses along the path A~C. The energy

equation, the continuity equation, and the Darcy-Weisbach
equation for head loss by pipe firction, when combined
togéther,'may'be used to derive an equation to compute,

Q in the form

s.house’ ‘

C J 2gh£ o
Qs.house = Apipe K + Cf zh.con. G&ff)
, m '

h.con. =

where

qé.house = flow in house connection to the basement of

-~

a single house, cfs;

“Apipe = cross sectional area of the pipe of the

-

-

house connection, ft?2;

-

2y con = average length of house connections within

a particular sewer section, ft; _f\\~_/)

dh con = diameter of the pipe of the house connection,

ft:

h, total head loss through a particular house

connection, which is equal to the difference in elevation
between points A and c, ft:;

Km . = minor loss coeffiéient = 2 (default value):

C

£ coefficient of friction of the pipe of the

house connection = 0.03'(default value)

g = gravitational acceleration, ft/sec?.

24 g ariB I A

2t
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Computation of Total Basement Flows Along a

Sewer Section <

Case (a) F < 1.00 : S

Figure 3.10.a shows the sewer energy line and the
basement energy ligé for the i-th sewér, during the t-th
time step. If the number of houses along the i-th sewer

section is, Nhouse’ a%d the.length of the i-th sewer is £i’
then, the basement flow per,unit length‘df the sewer, Qx'

see Figure 3.10, can be obtained from

| (Qs.hopse)i (Nhouse). . )

Q. = = (3.19)

. -
. zi

Integrating Q over the sewer length F(i,t)£. to obtain
X i

the positive basement flow, i.e. storm water flowing from
the storm sewer into the basements, gives
_ P(i,t)L, .
QB(l,t)(+ve) = VY Qx dx (3.20)
‘ 3

Substitution of Equations.3.18, 3.19 into 3.20 vields

“P(i,t) L.
) A . (N ). ) i
QB(i,t)(+ve) = /ig rplpez.house i /Hz ax
'JK + £ Eh.con. i -
™ a _ .
h.con. ‘
(3.21)
5Ut; h, can be expressed as i .
hy 7 X

GSHL ?Zi,tSZi (3.22)
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where USHL is the total head loss in a house connection at

the upstream end of the sewer. Substituting Equation 3.22

into 3.21 gives

Ll

Qg(i,t) (+ve) = 2 F(i,t) (v %]

house) %Apipe
.

gsfffp_' , _ (3.23)
K+ f “"h.con.

m

dh.con.
Similarly, the negative basement flow, QB(i,t)(—ve), can be

cbtained from: : o

~

. c 2 : -
Qpli,t) (-ve) = 3 [1 - F(i,t)] (Nhouse)i 2 Boipe v2g

-

J CESEIL } a S (3.24)
h.con. .
K_ +

h.con.

-

where QB(i,t)(vve) is the negative basement flow, i.e. storm

water flowing back from the basements into storm sewers, and’
DSHL is the total head loss in a house connection at the down-
stream end of the sewer.' At the start of the surcharged

flow conditions ffbe flooding depth is equal to zero, hence,
the model assigns zero to the magnltude of the basement flow
Also, the model restricts the magnitude of the negative
basement flow to a flow equivalent to the available volume

of water in the basements in the length [1 - F(i,t)]f.i in one

time step, i.e.

e

o

RN
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dg(i,8) [1 -.F(i,8)1 (8, )

QB(i,t)(-Ye) < AT -

(3.25)

-

After computing QB(i,t)(+ve) and QB(i,t)(-ve), the model

obtains'QB(i,t) from

Qs(i,t) = QB(i,t)(+ve) - QB(i.t)(-ve) 3 (3.26)

Case (B) F = 1.00

Figure 3.10.b shows the respective positions of the
sewerggﬁérgy line and the basement energy line in the case

of F(i,t) = 1.00. Usind a similar approach to that used in

the case of F(i,t) < 1.00, the following equation WEEJ)

derived to compute QB(i,t), equal to QB(i,t)(+ve),

- . = 2 _ )
Qg (i,t) (+ve) = % (Nhouse)i_i Ppipe ety
' | £f "h.con.
m h.con.

(usaL) 372 - (psmr) 3/2 ‘

USHL - DSEL (3.27)

To simplify the problem, it was decided to consider
the length of the sewer actively being flooded, to start
from point D instead of the true point E as shown in Figure
3.10.a. This simplifying assumption has resulted in a few
minor cases in which néither Equation 3.24 nor Egquation 3.27
with their conditions can be directly-used. Figures 3.10.c,
3.10.4 and 3.10.g'illustrate these cases which are normally

encountered at the beginning or end of the surcharged flow
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conditions. ~ . ] .o

Case (C) Figure 3.1l0.c

In this case, the computed F(i;t) is equal to zero,
and the basement energy line is higher in elevation than
the sewer energy line. The model uses Equation 3.27 to

compute Q. (i,t), which is considered negative in this case.
s g .

Case (D) Figure 3.10.d

In this dﬁse, the computed F(i,t) is greater than zero

and less than unity, and the basement energy line exceeds,
in elevation, the sewer energy line. As in case (C),

Equation 3.27 is used to compute QB(i,t)(—-ve)T

Case (E) Figure 3.10.e

This case is treated the same as case (A) except that _

tﬁe true F(i,t) is computqg‘using one of the following two
equations: ) =
L

DSHL
[USHL] + DSHL

or ; | “\\

) USHL .
F{i,t) USHL + |DSHL] )(3‘29)

F(i,t)

(3.28)

Determination of Flooding Ratio, F(i,t): Flooding

ratio, F(i,t), is defined as the ratio bereen the length of
the sewer actively being fiooded and its total length. The
flooding ratio is a function of the respective positions of
the sewer energy line and the basement grade line. It can

be determined if the following four variables are known:

»
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mid-point elevation of basement grade line, Bi’ mid—poiht

A ' elevation of sewer energy line, E(i,t), slope of basement

grade line, (SB)i, and slope of sewer energy line, Se(i,t).

Case (I), Figure 3.ll.a

. This case is characterized by Se(i,t) >‘(SB)i and

E(it) > B;. The value of F(i,t) is obtained from

E{(i,t) - Bi

F(i,t) = 0.5 + — © (3.30)
Ki[Se(l,t) (SB)ET .

Case (II), Figure 3.11.b

In this case, Se(i,t) < (SB)i and E{i,t) < Bi.- The

model uses the following equation to compute F(i,t), viz.

E(llt) - Bi

. P{i,t) = 0.5 - ' (3.31)
‘Ei[se(l;t) - (SB)i] .

Case (III), Figure 3.ll.c

In this case, Se(i,t) > (8 and E{(i,t) < Bi and

B3

Equation 3.30 is used to compute F(i,t).

Case (IV), Figlure 3.11.4

This case is characterized by Se(i,t)'< (SB)i and
E(i,t) > Bi' The value of F(i,t) ié obtained by using-

Equation 3.31.

SN

Case (V), Figure 3.ll.e

This case is encountered when (SB)i is negative, ,i.e.

-('-g.r""t'k'-;\" L E T
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sldﬁing upward‘when'moving downstream. To obtain the value

of F(i,t), Equatiom 3.30 is used.

Case (VI), Figure 3.11.f

In this case, the sewer energy line is higher in-
elevatlon than the basement grade line over the whole sewer
length, hence, F(i,t) 1s equal to unity. The model detects
this case and if the computed value of F(l t) exceeds unity,

then 1t resets the value of F(i,t) equal to uynity.

(iv) Street Flows

During the Rising Limb of thé Hydrograph: After

the switching of the flow to 2 surcharged flow condition,

the model checks the energy levels at the manholes at each
time step. If the energy level, USEL(1), exceeds in elevation
the grguna surface, H(i), at a particular manhole, MNH(i),
-the‘model assumes that the storm water starts to flow onto

the ground surface at this manhole with a rate of flow

Qst(i,t). Otherwise, the model proceeds to the next upstream
manhole, considering that Qs at MNH(i) equals to zero.

The model computes the storm water flowing upward
through the i-th manhole by applying a mass balance equation
at the manhole. Figures 3.12 and 3.13 iiluetrate the procedure
ef computation. The mass balance equation‘used is in the

form

’ -

Qg (irt) = o,

in (3.32)

ot
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where Qin is the inflow to MNHﬁi); and Qot is the outflow
from MNH(i). The model computes Qiﬁ using a‘similar equation

to Equation 3.15 in the form

i-1 i-1

1 .
Q..= I Q. (i,t) = § o (i,t) =7 Q_ (i,t) (3.33)
in i=1 inf Ji=1 B j21 st
and computes Qot from
Qor = Quu(ist) + 0 (i,t)/2 (3.34)

To compute Qav(i,t), the model assumes that the energy level

at any'manﬂole where street flow occurs is equal to the
ground surface elevation at this manhole. This assumption
means that the storm water coming out of the manhole is
distributed over the ground surface'with shallow depth such
that its energy level can be aéproximated by the elevation

of the ground surface at the manﬁole. Hence, 'the model sets
the energy level at the hanhﬁle, USEL(i), equal to the ground

surface elevation, Hi' and using the energy level at the down-

stream end of the i-th sewer, DSELi, computes the corrected

energy slope, Se(i,t).

Se(i,t) = =7 (3.35)

The resulting Se(i,t) is then used to compute Qav(i,t).

‘

-
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' During the Recession Limb of the Hydrograph: 1If
the energy level at a particular manhole drops down below
the ground surface elevatién, the storm water colledted on

1

. the ground surface, vst' starts to flow back through the

manhole into the sewer system. In this céﬁe, tHe street
flow is considered inflow to the system instead of being
oﬁtflow, i.e. has a negétive sign. The exac!‘simulation of
the gtreet £flow in this case is difficult and necessitates
routing of the flow over the irregular ground surface.
Considering this difficulty, and realizing that the reces-
sion limb of the'hydrograph is not critical in damage
evaluation, it was decided to follow a simplified approach.

The model assumes no contribution from Vst(i—l,t)
or Vst(i+l,t) to MNH(i}, where Vst(i,t) is the collected

storm water on the ground surface at the i-th manhole,
computed from

t
v (1,8) =, tzk Q. (1,t) At | . (3i36)

The model considers a characteristic flooding depth ds at

i
the inlets contributing to a particular manhole and it is

assumed that

i
v o ds (3.37)

The flow of storm water into the inletq can be simulated

using a simple weir relationship between head and discharge,

e it Gt el A L a i S
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viz,

Qgt S | {3.38)

Based upon the previous two relationships, the negative

street flow can be cémputed from

Q  (i,t) (-ve) = cBi Y vstii ) (3.39)

where C; is a coéfficient_that depends upon the inlets used
i

and the topography around the inlets$. The .model proposes a

value of 0.0l for CB for a sloping intersection, and a
' i ‘

value of 0.02 for an intersection in a depression.
¢ . .
3.2.3.3 Switching Criteria

Gravity flow and surcharged flow models haﬁe been
developed in the previous twb sections. It has been shown
that the model routes the flbw through the sewer system time
step by time step. éhe model has to detect for each time
step the condition of flow, gravity or surcharged. The
conventibnal procedure to differentiate between gfavity and
surcharged élow is to compare the actual g;ow in the ‘sewer
with its flow capacity. If the actual flow exceeds the sewer
capacity then the flow is surcharged, otherwise it is
gravity flow. 1In the present moaél, this procedure cannot
be used because both gravity flow and surcharged flow models

were developed to handle only one type of flow and it is

not necessary that all the sewers switch from gravity flow
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to surcharged flow in the same time step. '

To arrivefat an appropriate proqeduré that can be
used to detect the fléw condition ﬁor ea§h time step, it
was decided to consider the actual storage in the sewers
instead 6f thé actual flow. Figure 3.14 shows a simpliﬁied
flow chart for the switching procedure. For each time step,
in case of gravity flow; the model computes the actual storage
in each sewer using Equation 3.2 and the total actual

storage, vact' in the system. If the total maximum available
. storage, neglecting manholes storage, is véys' then a para-

meter, Ry, . defined as

Rstg = ¥ /vs

act (3'40y

VA

may be used to govern switching. The total maximum available

storage, ¥ is computed from

sys’

I 2 ' J
(z D3 2, (3.41)

where n is the number of sewers. If R exceeds a certain

stg

ik

-value, theoretically 1.00, then, the sewers are flowing full *

and the flow.is surcharged. The program compares RStg with

a default value of 0.98.

R Y Y

If there is iﬁadeqhatg pumping capacity for the outflow

~

from the outfall sewer, premature surcharge could occur. In
this case, the water level in the sump rises and submerges

the downstream end of the outfall sewer possibly creating a



f‘. ~ ~ surge fhét_woulé‘méye upstream. . The model qs;uméé that
}P. . .éravity flow prédomihates,Eignoring.the effect of any
: - ' surgé, sg\iéng:as the ;ela?ive'sfbrage at &¢he time step
under consideration is less than tﬁe\&riticai limit. -
. a ' |

-~

3.2.3.4 Sump-Pump Model

The main function of this model is to route the outfali ‘ -
hydrograph through the sump-pump system. -Also, it-provides’
the information about the performance of the pumping system

that is required-to improve its design. 1In the surcharged
—— A . . .- . .
flow model it was shown that the solution starts from the

energy levél immediately upstream of the sump, point A,

‘

Figure 3.7.a. Point A can be detérmihed~only if the water
level in the sump is known. 'If the water lével .in- the sump
is below the crown elevation:of;the outfall sewer, thé

elevation of point B ump’ i5 not function'of the sump

i . water level, instead it is computed from 7

- \ ' | _
. Esum.p = Ecrown * vn/2g (3.42)

. o . ) . ' -
y ‘whéré'Eéum- is the energy level immediately upstream of the

is the crown elevation ¢f the down-, - <

Bimp at point A3 Eguo

M . ) - . R . .
" stream end of fhe'oé;fall sewer n, and Vh;is the velority 52
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where Qout is the flowrate at the downstream end of the
. n § o

n-th sewer and An is the cross-sectional area of the n-th
sewér.' On the othe; hand, if the sump water level, SWL,

exceeds in elevation Ecrdwn’ Equgtlon 3.42 is used to

crown by SWL.

Figure 3.15 sh?yé.a ?ypical arrangement of the wet
well (sump} and the pumping.hnité. When the étérm water
flows intc the sump, its water surface rises. If the sump
water level exceeds the starting Eigvatién(s) of the pump(s),
it actuates an automatic control that starts the pump (s) (24).
At the beginning of the rising limb of the hydrograph, the

pumping flowrate Q is greater. than the inflow to the sump,

Q.- In this case, the sump water level draws down until it

[
falls below the stopping level, and it stops. 1In practice,
several pumplng units are used, ané consequently, there are
more than one set of startlng and stopping levels. To
simplify ‘the modelling problem and to reduce the input data
required to specify the design and_operatlon policies., it

g

was decided to consider one pump {egquivalent), and one ~.

.control level'(mingmum sump water level). This control

level is assumed to be the average of the starting and stopping

levels. ‘

£IMe model assumes constant-speed pumps and. constant

mechanical power'sﬁpplied by the motor, hence,

.. .
o b g o e b b - e
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Brake Horse Power = YwQR HR/nR

Ypr HP/nP ‘ ) {3.44)

where np is the pump effiéiency‘(overall); Q is the pumping
flowrate; H is the pumping head; Yy is the specific weight of

the storm water and subscripts R and p denote the variables
at the rated condition at maximum efficiency and operating

conditions respectively. Equation 3.44 may Be rewritten in

- ]

tﬁe form

o = G (/my) |  (3.2%)

where Cp is a parameter defined as,

. n, . . S N
' c = — H Q ‘t'?: b .
. Ci;— _ P nR-"R R . N
. 1 ~ A
' = Mre1 Hr QR o (3.46)
The model assigns a default value of 0.95 to Nre1s A <§\

reservoir routiqg app:oaéh_&s uéed to éetermine the Suﬁp
water level at any time index t‘. The continui£§ equation
applied for the sump may be written in a finite differencg
form as follows 1 o |

-

@+t - 1 @ + of™) = as/at (3347)
~where AS is the incremental change in the storage withih the

sump or from Figure 3.15 -

R A0 11 L LY PRI RO PN
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AS = A A, : (3.48)
| £=1
but AY = -AH = -(§%- g 3.4
u ‘ Y P ( P ) ( 9)

’

As = sump cross sectional area; and

Y = sump water

depth above minimum sump water level
-»

From Equations 3.45, 3.46, 3.47, and 3.48, the following

equation can be obtained

EY = —lB+l/Bz+4c {3.50)
P 2 2
where -
= o gt Ll LS ot atl L Q
B = H + e (Qs + Qs ) =T (3.51)
. H
' P
and =
C . .
~ C = ——&2 As At (3.52)

) Knowing the pumping head, H;, permits the computation of sump

water level, SWL, b%

(3.53)

where E a is the energy level on the ‘delivery side ‘of the pump

which may be the elevatign of the -water?urface of the receiving -

body . " T
Also, Q. in Equation 3.51 is computed from

-

0 Qout(n,ﬁ) * Q. (n-!-l,t)'- (3.54)" -

t
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where Qinr (n+1,t) is the inflow from sub—-catchment (h+l),

contributed directly into the sump well,

~.

3.3 iptimiz ation

3.3.1 General L
The purpose of this research is to develop an lmproved

methodology for the oEtlma design of pumped storm sewer

‘networks. Generally, in .any optlmlzatloﬁ problem, the

Procedure followed to arrive at the optimal solution can be

!d1v1ded into the follow1ng steps. First, the several elements

of the system to be designed aré\igentified. For example, in
the present case, it is required to design the sewer elements
(depth, diameter and slope), sump (cross secrional area),

and pumps (rated head and discharge). 1In many cases, it is
useful to manipulate the obvious design variables in order to

arrive at more appropriate design variables. Such trans-

lformation of variables mey not only simplify problem formu-

lation,‘but can also permit the use of available optimizatiix
algorithms. ‘ .

{ The second step in the design procedure is to set up
the objective function and the set of constraints in terms of
the chosen design variables. The form of both the objectlve
functloﬁland the constraints determine the optlmlzatlon
algorithm to*he used, e.g. for a problem with a linear

objective functioﬁ and constraints, a linear programmlng

technlque is used to obtain the optimal design.
e
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3.82 Design Variables

A highly sophisticated damage evaluation model was
incorporéted in the simulation to improve the cbjective
function (see Section 3.3.4). This damage model evaluates
thé average énnuél‘probable damage resulting from adopting a
speéific‘design. The cdmputer time required to perform this
role is relatively high and it is impractical to apply the
model‘indiscriminately for all the possible decision variables
that could be considered in the objective function. .This
problem led the previous investigators Fo incorporate
relatively simple damage models.

The design variables for the present'problem are the
diameﬁer and slope of all the sewers, 2n, sump cross sectional
area, and pump rated head and discharge. If the number of
sewers, n, in the network being designed is large, the number
of design variables_g}li be a;cordingly large (2n + 3). To
avoid the problem of having a large number 6f desién variables,
and to permit the use of the proposed damage model, it was
decided to consider only five decision variables in the
optimization model. These &ariables are simply the relative
incremental changes in thé corresponding physical quantities.
These felative incremental changes are applied for a éreviously
balanced design as outlined in Section 3.3.3. The design

variables involved in the present design problem are X;

i=1, 2, ..., 5.

(1) Variable'X,: The incremental relative change in

- the sewers' slope
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S |
(Fo.) o _ (P0.)
X, = —=F 22, i=1,2,3, ..., n
(To ) .
iz .~ (3.55)

where subscripts I and F represent the variable at theé initial

and'final state respectively. In other words, (s0 ) can be

N i lF LIS
obtained knowing (S_ ) + and X., from
°; ¢’ 1
(s ) = (8. ) .1+ x,) ' {3.56)
o °i F °i 1 * .
where (So ) is the slope of the i-th sewer according to the

iI
initial design., The initial design is a preliminary design
and E; essential to start the solution.

(ii) Nariéble X2: This variable combines two - -

variables, the rated-head,_HR, and the rated discharge, QR’

-

into one variable which represents the pump power (QRHR).

This is done because they appear together in the routing
equation of the sump-pump model, Equation 3.46, ;nd pump

cost and operation is proportidnal to power. Hence, X, is

-

defined as ' N

_ (QgHglp - (QpEp) . -
- (Q H_) (3.57)
rRAR' 1 :

After obtaining X, from the optimization, and (Hp)p from the

geometry of the final design, maintaining its compatability,

(QR)F is determined.from the following‘equation

B
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(Q.H.) ‘ '
- . R"R"I
(QR)F = —(H—R'v)— (1 + xz). . ‘(l3.58)

(iii) ‘Variable X

PRI TN PR il

3% X3 is defined as the incremental

relative change in the sump cross sectional area, As'

= (AS)F - (Ah)l

3 (3.59)
3 (AJ)

or
(1 + X3) (3.60)

X, takes into consideration the

(iv) Variable X4: 4

overall system depthhji.é. the lowering or raising of the

whole sewer system by a certain amount. It is defined as

_ (dsys)F - (dsys)I
X4 = (d ) ’ (3.61)
sys'I y
or
(dsys)F = (dsys)I (1 + X4) (3.62)
where dsys is a characteristic depth of the sewer system.

The model considers d. equal to the depth from the ground

e

surface to the crown elevation of the sewer at the most

¥s

upstream end of the system. This variable reflects the ‘
effect of the respective positions of both basement grade
line and sewer enérgy line on the system design.

Obviously, a system with a relatively large depth, dsys'

will have a low sﬁfzzﬁ and basement flooding damage.4 .On the

-other hand, the un%} cost of the sewers in the system will
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increase resulting in an increase to the initial cost of the

system.

(v) Va;iable XS: XS is the incremental relative change -

-in the diameter of the sewers: - r

(D), - (D,} ) .
1°F i'I .
X = ; 1 =1,2, ..., n (3.63)
5 (Di)I

- or

(Dy)p = (D) (1 + Xg) e (3.64)

A review of the previously discussed design variébles
shows that the_ role of optimization is to find the opﬁimum
change from an initial design to arrive at a better design.
The outcome of this procédure is a local optimum desigh
rather than a global optimum design. If a.global optimum
design is desired, the :local optimum desién should be
adopted as an initial solution and the optimization proéess
repeated. To achieve a simila:‘improvément without repeated
optimization, this model improves the initial design by é‘\\
balancing procedure, see Section 3.3.3. This balancing
procedure yields a con51stently desmgned sewer system.for a
storm with a spec1f1ed return perlod whlch permlts ‘a single

optimization to vield a practlcal global optlmum‘design.

-

iy

0 3.3.3 Balanging Procedure
Tyé main idga behind.balancing the initial design is
to improve it by @llowing a more consistent performanée for _
all the sewers a the pumping system. Thé unbalanced initial g

‘
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design may have some underdesigned componénts and some over-
designed components, e.g. pipe and pump sizes. The balancing
procedure removes the inconsistencies of over- or under- ,
designed components. By combining a balanced initial design-
‘with an "optimization procedure,-a more efficient sewer system
is obtained Wwithout using excessive computation time.

Balancing, as defined in this model; is a procedure
that corrects sewer diameters to maintain 4ame maximum
relative storage in all sections for a preselected storm of,
a known return period. To be consistent with the switching
criteria, the model considers thé maximum relative storaée
instead of the relative flow capacity. If the maximum

relative storage of the i-th sewer during a specific storm

—

is P_.
m

ax ,‘and its'diameter is Di' then, the balanced diameter
i

is obtained from

(D = D. (P__) i=1,2, ve., n  (3.65)

i)bal i max’ i 4

1f the model switches to \surcharged flow, P .. is taken equal
‘ i

to the value of P, just prior to switching. The model has to

iterate three times to achieve the same Pmax for all the
i

sewers. ' .

The capacity of the'pumping station, QR’ is a major

factor in determining the performance of the sewer system. .

The model adjusts the pumping capacity so that it just prevents

...4...:-‘--_._., - .

13- Akt b

P -
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Sewer, ENDSEW. The requrted increase in pumping capacity

during each time step, AQ;, is obtazked from

t t-1
& (SWL™ - swrt 4 A

AQp = A€ (80) ‘ (3.66)

time steps considered up to the switching time or to the end

of the storm whichever comes first. The new pumping capacity

is then computed from.

[

(QR)adj QR + AQP (3.67?

where (QR)adj is théjadjusted pumping capacity. It was found

that two iterations are sufficient to maintain the sump
water level just below. ENDSEW during the Specified storm.J

W

3.3.4 Objective'Punction
is the total’ annual cost of installation and the expected

potehtial annual damage cost. “The Pxoposed form of the

Oobjective function is ;

e -A-m-'h;-h—mmﬁ.‘a—lm_—-—qh- e ———
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min. 2 = (C +d) + ] c; X;'+ 1 4; X (3.68)
- 1= i=1l .
where
- " _ac PN
l 2
_ oD ;

¥ 4

Co and C are the total annual costs of the initial design

and the perturbed system respectively, installation and

operational costs, and do and D are the average annual probable

-~

damages resulting from adopting the initial design and the

perturbed system respectively; N is the installation cost

radient with respect to the i-th decision variable; di is

-damage gradient with réspect to the i-th decision
- variable. The procedures followed to obtain the numerical

values of ¢ and di are illustrated in the next section.

Rearranging Equation 3.68 into the following standard form,

aives
. . 5 '
£ min. Z' = ] a.X. (3.71)
, . i7i
i=1 ,
where
| B -
Z = 2 (co + do) ' . (3.72)
and ai’ = Cl + di . < (2.73)
. "’w{‘
.

Since X, is unrestricted in signy

: o

A e B



negat:.ve changes are both expected as ah output of the""
\ opt:.m:.zat:.on process, each x variable is replaced by

\ _another variable which is the difference between two

positive variables, (xi - xx’i) , where X; s XX; > 0, and
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3.3.4.1 Cost Model. .

The main function of this model is to compute the

annual cost of installation and operation of the sewer systém.

The annual cost of installation of the sewer'system consists

of the annual cost of installation of the various components,

namely, sewers, manholes, inlets and pumping-étation (pumps ;

sump and building).

(1)

Cost of Sewers, Manholes and Inlets:

-

The _

- - H - -
model computes the unit cost of any sewer, using an eqguation

in the form

/-

. ) . , . .
Cosj:i = a+bDi+c (H,av)i \;(3.74)
- %
where T .
Cost, = unit -cost of “the i-th sewer, $/ft; - ~
- 3 ! ‘
Di = diameter of the i-th sewer, ft;
= .
.=

(H
L avi o~

a,b,c = regression coefficients.

average depth %F excavation of the i-th sewer, ft:

The model assigns default values of 2.8, 2, and 0.045

for a, b, and ¢ respectively (i3). These values were based

on 1973 pricés, hence, the cost of sewers is accordingly :

adjusted using an appropriate value of the relative engineéring'

index for sewer prices.
as defiﬁed in the present model, is the
engineering index for cénstfuﬁtion year
index for the basé yearé} REI was taken

the construction yeér. After computing

The relative engineering irdex, RETI,.

ratio between the
and theé engineering

as 1.33 for 1976 as

the unit cost of

— \ 7 . ."
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- sewers,, their cost is computed from -

a

Cost of sewers = (

il =1

i
The cos:$ of manholes and‘inle;s are pomputed'gy assigning
certain ratios.between their cost and the cost of sewers.
'The model assumes that the cost of sewers represents 65 per
cent (default.value) of the total cost of sewers, manholes and
inlets.. After computing the total cost of sewers, manholes,
and inlets, the model.converts the.resultiﬂg cost figure into
~an equivalent annual cost by'multiplying_the present cost by
the capital recovery factor. The capital recovery factor,

)

CRF, is computed from the expression

CRF e +§3N ' (3.7€)
(1 +I)" -1
where
’ I = interest rate per annum
= 0.12, dgféplt value aséﬁmed“by the model;
N =.years'oﬁ estimated life.

The model assumes that the es?i@éted life of sewers, manholes,
and inlets is egqual to 20 years;défault value. Also, it is
assumed that all salvage values are negligible.

(ii). Cost of'Pumps;_iThe cost of_pumps'is assumed

to be proportional to the pump power,'QRHR, viz, -

-

Cost of pumps = ¢ Q_ H, + C..

R "R STBY (3.77)

is the

where c %s a regression c?eff1c1en;, and CSTBY .
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installation cost of the stand-by pumping unlt(s) fﬁe defautit
value proposed by the model for ¢ is 26 $/cfs ft, -and the .
model considers a minimum pump wi@ﬁ\the_ézspd—by capacity of
25 ft rated pumping head, 7 cfs rated discharge and a diesel
engine a£ 1976 price of SGObO\ It ii worthy of notice, that
these pump-cost datg are typical, énd they can be renlaced
easily by the actuai cost data obtained from a speclal cost
analysis for tﬂé locality being consid?red.” As in the case
of ﬁhe sewer costs, the pump installaﬁion costs are converted
into an egquivalent annual cost by using an appropriate |
'_ capital recovery factor. The model uses a default value of
20 yearé (19), for the:eétimated life 5f'pumps and motors. .
Also, the.relative engineering index for:pumps and motors

is used to correct the prices from the base year to the.
3

-

constructlon vear.

(iii) Cost of Sump and BUIldlng. The cost of

construction of the sump is a function of its volume and its

unit cost of excavation, viz,

.Cost.of.sump = Al dsumg Caxe . . (3.78)
where
A ﬁ.éump cross-sectional area, ft?;
A — 3 -
dsump = sump excavation dgpth, ft;
. g LN 3 )
Coxc unit cost of excavation, $/ft° = $1/ft°, —~—

default value.
The model sets the bottom elevation of the sump, 3 £t

(default value) below the minimum sump water level. Also,
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-

it takes into account the variation of ¢ with the depth

exc

of _excavation by correcting its value as -
. . ‘ . ,
L]

Cexc = cexo‘(l‘+ déum /30) (3

-~ - . . r “

N4 ) \

.79)

Equation 3.79 51gn1f1es that lf the sump depth of excavatlon

- is 30 ft, the unlt cost lS ‘corrected by a factor of 2.

- -

~ The tost bf the bulldlng of the pumplng statlon is

estlmated by the jollowmng proposed equatlon~

“Cost of buiilding = Cland + Cstruciure _ T FB.
.o 4
The model assumég that the cost of lénd,'ci;nd, is equal

- L4

80) *

to

$20,008, a default value for the price ofhl/Z acre. ;Also

the model” relates the cost of the structure, C

struotuie'
its plan area, viz,
Fstfubture = (As * Ao) st (3.
. M
where
A = minimum control area to operate-the pumping

©

station excluding the sump area, f£t? = 2000 ft2?, default

o

~value; and s

Cgp = unit cost of structure per unit area of its

plan. The model uses a 1976 default value of $ 30/£tZ.

The EQQel computes the annual cost of sump and building £

Annual cost of sump and building =

(Asesump Cexc * cland + Cstructure) (REI)sump (CRF)

e - ‘ (3.

to

81)

rom

sump

82)
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whe%é (REI)'sump is the relative engineering index for the
' - H . .

sump and the building; and (CRF)S is the sump capital

ump
recovery factor. The model assumes a default value of 50.
years for the estimated life of ‘the sump and the building.-
The total annual cost of the sewer system is then computed
g
c=cC

. ‘.\ .
‘ > + +
sewers, manholeg, and ;Elets cpumps

(3.83)

csump and building * Coperational

: : is'the annua ati mai
where coperatlonal 1s’'the annual gperational and ma nﬁenance

costs. The model assigns a default value of $15,000 for the

annual operatiocnal and maintenance costs.

4

Cost Gradients, ci3 It has been shown in the previous

sectioqs that the proposed systeﬁ of equations to compute

the annual‘capital recovery (and operational) costs cannot
be directly incorporated in the linear form of the'objective
function. Moreover, the'chosen'decision variables do not
permit the development of such explicit form of the objective
function, i.e. exbressipg e cost gradients in terms of the
decision variables. Insteg:, the model computes the numerical

values of the cost gradients. The procedure followed by the

‘model to compute ci; i=1,2, ..., 5, is illustrated in

Figure '3.17.
The model computes the forward cost gradients, which

will be considered as the cost gradients, Figure 3.18, by
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perturbing the system'with preselected values of Xi and

determining the cost -of the perturbed system, (Cost)i, fhen.

¢ is obtained from

{(Cost). - C
—_ 1 Q
- ci = xi {(3.84)

where CO is the cost of the original.balanced sewer system.

-—

It is worthy of notice that the model makes necessary adjust-

ments accompanied by each \perturbation of the system, X in

order to maintain the compatibility of the design. It
adjusts the rated punpingihead and the minimum sump water
level such that they are cpnsistent with the geometrv of the

perturbed system.

3.3.4.2 Damage Model

(i) Basement Damages
Basement damages represent a major component in the

damages encountered when flooding takes place. It has been

-

shown <1l Section 3.2.3, that under cértain conditions, storm

water may flow from storm sewers through house connections,
into basements resulting in damages to basement furnishings.
Also, it causes health hazards and inconvenience to the
propérﬁy owners since their basements should be cleaned after
each flooding. The damages to furnishings as well aé the
health hazards and inconvenience have .to be estimated in

\

dollar terms in order torﬁé‘included in the optimization
Y _

«
' i
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prq;ess.kgﬁhe model uses an eguation to estimate the basement

-

daﬁages in the form of .

vaiue)

Y. = (B

(DBase h

( ) (3.85)

i Dfactor

where
(D ) = damages due to basements flooding from

Base' i
the ®torm being considered along the i-th sewer, dollars;

(Bvalue)i assessed value of baseqsnts subjected to
damage along the i-th sewer, dollars; and

Dfactor = normalized damage factor.

The assessed value of basements subjected to damage is a

function of the assessed value of houses. The model

estimates (Bvalue)i from
(Bvalue)i f (ASSLi (AF) (1 + FU) RBi (Nhousei Fmaxi)
(3.86)
where
(ASS)i = average assessment value of houses along

the i-th sewer, dollars. The model assumes a default value
of $8,000; | ‘

AF = assessment factor to account for the true
market value, = 4 {default value);

FU = value of basement furniture/basement value

= 0.25 (default value);

RB . = portion of property value assigned to

basements along the i-th sewer. The model assumes a default

|
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value of 0.15;
. "'

i

max,
1

F = maximum value of flooding rafio along the
i-th sewer, during the storm being considered. 'This para-
meter is obtained from the simulation part’ of the model.

The damage factor, is a parameter that represents

Dfa¢tor'
the severity of the storm event, and may be considered as a

function of the basement "flooding &epth," df . The proposed

l'

. . . - ‘
formula to compute Dfactdi is _ R

Dfactor = Fl + HEALTH + CLEAN (1 + HEALTH)] G (3.87)
where . e ’

HEALTH = healthlhazard factor,

= 0.5 (default value):'_
CLEAN = Basement cleaning (after storm) factor,

0.05 {(default value).

The model computes the wvalue of the severity_parameter,.G:

- from
G = 0.5+ 0.166 d; - (3.88)
i
where df »is the maximum va}ue of basement flooding depth,
max,
i
df., during the storm, along the i-th sewer {inches). ~
i

Equation 3.88 signifies that the minimum value of G is

[}

0.5 which corresponds to a storm just above to flood the

basements. Equation 3.88 also shows that if df reaches
: max.
i
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a .value of 3 in., the value of & becomes unity, i.e.

~complete basement démaée. Ifdji '~ exceeds 3 in., the

a.xi

. model sets the value of G. equal to unity.

(ii) ‘Ground Surface Damages
- - »
As previously discussed in Section 3.2.3, storm water
may flow through the inlets onto the streets. Ground surface
démages include property damages due to surface £flooding

and inconvenience due to traffic interruption. To evaluate

pr?perty damages, Dpro?}\the model.cla551f1es the districts

into twd classes, commercial districts and residential

districts. The proposed ‘equation to compute this’ damage
»

component is in the form’

Dpr0p (CL) Z [(Ass)i(AF)(Nhouse)i CTi + (Ass)i-l
4
. (AF)(Nhouse)i—l CTi-l] (vmaxi/Asuff) (3.89)
where ’
CL = a calibration factor, fraction of the maximum

possible damage. Default value = 1, i.e. 1 £t depth of water
over the flooded area corresponds to 100 percent property
damage;

CT, = a factor that takes into account type of

district along the i-th sewer,

= default values are 2.0 (commercial) and 1.0

(residential) ;



89

lymax = maximum value of ‘the volume of storm water
i’ .

collecéted on the ground surface at the i-th manhole junééie:é
during the storm being considered. This parameter is obtaindd
from the simulation part of the model, ft’; and

A ground surfage flooded area, ft2.

surf

The model approximates the flooded area, Asurf’ by the area
of the street along which the sewer is:laidqd, viz,

= 1
Asurr = Wstreet 7y v 4 > (3.90)

where Wstreet 1s the width of the street, and it is asglgned

a default value of 60 ft. . ' \ 3
The model evaluates the inconvenience resulting from
the interruption of traffic by estimating the probable

number of persons that may be affected by the storm and their

delay time. An equation to estimate Dinc is proposed in
the form

Dinc = (Ncross)l t ) /360 (3.91{
wiere -

Dinc = inconvenience cost encountered at the i-+h

manhole junction (intefsection) dollars;

(Ncross)i = effective number of vehicle Crossings per hour

on the average basis at the i-+h manhole junction (intersecti n)

(tp)i= the time elansed from the start of lntersectlon
{

£looding to the time of the peak ¥oax, (min.).

Fae
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Tq‘arrive at Equation 3.91, several simplifving assumptions.

were made. The model assumes two persons per vehicle and

it estimates the duration of intersection flooding- to be 5

-

times the time to peak. The time to peak (tp)i is obtained
&

from the simulation part of the model. The model cons;ders
that the average lnconvenlence cost is 5 S/hr/person The
numerical values used in the previous set of equations for
damaée prediction are typical and the format of the computer
model is flexible to permit the replacement of any value(s)
with a more appropriate one. |

| T (4di) 'Computation of Ayerage Annual Prebable Damage
The average annual probable damage resulting from

adoptlng a speczflc des;gn can be computed u51ng the followzng

procedure, see Section 2. 4 2. The sewer system is tested

. against several rain storms with various frequencies and

-

the corresponding total basement and ground surface damages
are estimated as previously discussed. A damage-probability
curve is plotted, and the area under it is the average annual

expected-damage, Figure 3.19. A good £it of the damage-

L4

rprobability relationship c¢an be obtained by an equation of .

the form .

T .

D = A+Bp+ Cp2 (3.92)

’\n

where
D. = totai'damage resulting from.a rain storm with

a probability of occurrence of p . The probability of

r

occurrence, p, is the reciprocal of the return period, T

f
¢
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which ié'aséumed to be obtained 5& the annual series.

A, B, C = coefficients in the damage—pfobability
equation. To compute the values of A, B, and C, ‘the model
cbtains 3 points on the damage—prdbabi;ity curve. -I£
applies 3 preselected storms with various probabilities of

occufrence, P; and estimates the damage, Di’ resulting

from each storm. Then it substitutes in the following

equations to obtain A, B, and C, viz,

C‘ _ (D2 - Dl) (p;L - p3) + (p2 - pl) (D3 - Dl)

— — - (3.93)
Bz = P3) Py~ BT (B - py) -
(D, =~ D;) ~ C{p3 - p2)
B = 2 1 2 1 (3.94)
P2 "pl . .
= - - 2
and A = -B Py Cpj + Dy (3.95)

where'subscript 1 denotes the variables corresponding to the "

rainstorm used in obtaining the initial design and in the

balancing procedure. Subscripts 2 and 3 denote the variables
correspoﬁ@ing to two other specified storms with higher

return periods.

The average annual probable damage, D;&, is the area

B

under the damage-probability curve. Hence, it may be obtained

by integrating Equation 3.93,
) f'\“-.,
1

1 2 3
Doy ™ A Po *+ 3 B pg + 3C 1258 (3.96)

where Po is the pro?ébility of occurrence of the most severe
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scorm that could occur “but not cause damage. The model

consxders p equal to pl 51nce the system is balanced for a

-

storm Wlth a probablllty of occurrence of pl.

.

The previous Procedure is only followed in computlng

the average annual probable damage D.v or a

o’ for the
o)

] -
S

original balanced system. In case of perturbed systems, the
model assumes that the damage-probablllty curves malntaln

the same shape, Figure 3. 20, and hence D av is comppted from

the following proportionality equation - e

Day = 4y (P /D) (3.97),

where . -

D), = average annual‘probable damage for the perturbed
Syster:, dollars: ' -

dO = aVerage annual probable damage for the original

balanced system dollars;

Py = probability of occurrence of a pPreselected

reépresentative storm, and

P, = brobability_of occurrence of a storm~resu1£ing

in the Same damage when applied on the orlglnal balanced

System, see Figure 3.20.-

The value of P, is computed.by solving the damage-probability
») . ' N
equation,

'_=Q-B-/Bz-.4C(A-Dk)
2C.

(3.98)
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where ) ' SN

Dk - = total damage resultlng from applying a pre-

selected representatlve storm with a probablllty of ogccurrence

of P, on "the perturbed system; and
- 4
A,B,C = coeff1c1ents in- damage—probablllty equation of,

-

-

the original balanced system.

- N -‘\.‘

Damage Gradients, di:' The procedure followed by the

model to compute the numerlcal values of the damage gradlents
is illustrated in Pigure 3. 21 The model Eomputes the forward

damage gradients, di, i=1,2, ..., S,'by perturbing the
. ' : [-4 ,
System with preselected values of*x., i=1, 2,

o

estlmatlng the annual damages resulting from the perturbed

+-«r_5, and

systems (D v)i' Thgn d is obtained from

d,” = i
;0= Z - (3.99) .

As in the case of cost gradients, the mcdel makes the necessary

adjustments accompanled by each perturbatlon of the system,

Xi, in order to malntaln the compatlblllty of the design. kl\.-

- -

o

3.3.5 _Traﬂéformed Constraints

The conventional technologlcal constraints lncorporated
in the design of sewer systems were dlscussed in Sectlon 2.4.2,
The format of these” constraints does not permit its direct

- _
use in the present model because of the form of the chosen
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- rower limits, satisfy the previously discussed constraints

decisién variables.- Hence, another set of_constraints will
be established to suit the decision variables involved in

the present model.

The first groub of the constraints that will be con-
side;ed in this study :eplaces.the conventional constraints
of miniﬁu@.depth, minimum vglocity, maximum velociﬁy and
maximum depth of excavatidn This group of constrarnts sets

two llmlts on the de0151on variables, i.e. upper limit,

_positive relatlve changes, and lower limit, negative relative \\

changes. The 10 constraints belonging to this group are

X £ (Kgp)y

(3.100)

~
H
i
| ol
[\8)
.
wm

and X, > (X)

LL i

~

i=1,2, ..., 5 . ° (3.101)
where (XUL)i and (XLL)i are the uppe;h;nh lower limits
réspectively. These limits are specified before proceeding
in the optimization process. Afthr deterﬁining the original

balanced design, (XUL)i and (XLL)i are éssigned numerical values

such that the design variables at both extremes, upper and

l\’
"E,minimum depth, minimum velocity, maximum velocity and

“

maximum excavation depth. . T,

The second group of constraints sets two limits on

average annual probable damage resulting/??am\iiopting the
optimum system, see Figure 3.22. Dav hould not exceed, in

magnitude, the ultimate average annual probable 1image,
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(Daé)ult' which results for case of having no sewer system,

i.e.,po equals unity, see Figure 3.19. An approximate value

of (Dav)ﬁlt may be obtaiped by assuming a linéar relationship

between damage and probability, in which case, the area under

the curve, (D )uit’ equals to A/2. The lower limit of D,

av v

is obviously zero, i.e.‘Da cannot be a negative value. The

v

second group of constraints consists of 12 constraints, viz,

t
.. 1l
.upper limit 'izl 4;X; +d <5 A- : | (3.102)
. L. '
and d;X, +d  <z3A; i=1,2, ..., 5 (3.103)
£ : .-
lower limit izl d;X; +4, 20 _ (3.104)
and E dixi + do >0 ; i=1,2, ..., 5 {(3.105)

A

where 'dd}-is the average annual probable damage for the

original balanced,sfétem and di is the damage gradient

with respect to thehi—th decision vari .. . :

' The third up of constraints sji:ﬁ;\iower limit on
the capital recoﬁery cost of the séwer-system, C, see Figure
3.18. The lower limit of C is zero, i.e. capital recovery

cost of the sewer system cannot be negative. This group

consists of 6 constraints, viz,

>0 (3.106)
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and 'ciXi + C

020 i=1,2, ..., 5 (3.107)

-

where o is the capital fecovery cost bf the original balanced
system; and c; is the cost gradient with respect to the i-th
decision variable.

| The fourth group of constraints consists of only one

constraint that restricts the combined change in C and

Dav not to exceed CO + do, viz,
¢
AC + ;D } C, *+ D (3.108.a)
% P
or c.X. + d.X. < C_+ 4 {3.108.b)
= i*i if1 i%i = “o ° |
a
S o
or . igl agX; < €y + q, (3.108.¢)

3.3.6 Optimization Algorithm
It has been shown in Sections 3.3.4 and 3.3.5 that both
the objective function and the set of constraints are linear

in terms of the decision variables, Xi. Hence, the model

obtains the optimum design using a linear pProgramming téchnique
in the "Simplex" form. The Simplex Method has been programmed
and is available in the computer library in the form of a
subroutine named "SIMPLX," see Appendix II, for tﬁe user's

guide to this program.



(1) " Input Data

The input dgta to the optimization algory are the
coefficients of the objective function and e constraint
equations. Appendix IT presents the user's manual of the
"Simplex Algorithm Program." It illustrates the procedure
that should be followed in preparing the data cards. The first
step to prepare the input déta is to establish thé objective
function and constraints matrix (tableau), see Table 3.1.
Table 3.1 shows the coefficients of the decision variables
in both the objective function and the set of constraints
after rewriting them in the standard form. These coefficients

are given in terms of cost gradients, s damage gradients,

-

) {(X__-)., & C._ and A,

di, combined gradients, a;, (X LL'i o' To

UL 1’
which are obtained from the simulation part of the model, the
first program.
(i1) Output
The subroutine prints out the numercial values of the

basis variables and the non-basic variables. The optimum

value of any decision variable is the difference, Xi - Xxi.

The original balanced design and the optimum values of the
decision variables are then used to obtain the optimum design
of the sewer system with the aid of Eéuations 3.58, 3.60,

¢ 3.62, 3.64 and 3.66. The resulting sewer diameters are
corrected, to conform with the commercially available Pipe
sizes bf choosing the smallest commercially available pipe

size with diameter larger than the one obtained by optimization.
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3.4 Master Flow Chart of the Model

This model consists of two computer programs. The
function of the first program (the main program) is to obtain
the balanced design of the sewer system, compute its capital

recovery cost, Co, and its average annual probable damage,

do. Moreover, it computes the cost gradients, C;. and damage

gradients, d;. Figure 3.23 is a schematic flow chart of the

model. The initial design regquired to start the program is
- a preliminary design ‘for a storm with a specified reﬁurn
period which is used in the balancing procedure. This design
has to satisfy the technological constraints and it is assumed
to be overdesigned.

The output from the first program is used to prepare
the input data for the second program. The second program
is the optimization program and its output is the optimum
_values of the dec151on varlables. ?he last step to arrive
at the final design lSrtO correct the sewer diameters. to

~

conform with the commercially available pipe sizes.



CHAPTER ¢4

DESCRIPTION OF COMPUTER. PROGRAMS
AND DOCUMENTATION "

4.1 ‘General

computer programs written in the WATFIV G@qgion of the
FORTRAN language. The first program is thé‘hajor program
and it requires approximately 90,000 bytes of storage. The
average execution time for the first Program to perform

its role is approximately 3.5 minutés (CPU), class B, slow
corel The second Program is the optimization ﬁrogram, and
it consists of a8 main program and a linear Programming sub-
routine "SIMPLX. " Both programs were run °n an IBM 360/65

computer at the University of Windsor Computer Centre. 2

-

- listing of the first program is given in Appendix III.

The drainage basin may be subdivided into Subcatchment
areas. These, in turn, may drain into gutters or sewers
which finally connect to‘the.inlet poihts for the sewer
sysiem beiﬁg considered by the model. The model obtains the

optimum design of pumped sewer systems. For convenience,

‘the program is limited to 3 sewers and 4 inlet points

(junction manheoles), but it can be easily extended. The
Scheme suggested for using the model is to design all the
Sewers in the system except the most downstream Sewers near

the outfaly, by the conventional design procedures such as

99
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‘the Rational Method. Then, the model designs the last few

sewers of the trunk line and the pumping station.

-

4.2 Main Program and Subroutines

Main Program

Figure 4.1 is a flow chart for the main program. The
different variables that appear in thé flow chart~are defined
in the subroutineslf The sgproutines called by.the main
‘proafﬁﬁ“will be discussed iénthe subseguent sections. .

Subroutine-INPUTD

This subroutine reads in the inplut data. Section 4.3
1llustrates the different groups of input data cards.

Subroutine-PRINT1

This subroutine is used to print out the input data,
if desired. Alsoj i1t prints out the dimensions of the
balanced design. Moreover, it may be used to print and plot
the rainfall hyetograph. Flag statements are used to
éctivate the printing process, with respect to each group of
parameters to be printeé. Figure 4.2 shows a flow chart
of the subroutine.

Subroutine-PRINT2

k-

This subroutine prints out basic inflow hydrographs
at manhole junctions-

Subroutine-RAINF-

This subroutine is used to generate the rainfall

-

intensity arfay, assuming a storm length of 180 minutes.

Figure 4.3 shows a flow chart for subroutine "RAINF."
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- Subroutine-INFHYD

Basic inflow hydrographs contributing to manhole
junctions are generated provided that rainfall intensities,
impervious area and time.of concentration of the basic sub-
catchments are given. Figure 4.4 is a flew chartlfor
subroutine "INFHYD."

Subroutine-MUSKRT

The major funceion of this subroutine is to roﬁte,
using a Muskiﬁgum Routing Technique, the inflow hydrograph
through a particular sewer to obtain the ouﬁflow hvdrograph
from the sewer. |

Subroutine-ADDHYD

The ordinates of the hydrographs contributing to the
marhole junction belng conszdered are added to-obtain the
1nflow to the downstream sewer.

Subrout?ne~HYDMOD s

This subroutine is used for hydraulic simulation of
flow in the sewer syetem. It routes the hydrographs under

gravity flow conditions, otherwise it calls the surcharged

/L

flow model subroutine "PRESML." If grav1ty flow predomlnates

during the whole storm, it sets the total damage resultlng,

from this storm equal to zero. Figure 4.5 is a flow chart

for this subroutine.

-

Subroutine-SUMP1

This subroutine computes the sum§ water level and the

total energy level at the downstfeam end of the outfall

T . . .
sewer. [k reservolr routing technique is used to . perform
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this role. A fldﬁ chart for subroutine "SUMP1" is showq in -

- S~

Figure 4.6.

- -

Subroutine~STRMOD

1
This subroutine computes the storm water flowing upward
through the i-th manhole by applying a mass balance equation.

Figufe 4.7 shows a flow chart for this subroutine.

. Subroutine-PRESML

The function of ﬁhis subroutine is to simulate the
surcharged flow in the sewer system, taking-dinto consideration.
the flow to and from basements as'well as streets (ground -
sufface). As.previously discussed in Seétiod 3.2.3, the
model has to iterate 6 times to construct the-enérgy line
along the sewer system, and to obtain basement aﬁd sStreet
flows. Also, the model has to iterate ? times to improve
the starting point A, Figure 3.7.b. .To reduce Ehe number of
"/,ﬁiterations and to stabilize the solutionl the model uses
one or both of the following approaches if necessary. _In °
the first approa;h, the variable being considered is multip-
lied by a dampening factor to reducé the fluctuation in ité

numerical value, viz.,

. pprITR .
(VAR)l = (VAR)Z [l ~~0.9) ] (4.1)
where !
(VAR); = numerical value of the variable after
dampening process; - =

(VAR)2 = numerical value of the variable as computed

7

A
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in the iterétion being donsidered; ' . q:
and ,lITR = iteration inéex.

The second approachAis to average the numerical value of

the variable obtained from Equation 4.1 and its numerical

value resulted from the previous iteration, viz.,

(VAR)

Rl1or = (VAR)l + (VAR)

N o (4.2)
ITR ITR-1 . X

-

where

"

(VAR)ITR = most recent numerical value of the

variable being obtained at the end of iteration.ITR;

(VAR)i = numerical value of the variable after
ITR

dampening process, in iteration ITR;

.and (VAR)ITR_l = numerical value of the variable resulted

from iteration ITR—%. Figure 4.8 is a flow chart for sub-
routine "PRESML" and it shows the application of these two
approaches An theé iteration procedures. . ]

Subroutine-QHOUSS

This subroutine computes the average rate of basement
flow for the t-th time step, see Figure 4.9.

Subroutine-KENERG

This subgghtine is used te¢ compute the coefficient of
the energy slope eguation.

Subroutine~-FRATIO

It ¢computes the ratio between the length of the sewer

activelyv being flooded and its total length, i.e. basement
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 flooding ratio. Figure 4.10 is a flow chart for this .sub-

‘routine.

Subroutine-SWITCH. _ } ) ™
/M

" This subroutlne is used to determlne the condition of

flow in the sewer system, gravity flow orqzurcharged flow.

Subroutlne—VOLSVS -

- This subroutine computes the volume of the plpes in
the system, whlch Tépresents the maximum pipe storage.

Subroutlne—ELVBAS

in

This subroutine is used to cpmpute the slope and mid-
point elevation of the basement grade line associated with
the i-th sewer.

Subroutine-CPIPES

This subroutine computes the +otal installation costs
of all the sewers in the system.

Subroutine-STDAMG

The function of fq;s Supbroutine is to es:;fiﬁg-ground

surface damages including inconvenience cost a property

damage.

Subroutine-BDAMAG

This- subroutine estimates basement damages associated
with the i~th sewer. It includes damages to'furnishings as
well ,as health hazards and inconvenience to property ownegs

Subroutine-ANCOST

This subroutine computes capital recovery costs of the'
sewer system including sewers, manholes, inlets (and catch

basins, if any), pump, sump and structure of the pumping
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station. Operational and maintenance costs are also 1included.

Subroutine=-ANDAM

Basement and ground surface damages are added for each
sewer section and then they are summed up for all Ehe sewers.

Subroutine-BALD

This subroutine corrects sewer diameters to maintain
same maximum relative storage in all sections.

Subroutine-HYDMB

This subroutine ié used to balance the preliminary
design. It attempts to maintain the same maximum relative
storage for each sewer section for a preselected storm of
a known return period. Also, it adjusts the pumping capacity
so that it just prevents surcharging of the outfall during
the specified storm, see Figure 4.11. |

.Subroutine—DAMPRO

This subroutine computes the coefficients in the daméée—
probability equation. It is also used to compute average
annual probable damage.

Subroutine-DP1

This subroutine is uséd_to compute average annual
probable damage for a perturbed system. A, B, C and average
annual probable damage of the original system are known.
Damage resulting from a preselected prescribed storm is used
to determine the new average annual probable damage.

‘Subroutine-CHANGE

This subroutine perturbs the original balanced design

with respect to the i~th decision variable. Also, it makes
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the necessary adjustments accompanie&d by each perturbation

of the system in order to maintain the compatibility of the

design.

Subroutine-0ORIGNL

This subroutine is used to reset the perturbed svstem to
its original balanced dimensions.

Subroutine-STORE

This subroutine stores the original balanced design of

the sewer system.

§ubroutine—GRADl.,

This subroutkne is used to obtain first derivatives of
both cbst and damage with respect to decision variables.
Forward gradients are computed using positive relative changes.

Subroutine-GRADIE

In this subroutine, backward cost gradients are computed
using negative relative changes, less cost and higher damage.
This subroutine is used to compare the forward and backward

cost gradients but is not generally called during the design

procedure.

4.3 Input Data Card Formats

4.3.1 Method of Discretization

Disrretizatiqn begins with the identification of
drainage boundaries, i.e. basic subcatchments. To £ind the
impervious area contributing to each inlet point (junction

manhole), a map of the drainage basin is prepared showing
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all impervious areas that are connected to the sewer system, -
for an example see Figure 3.2. The impervious area contribu-
ting to the first upstréam inlet point is the summation of
all the impervious areas cpntributiﬁg to the sewers upstream
of this inlet point. The time of concentration of the basic
sﬁbcatchments is estimated as the summation of both inlet
time and the time of travel in sewers within the basic sub=-
catchment.
4.3.2 Estimate of Parameters and Coefficients
(1) Rainfall Data
The rainfall data necessary as an input to the program

are the coefficients a, b and ¢ of the intensity-duration
curve. Also, the user specifies the relative advancement of
the peak intensity, r, as outlinéa in“Section 3.2.1. The
"values of a, b, ¢ and r have to be specified, fbr th;ee
storms with'aifferent specified probabilities of occurrence
P.

| The first storm is the one used in 6btaining the initial
design, and the balancing procedure, e.g. 1 in 5:years storm.
The Second:ééorm is more severe than the first storm and it
represents the category of storms that results in moderate
damages, e.g. 1 in 10 years storm. The sécond storm i; also
used as a representative storm to find the average annual
probable damage for the perturbed system. The thirduétorm
represents the category of storms resulting in very severe

damages, such-as 1 in 50 years storm.

L
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(ii) Subcatchment areaé
The'subcatcﬁgsnt areas contributing to the inlet
points are identified by their impervious areas directly
connected to the storm éewers, and their time of concentration.

The determination of such parameters is outlined in

. -

Section 4.3.1. . :
Vg L

- (\ (1ii) 1Inlet Points (Manhole Junctions)

The data required to identify inlet points as well as
subcatchment areas are supplied by the user starting from‘
the upstream and proceeding downstream. The parémeters
necessary to characterize the physical properties of the
inlet\;oints are ground surface elevation, coefficient of -
inlet catchbasin and effective number of vehicle crossings

—per hdur on an average basis. The coefficient of inlet
catch basin hasabeen discussed in Section 3.2.3.2. ‘The
effective number of vehiéle crossings can be obtained from
a traffié.survey in the drainage basin if the system is already
existing .or in a similér drainage basin.
(i&) Sewers

To start the solution, the program requires an initial

- design that satisfies the ASCE technical constraints. Manning's

7o

coefficient, length, diameter, slopé and depth of sewers

.

must be specified. The depth is identified by the crown

elevation of the upstréam end of the first upstream sewer.

Rt VRSN T )

The model assumes no drop manholes and aligns the sewers by

e

; assuming the same crown elevation for upstream and downstream

trunk sewers connected at each manhole.
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(v) Pump
'As in the case of the initial design of the sewers,
the user specifies an initial design rated head, rated dis-
charge and avetrage relative operating efficiency of the pump.
(vi) * Sump Well (wet well) ‘ )
The data fegarding the sump are its cross-sectional
area and the total energy level on the delivery side of the,
pumps which may be the elevation of the water surface of the
receiving body. The sump cross-sectional area is obtained
from the initial désign of the sewer system.
(vii)} Basements
. The model requires specific data concerning basements
that will be used in both the hydraulic simulation and the
damage evaluation. The user has to specify, for each sewer
section, basements area, average depth of basements below
ground surface, and class of district in which the sewer
section is laid, commercial or residential: Also, the
model requires as input data, average length and diameter of
the pipes for house connectioné as well as the number of
houses along each sewer section.
(viii%_\Increments Used to Obtain Cost an%-
Damage Gradients
Section 3.3.4 illustrates the procedures followed to
obtain both cost and damage gradients. The positive as
well as negative relative incremental‘changes used to perturb

the balanced system are required as input to compute the cost



(ix) Time Increment ~
The user has to Specify the time increment used by £he
comé&éer Program. The range recommended for this time
increment is from 1 to 3 minutes depending on the degree of
agcuracy required.
(x) Base Flow
A non-zero base flow has to be supplied.
P
4.3.3 Preparation_of Data Cards for the First Computer

Program

4.1. This fable Shows how the data cards are to;be punched
and lists the default values (if any) to be used in accord-

ance with the variables considered.

Figure 4.12 shows typical input data cards for the
optimization Program. The matrix coefficients are also given

in terms of cost gradients, C;jr damage gradients, 4.,
combined gradients, a;s upper limits of the decision

variables, (XULJi' lower limits of the decision variables
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(XLL)i' capital recovery cost of the balancgd system, c_,

average annual probable damage for the balanced system, do,

and ultimate damage resulting from the balanced svstem, A.

The variables ¢ d C.

l,'di and . A are cbtained from the

o' Tof

L)i was

first program. The determination of (XUL)i and (XL
discussed in Section 3.3.5. The values of the matrix ccoeffic-
_ients that appear in Figure 4.12 were divided by 1000 to suit

the subroutine printing formats.

4.4. Qutput 1ﬁ ™
The output of the first program is a printout of the
-inpﬁt data and the balanced design.

. The capital recovery cost ©f the balanced systemn, Cqr
the average annual probable damage, do’ and the ultimate

damage resulting from adopting the balanced design, A, are
alsc printed. If desired, the rainfall hvetograph usgd in
testing the perturbed systems can be printed and plotted along
with the correéponding basic inflow hydrographs.

A typical output of the optimization program (second
prograﬁ) is shown in Figure 4.13;"Thé printout includes the

values of xi, Xxi; i=1,2, ..., 5 at the optimum state

as well as the corresponding value of the objective function.

The optimum value of a decision variable X; is computed as

the difference Xi - xxi.
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CHAPTER 5

EVALUATION, APPLICATION OF THE MODEL

5.1 Hydraulic Performance of the Modél
4bw;:The hydraulic performance of the model is best
illustrated by examining. typical outputs of thé various
components of the model; Figure 5.1 shows a typical design
storm hyetograph for a l'in_lO years storm. The relative R
advancement of the peak iﬁ£ensity used to generate this |
hyetograph is 0.375. Using the rainfall-runoff éaft of the
mddel, the rainfall hyvetograph is transformed to the inlet
inflow hydrographs. Figure ;iZ.presents a typical basic
inflow hYdrograph generated from 5 basic subcatchment with
an impervious area of 13 acres, and a tiﬁe of concentration
of 25 minutes. The model routes the basic inflow hydrographs,
contributing to the inlet points, through the sewer system
and obtains the outfall hydrograph. A typical outfall hydro-
graph to the sump well is shown in Figure 5.3, for a drainage
basin with an impervious area of 22 acres and resulting from
2 1 in 50 years storm. |

| Figure 5.4 present®™a typical plot of sump Wfter level
versus.elapsed time. This figure illustrates the effective-
ness of the pumping system (pumping units and sump). It also

shows the crown elevation of the outfall sewer at the 'sump,

which is used to determine the submergence of the outfall.

11z
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“figgre 5.5 shows a typical variation of basement flow

along a typical sewer section with time elapsed from the
beginning of the storm. I£ is worthy of notice that the program
.terminateé when all the basements start to discharge thé
collected sﬁorm water back to the sewers:. A typical plot of
basement flooding depth versus time is presented in Figure 5.6.
Figure 5.7 shows the variation.of the éxcess volume of storm
water coﬁtributing to street flooding with time at a typical
manhole.

-

5.2 Sensitivity Anaifg;s

An awareness of the sensitivity of the model to its
various parameters is a valuable aid towards a Successful
application of the mo ~_ A sensitivity analysis is presented
in the subsequent sectionsito show the effects of various

%
parameters on the average aghual probable damage, do’ cost

-,

"

gradients, c;, and damage gradients, d;, and conseguently,

& o on the resulting optimum design. The sensitivity analysis
may be divided into two parts. The function of the first
part is to show the effects 6f the selected parameters on

a c; and di. " In the second part, the results of changing

of
do' s and di on the resulting optimum design are investi-
gated. The parameters chosen to test the model sensitivity
represent two groups. The first group consists of the para-
meters that are involved in the hydraulic simulation such as

sewers roughness coefficient, Manning's n and basement area
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(number of houses). On the other. hand, the second group is.
characterlzed by the parameters that are involved in the
damage evaluation, e.g. aifrage assessment value of houses,
portion of property value assigned to basements and number
of houses. The number of houses along the sewer sections is
cormon t0'the.two groups because basement§ area affects the
basement flow, while the corresponding‘number of houses
determines the pfoperty value subject“to damage.

5-2.1 Effects of Selected Parameters on dgys ¢; and d; .

(1) Number of Houses Along Sewer Sections:
Figure 5.8 shows a typical variation of average annual probable

damage, do’ with number of houses along sewer sections. It
indicates that do is proportionate to the number of hbuses

along sewer sections. Typical variations of cost and damage

' gradients with number of houses are shown in Pigure 5.9.
Examining Figure 5.9 gives an indication of the relative -
importance of the various damage gradients and consequently,
their impact on the optimum design. It is noticed that

damage gradient with respect to the sewer dlameter has a much
greater magnitude than other damage gradients, hence, it is
eéxpected to influence the optimization process significantly.

Also, it may be easily seen that ¢y is invariant with the

number of houses along sewer sections.
(1i) Average Assessment Value of Houses, ASS:
From Figure 5.10 it is shown that the average annual probable

damage varies linearly with ASS. The effect of ASS on cost
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and damage was investigated, but not presented and it was

-

found to be similar to case (i).

(iii) Portion of Property Valﬁe Assigned to
Basements, RB: Figure 5.10 shows a typical variation of ‘
averagé annual probable damage with RB. - It has similar
effects as cases (i), (ii), on do' cdst and damage g}adienfs.

(iv) Roughness Coefficient, Manning's n: Two values
of n, 0.013 and 0.002, were used to investigate its effects on
the average annual pfopable damage as well as cost ahd damage
gradients. The resuits are presented in Table 5.1. Table
5.1 also shows the effects of the value of n on the balanced
design (dimensions and capital recovery cost).:

(v) Time Step, T: a hypothetical drainage area
was designed by the model twice, using two values for the
time step, i.e. Z and 3 minutes. The effects of the magnitude
of the time step on the accuracy of détermining the balanced
design and the gradients are shown in Table 5.1.

5.2.2 Effects of do"ci and di on the Optimum Design
The magnitudes of the various variables, do' c; and

d,, significantly affect the results of the 6ptimization
)

-

- Process. .The decision variable having the greatest magnitude

in the combined gradient, 3y is expected to dominate.

A typical case was investigated in which two sets of

do' c; and di, varying in magnitude, were used to obtain the

optimum design. Table 5.2 presents the results of the
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optimiz;tion process for thése cases.-' The two -cases previousiy
considered were obtained by désigning'a sewer syétém for two
drainage basins which are identical except for tﬁe number-of

Iely, il.e.

houses along each section, lo.and 30 houses
basemen;s area along each section are 1/3 or 1 acre.

They had the same baianced design and cost gradients
but different damage gradients, as shown in Taﬁie 5.2.
Examining the oétimum désign in botﬁ cases indi ates éhat a *
completely different design is obtained when different |
gradients are encountered. Similar results are expected in
other cases when other parameters such as average assessment
value of houses. or portion of property value assigned to ~~
basements are changed.

5.2.3 Effect of the Initial Design on the Balanced Design

To'investigate the effect of the initial design on the
resulting balanced design, a'tyéical drainage basin was
designed 3 times with different initial designs. Table 5.3
presénts both the initial and balanced designs for each case
It indicates that, for a wide range of initial designs,
apprbximately the same balanced design is cobtained, i.e.\the

—

model is insensitive to the initial design.

5.3 An Example

The model was first applied to a hypothetical network
in order to test its usefulness as a design tool. The
optimal design obtained by the model was later compared to a

conventional Rational Method design.
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A.schematic drawing for the ﬁypothetical drainage basin
for the-example is shown in Figure 5.11. It includes the-
topography, flow directions, and boundaries of basic sub-
catchments. The drainage basin is a residential district

of 55 acres in . area with 227acres as impervious area, directly
connected +o gtorm sewers, The collected storm water is
discharged to a lake w1th a mean water level of 98 ft. above
a reference level. The water surface in the lake may rise due
to wind setup effects -0 an elevatlcn of 102 £t. The later.
elevatlon belng more critical, was considered in the design.
Due to 1nsuff1c13nt natural ground surface gradient, it was
dec1ded to 1ncorporate a pumping statlon at the outfall to
facilitate the disposal of the storm water to the lake.

| The example drainage basin represents a typical area in
which basement and street flooding could be a problem The
Characteristics of the drainage basin are Presented in Tables
5.4.a and 5.4.b, while the rainfall data are presented in
Table 5.5. Due to the present format o} the model, it was
decided to desigh on the last 3 sewers at the outfall,

sewer sections 1, 2 d 3, and to lump the upstream portion
of the drainage basin as one basic subcatchment of 32.5 acres,
with 13 acres as an impervious area directly connected to
storm sewers. The estimated time of concentration for this
basic subcatchment was 25 minutes. The crown elevation of
the trunk sewer at manhole 1 should not exceed 99,5\ft, to

permit a drainage outfall for the first basic subcatchment.

The sewer sections under consideration were designed by
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the Rational Method for a design return period of 5 years. .
The de§ign.as well as the intermediate comﬁutations,are
presented in Table 5.6. The runoff coefficient was assumed
to be equal to the ratio between the impérvious area of the
basic subcatchment and its total area. The pumping capacity
was equated to the outfall discharge of 61 cfs computed by
the Rational Method and the rated pumping head was chosen
as 15 ft. The sump cross-sectional area was determined by
rule of thumb as the area which would vield a storage
sufficient to detain the design flow (corresponding to the
1l in 5 yeérs storm) for 1.5 minutes; it was found to be

900 ft2.

The model was then applied to the drainage basin under
consideration, with the previously obtained Rational design
as an initial solution (see Table 5.7). The procedure used
to apply the model and thé format of the input data have
been illustrated in Chapter 3. The optimal design obtained
by the model is presented in Table 5.8,

The lower limit imposed on the sump cross—-sectional
.. area was set equal to 10 percent of the initiél design
because of the restriction that this area must accommodatd
the pumping units. Also, the lower limit on the change in
pumping power was selected as 10 percent, because the forward
damage gradient with respect to pump, is not representative
of large negative incremental changes. Due to minimum cover
constraint, it was decided not to allow negative changes for

both slope and depth decision variables.
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Table 5.8 presents the‘results'of both the Rational
design and the optimal design obtained by the model. It shows
the fractional as well as the commercially aQailable sewer
sizes. To evaluate and compare the two desiéns with fractiénal
and_commercially available sewer sizes, the model was used fo;

each case to compute the capital recovery cost, cd, and the
average annual probable damage, d;. Examining the values of

the net benefit, combined cost, Cq + do’ indicates that the

optimalﬁ@esign saves $37,000 in-case of fractional sewer sizes
while it saves $2,600 in'case of commercial sewer size. In
other words, the model coffers an optimal design with an
avérage saving of one-half ($37,000 + $2,600), i.e. $20,000.
This saving répresentg_zs percent of the initial combined

. cost. The actual cost saving should be significantly greater
for larger networks.

For further comparison‘betyeen the two designs, previously
outlinea, it hay'be useful to examine the degree of utili-
zation (consistency_géfthe design) of the various sewer\
sections in the ;étwork. Table 5.9 presents the values of
the maximum rélative storage for each sewer sec®ion during a
1 in 5 years storm. In case of_fractional sewer sizes, the
design obtained by the model isrfairiy consistént, while the .,

Rational. design may be considered inconsistent as sewer (1)

is overdesigned, whereas sewers (2) and- (3) are underdesigned.
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5.4 Suggested Further Developments of the Model

~

The present model gives rise to some interesting‘topics
that warranf furthér attention. The following are a\few‘
potential future extensions: : g

(1) Thé pPresent model consists of two computér programs
ﬁithla manual link between them. For the user's convenience,
it is recommended that the two programs be integrated into
one computer program. This can:.be accomplished by either
chaﬁging the format of the.SIﬁPLX-SUBROUTINE to replace the
reading process by a set of COMMON statements, or by changing
the oﬁfput format of the first program to punched cards that
match the required input for&gt the SIMPLX program.

(ii) The model, in its present format, handles 6n}y a
network with a single main 1i;é (trunk) with a few sewers.
Therefore, it should be modified to treat branched sewer
Systems with larger number of sewers. Handling larée
number of sewer sections can be achieved by-modifying‘certain
subroutines to store only the varidbles for two successive
time steps. This procedure significantly reduces  the required
storage and allows treatment of more sewer sections.

(iii) Aﬁ;investiggtion should be made/ipto the accuracy

of the adqpted linear programming technique/for a wider range
-of negative as well as positive incremental changes. It may
_Prove useful to examine a non-linear pProgramming technique "'
to permit more accﬁraté tfeatment of the constraints, and
take into consideration the hixed der%vagives.

(iv) The model should have an option to handlq_off-

-
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;éhannel storage at any location in the sewer netw&?k.

(v) -Further research should be-carried out on the
switching procedure to detect the possible surgés.
| (vi) Further research into damage:evaluatipn,-based"
on actual damage data,.should be made to inprove the built-
in ‘default values. | )

(vii) An investigation into the possiﬁilit& of
improving the gravity flow model, Muskingum Method, would be
beneficial.‘ This may be achieved by relating the Mﬁskingum's
.constant, x, to the hydfograph limﬁ, i.e. r151ng or falllng
and to the type of surface profile occurring in the pipe.

(v111) For user's convenience, the model,may be extended
to incorporate additional subroutines for design by £he
Rational Method and for sewer branches other than those

optimized by the model.

¢
!
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CONCLUSIONS

The computer—aidéd,design procedure developed in this
research pfesents'an optimal désign for pumped storm sewer
networks. The model obtains practical global optimum values
-qf the depths, slopes and‘diameters, sump areé and fated
- pumping head and discharge for a storm sewer network. The
model provides a logical altefnative to, the arbitrariiy
selected reﬁurn period used in other design procedures, such
as the Rational Method. The objective function which is to

}

be minimized is the sum of the operational and capital recovery
costé of the system, as well as the average annual pr;bable
damage of ;pe proéosé& system. .

In the first part of';he.model, the hydraulic simula-

tion sub—modél considers surcharged flow in the sewer system
and floﬁ to and from the basements as well as the streets,
i;e” the ground surface. Thése hydraulic subroutines have
prerd to b;'useful in obtaining éhe various parameters that
form the bases for damage evaluation.

: The model also presents an effective design tool for
dimensioning the sump well and the pumping unips, which is
an improvement over the available rule of thumb methods. It
ta%§§ into consideration the mutual effects Between the sewer

systen’ and the pumping station.
122
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The damage evaluation procédure inteérates high as well
as low'probability storms, i.e. it considers a wide range of
system operating'conditioni. | |

The model has the caéability of;evaluating médifications
to an existing systém or any specific aesign. This can be
achieved by using the grévity flow model coupled with the
balancing procedure. —ﬁhe coﬁputer time for this design
option is very short.

The optimization model was applied to a hypothetical
drainage basin and the resulting design was compared'with a
design obtained by the Rational Method. The model offered a "”//
cost éaving of about 25 percent-of the total cost of the
initial design, c, + d_, for the network considered in the
example. The fq;mat of the model is well suited for the
evaluation and analysis of existing systems as well .as
specific designs.

Based on the findings of the sensitivity analysis, it

s

may be concluded that increasing sewer diameters is very
éffective in improving system performance, and reducing damage
cost. Also, the model indicates that increasing sump area is
not an economiéally feasible solution unless the unit-.cost of

storage is very low.
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APPENDIX I -

,BRIEF PRESENTATION OF SELECTED HYDROGRAPH MODELS_L

At présentﬁithere is a large number of runoff hydro-
graéh models wﬂich indicates the general interest in urban
-drainage problems. Some of theée models are proprietary
(20), in which case, even if the-basie approach is known,
the program is hot generallf available. Other mo@els have
only fair documentation making their-application diffiéult.
Table I.l shows an excellent comparison of various runoff

models.

-

(i) The Road Research Laboratory'Model (ﬁRL)

The RRL model has been developed and extensively used

in Great Britain. 'Some experiences with this model in North

America were described by Terstriep and Stall (35), and

Marsalek et ‘al. (21). The original.version of the model was
described by Watkins (35, 21). The RRL model éonsideré

runoff genéEéted on'impervious areas oniy and neglectg the
contributions é;om pervious areas where- infiltration and
detention agsjggﬁally high. The depth of raiﬁfall is reduced
by a factor to account  for ;u-face storage. Marsalek e£ al.
(21) used a factér of 0.9 in thei; study "Coﬁparétive
Evaluation of Three Urban Runoff Models." Te£§triep.apé Stall

(35) assumed no abstraction in their application of the RRL -°

-
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Method on three urban watersheds, i.e. runoff coefficient
was considéﬁed to be 1.0 for the impervious areas. The
résulting effective rainfall data are then applied to the
impervious areas directly connected to the sewer system.

The impervious area is characterized by a curve of
contributing area versus the time of travel. The curve is
usually ligearized (an ;ssumption_made for simplicity and to
avoid excessive input data),. by connecting the point
representihg the total contributing area and the origin with
a straight line (Figure f.l). The time of travel generally
consists of the inlet concentration time and the travel time
in the sewer. The inlet concentration time is usually
obtained as for the Rational Method by an empirical estimate
or by using the linear kinematic-wave solution for the
overland flow, as suggested by Terstriep and Stall (35). The
time of travel inside the sewers is calculated from the full-
bore velocity.

The inlet hydrograph is derived by combining the
effective rainfall hyetograph with the contributing area
versus time diagram. After adding the time lagged uﬁgtream
hfdrographs{ the resulting hydrograph is routed through the
main sewers using storage routing basedron a linear reservoir
concept. The design verSion of the model deals with sur-
charging by automatically increasihg the would-be surcharged
sewer diameter. Figure I.1 shows a flow chart of the algbrithm

of the modified RRIL.
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(ii) The Illinois Storm Sewer Simulation Model (ISS.Model)'
The Sﬁ. Venant equations for continuity and momentum
(40) are used in this model. The lateral flow term is not
included and it is assumed'that inflow of storm water into
the sewer system occurs only at discrete model points. This
is of course‘justified for larger areas and equivalent water-—
sﬁeds. The equations are solved numerically by an implicit
first order characteristic scheme. Baékwater effects are
considered and reservoir type junctions are modelled where
manhole storage is taken into account. Energy and continuity
equations are formed for each manhole and-the entire system
of equation is solved simultaneously at each time step (21).
The model ﬁandles circular sewers only and it assumes that
there are no more than three sewers joined togetﬁer at a
manhole. The ISS model can be used for flow prediction as
well as for design'of sewer sizes for a given system layout

and specified slopes (39).

(i1ii) Hydrograph Volume Method by Dorsch (HVM)

The §t. Venant momentum and continuity equations are
applied in each sewer reach (20, 16). The backwater effects
are considered, which means that the sewer system is simulated
as an interdépendent network and the effect of a certain
network .element on the remaining elements is taken into
account. The manholes,usimulated as node points, are
treated by means of energy and continuity equatigns. Using

an implicit scheme, the numerical solution of thke entire

~—
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.system of equations is carried out using an iterative tech-
nique. The model simulates lateral flow, bq; it does not
consider manhole storage. It handles retention basins by’
applying a reserv01r routing technlque.

——

(IV) The Storm Water Management Model (SWMM)

The SWMM is a comprehensive computer model used to

simulate real or design storm events on an urban catchment
(20, 26, 28, 32). The program is comprised'of five major
computational blocks, each simulating a différent part of
the Rainfall/Runoff cycle. The EXECUTIVE‘block is the main-
line routine which controls the execution of the other
computational blocks.,‘The RUNOFF block computes storm water
quantity and quality characteristics from each surface- sub-
catchment ang theglstores the hydrographs and pollutographs
at designated inlet pOlntS to the main sewer system. The
TRANSPORT block combines and routes the inlet hydrographs
and pollutographs through the sewer system to the outlet.
The STORAGE-TREATMENT bloék models the effects of off-line -
Storage units and/or storm water treatment operations. The
RECEIVING WATER block simulates the impact of storm water
discharges on estuaries, lakes, and rivers.
. In the RUNOFF block the urban dralnage basin consists
of a serles of rectangular sub-basins with a varying degree
of imperviousness. The precipitation inpuE onto these sub-
catchments is taken as the pPrecipitation reduced for the

infiltration rates computed from the Horton Equation. The
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rainfall excess over the detention depth is routed over the

rectangular sub-basins using a linear kinematic wave approxi-

‘mation. The overland flow does not commence until the surface
depréssion storage is filled. The guﬁﬁer flow is calculated
using ghe Manning's Equation and storage routing. The flows
reaching the point of interest at any particular time are
added to produce the inlet hydrograph. These inlet'hydro—
graphs are then routed through the major sewer pipes. - The
routing procedure is based on the continuity and normalized
flow-area relationship calculated from Manning's Equation
for uniform flow. Marsalek et al. (21) found that, after
calibration, the RUNOFF block alone was adequate for their
study of watersheds.

SWMM RUNOFF generates surface runﬁfg hydrograbhs and
routes them through the local drainage system. SWMM TRANSPORT
then routes the hydrographs through the main drainage network
(trunk sewer system). The flow routing is based on the
quasi-steady dynamic wave approximation, this being a form
of the St. Venant equations wi;a\the ‘time rate of change of
velociéy term neélected. An explicit scheme has been adopted
'for'the moﬁentum eguation, wﬁile-an implicit scheme is used
to solve the continuity eguation. SWMM routes hydrographs
independently of downstream conditions, so potential back-
water effeéts are not considered. Moreover, it does not
accurately simulate surcﬁarge conditions. Excess inflows to .

a conduit are stored at the upstream manhole untii sewer

capacity becomes available. A hydraulic design option is



130

included ﬁé revise pipes to accommodate free surface flows.

Table I.2 presents a comparison of several models,
namely, high speed model developed by the Colorado State
University (MWIS), SWMM of EPA, improved SWMM developed by
Water Resources Engineers, Inc., (WRE), HVM, ISS, RRL, and.
Cincinnati (UCUR). The aspects of comparison are routing
technique, integration scheme, backwater effects, surcharge,
manhole storage conduit shapes treated, structures considered

and aﬁailability.

r

]
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FIGURE I.1l" ALGORITHM OF THE RRIL MODEL
(After Reference 20)
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APPENDIX 11

USER'S GUIDE TO SIMPLEX ALGORITHM PROGRAM
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APPENDIX II

USER'S GUIDE TO SIMPLEX ALGORITHM PROGRAM

-~ This procedure finds the maximum of a multivariable

linear function subject to linear constraints:

‘e

Maximize - F = Clxl +OCX, o+ ... +. CNXN . (II.1)

0
.
*

Sdbject to Ay Xy o+ A,X, + ...+ A £

“v oy M (II_.?-)

p ~—
where the Aij’ Bi’ and Cj~afe given constants and the Xj
¢ are the decision variables.
The program is available in batch (Fortran or Watfiv)
or on the ierminal (Watfiv only) in the form of a Subroutine,

-

with one pafameter- The Subroutine is called SIMPLX. '
The p?ogram requiresrthat the bgjective Linear Function
be 'presented as Maximization problem. The function, the
variables and the constraints ﬁust be given namés of up to
- O characters long. The slack variables are generated with
the names of the corrESpondlng constralnts. The program

, also requires that all the Right Hand Side (RHS) values of

all the constraints be positive.

136

*
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" The prdég;m'can haﬁdle up to 75 rows (including the:

Objective Function) and 75 columns (structural variable aﬁd
‘also the negative slack variabl?s generated for'aﬁ}(>=) type
of constraints). Multiple problems can be solved Eﬁ“one
run of the progrém by éfacking fhe‘sefs of data for one
problem followed by the next problem. From one problem to )
the next, if the only difference in data is the RES values,
tpgn, the program can save the rest of the data to be used
with the new RHS values. The program automatically prints
the data_for'small problems (up to 8 colgmns) in a table
form. Optionally, the program can ;lsi’g;ipf the data as
it is read in. This option ig,ac;iuézfor eathcall to the
Subfsutine and hence to all;éhe problems_being_run by one

v .
call. You can call the Subroutine more than once in your

program-and use different options fof different dalls.

The program first tries to see if a dolution is feasible.

- -

-~

If the solution is not feasible, it prints a message to _that
effect, prints the values at that stage and completes normally.
If.the solution is feasible, it continues with the calculations.
If a variable turns out to be “unbounded, it will print a
méssage and terminate. Otherwise, it will complete the
optimization and then reach a norﬁal termination.

Following is the format énd order of one set of data
for one p&oblem. Word(s) written in c;pital letters for

given columns must be punched exactly as they are.

1. Title Cards card per problem
N col. 1 - 80:Fitle-information

<

-~
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2. Row Id Card: 1 card per problem
. - eol. 1-- 6: ROW ID :
~col. 8 - 11: CONT, if same data, except for RHS
- values, is to be used for this as

‘well as the following problem.

Otherwise, blank. . SN

3. Row Identification Cards: As many as there are rows,
' including the Objective Function,
which must be the first card

col, 12 : Constraint Symbol; = for =
: Only > is used to indicate >= and
, only < is used to indicate <=
“col. 14 - 18: Row Name
4. Matrix Header Card: 1 card per Problem
col. 1 - 6: MATRIX °

v

. 5. Matrix Element Cards: ' as many as non-zero €lements,

. Placed in column order and for each
column, rows in the same order as
they appear in the Row Identification

. Cards . '
col. 8 - 12: Column Name
Eﬁl' 14 - 18: Row Name .
Col. 19 - 20: Element Value including decimal point,
. and sign if needeqd’ . .

6. RHS Header Card: 1 card per problem
col. 1 - 7: PIRST B

7. RHS Value Cards: As many as there are.constraints
col. 14 - 18: Row Name
col. 19 - 30: RHS Value including decimal point
(must be positive value)

8. Problem Delimeter Card: 1 card per problem
~ecol. 1 - 3: EOF
col. 14 - 17: CONT, if in the following problem
‘ data, only RHS values are being
provided _ : '

The parameter in the CALL to -the Subroutine can be
either d °r.l. If it is 1, then, the pfogram prints the

input data as it is read. Otherwise, it will not pPrint the

data. o -
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CALL SIMPLX{ 0

CALL SIMPLX( 1

.
S
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N . . .
. S e " R
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WATFLIV. XX>XXXXXXX NAME—IMAM

n
n
in
in
"
wn

w w w w S3SE£SS8S3 S S CoLLD
w W W w S S 'S s o] O
w w » w S s Cc (b]
w W oW " S S c D
W w S5SESSS5S  $85S8Ss88s8S (o]
w " W S S D D
L S S S s S ¢ D
w W 555539 S58S SELESSES EDDLY
*tttvlttt:t##t!i**t:*t#*!rltt*t*#tt*#t*i*ttttﬁﬂttlxt**
* THIS PRCGRAM C8TAINS OPTIYUM DESIGN FOR FUMPED L
* SEwWER SYSTENS. x
nta***#****t*:#v:nvt:t**m&ut:tm*tt#t#nvt**:;*;u;**x;tg
* MAXTMLM NUMBER OF INLET FJINTS {MANHIL ES) = & »x
* MAXINMUM NUMEEFR CF SiWzRS = 3 x

*t#***#****#*##t*t#**t#xlx:*4&#3###*i*::#*tt*t**xtx**t
COCVMMON ZE2REAQA/ AsB.C.R

CCVMMON /Z2REA7C/AALEBRCCAF

CCMMCN /2REAT71/ 2ROSB

CCMNMCN ZEREATZEZ NSTLCRM

COCWMON /AREA737 Al.81,.C1

CC¥MU  N/ARELTA/ LCAM

CONMON FLREATSY AD

COCMMON /AREAE LY TCAM

CCMMON /s EREABZ/ ACL

CCMMCN /LREAE2/ NCFNG

COMMON /F2AREBESL/ ClS.Z

COCMMON ZAREASL/ TANC

CCMMON /Z2REE9Zrs (C5TR(S)

CCMMCN /2PEASE4,s CINITL

DIMENTICN 2R (7)+BE(7)sCCLTI4RRLT)
EINMENSICN FFCEL(7).CaAM{T)

. — —f— — —— ——t— —— —f— i S———

FE AT INFUT CATA

. ————— ——— o S e o . . .

caLl INFUTC B
CALL ELVEAS

ce &0 I = 1.,MN5TCRM

A = AL(TI)

E = Pe(1)

C = CC(I)

E = RR(I) R
CALL RAINF

CALL INFFYC

S L D o < o S T P S S T ———— . W g s} S_——— . .

T —— T ——— . S ot o —— . S s - —— Sy ———— — e — ——— —— ————

EVALURTE TFE TOTAL LAMAGE FJIX THE EALANCED LESILN FOR
VABILLS ETORMES(ULFFERENT RETURN PERICE) .

CALL wrYCMOC

CevM(I) = TCAM

CCATINUE

CALL ANCOST

CINITL = TANC

CGENERATE TrE CAMAGE-FROB. =QUATIIN FOR THE ORIGINAL
HALANCED DESIGN.

R Sl D e S Y s s T T i, g S ———— —— — T — I — {———— o o} o s

M e  — o —— ———— . S g I T ——— —— T ————— T — ——
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I = 1+%
= a0
- 0....* A
UE

et (Gt 0me ™
Zva

£ )
€ TrE ORICINAL BALANCED DESIGN
CalL  sTERE
10¢ N .

CCeTUaE TRE EALARCED SYSTEM wITH RESPECT TO THE [-TH
CECISICN VARIABLE

FANGE | _ _
gé%tYCTPE )= PRESQNTAIIVE STORM TO THE NERTULRALD SYSTEM
sAalZ) ‘

)
wn
-}
)
m

AT a4
wag

DN
DA
DA

{2)
(2)
{2)
CALL RAINF
CALL INFHYC
. CALL HYCMQO
CANM{Z) = TOAM
C CCMPUTE TFE\ AVERAGE ANNUAL DQOBABLE CAMAGE FOR
C PERTUT EEC S 5T=Mo
CALL CP1l
DI(NCHNGez2) = AC1
CALL ANCOST
CUSTPINCENG) = TaMC
o FRESET T+c MCCEL
CALL QRIGHNL
100 CCNTINUE
PRINT GQUT THE CATA NECES3ARY FOR TPC LpTIMIZATIJN
ALGCORIT#+N~, COs CO» A
FRINT I1CU0s CINITLs AL, A1
CALL CRAD1
CALL  GO#C1LIE
CALL PEINTIL
1000 FCRMAT(///7/741CXsANNUAL CSST OF INSTALLATICN'n/- AUX e
DYAND DJFERPATICON CF THE OSALANCLDT SCWER SYSTLN=CO=S'"92F12.14//77
210X, *AVEFRAGLE ANNUAL PRCBABLZT TAMAGE's/» 10X,
ZYFESULTING FROM THE BALAMNCLD SEWER SYSTEM=LO=S' Fll2e1le//7/
T10Xe *ULTIMATEe FOSSIBLE CAMASLE RESULTING' /7« 10X,
a'$FCM THE EALANCLD SEWER SYSTUMSA=S' W FlZelsr/”/)
STGCP -
cNC

-1

m

H

[aXa!

SLBROUT ING INPLTOD
KEIMBRERIEXIIT DD IR M MR XET IR XTI NX TR P b 250425 MO XKk M

< x= THIS SUBRCUTINE READS IN ALL THE INPUT CATA x
C EXAEFLAF BB A FERRABERER IFEXEIEMTEREES SRR XP R EX Sk T aE o XA Tk
C * [NPUT CATA C2RDS ARE AS FOLLOWS @ N *
c * 1 ST CARC (( NUM3ER OF MANHILES. 132 )) R *
C * NMH,.CARCS{FCAR EACH MNH, GFRIUND SURFACE FLEV.UFT)s =
C * CUEF. OF INLET CATCH EASINUTCR)s EFFECTIVE
< * NO. OF VERICLE CROSSINGS 2T MANHOLI(INTER
C bd SECTICN PER HOWRe UN TFHE ev;nnc— UASIos *
< * FORMAT USED 3710.9 *
C % NMiH. e o CARES{(FOR EACH MANHOLES IMPZRVICLS APEZA(ACRES)
< * TIME QF CCNC:NTRATIGN OF SUBCATCHMENT wREA
C * (MINUTES)+FORNAT USED 2F€.2 x.
C * CNE CARLC ((TIME INCREMENT(MINUTES), F4.1 1) *
C * NPIPEL..CEFLS ((FOR EACH PIPE SIMANNIMG®S NyLENGTH,., =
C * DIAMETER s SLIPEFCR¥MAT USEC 4F1l0.4))
s * ANPIPEL..CARCS{FUOR EACH PIPL,AREA OF SASENENTS (ACRES
C * ) CONTRIBUTING TO TFE PIPE,AVERAGE =
o * CEPTH OF EASEMENTS BELOW GeS.(FTIl *
C * CISTRICT INDCX.FORMAT LEED 2F10.0s11 *
C * CNF CARD ( NUMBER OF STORMS CONSICEREDWFORMAT I 3) =%
C * ASTORM CARCS(FOR EACH STOQMsAsBsCeRPROBIFORYMATSF 1040
< * CNF CARC (EASE FLOW DISCHARGEZCFS+FGFNMAT LECDWF1l0.0%

-
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8 e

HOUSIS CONNECTED TC TH™ SEWER, [3.
s SATEQ READ (FT)s RATED DISCHARGE{CF3)
FCRMAT USEL 3F10.0)
€ FlOeC.
PIPE IN ThE SYSTEML(FT),FCRMAT US:D

WITH RESPCCT TU ORIGINAL CESIGN (POS =
LCWERING DAMAGS). FORMAT USEC SF10.0

CEPTF OF THE SYSTEM S, DIAMTERS
CNE  CARD (NEGATIVE RELATIVE CHANGES IN CESIGN

AMH = NUMBeR CF MANKOLES

ARIME(I) = IMPIRVICUS AFSA OF DIPE (I}

T = TIME INCREMENT EBETWEZEN SUCCESSIVE ELEMZNTS
» MEASULFED IN MINUTSS

ANCTI) = MANNING'*S N OF PIPE (1)

ALNTE(I) = LENGTH CF PIPE (I), FT

CI&LM(TI) = CIAMETEA OF PIDZ(I) +FTe

SC{I) = INVERT SLCFS JF PIRT (1)

AvBeC = CLEFFICIENTS IM THE RAINFALL INTERSITY
/ TINE FORMULA » I = A/({Tx*g + C)

R = RELATIVE ACVANCEMINT QOF PZAK CF SYNTRETIC

STORM » :
FRC8{(X) = PRIEABILITY JF .QCCURIENCE. (F THIS 5TJiRs
CINLET = LONG TERM JISCFRARGIWCFS+(BASE FLCW) . UOR
INLET HYCRLCGRAFH FROM PREVIZUS SYSTiMe

ABASE{K) = EASEZEMENTS AREA DISCHARGINSG TN TH: K TH
' PIPE (ACRES).

LE RS RSN SR RSN EREREERRESEEREE N NI G g gy

(FEZT)s OJF TRME X TH PIFE

CNE CARCISUMF CHARACTERISTICS,AREA F THE SUMP(FT*
FT)+CHANNEL WATZER LEVEL '(FT)«FCEMAT USED =

F{(1) = GRCUNC SURFACE CLEVATION CF THE I TH MNHIFT)

NP1PEeee CAFLSIFUR CACH PIPZ,AVERAGE LENGTF OF HUJSUS
CONNECTIIN{FT) 4F10.0,DIAMETER OF .

_ HOUSE CONNECTION(FT) oF10.0NUMBER OF

) %

CNL  CZRCUPUMP CrARACTERISTICS oRELATIVE EFFICILNCY*
. » X

»

*
*

*

CNE  CARD ( CROWN SLEV. OF THE U/S END AF THE 1 3T =

Fil10.0
CNE CARC(FCSITIVSE RELATIVC CHANGSS IN DESIGN VARI AB

x
x

l« SLOPES 2. QR*HR 3, ASUMP 4. CVERALL®
' *

x

VARIABLES WITH RISPECT TC ORIGINAL DISI{GN*
(AEG = INCREASING CAMAGE).FORMAT USID 3F10
200 o R OK KR 2o R A K R K R o K o 0 ok ok kK A o e e e K

CBSMT(K)} = AVERACGE DEPTH OF BASENENTS BELCW THE GeSe

*

* ULSELEV = CROWNM ZLeve GF THE U/S END NOF THE 1 37 PIPS

* IN TR SYSTEM.

*x

L E LSRR AR LR RS 222 R LR 2L R TR 2 3T UL R R R R gy

CCMMCN/RAREAY T

CCMMCN ZAREAO/Z NMELARIMP,.ET

CCMMCN /L2READA/ A+S.CsR

COMMON /4REAL A/ .50

CCMMCN ZAREAZEBs CQINLET

CCVMMLN /AREASA /AN

COMMON/ LFEA S8 7 ClIaM
COMMON/EREAEE/NPIPE

CCMMCN /ZAREATE /ZALNTHF

CCMMON /ARE ABF/ QEArL

CCMMON /AREAZZY

CCVMMON /2REAL3/ ABASE

CCMMCN /AREA23 7 CBSMT

CCMMON /ARE£L2S5/CRCCNLALPIPE '
COMMCON ZBREAZ2E/ NEOLS
COMMCN/AFZAZE s ASUMF

COVMCN/ZAREA ZG/ECHANL
COVMMON/EREA3OD/SBCTCHM

CCMMON/AFEAZL,s RELETA.HR,O0R
CCMMCN/EREAZ2/ ENCSEW

CCMNMCN /BREA3E8/ CELG) ) _
COCMMON /ARE 49/ ICLASS({2). VIEH(3)
COMMDN /AREASS/ USELEV .
CCNMCN /EREATO/ AA+8BsCCeRE

CCMMCN /AREAT71/ PROB . ”
COMMON s LREAT2/ NSTORM -

COCMMON /AREABO/ CHGPRUS(S5) «CHGNFGLS Y

LES

LA S R A EREREREREYEXEXJEN.
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ENSICN  22(7)+2B(7)+CCC7)4RRI7) +PROF (7). S

DINM

CIMENS ICN NROUSL 2) . :

CINMENSICN ChCCN3)sALPIPE(2) S oA

CIMENSTICN F{4)ABASE(Z),00BS4T(3) .~ .

DIMENSICN AN(3)s ALNTHU3) +DIAM(2), SC(3) _ :

CIMFASICN -ARIMP(4)s ET(4)

CIMENSICN CINLET(220) ~ .
 CIMENSIC VERH{&) -

EEAD 1980 JNMH

DG 16 I = 1.NMH . -

QEAC  1S€ES H+F{IJ+CB(I)s VEHH(I) J

NEIPE = AMH - 1

0C 18 1 = 1, NPIFE

VEF{1) = VEFFLT)

CO 14 I = 1 .AMH

READ 1990 LAFRINP{IILET(I)

FEAD 2000s T

CC 12 1 = 1+NFIFE

READ 19004 AN(I)WALNTR(I)WCIAM(I)LSO(])

CONT INUE

2
1

SO0

1

o

100

M DW= oYNnYm
O=0o00OoVEoOo
00000000000

S

¢

o 11 I = 1.NPIPE
~EAD 2010+ ABASE({I)s CBSMT(I)s ICLASS(I)

R ELaAD IGEBO0+ NSTCRM

cc Sooe I = 1.NSTORM

EEAD 13000FF(I)|5&(I)oCC(I).RF(I,opFGE(I)
CUONTINLE

Rk AD 2100 QB8AFL -

co 10 1 =.1,220

QINLFT(I)} = QEAFL

co 100 I = 1.NPIPE

SEEALC 23C0 QALPIPE(I)'LHMGK(I) +NFECLE (I}
RE AC 2400+RELETAWHR +CR

FEAD 2010 4+ ASULMP, ECHANL

FEAD 21C0+ USELEV

ENDSEw = USELEV

[»]e] 50 I = 1. NPIPE

ENCSEW = ENDSEW — SO0{I) *> ALNTH{I)

THFE SUMP LCWEST wWe.le WILL B: SET 3.0 FT BELOW THE /S
INVERT OF TFE LAST PIPEL{DeFAULT VALUE)
SECTCM = ENCSEW — CIAMINRPIPE) - 2.C

RS AD 2SCQ (CHGPCE(I1L)»I = 1,.5)

SEEAD 2SCO0» {CHCGNREGIIJHsI = 1,43)

FCRMAT STATMENTS FOR INPUT DaTA

———— ——— A ———— ————————— — - —

FCRMAT(SF10.0)
FCRMET (6F10.0)
FCRMATY( 13)
FCARMAT(2Fi0 .0)
FCRMAT( ZFE40)
FCFMAT(F2.0)
FCRMAT{2F1040+1I1)
FOFMAT( F1040)
FORMAT (2F1Ce0+1IZ2)
FCRMAT (2F10.0)
FCFMAT{(2F10.0)
FCEMET(SF10.0])
FETUFRN _ -

ENG
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SUEFQUTINE PRINTL - i
1#tt#a*#**#*t#t1-*¥$$*xttaumut*=1xv*ttt0*****3##**:#**
* THIS SUBRCUTIANE IS USED TO PRINT oUT THE INPUT CATAx®x
*«( IF-NESIRED)+ ALSO IT PRINTS AND .PLOTS THE RAINFALL *
% -BYETOGRAPH. ) L
-:n:tu*wt#atqw:#:-:uc****uat¢t¢x**t*t;tntn*-anqt«isv*t
COLMMOM/ZAREAZ T .

CCMYWECN Z2RS 2D/ NMFLARIMP, =T
CCMMCN ZAREB A0 A/ A+s3.CR
CCMMON /ZAREAQR/Z RAIN ' :
CCV¥MON /AREAQC/ SPAN . ’ .
CCMMCN J ARC AR/ PRINTT PR INTN
CCLMMON /2REBL A/ SO g '
CCMNMON /RAREASE A/ AN -
COMMON /ARERSS / CiaM
COMMCN /aREAHE,s NPIPH
CCMMON ZAREATE/ ALNTH
CCMMON Z8RZ A1 2/ ABASC ] N .
CCMMON /s 2RE A2/ + . :
CCMMON ZZ2REAZ3/ CBSMT -z .
COMMON /8REAZS/ CHCUNLALRPIPC
T CONMMON £2REAZE/ NHOLSCD
v CCMMON 7 ARZAZ S/ ASUME
CCMMON /AREAZ29/ ECHANL
CCMMON ZAREATZQ/ S80TCHM -
CCMMON /7 AREA31/ RELETA+HR,OQR
COCMMON ZARE A.32/ ENUSZW :
CCMMEN ZAREZA3G/ CE(4)
DIMENSICNK RAIN(EEQ)

CCIMENSIECN  PRINTT{220). DRINTI(220)
DIMENSICN  Ar({I)+ALNTHI3) WDIAM(3)4S50(3)
DIMENSICN  (RIMP{&). £T(4) .
DIMSNSICH  F{4).CESMT(Z}sA2ASS{3)
BIMENSICN  CShCON{Z) . ALPIPI{3).NHILSS(2)
INTEGERE  SPar , HPANG

FLAGL =0.0
FLAGY = 1.0
IF ( FLACLl.30. Ca0) GO T8O 1a2 ..
PRINT  J3couwl .
PRINT  1CO30
PR INT 8COO0
NC 10 I = 1sbMH
10 PFINT 8010+l +r{I)eaRTMPII).IT(I)sC2(T)
PRINT  14VO
PRINT 80229
oc 20 I = 1.nPIPE '
20 PRIMT £030sI¢aN(I)ALNTH(I).OTAM{1}.50(]1)
PRINT 1200 -
PRINT 8040
oo 30 I = 1.nPIPE :
30 PEINT 80350« [+ NHEUSZ(I)ATAST(I)DRSHT(I)
PEINT 1C20 .
PSINT 20480
co 40 1 = 1ebhFIPE
4C PEINT BCT70einwalPIaZ{I)y-COI0)
PEIMT 1200
FRINT 8CA0.RELETA FF.QR

FRINT 1CCC

ERINT  BCY%0sn SUNFL,S53CTCH
PRINT 1CCC

PCINT  37210.7

FRINT 1COQ

orIMT 4010

ERINT 4020 +AsFLC

PEINT  &0320 =

SeINT 1Ca0 '
100 CINTINUE

IFLAGZ = &

IFLAGZ = 1

IF{IFLAGZ i I | ca TC 20O

SFENT = SPANMN 1

DO 1310 I = 1,220 .
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PRINTT(I) = 0.9
110 PEINTA(I) = 0.2

D2 45 I = 1 ,SPaN1

IK = I*T - 7T '

FRINTT(I) = Ik . S :

PRINTQ(I) = RAINLI) :
45 PRINT 3030,IK.+SAINCI) :

CALL PLCT 3 (PRINTT,PRINTQ. 100)

200 CCNTINUE

FDRMAT STAT“ENTS FOR PRINTING

1C00 SCRMAT(IOX, 'mm—mme— e e e e e -

AN o

a______________________-__________u

)
2010 FORMAT (10X, 'TIMNE INSREMENT THRQUGHCUT THIE FROGRAM?
BeFa.1sSX*MINLTE ESYe/2r7)
3000 FORMAT IIHIoJOXo'pRINTDUT OR INPUT [CATA ‘WSS T)

4010 FC«M#T(IOX. CeFFICIENTS IN THE RAINFALL IhTENSITY/TIME FORMULA®)
4020 FCRMAT(10X. ":FS 1,7/, .
Q IOX.'B t . F5a 1e/0
a 10Xy, = *eFD4le/7)
4030 FCPMAT(!DX.' ﬁhLATIVt ADVANCUEMENT CF THE PCAK QF THL SYNTHCTIC
STOFM = 'FboJ'//)
1C307=CnMAT(IOX"TIME = .IB-JX.'MINUTic'.
DFAINFALL INTENSITY = oF=.203Xo'IhCHLS /s HE?)

BC00O FORMAT(I0X . *MAN NO<* 35X, CELEVLIFT)Y o, EXe ' INMP, ARZA(AZRE ).,
#ASX e *INLET TIPE(MIN.)'.B 'C%'o///’

28010 FOCRMAT(ISX XeI2310XsFE o 1-12x. Ce2,13X,4F4a, 1’1¢XOF3.3J

8020 FGGM?T(I Xs'PIPE NUe. MAHMING LENGTH{FT) CIAM, (FT) SLOPE*
DessS

EC30 FCRMAT (13X, IguthFSoj.cX.; IXeF 442X F5,30

- :olv
8040 FCEMAT(10Xs 'PIPE NO e N, SUSES ARASE(ACR S 3SMT u~pTHt=TJ-

QL7 ) .
8050 FCRMAT(1J4Xs12 8Xs12,8X,F4 «2111XsFa.1) ' N
S060 FCRMAT(10X, '"IPE NO. L. HOUSET CONNECTICHN(FT) DIAMaH CONL(FT) ) ;
BO70 FCRMAT(13X+IZ +i3XeFS. lelTXeF3,.2) "
BCBO FONMAT(10X, 'RELATIVE CFPFIcCT:ineY = VL,Fa.2,/, :

) 1ox.-s=Tto FEAT = '.F3.1e' FTt,,, '

2 OX.'RﬁTtD DISCHARGL = *4Fa,1.' CFR3',/) :
ece0 FP:MAT(IOX. ARCA = T eFAalat FT*FT'ofs )

a2 10X, LNP LCWEST Waelae = ¢

yF 724" EFTt,/)

SUSSOUTINE FRINT2

**‘#**#tt*#***##t**{*****u#t**I##ﬂ**#&*#!###*t###*#t#k

* THIS SUBROJUTINE PRINTS QUT BASIC INFLAW HYDRUGRAPHS *

¥ AT INLET POINTS (MANHTLE JUNCTIONS). *

#*#******#**##***##***##*##*******#1#**3*#*##******4**

CCMMON /EREA/ T

CCMMCN /AREAOY NMF ARIMP.ST

CCNMCN ZAREA2A 7 INFHD .
CIVENS ICN INFRC(6e220) , .

CIMSNSICN -ARIMP({a), ET(&)

PEAL  INFHD P

IFLAGS = 0O

IFLAGS-= 1 -

IF{ IFLAGS 42G.0 ) SO0 T3 210

DO 190 IMk = 1,bHMH :

PEINT  3040,IMF

00 180 I = 1,220

NNNE

ERIRY N

IK] =1%7T
T4 PRIMT ’O=O.IK1-INFHD{IM I) a .
TEFCINFHOEINFL ) oLl T Oe 1) A0 TO 1F5

180 CCNTINUE
18S CONT INUE
190 COMNTINUE
210 CCNTINUE
-3040 FURMAT (10Xxe *MARHOLE NUMHES =',13)

3050 FORMAT{I10OX,*TIME =v,1I3," MINUTLS?Y,
X10Xe *INFLON CLSCHARGE =',F10,5,1 CF3*)
FETURN

END
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SLPRRCUT INE RAINF . ’
t#n*tttﬂn:ttt##t*#;**#ta*:a-xtt**tttttmai#$tmt::zg&mmu
¥ THIS SURRQUITINGE I35 USSD TO GENERATE THZT RaAINFalLL. =
® INTENSITY ALRRAY, ASSUMING STURM LENGTH OF 1d0 MINUTSES
t-gtttnﬁtrttt**wiutnuk*:*aa;ftta*rm*ttmtttt#mtu$¥:v¢kk
®= ROTNCI) = RETNFALL INTLASZITY AT TIME (DD *
F OCSPAN T NUNJER QJF TImZ THMISUMENTS IN TeI S€TORM *«
¥ AsReCoWeT HAVS JESH LREFINED IN SUBSJUT IS I4RPUMD =
#!**ttitiﬁtt*é#¢**‘tth**#R4t¢*$**#***x$#k*#t¢¥¥m¥¥¢¥ﬂt
CCVMMCN ZARSEA/ T
COCMMDON -/ eREPOL/ Au34CeR
CCMMON /2RZA03/ RAIN
CCMMON ZAREBAQC/ SFAN
DIMENSICN RAIN(220}
INTECGER SFAN :
INTEGER SE AN
cCOo 15 1 =1.220
15 RAIN(IVI=0,
SPAN =180.0/T7
TB =180.0%R
S3EFPK =7
K = BEFFEK/T - . ) ‘
FAINFALL INTENSITI=S EEFDRE‘PEAK-
co 25 I =1,K v
RAIN(I) = AX((1le0=3)®((BIFPR/RIXRE)IHTI /(L (BEFPK/R)
XxkB)I+C P%xx2)
BEFPK =EEFFK -T
25 CONTINUE -
J =K +1
TA = 00
SPANI = EPAN + 1 . i
RAINFALL INTeASITISS AFTel PUAK
0o 35 I = Js SFRANT - - .
RAIN(I )= F(CL aU=E)*{((TA/(l LO=R)IXZE)AC)/
XCI{ITAZ/CLoO=HY)>xT)+C )= D)
TA =TA +T
35 CCNTINUE
FETUEN
END

-

SUERQUTINE INFHYD ’ . i .

*tt*tait$$######ttxnmttxtaﬂznttutx*t#ttn*#x#*z#wxgtgmt
* THIS SUBROUTINE COMPUTZS THE ORDINATFS 2F THE INELOW
* FPYDFGCRAFRH, FLLWING THRCUSH THE MANSCLES TC THE =
* U/7S ENC OF THE CONSICERLD PIPE & *

bbbttt bt L EE E T P T L 2T 1 NS TL e g - R S U Us S
* INFHE(I.IT) = INFLOW DISCHARGE,MAH NC I +AT TIMZ [T%

® ET{I) = TIMe CF CONCENTRATICH OF THI [—TH BASIC *
* SUBATCEMENT sMINJTZS. *
AFIME(I) = IMPERVIIOUS AFR=Ze CONTRISULTING TO MNH (1) *

*#t*#tt#a**####***##t##mnau:uztu**#**######t#uzﬁt##$*¥
CCMMON /JARC A/ T ‘ :
CCVMEON /2REAQ /NNFJARIMP,CT M
CCMMCMN SAREAQE/ RA4AN
CEMMON JAREAJC /SPA!

COMMCN /EREAZL/ INFFD .

CIVMENSTINN INFHC (4. 220),£T(4 ), ARIME(E)
CIMENS ICN RAIN(ZZ20)

INTECER 3PAN .

REAL INFHD . . -

CO S5 J=1lsAMH .

oo  s5s 1 = 1,220

€S INFRDIJI) =0.0
DC 75 IMF =1 ,NMH
NARINGC =BT IMKI/T
ARIMC =ARINELINFI/NARING !

KS =1.5%5PAN . -
€C 75 I = 1.K5 .
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SUM =0 -0
CC - 85 J=1.NARINC ' , .
KK = I—={J=1) : , ' o

T UXKY = KK + 1 .

50

70
64
55

TE

S0

110

1F (KK). 60460470 : ‘ . -

CALCA = 0.0 . ~ _ -

GC TC €& . _ L
CAIMCI) IS TPE RAINFALL -INTENSITY AT THE REGINNING OF
INTEFVAL {I). AVERAGE RAINSALL INTENSITY OURING
INTERVAL (I} WILL B8E = (RAIN{I) + RAINCI+1))r2.0

CALCA = (RAINIKK) + RAIN(KK1))* ARINC /2.0 . \

CCNTINUE N '

SUM = SUM + CALCA : : .

INFHC( IMF. 1) =SUM _ , N

CONTINUE . .

RETURN ; . . :

END

!_\

&) * -

-

SUHRAUT INE MUSKRT
t**:t******:mst**tt**#t*at*******txtttrt{**#t;*ma#**tt
* THIE SUBROUTINE CCMPUTES THE DOWNSTR €%M CISCHARGI =
* FOR A CIRCULZAR RPIPE GIVEN THE IhFLOw-HYDEOGRKPH

* AND PIlPE CkkPACTERISTICSg . .
tt#*t***##t:#*****tt%*k*a#**tt*#*#i#*t#i*tnt*u*x*¢¥#*
* DIAM = LIAMSTER IN FeE2T
x ALNTk = PIFE LENGTH IMN FEET
L S0 FIPS SLCORZ IN FT/FT
w AN MANNING'S N . :
* TIME INCRZIMENT BETWEIEN SUCCESSSTIVE ELEMENTS
* {MINUTES ) RUUTING CERTAOD(3ASED UPSN mww UNITS
STUORAGE CUNSTANT TN MUS K INGUM METYOU '
T8 = NMUSKINUM COZFFICZIENTS

{ Qi2) =Co*xI(2) +r1 *I{1). +C2 =0Q(1))

* COUT = QUTFLCW CISCHARGS AT OS5 eND IF SSwek *

¥ QINF = INFLCOW DISCHARGSE THIOUSH THE U/ END THE SSwER
**tt*t*#tt*#*a#*tt*t**#*k****¥¢t#t**#*x*##*&**t#***#**
CCVMMCN /ARER/ T . :

CECMMCN ZARERL A/ S0

CONMMON FART B82E/ SINLET

COMMODN /ARG ATE/ ALNTER : . '
CCMMCON / 2RE ASE/ (CIAM

CCMMON /AREAS A/ AN

CCMMON /s AREAS4A s P

CCMMCN ZAREA4LE/ GCINF. QOUT

CCMMON /AREAB, IT
CCMMIN /AREAGSA/ KMUS
ODIMENSICN  AN({3),ALNT
DIMEAS ICN QINF(2,220)
CINENSICN  CINLET(Z220
DINVENSICN KMLS(Z}
FEAL KMLS ‘ .
X =0.5
KMUS(IP) = a
* (SC(Im
T ILL ALJL

KNMUS(IP

L B

* * %

*

F

-4

[

w

« |
# % %

(
ca

F
L ]
)

h(IP)*AuhTP(I?)=1-636/(CIAH(I°)*$0.667)/
%0 ,Z) .
H SILC TU TRE SAVM” UNITS AS KMLS (S=C IND 35}
<C )} = KMUS(IP) # X 4+ 30.5 % T
ceC {320.C %= T = KMLE(IP) = XY CC
C1 ( KMUS{IP) # X + 30.0 = T} / CC .t
Cz {(KMUS{ IP J = KMUS(Ir) = x - 20.0 * TY 7 o
IF{ITe NEaLl 1} GG TC 53
QOUTC(IFR1) = GINF(IP.1)*CO+C1=QINLET(11+C2*OINLEI(1}
GC TO 110
CCAhTINUE
ITY = 17T = 1
QOUTI(IRLIT) = CINFLIFPWIT) = CO + QINF{IP,ITIY % C3
? + COUT{IP,IT1) =% C2
CONTINUE
FETURN
END

hhanz
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210

S0

110.

120
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SUERCUTYINE .ACCFYD ™~ N . R
hhhdubs b abai L LEILEL LS L I EEFT L T F T T B P R g iy s gy
* THE CFCRINATES OF THE HYZIAERAPHS CCNTRISUTING TUO *
® ThL MARMCLE JUNCTICN BEING CONSILERTD AFE ADDLD. TCx
* CBTAIN THE INFLOW TN THE CCWNSTREAM SEWES. *
nt*t*tﬁ#*t#wt**#*tq##*tm*u=v::t:x:*a*#t#*ttttuasu;u=$#
* QINLET = BASE FLOW ' . x
* QINF = INFLOCW TO TFE UPSTTIEAaM ENJ CF ThE SEw-R. &
**t*#t*ti:*tta*#a#*&#t**a¢::a:*x*t*tt*ta**:#tm*z*::#t*
CCHMON/ARERLAZA/ INFHD .

COCMMON VY eRc a2/ | CINLET : ™
CCMMCN /AR® 24 2/ IR :
COMMDON /2FRSA4aB/ CINF.QQUT

CCNMMON ,saREA8B/. IT :

CIMVENSICN CINLET(220)INFFD{2,220
CIMINSICN COUT(Z+220),010FL 2,220
R EAL INFFD

IF(IP .CGT.l) GO TO 100
QINF{IF,IT) = QINLET(IT) + INFAC(IP,1IT)
GC TO 210 -

CONT INUE

IFE = 1= 1

CINF{IFIT) =CCUTCIPF, IT) +INEHD(IP,IT)
COCNT INUE

RETURN

ENC

SUEFQCUT INE YCNCD
#aat#ta:t&:#:#t#*t#*t#xtx:::n:****#**tx#0*3#**3*:#::**
* THIS SLERCUTINE [S USZY S92 HYDRAJL_IT SINULATINN t 3
% CF FLCw IN TFE SCTWeR SYSTE . . *
t*::**t##&#&&‘#**#*#*a*:ua:tn:*u*tatttxt#txitat§*=$xu*
CCMMON FARE 21L&/ QBSMT

COMMON /2RT Aas/ [P .

CCVMMCN /. 2RE ALE/ QINFsQIUT
COMACM/ AREAGE,s NP ISE
CCMMON/ZAREAR,  IT

COMMON /2REAS A/ KMUS

CCVMMON /2REASZy FMAX{Z)

CCMMON /2ARZAS1rs TOAM

CCMMON Z2REASLC, M

CIMENSICA CBSMT (3.220)

DIMEMSICN CINF(3,220),20UT(3,220)
DIMENSICN KMLS(Z)

REEL KNS ‘!’ i

vV = 0 4

ne 50 I = 1.NPIPE

EMex (1) = 0.0

CALL KENERG

CALL VCLSYS .
DC 100 ITT= 1,180 : L B i
IT = 17T . : ‘
IF( W~ eNE o C )Y GO TO 195

o S0 IPK = 1.APIPE

IP = IPK
CALL ACCHYC
CALL MUSKRT
COATINUE
CALL SUMP1
CALL SwITCH
CONTINUF
CONRTINUE

Do 110 I =

CC 110 4 = 1,220
NDREMTLI.+J) =

CONT INUE

IF¢ M.ECe 0) GO TC 129
CALL PrFRFESML

CCNT INUE

B o
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. . : 150 -
.o ~—p— - h - .
CIFC M JEC. 1) G TO 130
TC AN = 0.0 . .
CCNT INUE ' - o . . BN
RETUFN .~ ..
END : )

’

'SbEF QUTIME SUMF]

¢##’***#t###*##***t*#****#s**t#t#*$$#*=#***#*t**#*a*#*
* TRIS SUBRCUTINE COMPUTZIS THE 'SUMP WATFE. LEVEL ANDE
* THE ELEVATICN CF TrE O/3 END NF THRE Zele OF THE & TH
 PIPF.( CUTFALL ENSKGY LJVFL) *®
t*t#***t*****at*#**##t#*#*tth****#*wv#**zxt‘»$***¥***
EELETA = OPERATING EFFICIENCY/RATED SFFICIENCY
HF RATEC HEAC (FT) B
cR RATEC DISCFARGE (CFS)
asuMpPl CISCHARGE FLOWING TO SUMP AT TIME {
QSUMP CISCHARGE FLOWING TO SUMP AT TIML (
HE.] EUMPING FEAD AT TIME (T - 1)
e FUMPING FEAC AT TIME (T) -
ECHANL ELEVATICN DF TH €NZRGY LIN= D/7S QOF THCE
FUMP{ CELIVERY ELEVATION),COULD BE cunmech
WATER LEVEL.
SBLTCM ELEVATION OF YINIMUM SUMP waATER LCV_L.JTART
ING AND STORPING LEVEL. ‘
S¥L = SLMP WATE&r LEVZIL éj . ‘-*
ESUMP( )= ELEVATION OF ThZ C/S ND OF THEENEPSGY | ¥
LINE OF TFE N Th PIPE. *
#»***###****#*3**##*****#:1:::**3:*ttwt#i**ﬁtm:#t##***
CCHMMCN /2REA/ T . &
CCYMON 72REAZA/ INEFC
CCMMCN /2RE2ZE/ CINLZT
COMMCN ZAREAGE/ QINF,QIUT -
CCMMON /AREASE/ CIAM / - e f
CCMMCN /ARE AGE/ NP IREZ : . . .
CCMMCN/AREAS/ . IT S : -
CCMMEN /EAREA3L, - ITS : ! -
CCNMCN /BREASC/, W o s . -
CCNMMCN /ZBARZA20 Zi5UVP .
COMPNMON /2REAZB/ ASUMP E
COVMMCNZAREAZO/ECHANL - . . .
CCMMCN/AREAIO/SBITOM ; hd - *
CCMMEN/AREAZLY RELETA.HR.an _ B .

- 13
) .

-t
%iﬁ!i*i&i*

muwnnwnh

‘CCMMCN/ZARELZZ/ ENCSEW

. CCMMCN /AREAAO/ SWL.QSUMP

30

3¢S

40

50

L HE =({-0.5S)%8 + 0.5% SQRT(3*3 + 4 «O*T)

DIMENSICN CIAM(3) . i’ -

- DI'WENS ICN IhLETtZZO)

CIMENS ICN INFRE(4S
DINENS ICN ESUMP({ZZ L .
ePEAL INFERD . r . )
IE(_ EEG. (1] ) GG TO n N ) - :
= IT ;
GC T 39 . kK ﬁ . ] -
K = IT _ B
CONT INUE . ‘
ANFIPE = Q+7EE4% DIAH(NPID-)*#Z s -

CIVENSICN SCUT( 3.2 2o>.aquc3.2a%:

CRUME = RELETA * RR * QR

C = T % CFUMP % 30./ ASUME : . .
JFL{ ¥ «NF. 1 ) GC TG %0 - i
CSUMP1 = GCINLET(4®)

QSLME = GOUTI(NPIPE.1}) + INFHDINPIPE+1,1)

. HP1 = ECFANL ~— SBOTOM

GC T2 50
QSUMF1 = COUTA{NFIPZ+K=1) + INFH)’I\IPIP:-PI K-1)

CSUME = COUTI(NPIPE.XK) + INFHO(NPIOE+1,K) '
FE1 = ECFANL - SWL i ‘ )

CCNT TNUE -

QSLMFA= {QSUMF+ uSU4P1) 0. . '

£ =(—1.0)#HFY + Z.2¥CxOSUMP A/CPUME — C/ HP1 -7

HPVAX = ECHANL - SBCTEM
IF(HP «GT« FPNAX) HP = HPMAX

T

[P

L aldas dARe e Mt ke o st o b A Al
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SWl. = ECFANL = HP
VNEIPE = QOLT(hptpc.K)/ ANPIPZ
VEEAT = VNP IFELVNPIPS/A3.4.
IEF(SUWL LTLENCSEWY GC T3 1n
ESUME(K)Y = Swl + VHEAD : .
GO TO 1GCO . )
80 ESUMFI{K) = ENCSEW + v%%aa . -
100 CCNTINUE

FETUSRN

END

SUBFROUTINE STFNCD

**w###********#tm!#*****ttxtxtxa**t‘#tn#tt=$$$$*$*$***
* THIS SUBRCUTINE CCMPUTES THE 3TORM WATER FLOWINGS | %
» UPWARC THROUGF THz I—-TH MANACLE BY ABPLYING A MALS *
* EALANCE ECUATICN. »
ERRMAE R RE R AXRRILE R T TR A TR TR AR RFI I AN IR OB ARE S ST X &

* ST WHL = FEAL LCSS THIOUGH PIPE. *
* CIN = INFLOW CISCHARGE TO MANEFCLE. *
* Q0T = CUTFLOW OISCHARSGEZ FROM MANHOILE.

* DVOLSTIN)= INCREMENT OF VCLJUME OF waT3IR FLOWING T2 *
* STREET THROJGH THE TH MAMNHOLE. x

IS 23T TR EIYEFETE ISR FE LRSS 32 33 AR R RS- R REE LS 124 L0
CCMMCN JAREA 7 T

COMMON ZAREAZ A, INFFC

COMMCN /Z2REA2B/ QINLET

CCMMON /PAREABE/ NP IPE

CCNMMON /AREAECY KES :

COCMMON Z/EAREATEs ALNTH . .

CCMMEN F2REL7C/ KM

COMMON s8Rz a8CY 1TSS

CCHFMOIN /EAREALDQ/ USEL '

CCNﬂON FAREALLY QAB3IMT ) \\;

COMMOCN ZARKEALB/ SE+=MRPWF ’
CCVMMON /AREB2C/ ESLME
CCVMMON /AREPZ2/ : .
CCMMECN /AREA3S/ GAV '
CCMMON /ERZE83E/ ASTR )

DINMENSTCN USEL{ZY+H(4)ZMP( 24220}

CTMENSICMN ESUMFI220) ¢ ALNTR{ ) +2AVIZ.220)
DIMZNSICH 3SCS{Z2+220)oKES3(Z2)« INFHOU4,220)
CIMENSICN  GCINLET(220),73SMT{2+220).0STR(2)
DIVENSICN DVCLST{Z)sF( 3,220} '

REAL KES, INFFD
USELIKM). = +#{KN)
IF(KM.EQ. NPIP:) GG T
KM2 = KM + 1

LSEL(KM2)
(kM)

"SEWHL = USZLiKM) -
EMFIRM,L,ITS) = (LSEL + USELIKMBIIZE .
GO TD 200 '
100 SEwHL = LSEL{KN) = ZESUMP(ITS)
EME(KM, ITS) = (ESUMP(ITS) + ussLxKM))/a.o
200 CCNTINUE
SEIKNLITSY = SEwWhL’ Z.ALNTPIKVJ
QAV(KM,ITS) = bCRT(AES(5=(KM.ITS)/KES{KVJ)) *S5:{KM,ITS)/£8S
DISE(KM, ITS)) '
KMT = KM — 1 _ al
SUMOST = 0.0 : : .
. SUMIED = CIMET(I1S) .
DO . 300 IM1 = 1.,KM
300 SUNMIRD = SUMIFC + INFHB(I%I.IT:)
IF(KM1.EC. 0) GO TO 309 - .,
SUMQE = C.0 .. : :
CC 400 IM2 = 1.KkMl .
- SUMQST = SUMCST + OSTR{IM2) \
400 SUMOB = SUMQOB + O0BSMTI(JIM2,1ITS)

GC T9 €00
500 SUMOB = C.0
600 CONTINUE

CIMN = SUMIFC -~ SUMQB - SUMCST P .
COT = QAVI(KN, ITS) » QBSMl(K“.ITS)/c-C\ -
OSTR(KM) = CIN = COQT

FETUEN
END
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SUREQUTINE FR:SNL .
t?*f**#*tt#tx#*t:tttatz*k;v#x*#*t*:**#t¢t*¢4*:t***¥***.
* THE FUNCTICN OF THIS SUHROUTINE I1STD SIMULETE "~~~ &

* ThT SUGCHZRGEC FLCw IN THZ SEWER SYSTEM. TAKING InNTC,
* CONSICENATICN FLOW TO ARD FACM SASCMINTS AS Wibo AS*’
¥ STRFETS [GRCUNC SUSFACE).

*t:*i***t#tt#:##:t**t**#a$tthﬁk***ﬁ*$$**ﬁitamx#tu#;t*#

* OBSMTC(I.T)= AVEFAGE RATE OF BASININT FLOW FOR Th: & %
* I-Th SEWER DURING THE T-TH TIME STEP,CFS:
* SE(I.T) = SLCPE OF ENEPGY LINE OF THT I-TH SEWZR AT*
* T—TH TIME INDEX. =
* KESC ) = COEFFICIENT TO COMPUYE ENERGY SLOPE, IN THE*
%M FGRMULA, S = K% uxx2

* QAV( . ) = ﬁveaAGi/Eiﬂbpérc— FLOWING THRGUGH  TH. .
* FIPE x
* EMF( , ) = Eksygxxcn OF THE MID-POINT OF THL ENER3Y=
* LINE *

RRREEEEREXT IR ORB B ERRI DB A X R R F R DR RO R IR AT KA
COMMON /2REAZ T
COMMON F2RE£14/7 S0

CCVMON /BRE A2 2/ INFRD

CONMMON /AREA2E/ CINLET

CCAMCN FARE AGE/ OQINF,QI3UT

CCMMON /PRI ATE/Z  ALNTH

CCMMCN Z2REATC/ KM B
CCHMON /ARELEE/ NPIPE '

CCMMCN /AREASCY KES . -
CCMMON /ZAREAS, 1IT

CCMMCN ./ 8REASC/
COMMCN/ZARSALO /

CCMMONY/

CCMMCN
CCVMMCN
CONMMON
COMMCN
COMMON
COoOMMCN
CCVMMCN

AREAl4/
/BRE A1 5/
ZAREALS/
SARZAZOQ/
/ AREA22/
FAREAZG/
/BREAZE/
SEREA3E/

ITS

USiEL

QBSMT
SR EMPLF
EMP
ESuUMpP
o
CrCuUs
CAV
A3TR

COMMECN /EARCA3EY/ (CHA(a}

COMMAN FARSA4G0/ SWl +QSUUP

COMMEON /FAREA 41/ LFLCCD

CCMMON ZERT 243/ CMAX

COMMON ZARERAG6/ FMAX

COCVNMCN /Z2RZEPAE/ VMaXe TPIEAK

DIMEINSICN TFEBK(3)

DIvERS ICN F{4)

CIMERSICN QSTREZ).VCLST(3),DVOLSY¥(Z)
DINMERSICN S0¢23) -
CIMENSICN INFFC{44220),2INLET(220)

DIMENSICN KES(3)
DIMEhSICN CaV(2,220),0Q85 “T(..220)
DIYENSION USEL(Z), EMP{2,229)
CIMENSTICN AME{Z) .
CIMENSICAN ESSUMPIR20)
DIMINSICN  32( 34220} ALMTHI{ T) )
CIVNENSTCN XCFLOCC3)2OMAX{Z)aSMAX{Z) VHAX( 3)
DINENSICN €{32,220) : )
DIMENSICN CINF{2,220), CCLT(3.,220)
DEAL  INFHE K9
Xo = D a0 -
D2 30 I = 1,NPIPE
SE(TLIT-1) = 80(1)
EMP{ I, IT—1) = aGME{ )
0STR{I) = 0.0
VOLSTLI) = 0,0
CVOLST(I) =C.0
ODMAXII) = 0.0
FMAX{(T) = 0.0
V“AX(I) = 000
TPEAK(I) = 0.0
INCE



‘2

S0

20 Zo0

150

200

250
30¢C

350

37S
380

385
385

400

450

451
460

470

430

"

-

Do, 600 I8 =

ITZ1 = IYS - 1

oL Eo I~¥0 =

CREMT(INM0.17S) TLIS, ITSL)
E

S—1)

CCNTINUE
ESCME{ITE)
o 450
D 410

- zTMm

1
KM = NPIC
ce = |
SUMI-D =
SUWGCST =
oC 15N
SUNLET =
SuMIAn =
K = KM
IF { KM]
sSuMQA =
oC 230
suvng =
GC Ta
guMQe =
CUONT INLE
QAVIKM L ITS S
SE(KNLITS)
IF{IM. GT « 1
LSEL(KNM) = kS
ENCI{KM,ITS) =
GO TO 375

VUG OD~MZT =

« KNM1
O3SMT{I42,17S)

e OCreb
w 0

Oowin O

=SUMIFD=-SUMAB—NR3NT(KM, ITS) /2.0~ SUMQAS I~
= KES{KM)%QAV (KM ITSI®RAES(OAVI(KM,,ITS) )

3 GO TC 359
UME(ITS) ¢ SE(KM,ITS)*ALNTHIKNM)

{SSUMP(ITS) + LSEL(KM))I/ /2.0

KM2Z = KM + 1

USEL(KN) = LSEL{KMZ2) + 53{<1, ITS)XALNTH(KM)
EMF(KM,ITS) = {US3SEL(KM2) + USSL({K¥))I/2.D
COMT INLUE

SIF(USSELL{KM) JLELFIKM)) G6J TG 330

CALL STRMOC
GS TO 335

TF(VCLSTIKR) .G T.J-Ol} GO T3 385

ASTRI(KM) = .0 - -

DVCLST(KV) = C.0 -

GQ .TO 295

QSTR(KM) = (~140)3CE(KM) & SART(ABS{VCLST(KM)})
CONT INUE .

CALL: FRATIC
CALL GCHCLS

XDFLCD(KN) FLCCD % 12.

X = QasvT{K 5)

QBEMT(KM,ITS QHOUS* (L e0—{D.9%%1TR) =xITR)
OBSMTIKM,LIT ={QBSNT(KVY, ITS)+ X )/2.0
CSTRIKM} =Q5TR{KM)Z(1e0—(J)xkITR)I**ITF)
CSTRIKM)Y) = {(C3TR(KM) + aGG)/2.0

DVCLSTI(KM) = CSTRIKM) *= T x 60

CCNT INUWE

CCRT INUE .
COUTINPIPZ, ITS) = QAVINRIF:y1TS) — CEBSATINPIPE ,ITS53/72.0
Y. = FSUMK(ITS)

CALL Sumpl C .

ESUMP(ITS) = (ESUMEB(ITS) + Y ) / Z2a0
CONT INUF

C9 450 KI =1.NPIR=

IF{ CVOLET(KIL) oLE Qe ) GI TN 451
TOFAK{¥I) = TPEAK(KIY + T .

-

CCNT INUF

VCLST(KI) = VCLSTI(KI) + OVOLST(KI),
CONT INUE

DC . 450 I = 1,NPIPZ

IF(DMAX(1) «CE.XCFLCO(I)) GO TO 470
CMAX(I) = XCFLOD(I)

CCNT INUE

IF{FMAX(T)eCELFIISITSY) 53 TN &8¢
EMAX(I)= FLILITS)
CCNT INUE
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IF (VMAX(I) i VCLSTI(I))
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A A

T3 &4s5¢

VMAX(TI) = VvOLSTAL 1)

CCNTINUE ' -

IF RECESICN LIME IS ENIUUNTEFZO,RITUEN TQ SYURRAUTI.C
HYCMOD ’

NFLAC = €

oo 500 = l.NOIpP= . :
IF(OESMT(I.ITS)-LT.XC}N?LAG=NFLAG+1 -
CCNT INUE .

IF (NFLAG .ECa NPIPE) GG TN s55¢C

IF{ITS JED.

CONT INUE
CCNT INUF

CIT+4)) xQ=C.C1

’

CALL
RETURN
END

SUBROUT INE
il b EEE T L L E TR S TUprp gy
* THIS SUBRCUTINE CCMFPUTES
* FLCW,
REPBHARILR TR RS R AR KRR K XK
oELOCD

I EE R XN BN

tt**tti#*t#:*ia##*#*****utxa;

COMMON

CCMMEN.

CCMMEN
CCMMON
CCMMCN

APIPE
DHCONC T )
ALPIFE (1)

ENCAM

-

Q+C

FCR I-T

FLCC
wWlih
TIME
CFCss
HCLSE
CI
ccC
A
W

a—

FERE AT C/
7 ERE AR/

s AREABLCY
S ARE ALl 8B/
SAREAS T

N' ZAREA7E/

/AREALIC/
/FEREP1LY
s/ ARE AL 3/
SAREALAy
/AREALSy
S RREAZ&/
S AREL2E/
/PREA2ér

LSS
*x**x*xx**#:t**ra*taa**a:a**
THE AVERAGE FATE ,OF J3ASEMENT
F SEwWER DURIMG THE T-TH TIME STEP.CFS =»
f*tk********tt*t**t*s#*::*t
DING CEPTH OF TrE BRASEMENTS ASSJCIATED%
THE I-TH SEaIS.AT TFE END OF THE T=THx
STEP'FT T *
SECTICNAL AREA OF TFEZ RPIPZ QF THEC *
CCNNECTIING. SO.FT . *
AMETER OF T+ PIPE CF THT HGOULSE *
NNECTICN: FT ) *
VERAGE LENGTH DF HZ2LSE CCOCNNSCTIONS =
ITHIN A PAETICILAN STWER SSCTIGHLFT *
x:ntaw:#m*ut*##*##***&m*t
I -

IT

ITS
SELEMP,F

ALNTHE
Usso
SBASE
ABASE
QBSMT .
gMpE
CrCuUs
CFCCNL,ALPIPE
NFOUS

SAREA 4ls CFLOOD

DIMEASICN
CIMENSICN
CIMENS ICN
DIMENSICN
DIMENS ICN
DIVMERSICNA
DIVMENSICN
CIMZINSICN
AP IPDE
A

EFCCNCL
B.02%AP IPEXNEF

SEASE(Z )+ ALNTH( 2)
ACASE(2)

2 220)
LSE
ME{
ALF

E

SCUSMT = Q.0

cC s¢
SCBSMT
FLVCL
DFLOGD

N =
SCESMT + CBSMTUI,.M)
SQESMT= T % 60,

FLVCL /ZABASE(I)/ 43560,

IT,1I7TS

IF{CFLCOC)IG0s 7C, 70

CFLCCe =
CCNT INUE
ENBAS
USEBL
DSEBL
USEL1

o

0.0

= FMF(I) + DFLCID

ENBAS + SBASE(I)*ALNTH(I)/2.0
ENB AS
LSELC(1Z)

SSASE(I)* ALNTH{I)/Z.0
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USHFL = LSCL] - L3E3L
CSEL = USZLI — SE(ILITS)®=ALNTH(I)
DEFL = PSEL - CSEaL !
IF{ (I IT3))ICC,»1CC2CO .
1CO0 IFIEFLGCD «4CGT« 0.0 GU TGO 110
- CHous = 000 ‘
GC TC &GO .
110 B=({ASS{LSFL)*x]1,5)-{ABS(DS
.. CHCUS=[{—1.0)%0.547% A x 0§
IF(FLVCL=ABS(CHCLSE)RT®ED.) - 120,1335T20
120 QHOUS FLVCL 7/ T / €0+ »(=1.0)
130 GC TO 4¢Q
2C0 IF(F(ILITS) A T.1.0) GO TO 300
IF{C USHL .LT. J.9) GO Tu 140
IF(DSFL LT« 0.0) GO TO 120
GC: TO 170
150 FT = USKL/(LSHL + ARS(CSHL))

alalals!

GO

FT =
GO

TC
16¢ IF(DSHL

TC

CHQUS

CcG

. TG
180 F(I,T78)

150
LT. 0.0) GC- TC 1720
PEFL/Z{CEFL +AEBS{LSHL))

180 {
170 B=((ABS(LSKHL)*%]1.S)~(ABS{CSHL) k=1,

O

l'_'
GE7 * A x B ¥ USHL/ ABS{LSHL)

4G0

= FT \

HL)**I-E))/(AUS(UEHL)—AJSIDSHLJ}

) ) ZLARS(USHL )= AGS{ DSHL) )

210

220
230
27¢C
280
400

1co

IFLUSHL)2104220,220
IF(OSHL &L T. J.0) GO TN 110

QHCUSP = Q.€67*F(I1,1TS)xPAIFT(DOSHL) »A

QHCUSN = 0. €67%(1.0-F(1,ITS)I*SQRT
GC 1o 238

CHCUSF
QHCUSN = 0,€667*(1,0—F{I,ITS))}*SQRT(
CONT INUE

VOLAV = CFLGCC*(1.0-F(I,ITS))%pRASE
IF(VOL 8V—ONCUSN®TR50.) 270, 2£0, 220

CHCUSN = VILAV/T/60.

CCNTINUE .

CHCUS = CHCLSF —GrOLSN

CGRT INUE :

RETURN _ :

NG _ .

SUERGUTINE KENERG

AESCUSHEL) Y*xa

O EETHRF({ I, ITS)*SQPT(ASS(U‘HL))*A

QES(DSHLJ)*A

(IJ*L’aﬂo.

*:sst*t*n**wtﬁta**#**t**xa*#:**ttat:»**w*at*t4xx*¢x=*#
* THIS SUBRCUTINE CCMPUTES ThE COEFFICIENT OF THE *®
= ENEFGY SLCFE EQUATICN,RASEC GN MANNING® S EQUATIGN  #
t*a**st##*###t#t:**#*****#tx*ta##*###tt**###***#*###**

CENNGON /LREAS A, AN

CCMMON /AREASErs CIAW

CCMMON /AREABE/ NDIPE

CCMMON /s ARE A6C/ KES
DIVENSICN KES(Z JoCLAN(’)-AN(’J
EEAL KES

00 100 I = 1,nPIP=
KES{1) = ¢.€36§ * AN(TI) *x2/(D1AM(]
CONY INUE

RETURN

END

Jek(1€./3.))
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200
300

: 1586 - A
SUBRTUT INE FATIC .
t#ts*#t#n»un#*t#*ttttttxxwttﬁttt**att#:0**¢#=$*#¢#¥*tt
* IT CCMFUTES THE RATIC BETWEEN TAHAE LENGTH JF THE SENER
* ACTIVELY EEING FLUGCDEC anNT ITS TOUTAL LENGTHy l.E s =
* BASEMENT FLOGLCING RATISM F{ + ) *
*1****#****a#n*#t#*t***#*****t#*tt######¢ﬂ¢$$=¢$*$¥#*

* BMFE( ) = MIC—-FCINT ELEVATION OF EASEMENTS GRADE LINS
* SRASE( , ) = SLCPZ CF THZ BASEMENTS LINF ASSOCIATED®
. * wITF PIPS (1). R . #
* FU I1,T)=FRACTICN OF THE I-TH SEwES CONTSIRUTING fQ =
x EASEMENTS STORAGEDURING THE T—TH TIMe STEP=
* LSEL( , ) = UPSTREAM ELEV, GF ENEFGY LINE *
* DSEL = DOWNSTREAM ELEV. GOF ENERGY L INZ x
* LSHL = UPSTREAM ELEV. OF BASEMENTS GRADS LINS. *

Bk Ak N AP Ak o R el A e e 32 a0 b o o v o ol R ok e KRS ok ke
CCMMCN /AREA7E/  ALNTE

CCMMON /2REATCY 1P

CCFMMCN ZARESBC/ IT

CCMMUN ZAREALSB/ ST EMP,F

CCMMCN /7 ARE#11/ SBASE

CCMMON /EREALS, BNM2

CCMMON 7 AREZA 10 / USEL

DIMENSICN SE
CINENSICN
CIMENSICN
CIMENS ICN
CSEL LSEL
CSsEeL EMP
USAL EME(
IF{ USEL(IP) .G
IF{DSEL .GTe« CS
FLIPFYIT) = QeC

GOEE 300

CCANTINUE by

FLCAT = SE(IP,IT)= SEASIL{IP)

IF{FLCAT .GT. £a0I9CCL) %57 TO a0
FIIPWIT) = 1.¢

nrlifas

—e Ny
| heme o

®ALNTH{
HALNTHL X
} ow ALNTH({
GC TO S5C
T0 c0 .

He e THAM

M
E
{
I
=3
E

Kn ol

IP)
S)/2.0
i)

(
F
A
E
J
}] /s 20

T~
QArmm—
O~

+
Te
aL

GC TO 200
CCNT INUE

€C = {(EMB(IF,IT)
IF{SE(IPWIT)uCE
FIIPIT) = L5 —
GO YO 200
F(IPOIT, = Cal + C -

CONT INUE . ) ' .

IF( FUIPWITY ouGTa 120 ) FLIPWIT) = 1.0 .
CCNT INUE '

RETURN

END

FlIPLIT) —SEASTLIP)IZALNTH(IR)

EM2({IP)Y)/ (3
} GO0 TO ‘100

BASE(IP)

Nl

SUBRCUTINEZ SwITCH
e ELELEL EEE S L e L EEE S 2 EF R R TR F T P v g

* THIS SUBRCUTINZ DETERMINES WHETHER THE FLCW Is %
* GRAVITY FLOW(CPEN CHANNEL FLOW),.,OR SUFCHARGED FLD® =
* (PRESSURIZELC FLOW ). %
e L R E R EE P R R SRS L L E R E T L E-F R R R Ry R g
® STGP = VUlL. GF wATER INTL PIPE STORAGE. *
*x SETGS = VOL. CF WATER IMTC SYSTSM STCRACEZ(FIPES CNLY)
¥ RELSTGE = FELATIVE STLOIACGE, *
L = VCL+ OF WATER INTC STORAGE/ VIL. OF PIPSS =
* N = FLAG, . ox
* = 0 FCR GRAVITY FLLO'% %
* =1 FCk PRESSURIZZLC FLOWe. : x

AR K EFE ARG R AR DR K ER R R RR R AR X ok K RN A KRk R K

COMMCON/AREAGE/ NP IPE
CCMMCEN /ERE £4E/ CINF.23UT
CCUMMON S AREATC/ 1P

CCMMCN /2REARBY/ IT

CCMMCN FAREASC/ M

CCMMON /AREAGE/ KMUS
CCMMCN /ZLREALE/s VOL

CCVMMCN /E2REAS L1/ VPIPE(Z)
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: CCMMON /£BEAS2/ PMAXI( 3) (

CIMENSICN  CINF(2,220),00UTC 7s 229) -

CIMEMSICN KNUSEL D)

CIMENSICN STGP(Z),PRELS(Z)

EEAL KMLS - -

STGS = 0.0 \
DE 50 IPI = 1.NFIPE ,

STEP LRI )=K VUL IFT ) & (CINFCIPI, IT)+GIUTC IPT 1T)) 40, 5
PRELS(ISI) = STGRLIPI) / VB IPL(IRI)

TREx IS £ PORAMETER TO 35 USED IN THE HALENCING PROCEOURE
IF(PRELS{IPI) GT F¥AX(IPT)IPMAX(IPL) = BIZLS(1P])
STGS = STGS + STGP(IFI)

CCNT INUE

RELSTG = STES/VEL

IF{ FFLSTG .LT.C:S8 } G2 TAQ 190
M =1

GC TO Z09

M = 0

COMT INUE . -
FETUEN

END

SUBRDUTINEY yllgys
*t#****##::#*¢t***¢*=t$*¥##tua**xtr***$t*t**tﬂ#****n*t
* THIS SUBRCUTINE CONPUTLS TELZ VOLLME DF TweE PIPES *
* IN THE SYSTEM, REPFESEMTING THE MAXIMUM PIPE STORAGE.
*tx*t**‘t*&!***#*****8t##***M#tvx:¢a:a:w*i*t¢h¢#**x*x*
* vQL = VOLUME CFRIFES Il Tr= S3YSTEM, CUBIC FEET *
*&&*******3###*4****;N*$1m*tu$#=axt$-:avtﬁsit¥w«**¥xt*
CCMMGCN /ERE ASE , CIAM

CCVMMOCN /7AKE26E / NPIPK

CCMMCN /2RE272 / ALNTE

COCMMCN /AREZALA 7 VOL

CCMMEN /2REASL1/ VPIPES(Z2)

ODIMENSICA ALNTHL2), DIaM(3)

VCL = 040

ne 100 1 =1, NPLPE

VRPIPE(I) = Ca78S% (D IAMCI)FEZ)=ALNTR(T)

VCL = VCL + VEIPE(I) -
CCAT INUE

RETURN A

FNO

SUBROUTINE ELVEAS .
*#tt*#&*ﬂ**#$##*¢#x*$****#¢$rtt¢#=x$*»a##tx#*xn***;*f&
* THIS SUBFRCUTINE CUMPUTES TFZ ELSVATICN OF THZ MIo— =
* FUINT CF TFrE EASEMENTS GPADE L INE FCr EACH ScwWbER. IT
* ALSO CCMPLTES SLUPE OF THFE BASEMENTS G2 anF LinNg ~

*¥ FLCH SEwES SECTICN, ‘
#***t****###ﬁf##v######*:#:¢*$xt*utan:zattx$¢$;¢*#*#*z
* EBASE(I) = SLOPE GOF TRE BASZMEHTZ GRADE LIME OF THZx
& I-Tk SEWER; %
* DBST(I) = AVERAGE CEPTH CF BASEMENTS BELCWY THE GRIUND
* SURFACE s ASSJCIATED WITH THE 1=TH SEviER *

'#*##t###*#*#t###**#***#**s#**xt#tz:x#a=**#¥$*¥*¥**$***

CCMMCM /ARCAlILI/ SBASE '
CCMMOCN JAREALS/ BMP.

CCFMON /EREAZz3/ CESMT

CCMMON /ARELTEB/ ALNTHF

CCMMUN JEREAZZ2 / H

CCHMDN /2REME/ NP IPE
CINENSICN  F(4),SBASE(Z), DBMP{3)

CIMENSICN ALNTH(3), CBSMT( 3)

DO 100 I = 1l.NPIPE

SRLSE(I) = (H{I) = FOI+1))/ ALNTH(1I)
BHEITI) = (H(I) + H{I+1))/2.0 = CEEMT(I)
CONT INUFE -

RETURN

END
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SURFRFOUT INE CF IFPES -
LA EESI-ERE L REE S22 TV AHRLXRASEELTRKRE R NRREL 2 U AR REET R IR R

* THIS SUBRCUTINE QLMPUTES TeZ TITAL INSTALLATION *
*(SUPPLY AND EXCAVAFILCN) CAST OF ALL THE SEWERS I[N THE
x SYSTEM. *

- »
MR bbbttt ah bbbk b b b L L L e LT T T

COSTES- = TCTAL CCST OF PIPES IN SYSTEM,
Rt A R T S N P L N T T T LT ey
CCMMON Z2RE LY A/ S50 !
COMMON /£inrEASCE/ CIAM )
CUMMON /ReREREE/ NP IPE -

CCMMCN /ZAREA7ES/ ALNTF

CCMMCN 7 ARC R22/ h

CCMMCNT™/ZAREASS/ LSESLEV

CCMMCN /ZAREASEs CLSTES

¥ LSPLLT) = CFUWN ELEV. CF THE U/S END OF THE I TH PIPE
* CSFL{I) = CrOWN ELEV. OF TFE D/S END OF THE I TH PIPE
* H]1 = U/s5 QUPTH OF EIXCAVATION.: i *®
* H2 = DS ODEPTH OF IXCAVATICN,. ]
* HAV = AVERACE DEPTH OF EXCAVATICON. »
¥ COSTRP(I)= CCST PER UNIY LENGTH OF TH-. I TH PIPE *
¥ Ay By € = COEFFICIENTS IN THE PIFRE-COST EQUATION x
*x CCST = A + Q% NE%2 + C * Lok 9] ¥*
* x
*

CIVENSICN F(4),ALNTF(3),DIA4{3),50(2)
CIMEMSICN LSEPL(Z). DSFPL{2),Z0STP{3)

THE FOLLCwIMNG CEFAULT VALUES ARE BASED CN

1973 PRICES ( EASE YEAR)

A= 2.8

A= 2.0

C = D048

LEPL{1)} = USELEVY = CIAM(1)

0C 100 K = 1+ NPIPE :

IF(C Ko NEa 1 ) ULSPL(K)SDUSOL(K=1)+CIAM(K =1 )-DTAM(K)
USPL(1) = USELEV — CIAM(1)

Hl = H{(K} = LSPL({K) .
CEPLIK ) = USPLIK)=SO{K)I®ALNTH(K)

H2 = H(K+1) - CSPL(K)

HAV = (HYl + FZ)/ 2.0

COSTP(K) = A+E*CIANM{K)I XTI+ TRHAVRELY

CCNTINUE . .
COSTPS = 0.0 ’
DO 200 K = 1.,NPlO=

COSTPS = COSTFS + COSTPRIX)%x ALNTH(X)

CONT INUE

RETURN

ENC _ ’ .

SUBKRUUTINE STCAMG
R R RS R S I AL E R ERE RS F o ey e T R R
 THIS SUEFGUTINE ESTIMATZIS GROUND SLRF ACS CAMAGES, %
x INCLUDING INCONVENIENCE ANL PROPERTY CAMAGES. * .
*:*t**#%ta*#$##:###t*namrz#xx*****$»#i*#tt*###*###n«##
= VEP(I) = EFFZCTIVE NUM3IEZE OF VEHICLE CCSSINGS AT %=
* : THE I-TH MANHCLI( INTERSECTILN) FER HIUR N

> ' THFE AVFRAGE B2ASIS. . x
* ICLASS(I) = DISTRICT IN2IX ]
* = 0 {RESICENT IaL ) . %
W =1 {CCMMERCTIAL) ) %
* CT = FACTOR TAKTS INTQ ACCOUMT TYPE CF DISTRICT=*
* OZFAULT VALUES ARE 2.0 ( CCMMERCIAL ) & =
* l.0 ( RESICEZNTIAL ) - &
* CL = CALIERATICN FACTCOR o FRACTIOM OF THE - MAX. *
* CAMAGE, (CESFAULT VALUE = 1.0 )s 1 FT DEPTHx
*, CF WATER CVER FLOODEC AFLA CCFTFESOULLYS ToOx
* 10¢ % CAMAGEH. =

L EEE S LERS YRR LSRR NEE LS L2 TEEEETIE E LY TR g
COCMMCN Z2REATLC/ ALNTH

CCVMMOUN /ZARLA2E/ NBOLS

CCMMIMN /EREABE/ VMAX, TPZAK
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600

100

LY
CCHMCN  / ERE 2897 IC
CCVMENh /ARE 2477 AS
CCMMON /BREAGA/S K
CCMMCN /FRE AGCs ET
DI”ENSICN ALNTHI3
DIMENS ICN vMaAX
CIMENSICN TFZ2aK
-
I VEH(K) & TPIDXK(K)&®%Z .0
- GO "TO 100

(N = 0.5
STCaAMI .= ( 1./
IF(ICLASS(K)EN)
CT = 2.0

GC TG 200

CT = 1.0

COCAT INUE

IF{ K «NS. 1. ]

ASURF = BLNTH{ .

WIDTH CF STREE G FT { CEFALLT VALUZ)

STLAVP = CL * 2 AP & NAJUS(1) * CT * VMAX({(1l) / ASURF
GC TO €00

CONT INUE .

I1=¢ ICLASS(K—L) «FQs 0 3 GC T 40C .

CT1 = .0

GC TO so0¢

CT1l = 1.0 ‘

CCNT INUT

ASURF = 60,0 # { ALNTHIK-=1) + ALNTEIK)) 7/ 2.0 '

STCAMD = CL * { ASS({K) % AF *x NHOUS(K) *='CT + n335{(n=-1)
* AF * NFOUS(K—1) * CT1)/2.C ¥ (VMAX{K) ZA3JRF )

CChTINUE

STCAM = STCAMI + STCAMP

FETURN .

END

*

380

SUFROUTINE BCAMAG
PR RAFAFIE NI R IR AR R T TTR X R LR RARK AR T T DS ek kN
* THIS SUBROUTINE COMPUTES CAMAGE TO EASEMENTS ASSu— =

* CIATEC WITF EACH PIPE. *
ana:g:#::aa##:*###*:u**tntJmt**#*tt#it*$#$*4¢+=#*=¥a*k
% AASITI) = AVERAGE ASSISMENT VALUE JF HUUSES OF [ TH =
*x NNy (DIFAULT VALUT = 8920) x
® AF = ASSCSMZINT FACTOR (DEFAULT VALUE = 4-0) *
* FU = FURNITURE VALUZ(ZATIO TC PREPIETY VALUE), *x
x {CEFAULT VALUE = 0.235) *
* FE(I) = FORTICN CF PRAPERTY VALUE ASSIGNED TO SASE=®
* —MENTS CF [—-TH SEWER.CEFAULT VALUE=0.15 =*
x FSALTHE = FCALTF RAZARD FACUTIORL.{DEFALLT VALUZ = OOJ,*
‘% CLEAN = EASEMENT CLEANIMC(AFTER STCEMW) FACTJP.

* {DEFAULT VALUE = 0.05) *
* G = CANAGE PATIO TO TCTAL BASEMTNT VALUZ, x
= CEFENDENT IN D2LPTH OF FLAOODING. %x
= = 1.00 FOR C +CEe 3.00 INCHES %*
IS X RIS T RSP RIS INEEIEELIAEETE LSRR EEEE L EE 2 F 20 2 -2

CCKEMCN ZAREABE/ NPIPE
CC-MCN /EREAG3/ LMAX
CCMMON /AR £R2E/ NFJOUS
CCHMON /2RF A34/ K

CCMMCN /ARE A4S/ BSDAM
CCMMON ZAPREASGES FMAX
CCMMAON /2REALT/ ASS({ZE),
DIMENS ICN RE(3)+FMAX(2)
DO 100 I = 1, NPIFE

F
NHG US(3)|CMAX(:}

ASSE{ I} = 5JI00

FE(I) = 0.1%

CCNT INUFE

AF = 4.0

FU = 0.22

HEALTH = 0.8

CLEAN = 0.05

IF{ CMAX(K)) =2CC.2C0+200



.wnrnwnruﬁnrn\nrn\nrnwnrnwnrn\nrnﬁnrnwnrnwnrwwnrnﬁnrnwn

atala!

160

200 BSCAM = 0.0
GC TO 600 : .

300 IF( DMAX(K) . G 2.00) GT TO -4&90C ' -
G = 0.5 + 0.1586% DMAX(IK)
GC TO 500

400 G = 1.00 "

SO0 CCANTINUE : -

600

I'F TSR FERFEEREEEEEEREREEE R E S K R XS B E S

CAMFCT =(1.0 + FEALTH + CLEAN %(1.C + HEALTH})x G.
BSMTV = 2SS{K)x AFx{l. + SU) xRB(K)*®E FMAX(K)IRNHIIZ(K)
BSCAM = a35MTV = CAMFCT

CCNT INUF .
FETUFRN

SND

SUERQUTINE ANCCST '
ERBHERNEEEXEEL TP R TR X IR ERA AR R P 2k R Pk KN A kK
* THIS SUBROUTINE CCMPUTES CAPITAL RECQVERY CO3T3 J° =
* THE SFWER SYSTENM; INCLUCING SZWERSMANNDLES, INLETS =
*(ANS CATCF EASINS, IF AHY).PUMP,SUNP AND STRUCTURE OF=
x THE FUMPIANG STATICN *
MRS AR R DR P B AV SRR RE R R XN R R Xk o R R RATLE A RO X R A
Al = INTZRE3T RATE PER ANNUM(EXPFE3S3D AS A wEC-
IMAL FRACTICN). *
YEARS OF ESTIMATED LIFE OF SEWERS *
20 YEARS ( DSFAULT VALUS FCR CCHNCRETEZ PIPES

‘ANYRP

RP = CCST OF PIPES/ ( COST OF P19ES + MNH'S +INLFTS)
= .65 {DSFaAULT VALUZ)
CRFPJCRFFMF ,CRFSMF ARE CaAPITAL RECUOVESY FACTIRS FOP
PIFZS.PUMP AND SuUMP R=ZSPsCTIVILY.
SET = ENRCINEERING IMNMCEX SOR CONESETRUCTION YEZAR/
ENGCINZERING INDEX FOI BASE YCAF.
CPIPEY = CLST JF PIPES JMANHOLSS AND INLETS

(CASE YEAR + DeFALLT VALUC 15377)
CPIPE2 = QLST CF PIPES. MAMHILES AND INLETS
{ COCASTRULCTIGM YFaAR )
CPIDE3 = ANNUAL CCSET JF PIRPZS,MrM*3 AND INLETS
Cl.CSTEY= CCASTANTSE IN PUMP=COST SQLATION
CCST = C1 = QR * HF + (STRY
= 26,0 ' 44500 RESPECTIVELY(DEZFaAULT VALULS
FOF MINIMUM FUMP SIZT FCR STAND BY'HR=2:FT*
CR = 7 CF5 AND DIESSEL MCTORW.PRILE = 5 o000
{1676 PRICE)

R BN K BN EMR

*

NYFPMP = YEARS OF eSTIMATED LIFE,QF BPUAP AND MOTJIR =
= 20 VYEARS ( DZFAULT VALLZ 1} *«
CPUMRELl, CFUMP2, CPUMP3 = PUMP CNETS{ RBASE YHAR, *
CCASTRUCTION YEAR, AHNUAL CDST) %

PSUME = DEFTH CF EXCAVATICN FOR SUMP  (FT) *
CUILR = CCST OF BUILNING *
NYRSMP = YEARS OF £STIMATED LIFE OF SUMP AND SUI_D-—=x
ING 3 S0 YEARS (DEFAULT VALUZ 3} *

CS3UMPL +LSUMF2,CSUMP3 = SUMP COSTS( 3ASE YEAR, - =
CCNSTRUCTIIN Yo&AF s ANNUAL CJST) *

CORERS = CPRLERATICNAL ArID MAINTINENLCZ CO3T =
TANC = TOUTAL CAFITAL SECOVERY COET CF TrE ScHLER &
EYSTEM *

DAL TEL R AR L IZ B I I RN AR T R e ok X kax p R koo 36 KR K X K

CCMMON /Z2REASGEs COSTPS

CCMVYON /EREAZ22/ +

CCMMEN /ZARCTAZL/ - R=ZLETA, HRs 2R

CCMMON s 2KE£EE/ NP IFE

CCMMCN Z2REAZC 7/ SH0TCM .

CCMMON JAREAZ S/ ASUMP

CCNMCN /FAREESL/ TANC : *
DIFVENSICN £ (4)

PART (1) FIPES+MANHILES+INLETS

CaLl CHIPES
FEI = 1.23




NN 0NN NnOoh

Nn N n 0

SUMFE =2gC WwWILL EE SET 3.0 FT
A DETAULT VALUE CF 2000

WM

m~ 0O R

*
/
CFRIFe
CPIFEZ

- 161

*NYnP/((l +AI)**NY5P—1.)
RP

% REI .

»* CRFP .

e . e e e e i Wl Y U S o e

BART
FEIPMP
Al = 26
C5TBY =
NYRPMP=

(;I) P

U M™MP

= IDJJ
.4500.
20

CRESMPZATIA( 1. +AI)ENNYRPMP /L (1a+A1) AUNYRPWP=1,)

CEUNMFL
CRUMEZ
CEUMP3

= L1» QR
= REIEMP
= CRFFMP

x HR + CSTay
®  CPuUM21
® CPUMP2

PART

(II1)

sSuUMP + QUILDIVG

DSUMe =

CRUILD

BUILDING

CEXCLl =

CLAND =
COST OF LANL = $ Z20.200

CEXC =
CEXC1l =

REISMP=
C3UMFL
CSUMP2
NYRS MO
CRFSMP
CSUMF3

F{NFIFE+
= {2000.

AFEAL UNI
200C0 .

le
CEXC = (
1a32

REISNE
30

CRES ME

1}y -

S80% Ow + 3.0
JEL W SUHD
+ ASUMP) = 30
SQ.FT WILL 8¢

T COST JF 8UILDING =

S/CUFTI=
1. + DSUMF/ 30. )

x CSUMPL

% csuMpP 2

.

30

LON‘ST Wel o (OEFAULT VALUE)
A331GNz=D FOR

MINa CCNMTROLU

-

$/ SQ.FT(OEFAULT VALUE)
(DCFALLT VALUESASSUMING 1/2 ACRZ)
COST UF EXCAVATICN( 1.C S/CLL.FTIDEFAJLT VALUE)

CCSY QgF =XCAVATIFN TAa<KING INTO ACCCUNT

DERP PH UF SXCAVATICN

CBLILL + LLAND + CTZIEXC1 * A3UMP = DEuUvP

Alx(1l.+AT)x=NYQSHO/{ {1 .+AT )**YISUP—1.0)

UL v

© s o W

PART (1IV) CARPITAL

r\ECDVL_RY CEa3T U SSWER SYSTSM

— M A kA e e

O NnNnny

NnONON

OFERATICNAL AND MAINTTNANCSE

rf--—l

100

COPFR =
TANC =

FETURN
EnD

SLERQUT

**#****##******#**ﬂ*tt#*3#3***&***#*###t¢##33$#***¥$t*
x CLSEMERT ANC GAROUJNED SUVFACE LCAMAGES ARE ADPCSD FOR =

150CG.
CRIPEZ +

INT  ANCA

€COS57S =%1£,000
CPUMP2 + CSUMP3 + COPER

M

(OEFAULT VALUE)

* EACH STWEFR EC CTION.TF—N.TH;Y ARE SBUMMED UP FOR Tdu =*x

# SEWER

Se

*

Y Tl R L R L L T P e RV FR L R prprrpry

CCMOM
CCMMON
CCMMQN
CCMMCN
CCMMCN
SUM = 0
coc 100

caLLu

CALL
SUN =

TOAM =
RETURN
ENEC

7/ ARE AGE/
S EREAG S/
7 ERE AYS/
s/ ARE ASQ/
/PREABLY/
«0
K = 1,
BCAMAG
. BTLAMG

=
SUM

NP IFE
K
SSCAM
STCAM
TOAM

NFIPE

SUM + ESCAM + STCAM
CONT INUE
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© BUBFOUTINE

. BC

100

200

So

3COo

" TF{(DIAM(I+1)

162

BALD '
AR ELI AL EE AR AL L L 22

R 2 R L SRR AR RERE Y T2 NS T

* THI3 LGLUBRCUTING DALANCES THE INITIAL C=ESIGN.SY .o
¥*“"COFRRCTING SEWER CIAMETERS TO MAINTAIN SAME MAXIAUME

* RELATIVE STORAGE IN ALL
* STULRP¥ CF A KNCwN RETURN
*® NEW CTAM. =0LC DIAM.
REPRTXXPREPPXLE AR T xR REE
CCMMON -/ 2REAGE/ NPIPE
CCVMMOCN /AREASA/ CIaM
CCMMCN ZARE AS2/ FMAX(Z)
DIMONSICN LCIaM

129 = &
CIAM(I)Y = QIaN(
CCNT INUFE
NP IPE1 = NPIPE
Cc 200 1 =

(2)
NP IPE
I) % PMAX(
- 1
l.hFIPC1
LT« DIAM(I)
CONT INUE

CALL VvCLSYS

RETUSN

END

SUERQUTINE HyDOMB
LERES A S RIS S IR ERTEL SR 2SN
THIS SUBRCUTINE IS USED

SICTIINSFOR A PRESELSCTSD *
222100 *
* {PZLe STGe)®%0.25 *
LA LR PR AL S E AR R L2 T R L T R L

1) =x0,25

) CIAM{I+1) = BIAMCI)

x-tnmxxt:$**3***t*vﬁ**t******
.70 BALANCE THE PRELIMINARY *x

DESICGN. IT ATTEMPTS TC MAINTAIN
STORAGE FCOR EACH SEWER S3CTION,
CF 4. KACWN RETUKN PERISZ.

ALEQ.

LR KR XX W

SPECIFIEC STCRM.

IT ACJUSTS TrHE PUVPING CSfRACTTY SC
JUST " FREVENTE SURCHARGIMNG CF THE OUTFALL DURING THEX

THFE SAME RELATIVE %
FUOP A PRESELECTED STORM
x

THAT IT %

x

*:it*t#**s;:*a##u*t#nt*nannunt#*ttn**ﬁn**n==#$:t#*#:am

COCMMEN
CCOMMCN
COMMCN
CCMMCN
CCVMMCN
CCVMON
COMNMCN
CCNMMCN
CCVMCN
COMmMOn’
CCMMCN
CCVMCN
CCV¥MCN
CCMMCN

FAREAr T
7/ AREAZS/
FAREAZ L/
/SRREAZZ2/
/ARE ALOQY
/AREA3Q/
LFERERQAY
/7 ARE AGE/
ZAREAB/ IT
FEREAQCY M
s/ ARE g5 2/
/AREASBY/
/ARE AED/
| /PREALA/
CCMMDN /ARE LSS/
CCMMCN /ZAREATEY/
DIMENSICNK
CIMENS ICN
REAL KMUS
CCP = 0.0
Swh. = SE0TCM

M = 0O ) ) =
DC S0 I = 1.NPIPE
FMeXx(I1)1=0.0

CALL VvaLsys ‘

ASUVE
RELETAHR . IR
ENCSEw
Swle QSUMP
SBOTCM™

iP

NP IPE

PMAX(Z)
CIAM
ITs

S0
LSZLev

ALNTE
ALNTH(3).S0{3)
CIaM(Z}

3 ITERATIONS AKE USEL Ti) CALANCE SEWER SIZES.

oo 900
(»]n] 700
IT =
IF(
pcC
Ir =
CALL ACCHYC
CALL MUSKFT
CCNTINUE
CALL SYITCkF
IF{ MNN LNE.

NNN= 1,3
ITT= 1. 180

ITT
M.NE. 0) GO TO
200 IPK = 1.NPIPE

IFK

800

2y GC TO 7¢O



e st

Ky

700
800

2000
900

4010

ialalalslalatalataYaYaYs!

4000
SQ000

¢Q00

163 : . . .
ITE = IT -

€Ll = SuL <

CALL SUMP ) . _ -

DELSWL = SwbL - SwL21

CCF1 = LGB )

IF(SWL GTLEMN SE W) coF = DELSHL*ASUNP/T/OO-

IF(CCP .LT. DQP1) CCFgDGP¢

COCNT INLE -

CCNTINUE

CALL CALC

oC 2006 i=
EreX(I) = 0.C
M = 0

CORT INUE
DCPMAY. = CQpP
CR = O + CCFEMAX ‘

THIS I€ TRE 2 =K0 ITER. TG ADJUST TRE PUNPING CAPACITY.

M = g

COCF= 0.0 '
SwL = sS8CT

oC 4000 ITT= le 120

IT = 17T

IF{M.NE.O) CC TO €000
OC 4010 IFK=1,.,NPIPE
IPp = YIFK

CaLl ACLERYD

CALL WMUSKRT
CONTINUE

CALL Sw%wITCH

SwLl = SwL

CALL SuUNpP1

DELS wL=SWL-SwWL1
DCGF1 = DCP

lL.NPIPE

[F (SWL e GT«ENCSEW)ILQP=CELIULFASUMP/ T/EG.
IF(DCP.LT.DCF1) CGP= CaP1

CONT INUE

CCAT INUE

DCFMAX = CGF

QR = OF + CCFHAX .

ENDSEW=LSELEV

OC  €0CC 1I=1.hPIFE :
ENCSEW=ENCSEW—SO(TI®ALNTH (1)
SECTCM=ENDSEW—CIAMINFIPZ)=2.0 -
FETURN

ENC

SURFEOQUTINE CAPRC
##w:z*az:*:s#:w*t##***t#:a*zxtgz**x**a*»n**##*x**¢gu**
* THIS SUBRCUTINE CCMPUTES THZ COEFFICIENTS IN THE *
* PROBAEILITY- CAMAG: :QUATIUN' *
%* CAMAGE = A + P*p ¥ CH(P%xz) *
* IT IS ALSC LSED T CCHPUTc AVERAGCE PROBARBLF ANNUAL * -
* CAMAGE .
**#»s**#*max#»*#**%tt1###r$tn*****t*##*##a**#wzt:»&##t

* P{I) = FRCEZLEBILITY CF OCCURRENCE OF I TH STORM *
% CANM{(T) = TOTAL CAMAGE RESLLTING FROM SPZECIFIC STORMx
* ASTORM = NUMPER CF CON:ID=QLD STCRNMS *
* AQ = AVERALE PROEABLZE ANMNUAL DAMAGE

'##t#***t*##1*att*#*#*ttt#xtﬁnit#ﬁ*##it*###t*******lt*t
CLMMCMN /PAREA71/ F .
CCMMCN /2REAT72/ NSTCRW <, -



1, - E _’. N __\‘ . . 164' L A - .'- -
- CCHMON ZARTAT2/ A.B,C . T e e o
‘CCMMCN /EREA?4/ CAM - e . . -- L,
CENMMON /AREA?E7  AD ' - . LT et .
DINEASICN  PL(7),CaM(7) oL . Tn :
. Pl= P11y - . . -
£2 == (2) - . ,
¢ O3 = PLI) - - ~ - oo -~
i = paAmM{1}” .- 2 , .
- - CZ = DAM(2): ) . o
. B3 = pcamM(2) . o Cr o
: C1={C2-D1)*(P1-FI)+(PZ-P1)Y%(D3-D1) : ‘ .
C-= C1/{F2-F3)/(P3~P1)/( P1=-P2)
}F B = {{D2-01)-Cx»{P2*P2-P14P1) )/ (P2-P1)
A-= Dl— ExRl- C¥P1%p] . . L. T
C AVERAGE FRCEAELE ANNUAL CAYAGE = AR@A UNCER PRO3-CAMAGE CURVE
AD = AXP1 + E*D14P1/Z, +CxPl%43/3., Te .
. FETURN - -7
JENC : o . - o :
5 3 ) - W
SUEBRCUTINE T[CF1. s
C rn#**t**#**i*g*#***#**ctuat$*337¥¥¥=**=0******#*#:#*3*'
c ¥ THIS SUGRCUTINE IS USED T4 COMPUTE AVLSAGE AWNNUAL
C ‘* FROGAELE CAMACE FOR PZRTURSED SYSTEMSe AeT4CAND =
C * AVERAGE -ANNUAL PROE. CAMAGE OF TFE OFIGIMAL SYSTEM »
. S C ¥ AQE KNCWN.CAMAGE RESULTING FROM A PRESELECTEZO 3P.CIFIC
C -* STCRM IS LSED TO DETERMINT THT NEW AVGse ANN. PI0S.DAM.
- C **#*****#%*t*}##********ttt**$*ttx#*#*!‘*******%#*#*## -
c - ¥ KSTORM = INCEX GF THE STCRM TO BE .LANSTNTRED I # oot
~C - - COMPUTING ANNJAL AVIRAGE PROBAGLE DAMAG:. #*
C _****t***#%**#**#*#3&#**#%}*8*?t*#&**tt*i*#va*x#m###*#t

—_— . . CCVMCN /ARSAZL, P
CCMMCN /B8REA72/ NSTCRM . .
: CONMEN /2REAPZI/ Av3,C ; . . . : .
' CCMMCN /ARZA74/ LCaM _ ) : T
CCMMON /AREA7?S, © AD . - -
.. CCMMUN /AREABS/ AL : ‘
) DIVENSICN - P(7)+CAM(T7) .

. KSTCRM = 2 ) : oo : ‘
DX = CAM(KSTCRM) - - -, et :
PX = ( —~E="SORT(843~ 4.* C * (A-OX)))/2./C
AD1 = AD *P(KSTCRM)/PX . :
‘ FETURN : .. T
L " END ' -t '

- p S . T . o

.

-~ - .. - 7 ‘I' ’ N - -

TPSLERQUTING  CrANGE . .. ) SO
*###***t#*##!w*#?*$*#***##t**#*¥*###t#*#*###**###**###,

C P
" €+ . ¥ THIS SUSROUTINE. PERTURHS THE DRIGINAL BALANCED o= STGN e
' c 5 RITH RESPECT.TO THZ I-TH. OSCISION VARTLBLE. IT Makes
:C W OHE NECESSARY ACJIUSTMENTS ACCOMPANIED OY.EACH PERTH - .
- ¢ % GLSATICN OF THE _SYSTEM, INM ORDER TO MAINTAIN THE = .- «
c % THS. CCVRATIERLITY OF THS SI3IGN, - -+ - x ]
C **5#?***##ﬁ4#49*#****###***!#*#*#****f######*&?#****&*
Coal . CCmON s aREALAS 30 ; . A . o
' .CCNMMCN /ARE£SE/ . CIAM : . " - )
" N CCCMMON/AREAGE/ NPIPE . - ' ;
o ) QCMMON "/ ARE A7E/ALNTH N '
e CCMMCN /EREA2Z/ ¢ - _ ~ T e ‘ »
: : CCMMCN: /2REA287  ASUMP | : 5 v
- ... 7. CLMMON /AREA30/ -SRITCM : - _ .
" T .t " " COMMON ZAREA31/ RELETA,H2.QR . ' <

- . < CEMMAON /AREASS/ ZLSELEY
Lo CCMMCON ZAREABO/ CFGPOS.(S
- CCMMON /fREAEZ/ NCENG
.o CCHMMON /2REAES/CCIAM(Z),
P DIVMENSICN SO(Z)CIAM(Z

- ° CCMMCN /AREN2ZZ/ENESEY - S . :

"

»GHGNEG(S)
)

o~
£
-

. e

QRR +HRR s AASLMP, USLYV. » SS3OT
ALNTHCZY T .



C

rd

(aYalala)

S54Q
60

100

200 .

300

350

4C 0

450

270

S00

T 185

NEHNG = 1 ¢ CHANGE IN  SLSPE )

IE(NCHENG « DNée 2 ) GC- T2 100 - Ca
"D 50 I = LJNPIFE

S0CI) = SO0{1)»1. + CFGF IS{NCHNG))

CONT INUE ‘

SNOCSEW = USELEV . '

DC &0 I = 1, np:p— ] :

ENDSCW = &ENPNSEw - ClId)e® AL STH(I)
SECTCM = =hC::w—CIAW( NP ISZ)—Z.0 .
OHR = SSEST - seorcv_ ST .- )
HQ - H: '.' Ut‘ﬂ P - I - T
CONT INUSE - .
NCHNG = 2 ( CHANGE IN PUMP CHARACT RISTICS )
IF(- NCHNG NE4., 2) GO TU 209
CR = OR * (1. + CFGPCSINCTHNG))
CCNT INUE . R .
NCHNG = 377 ¢ CHARNGE IN SULMP. ARS2 ). y
IF(NCHNG +NE. 3} GO TO =00
ASUMF = ASUMF * ( 1. + CHGEGSINCHNG))
CCATINUE
NCHNG = & ( CFANGS IN SYSTSEM OVERALL CEPTH ) .
IF{ NCFNG JNEe 4) GC TO &GO ) .
DEPTH = (1)} — USELEV
DEPTH = CEPTF%{l. + CFCPISINCHNG))
USELEV' = H(1l) - CEPTF
EANDSEW = LSELEV
A0 350 1 = 1.APIPS - ™\ o -
ENDSEW = ENUSEW-SO{I)*ALNTR{I) AR AT
SPECTCM = ENDSEW— CIANM(NPIPS) —= 3.0 :
DHR = SSEGT — SECTCM
HME = HR + LR - - Iy
CCNT INUE
NMCHNG = €  (CFANGE IN DIAMLUTERS )
IF(NCRNG JNEe S) GC TJ 5990
DO 450 I = 1.NPIPSZ
DIAM(I) = CIAMII})*(1la + CFGPIS(NCHNG))
. 'ENDSEW = USELEV : e
DG &70 I = 1L.NPIPE . -
ENDSIW= ENOSEW = SO0(I)* ALNTHCI)
SRCTCM = ENCSCWN ~ CIAUM(NPIPT) = 3.0 —
OHR =SSECT -S33TCWV ~
.HE= HE + CHR . ,
CCNT INUE o .
FETURN : ‘ : .
END . . . : -
SUBROUTINE ORIGNL 1

=34

#*‘t***#***t1**##****3tx#*&*#******::&#####ﬁ*#**-ﬁt***-ﬁ#**
* THIS SUBRCUTINE IS USED TQ RESET THE PERTUFDBID SYSTEM
* TO ITS ORIGINAL EALANECEC O IMENSIONS. *
R L EREL R AR LA R R R RS P TR P LT ERY 2 Y 3 F L e g
CCMMON /ARZALAZ SO . .-
CCHMCN /AREASE/ CIAM .

CCMMON/AREALEs NPIPRE o
CCMMCN  /APEZA30/ SBJTCM . ) )
CCMMON /AREA2S/ ASUMP . -
CCFMCN /AREAZ1/-RELETA, kR, QR —~

CCMMEN /2REA32/ENCSIw: . E -

-CCWMON /AREASS/ USELEV

COMMEN ./ ARE£8Z/ NCRNC -

CCMMON /AR;AE“JCCIAM(SJv:SO(:),QRR-HRR.AA¢UMP.J°LV +SS30T
CCMMON /ARE A4S0/ ENDS . _

DIMENSIGN CIAMIZ), SO(3) T
IFEINCFNG.NEL1) GO TG 109 S

DO SO0 I = 14NFIPE

SO(I) = SSO0(I) , ' LT N

SECTCM = SSEOT !
HR =NFR . ;
ENDSEW = ENCS .

g

. ‘
Yoo » -



~

ES

100" CONT INUE S

166 - e

IF{NCHNG.NEZ)GC TO 200
Qe = QRF !

200 CONTINUE 7 5
TE(NCHNG WNEL 3) GO TC 30D
ASUMP = AaSUMP ] , e,

200 CCATINUE : : : - —_—
TE{NCHMNG NE. 4) GC T 400 : 7
USELEV = USLV
SRCTOM = SSB8OT.
HE = HRPR .
ENDSEW = ENCS

: HR = HER

. 400 CONT INUE
IF{NCENG JNEW. £} GC TO SCO
DO 450 1 = 1.NPIPE

as50 DIaM({I) = DCIAM(I)
SACTCM = SSGOT
HR = HER .

500 CCNTINUE
RE TURN .
END :
SUERCUTINE 'STORE

lalalals

ANONADNNDN

"EEE L L
* THIS

e P T TY PRI YT I P ES R ELEL PRI L L2 %
SUBRCUTINE I3 USSD T2 STORE THI GRISINAL BAgANCED

® DESIGN OF THE SUWER SYSTEM.

ek ok ok okE

CCMMCN/ ARZAEE/ NP [P~

CCMMON
CCMMCN
CCMMCN
COMMON
COMMPN
CCMMGN
CCHMIAON
CCMMCN
. COMMON
_DIMENS

CIl¢s

PO 100 I = 1,

-/~ DCIAM{I) = CI&V
SS0(1Y = S0(1)

CCNT IN
QRR =
A A SUMO
LsLv=
£S5E0T-
HRE =H
ENCS =
FETURN
END

*#**#*$$*¥¥&1«*stxaattr::*=$za####Atti***aazz=r*
JAREAEE,s _Claw

/AREALAY &0

ZARZA31/ RELETAPFRSQR
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m
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ENCSEw :

SUBROUTINE CGRACH ' \ :
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* THIS
* COST
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CCMMCN
CCMUCH
CCMMCN
- CCVMMON

**#***3#####**#i#*sk#*:mtt***##########*4##*3###
SUBRCUTINE COMPUTES FIRST DEIVATIVES OF 30T7TH * <
ANC LCAMACE wWITH RESPECTITU CESIGN VARIABLZS. * :

ARD GRACIENTS). *

P Iy I It T3 s R R EEREE R Y 42 22 2 2 8 3 5

K) = 1 ST CERIVATIVE OF THE SYSTEM ANNUAL CCaT =
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!
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INITL L .

= CEINITL)Y /ZHGPOS(K)
{Xy1))/CHGEUS(K)

CCHFMON 78R
00 100 K
CClL{K) =(C
DGI{K) =(C
100 CCONTINUE
1

r .
| AL
Qe M

ba 20v
ERINT
200 CCNT INUE

v S '
[.CGIlI).Cc1(1)
1

CN VARIAHLZE NO.

1000 TCRMAT (10X .*CES = w134/ '
B 10X, 'CCST CRADIENTI(1ST) = $ ',FlZ.1l,' ZUNIT CHAIZSY, 2,
B 10X« *CAMAGCE GRADe (1ST) = S$',Fl2.41s' “JUMNIT CHANGET « /7)
FZTUFN
ENT

SLBROUTINE GRADILIEB '
#ﬁ***##**éiﬁ*#t*agx#t###kﬁt#m*#*#*###****1****#*$3¥*R*
¥ Ti]IS SUBRCUTINE COMPUTZS FIRST DERIVATIVES OF THZ *
* ANNUAL CCST CF THE SY3TZM wITH RESPECT TO DE3ISH  *
* VARIABLES . BACKWARD UCFIVATIVES ARE COMPUTED USING%
* NEGATIVE RELATIVE CHRAIGES{ LESS CCSTEHIGHER DAMAL) &
**n#*#*aa*:a#v#g:**t***a*t********u#*#:##**aaaa*:a*:#*
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DO 200 KNCFRG=1.3
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DO 300 I = 1.5

, CGIB(II=(CINITL= CCSTN{I))/ CHGNEG(I)

300 CCNTINUE ‘

‘ DC 200 N=1,5 -

PRINT 1CO0+N+CCLIBI(N)

400 CCNTINUE

1C00 FCRIMATI(10Xs *CESIHGN VAR MIe = 0,13,/7,
? 10Xe 'SACK wARD COST GFADC(IST) = € *,F1Z.1.' LSUNIT CHANGE
B t,s7) ’
RETURN
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FIGURE 3.1 A SCHEMATIC DIAGRAM OF THE MODEL
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(W1} VIHY ONILNEININOD

Qinf(IMH’z) = (il.+ iz)ﬁA

Qe (TMH,1) = ijaa

Qj g (TMH, 3)

i
] -

(11+12+13)AA‘

—t

Unit Time

(a) AREA/ TIME DIAGRAM

¥

TIME —

Unit Time

Unit Time

(b) RAINFALL/ TIME CURVE

{c) RUNOFF HYDROGRAPH

FIGURE 3.3 BASIC INFLOW_HYDROGRAPH'DEVELOPMENT
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e,

SET Q_, (ijt), Qg(i,t) EQUAL
TO - THEIR VALUES AT THE PREVIOUS
TIME STEP, t-l

<L < 1 .
%" Al SUM ALL UPSTRE Qinf'(n.,t}
5 3. 5|S SUM ALL- UPSTREAM Q. (i,t)
o = SUM ALL UPSTREAM Qp(i.t)
L8l & glg ’ '
}X - | W \
A 5| 27
Bl sl BB i 4
g | T1F Quy (2,8) = ) Qing(L,8) - ) Qg (2.8)
o alwn 1 : oL
5 | BB Co
gy 5 B S R :
= \; HE =] Qgld,t) - Qpli,t) /2
w \ - N e i
\ & 2] R .
2l g Ol
o R &) E
2 Y .
ok XA B8 | | v
ot S4B ——
= u\ SERchaN Y So(i,t) = K [c.v.av\i,t)]2
£ & < i »
S5 " 3|8 :
o = | B N
=1 5|2
gl B 58
2 AF
8 & (U/S ENERGY LEVEL)=(U/S ENERGY LEVEL), .
L
+Sg (1,t) *Ei
T !
COMPUTE Q. (i,t), Qg(i,t)
|
FIGURE 3.8 SIMPLIFIED FLOW CHART FOR CONSTRUCTION OF THE

SEWER ENERGY LINES
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y

Roof Drains~_

TSI 77| Basement Yo
rly Flooxr Level . :
rrazurarEzEERzasburse ‘-n---I-‘

- ' \\\—— Foundation drains
O/\ Check Valve (if any)
Storm Sewer House Connection _

FIGURE 3.9.a A TYPICAL HOUSE CONNECTION DRAIVING
A BASEMENT TO A STORM SEWER

Flooding Water Level C
~ Depth ——_ Basement Floow
Se e~ Level B
. .
~~~~~ Basement

Grade Line

_ T~ Sewer Energv

Line

FIGURE 3.9.b ENERGY LINES FOR BOTHE THE STORM SEWER -
AND THE HOUSE CONNECTION
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S | . —— Sewer Energy Line
| Basemént Energy Line

US'HL_“—.' Basement Grade Lf.ne
L [\ B
| DSHL
—~ - | -» 7T,
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e = Sewer i , I -
| | o
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[ R'i 1 . _j
- . . }
- : ' —
FIGURE 3.10.a TCase (A) F<1.00 ]
) - Sewer Energy Line .= S.E.L.
l - B.ase.men‘.; Energy Line = B.E.L.
i [ ﬁaasement Grade_[Line = B.G.L.
* USHL ;
4 D . '
df 1*-“| |
I [:{$SHL
| - |
i“ T Sewer i ‘i
l | i
i
dx X .
SN .
| ' |
|
I !
. r}/
s FIGURE 3.10.b Case (B) £ = 1.00

FIGURE 3.}0‘ COMPUTATION OF TOTAL BASEMENT FLOWS
ALONG A SEWER SECTION
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DSHL

=

l Qg (i,t) = negative

TIGURE 3.lO.c_ Case (C) F=0.00

.I

USHL

FIGURE 3.10.4d Case (D)
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FIGURE 3.10.e Case (E)



185 7

S.E.L.=Sewer Energy Line
B.G.L.=Basement Grade Line

F(i,t) L3

[ T

.|
-

-

FIGURE 3.l‘l.a DETERMINATION OF THE FLOODING RATIO

Case (I)
S
S |
- T—— - : S.E.L. I
[ [ (i't) _---'J:--_.; Vﬂ&_{t) [
. e - "-—.._.__q__-_:-r
! B.G.L.
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- T
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FIGURE 3.11.b DETERMINATION OF THE FLOODING RATIO
' Case (II)
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L — |Sewer i

. -
F(i,t)%; -
L: .’i ‘ 21 ¥
< >
FIGURE 3.11l.c DETERMINATION OF THE FLOODING RATIO
. Case (III)
_ B.G.L. ; .
[==7-7 - /FBi| E(i,t) Se(l,t) |
S.E.L. ==l T = —
| . Sg. =4
| ' - |
— Sewer i
5 F(i,t) li oo
B 2. |
L i

4
Y

FIGURE 3. .d DETERMINATION OF THE FLOODING RATIO
: Case (IV)

T
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FIGURE 3.ll.e DETERMINATION OF TEE FLOODING RATIO

Case (V)

— Sever

F(i,t)=1.00

FIGURE 3.11.f DETERﬂINATION OF THE
. Case(VI)

-
-

=
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FIGURE 3.13
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i
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SIMPLIFIED FLOW CHART FOR COMPUTATION

OF STREET FLOWS
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TIME INDEX = t

]

(STORAGE)i= KMUSKIQgUMFXI + (1-x)0]

LE?NSfﬁERED?

ARE ALL PIPES

. . ’ n
(ACTUAL STORAGE)SYSTEM = i£l (s*romcs)i

[

RELATIVE STORAGE=.
» (ACTUAL“STORAGE)SYSTEM/

"(MAX.AVAILABLE STORAGE)

SYSTEM

FIGURE 3.14

\

GRAVITY FLOW MODEL

1

SURCHARGED FLOW

MODEL

SIMPLIFIED FLOW CHART FOR THE SWITCHING

PROCEDURE
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FIGURE 3.15 DEFINING SKETCH, SUMP-PUMP MODEL
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SIMPLIFIED FLOW CHART FOR ADJUSTING

PUMPING CAPACITY

SHWIL ¢ ALVIALI
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FIGURE 3.16
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ARE ALL THE DECISION VARIABLES CONSIDERED?

¢ COMPUTE CAPITAL RECOVERY COST OF
THE ORIGINAL SYSTEM, Co

¢ STORE THE ORIGINAL BALANCED DESIGN

1
 @USING A SPECIFIED VALUE Oor Xi,

OBTAIN THE PERTURBED SYSTEM,
i=1l, SEWER SLOPES, SO

i=2, PUMP POWER, QpHp

i=3, SUMP AREA, Al |

i=4, OVERALL SYSTEM DEPTH, & ¢
j=5, SEWER DIAMETERS, D

o COMPUTE THE COST OF THE .
. PERTURBED SYSTEY, (COST)i

'Y
o AY

3

o COMPUTE COST GRADIENT

(cosT); - &4

1 Xi

'eRESET THE SYSTEM DIMENSIONS
TO THE ORIGINAL BALANCED
VALUES -

FIGURE 3.17

SIMPLIFIED FLOW CHART FOR COMPUTATION OF
CosT GRADIENTS

A\ s
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FIGURE 3.18
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DEFINING SKETCH, FORWARD COST GRADIENTS



195

1109

600 Damage-Probabilitv Curve

D=A+Bp+Cp2

Area = Averagé Annual
Probahle Damage

TOTAL DAMAGE, D, 10’ DOLLARS

200

0.05 0.1 0.2
PROBABILITY OF OCCURRENCE, p»

Sl 1 C 1 1 : -

50 20 10 , 5 .
RETURN PERIOD, T, YEARS

FIGURE 3.19 A :TYPICAL DAMA%ETPROBABILITY CURVE
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a Ultimate Damage

=

§

=

q - 3 -
§ Damage-Probability Curve
g for a Perturbed System -

D pemme e —aNp=—- .
K Damage-Probability Curve for
the Original Balanced System
(D = A + Bp + Cp?) -
0 L

Py Py

PROBABILITY OF OCCURRENCE, b

FIGURE 3.20 COMPUTATION OF AVERAGE ANNUAL PROBABLE DAMAGE
FOR A PERTURBED SYSTEM



ARE ALL THE DECiSION VARIABLES CONSIDERED?

»
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- l

.GENERATE A DAMAGE-PROBABILITY CURVE
FOR THE ORIGINAL BALANCED SYSTEM
(FIND A, B, AND C)

.COMPUTE THE AVERAGE ANNUAL PROBABLE

* DAMAGE FOR THE ORIGINAL BALANCED,

d,. FROM

_ ~\l 2 3
dg = APy *+ 3 Bp; + Cpj

-.USING A SPECIFIED VALUE OF Xi (THE

SAME USED IN OBTAINING THE COST -
GRADIENTS), OBTAIN THE PERTURBED

SYSTEM.
t

PLY THE PRESELECTED REPRESENTATIVE
STORM, WITH A PROBABILITY OF OCCUR-
RENCE, P+ ON THE PERTURBED SYSTEM

-USING THE DAMAGE MODEL, COMPUTE THE
TOTAL DAMAGE, DK’ RESULTING FROM THIS

PARTICULAR STORM.

l

.COMPUTE Py s USING THE VALUES A, B AND

C OBTAINED FROM THE ORIGINAL BALANCED
SYSTEM FROM

-B - vB% - 4C(A - D)
P = 3
.COMPUTE THE AVERAGE ANNUAL PROBABLE
DAMAGE FOR THE PERTURBED SYSTEM, FROM

(b, ). = 4d (—)

av’i ° P,

.DAMAGE GRADIENT,

-.RESET THE SYSTEM DIMENSIONS TO THE

ORIGINAL BALANCED VALUES.

!

L4

FIGURE 3.21 COMPUTATION OF DAMAGE GRADIENTS
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FIGURE 3.22 UPPER ANDQ LOWER LIMITS ON THE AVERAGE t
' ANNUAL PRO E DAMAGE. OF THE OPTIMUM SYSTEM
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. f/ﬁzAD?INPUT DATA

1

.FOR A PRESELECTED REPRESENTATIVE STORM, BALANCE
THE INITIAL DESIGN OF THE SEWER SYSTEM BY THE
FOLLOWING PROCEDURE,
(i) GENERATE RAINFALL. INTENSITY ARRAY,
{i1) GENERATE BASIC INFLOW HYDROGRAPHS,
(iii) ROUTE THE HYDROGRAPHS THROUGH THE SEWER
SYSTEM, USING THE GRAVITY FLOW MODEL,
{iv) BALANCE THE INITIAL DESIGN BY ITERATING
3 TIMES FOR SEWER DIAMETERS AND 2 TIMES
FOR THE PUMPING SYSTEM. '

1

.COMPUTE THE CAPITAL RECOVERY COST, Co, OF THE
ORIGINAL BALANCED DESIGN.

I

.APPLY TWO OTHER PRESELECTED REPRESENTATIVE
STORMS WITH HIGHER RETURN PERIODS '
(1) GENERATE RAINFALL INTENSITY ARRAY,
(11) GENERATE BASIC INFLOW HYDROGRAPHS,
(iii) ROUTE THE HYDROGRAPHS THROUGH THE

SEWER SYSTEM, USING THE GRAVITY FLOW

MODEL, AND CHECK FOR SURCHARGED FLOW

CONDITION. IF NO SURCHARGED FLOW IS

ENCOUNTERED, SET THE DAMAGE RESULTING
FROM THIS STORM EQUAL TO ZERO.. OTHERWISE
USE THE SURCHARGED FLOW-DAMAGE MODEL TO
EVALUATE THE RESULTING DAMAGE.

.WITH THE PREVIOUSLY DETERMINED -3 POINTS ON THE
DAMKGE-PROBABILITY CURVE OF THE ORIGINAL
BALANCED SYSTEM, COMPUTE THE COEFFICIENTS A, B
AND C OF EQUATION 3.92 AND THE AVERAGE ANNUAL
PROBABLE DAMAGE, d .

A UL NN

-

FIGURE 3.23 FLOW CHART OF THE MODEL

N

~
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FIGURE 3.23 (continued)

AND COMPUTING THE CAPITAL RECOVERY COST, c
THE AVERAGE ANNUAL PROBABLE DAMAGE, {D )

il

.COMPUTE COST GRADIENTS, C., AND DAMAGE GRADIENTS,
d , BY PERTURBING THE ORIGINAL BALANCED SEWER
SYSTEM WITH RESPECT TO EACH DECISION VARIABLE,

AND

IN
EACH CASE. THEN Ci AND (Da 5 ARE USED TO COMPUTE

¢y AND di'
»
— COMPUTER .PRINT/
| 4 BALANCED DESIGN, COST GRADIENTS
---MANUAL DAMAGE GRADIENTS, C d, AND A.

ol'

1

.PREPARE INPUT DATA TO SUBROUTINE
"SIMPLX"

1
- .OPTIMIZATION

e — — - . -
1 A
1 -

L

.FINAL DESIGN
(COMMERCIAL PIPE SIZES)
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)/COMMON, DIMENSION// ' ¢

CaLL INPUTD

1
CALL ELVBAS

)

I=1,NSTORM

A=aA (I}, B=BB(I), C=CC(I), R=RR(I)
¢
CALL RAINF

] .
CALL INFHYD

I=1 CALL HYDMB

No

CALL HYDMOD

}

DAM (I)=RDAM

: !
1

CALL ANCOST

't

PRINT TANC

i

CINITL=TANC \

L}

CALL DAMPRO

1

PRINT AD

. 5

N
FIGURE 4.1 FLOW CHART FOR THE MAIN PROGRAM
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FIGURE 4.1 (continued)

I=1,5

D(I,l)=AD
D(I,3)=0.5A1

[
¥

CALL STORE .

NCHNG=1,5

CALL CHANGE
¥

A=AR(2), B=BB(2), C=CC(2), R=RR(2)

¥
CALL RAINF
+ - -
CALL INFHYD

t

CALL HYDMOD

t

DAM(2)=TDAM

t

CALL DP1l

1 -

D (NCHNG,2)=AD1

t

CALL ANCOST

f

-~ COSTP (NCHNG) =TANC

!

CALL ORIGNL

|
!

CALL GRAD1l

T e e

L PN

©



FIGURE 4.1 (continued)
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CALL GRADB

BT



PRINTING

oY - o
Y e,
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( ENTER ) o .
[ :

. / COMMON,DIMENSION /

FLAG1=0.0"

"ON™ FLAGL=1.0

- ———

No

FLAG1=0.0

Yes

L s e I ST T 7 o ! TN T T R TN LT TR e

~

PRINTING

IUOFFH

PRINT/

(I=1,NMH)I,H(I) ,ARIMP(I),ET(I),CB(I)
(I=1,NPIPE)I,AN(I) ,ALNTH(I) ,DIAM(I),SO(I)
(I=1,NPIPE)I,NHOUSE (I) ,ABASE(I) ,DBSMT(I)
(I=1,NPIPE)I,ALPIPE (I),DHCON (T)

®

. RELETA,HR,QR

. ASUMP ,SBOTOM

T T ML .

. A,B,C -

- . R - .
—
IFLAG2=1 -
TFLAG220 PRINTING "ON
No
SPAN1=SPAN+1
1 |
1 I=1,220
{ PRINTT (I}=0.0

PRINTQ(I)=0.0 .

-

FIGURE 4.2 FLOW CHART FOR SUBROUTINE-PRINTL

-



FIGURE 4.2 (
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continued)

I=1,SPANL

IK=I*T=-T
PRINTT(I)=IK
PRINTQ (I)=RAIN(I)

!

PRINT/
IK,RAIN(I)

|
1

CALL PLOT 3 (PRINTT,PRINTQ,100)

RETURN

S
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// COMMON , DIMENSION /

I=1,220

RAIN(I)=0.0
B

ki
SPAN=180/T
TB=180*R
K=BEFPK/TB

I=1,K

-

RAIN (I)=A*((1.0-B)*((BEFPK/R) **B)+C) /
' (( (BEFPK/R) **B) +C) **2)
BEFPK=BEFPK-T

=T
1

J=K+1
TA=0.0
SPAN1=SPAN+1

I=J,SPAN1

-

RAIN(I)=A* ((1-B)*((TA/(1-R))**B)+C)/
- ({({{(TA/(1-R)) **B} +C**2)
TA=TA+T

|

: RETURN

FIGURE 4.3 FLOW CHART FOR SUBROUTINE-RAINF

/

¥

R PR
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* : ( ENTER )

lZ(COMMON,DIMENSIbN//

J=1,NMH -
I=1,220

INFHD(J,I)

=0.0

—

7

IMH=1 ,NMH

KS=1.5*SPAN

NARINC=ET (IMH)WT
ARINC=ARIMP (IMH) /NARINC

-

I=1,KS

SUM=0.

0

J=1,NARINC

RK1=KK+1

KK=I(-(J-1)}

W

]

| CALCA=(RATN (KK)+

PAIN(KKL))*
ARINC/2:0

CALCA=0

.0

I

]

' SUM=SUM+CALCA

|
1

INFHD (IMH, I

) =SUM

|

FIGURE 4.4

) RETURN

FLOW CHART FOR SUBROUTINE~-INFHYD
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(" ENTER )
ﬁ)MMON DIMENS IOU

M=0
(I=1,NPIPE) ,PMAX(I)=0.0

: . i

- | CALL KENERG

l

CALL VOLSYS

ITT=1,160

IT=ITT

Yes

+o0
No
IPK=1,NPIPE

IP=IPK

}

CALL ADDHYD

!

CALL EUSKRT

]
1

CALL SUMP1l

!

CALL SWITCH

e

|
+—

(I=1,NPIPE),(J=l,220)QBSME(I,J)EO.0

“QEB" Yes

No
CALL PRESML

-

FIGURE 4.5 FLOW CHART FOR SUBROUTINE-HYDMOD

R KT ',
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Figure 4.5 (continued)
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// COMMON , DIMENSION /

Mo S Yes
No -
K=ITS K=IT
F I
’/// ANPIPE=0.7854 * DIAM(NPIPE) **2

CPUMP=RELETA * HR * QR
C =T * CPUMP * 30.

/ASUMP -

Yes

K#1
No

L

QSUMP1l=QINLET (1)
QSUMP=QOUT (NPIPE, 1)

. +INFHD(NPIPE+1,1)
HP1=ECHANL-SBOTOM

QSUMP1=QOUT (NPIPE,K-1) +
INFHD (NPIPE+1,K-1)’

QSUMP=QOUT (NPIPE,K) +
INFHD (NPIPE+1,K)

HP1=ECHNL-SWL

-

J

1

-C/HP1

QSUMPA= (QSUMP+QSUMP1) /2.0
B=(-1.0)*HP1+2.0*C*QSUMPA/CPUMP

HP= (- .5) *B+.5*SQRT (B*B+4 . *C)
d.  HPMAX=ECHANL-SBOTOM

l«qﬂliiﬁiﬂiipézgﬁ—e HP=HPMAX
|
|

SWL=ECHANI~HP

VNPIPE=QOUT (NPIPE,
VHEAD=VNPIPB*VNPIPE/64.4

K) /ANPIPE

ESUMP (K) =SWIL+VHEAD

- No

r

ESUMP (K) =ENDSEW+VHEAD

L

RETURN

FIGURE 4.6 FLOW CHART FOR SUBROUTINE-SUMP1

5
e ° 1

i i -
TR T

RS,
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( ENTER )

//COMMON,D;MENSION/(

USEL (KM) =H (KM)

h 3

KM2=KM+1 ) : SEWHL=USEL (KM) ~ESUMP (ITS)

SEWHL=USEL (KM) -USEL (KM2) EMP (KM, 1ITS)=(ESUMP (ITS)+
EMP (KM, ITS)=(USEL(KM)+ : USEL(XM)) /2.0
USEL(KM2)} /2

+.
SE (KM, ITS) =SEWHL/ALNTH (KM)
QAV (KM, ITS) =SQRT (ABS (SE (KM, ITS) /
KES (KM) ) ) *SE (KM, ITS)
/ABS (SE (RM, ITS) )

KM1=KM-1
SUMQST=0.0 |
SUMIHD=QINLET (ITS)

IMi=1,KM

>

SUMIHD=SUMIHD+INFHD (IML,ITS)
]

Yes

KM1=0

No———"
SUMQB=0.0 SUMOB=0.0
O iM2=1,KML

SUMQST=SUMQST+QSTR (IM2)
SUMQB=SUMQB+QBSMT (IM2, ITS}

QIN=SUMIHD-SUMQB-SUMQST
QOT=QAV (KM, ITS) +QBSMT (KM, ITS) /2.0
QSTR (KM) =QIN-QOT

FIGURE 4.7 FLOW CHART FOR.SUBROUTINE—STRMOD
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e o ( ENTER )

o mr n L e et

//COMMON,DIMEﬁéxonf7

"XQ=0.0

Iél,NpIPE

F(I,IT-1)=0.0 ,
EMP (I,IT-1)=BMP(I),
- VOLST(I)=0.0 ,
BMAX (I)=0.0
VMAX (I)=0.0

r
r

SE(I,IT-1)=S0(I)
QSTR(I)=0.0
DVOLST () =0.0
FMAX (I)=0.0
TPEAK (I)=0.0

-{%) ITS=IT,220

ITS1=ITS-

1

- (i) IMO=1,NPIPE

QBSMT (IMO,ITS)=QBSMT (IMO,ITS1)

]
K]

ESUMP (ITS)=ESUMP (ITS-1)

-

ITR1=1,3

ITR=1,6

IM=1,NPIPE

QQ=QSTR (KM) .

SUMQST=0.0

KM=NPIPE-IM+1l

SUMIHD=QINLET (ITS)

OO0 © © ©

IMl=1,KM

EIGURE‘4.8 FLOW CHART FOR SUBROUTINE-PRESML

et
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N

FIGURE 4.8 (continued)

63 @@GR

¥ -9

SUMQST=SUMQST+QSTR (IM1)
SUMIHD=SUMIHD+INFHD(IMl,ITSL

SUMQB=0.0{ |SUMQB=0.0 - -

({) IM2=]1,KM1

SUMOB=SUMQB+QBSMT (IM2,ITS)
]

QAV(ﬁM,ITS)=SUMIHD-SUMQB—QBSMT(KM,ITS)/2.0—SUMQST
SE(KM,ITS)=KES(KM)*QAV(KM,ITS)*ABS(QAV(KM,ITS))

Yes

IM>1
No ,///

USEL (KM) =ESUMP (ITS) +SE (KM, [ TS ) *ATNTH (M)
EMP (KM, ITS) = (ESUMP (ITS) +USEL (RM)) /2.0

e

KM2=KM+1 )

USEL (KM) =USEL (KM2) +SE (KM, ITS)
*ALNTH (KM) =

EMP (KM, ITS)=(USELCKM2)+

USEL(KM) ) /2.0
SEL (KM) <H (KM P—i28
| No o

CALL- STRMOD

Y

. — S— 1
QSTR(KM)=0.0 | QSTR(KM) = (-1.0) *CB (K1) *
DVOLST (KM) =0. 0 SQRT (ABS (VOLST (KM) ) )
\{ ]

\&/ .
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™
FIGURE 4.8 (continued) _ : qg)

CALL FRATIO |
1 |

CALL QHOUSS

- ]

|
. XDFLOD (KM) =DFLOOD*12."

X=QBSMT (KM, ITS) o

QBSMT (KM, ITS) =QHOUS* (1.-(.9**ITR) **ITR)
QBSMT (KM, ITS)=(QBSMT (KM,ITS)+X) /2.0
QSTR(KM)=QSER(KM)*(l.-(.9**ITR}**ITR)
QSTR(KM) ={QSTR(KM)+0QQ) /2.
DVOLST(KM)fQSTR(KM)*T*SO.

]
[
QOUT (NPIPE, ITS)=QAV (NPIPE,ITS)-QBSMT (NPIPE, ITS) /2.0"
Y=ESUMP (ITS)
:

CALL SUMPl

!

ESUMP(ITS)=(ESUMP(ITS)+Y)/2.0

KI=1,NPIPE

Yes -
1 - |
TPEAK (KI) =TPEAK (KI)+T .
: :
¥ - )
VOLST (KI) =VOLST (KI)+DVOLST (KI) /(#,,
I=1,NPIPE

AR

DMAX (XI)=XDFLOD(I)

© = ©

-
AR

R e
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FIGURE 4.8 (continued)
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FMAX(I)=F(I,ITS)

3

VMAX (I) >VOLST (T

VMAX (I)=VOLST (I)

!

i
NFLAG=0

I=1,NPIPE

BSMT (I,ITS) <X
W) No

NFLAG=NFLAG+]1

A0=0.01

CALL ANDAM

.

e ik i e
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( ENTER )"
//’EOMMON,DIMENSIO§J/’
i

APIPE=DHCON (I) **2.0*0.7854
A=8.02*APIPE*NHOUS (I) /SQRT (2.0+

0.03*ALPIPE (I)/DHCON(I))
SQBSMT=0.0

M=IT,ITS

SQBSMT=SQBSMT+QBSMT (I ,M)

!

1 -
FLVOL=SQBSMT*T*60
DFLOOD=FLVOL/ABASE (I)/43560.

e DFLOOD tve

DFLOOD=0.0

'> '
ENBAS=BMP (1) +DFLOOD }
USEBL=ENBAS+SBASE (I) *ATNTH(I)/2.0
DSEBL=ENBAS-SBASE (I)*AILNTH(I) /2.0
USEL1=USEL(I)

P USHIL=USEL1-USERBL
DSEL=USEL1-SE(I,ITS) *ALNTH
DSHL=DSEL~-DSEBL

FIGURE 4.9 FLOW CHART FOR SUBROUTINE-QHOUSS




NO__BFLOOD>0. 0

QHOUS=0.0

RETURN

B+ ( (ABS (USHL) **1.5)~
‘(ABS (DSHL) **1.5)) /
(ABS (USHL) -ABS (DSKEL)))

QKEUS=({-1.0)*0.667*A*B

e |

TVOL-ABS (QHOUS) *T* 0>

¥

QHOUS=FLVOL/T/60.%*(~1.0)

-t

RETURN"

FT=USKEL/ (USHL+
. ABS (DSHL))

FT=DSHL/ (DSHL+
ABS (USHL)

|

L !

F(I,ITS)=FT

b—t .

a

B=((ABS (USHL) **1.5) -
(ABS (DSHL) **1.5))/
(ABS (USHL) -ABS (DSHL) )

QHOUS=0.667*A*B*USHL/

ABS (USHL)

RETURN

'.‘t".n" Lo nied

o At ot ke 1A M ANk

T

e bt .- . -
R P TR
4



, QHOUSP=0.667*F(I,ITS) *SQRT
. (ABS (USHL) ) *A
QHOUSN=0.667*(1L=-F(X,ITS))*
-~ SQRT (ABS (DSHL) ) *a

QHOUSP=0.667*F(I,ITS)*

SQRT (DSHL) *a .
QHOUSN=0.667*(1.0-F(I,ITS)*
SQRT (ABS (USHL) ) *A

t

]
VOLAV=DFLOOD* (1.0~-F(I,ITS))*ABASE(I)*43560.

=-ve

QH QUSN=VOLAV/T/60.| o

QHOUS=QHOUSP~-QHOUSN

RO S

-

L T .
.‘..._.Q.,;_:_-'.\u-:-.n_;. P L e
g . E



LY

v

/ common, DIMENSION /

ot

DSEL=USEL(IP)~SE (IP,IT)*ALNTH(IP)
: DSBL=BMP (IP)-SBASE (IP) *ALNTH (IP) /2.0
> USBL=BMP (IP)+SBASE (IP) *ALNTH(IP)/2.0

+

F(IP,IT)=0.0

-

r

C=(EMP (IP,IT)-BMP(IP))/(SE(IP,IT)
.—SBASE (IP)) /ALNTH (IP)

FIGURE 4.10 FLOW CHART FOR SUBROUTINE-FRATIO

E(IPJIT)ESBASE(IP
NO

¥

F(IP,IT)=1.0/|

-

RETURN

| F(IP,IT)=0.5-C]| IF(IP,IT)=O.S{EJ

(1P,IT)>1.

F(IP,IT)=1.0

-,

¢
L]
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i s . :
//COMMON,DIMENSION//
-\ * 1 DOP=0.0 1 >
v | SWL=sBOTOM | °
M=0.0 -
I=1,NPIPE

PMAX (I)=0.0

T -
I |

CALL VOLSYS

NNN=1, 3
ITT=1,70

IT=ITT

‘
P

No .
IPK=1 ,NPIPE

| IP=IPK

\ k |

' | CALL ADDHYD
CALL MUSKRT

I
H

- CALL SWITCH

© © '

FIGURE 4.11 FLOW CHART FOR SUBROUTINE-HYDMB
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FIGURE 4.11 (continued)

© ©

221

ITS=IT
SWL=SWL

CALL SUMPl

!

DELSWL=SWL-SWL1
DQP1=DQP

3

DQP=DELSWL*ASUMP/T/60.

Yes

1

DQP=DQP1

|

\QQSi?QPl

"CALL. BALD

I=1,NPIPE

PMAX (I)=0.0

1

M=0

[0

DQPMAX=DQP

QR=QR+DQPMAX |

i
M=0
DQP=0.0

SWL=SBOTOM

ITT=1,70

IT=1ITT

®



o
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FIGURE 4.11 {(continued)

©

'IPK=1,NPIPE .

IP=IPK .

|

CALL ADDHYD

\
CALL MUSKRT

Rl
1
CALL SWITCH

!

SWL1=SWL .

!

CALL SUMPl

{

DELSWL=SWL-SWL1
DQP1=DQP

fes w
DQP=DELSWL*ASUMP/T/60. No

Ye54<:§§EE§§EE::>>

No

DQP=DQP1

DQPMAX=DQP
QR=QR+DQPMAX
ENDSEW=USELEV

I=1,NPIPE

ENDSEW=ENDSEW~SO (I) *ALNTH(I)

®



Figure 4.11 (continued)

7

SBOTOM=ENDSEW-DIAM(NPIPE)-3.0

=

e il
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$J0B  WATFIV  XXXXXXXXXX NAME=IMAM

1 CallL SImPLX(1)
2 . STCP
2 END

SENTRY

-

SIMPLEX METHOD FOR SOLVING LP PROBLEMS

FOLLCWING IS THE LISTING GF CATA AS IT IS READ IN,

PARTLY FFOM PREVIOUS RUN AND PARTLY FROM CARDS.

STCRM SEWER DESIGN (WSSC),SENSTIVITY ANALYSIS

ROwW IC

CBJF
R1
R2
R3
R4
RS
R6
R7
R8
RS
R10
‘R11
R12
©13
R14
R15
R16
R17
R18
R19
R20
rR21
R22
R23
R24
Q2S5
R26
R27
r28
P29

AANAAAAAANANAANANNAANANNANNAANANAAL

FIGURE 4.12 A TYPICAL INPUT DATA FOR

\ -

o~

THE OPTIMIZATION PROGRAM

EITHER FRUM CARDS OR

.

e et ‘lel:‘.:‘i;ﬁ:,'_j._ ARy
DO -5 2 Tkt Y

i &

v

TR L
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JFIGURﬁ 4.12 (continued)

MATRI X

x1
x1
X1
X1
x1
X1
x1
x1
X1
X1
xXX1
xXX1
xx1
XX1
Xx1
xXX1
xXx1
xXx1
xX1
XX1

Xz
x2
x2
x2
x2
X2
X2
x2
X2
xx2
xX2
xX2
xXx2
xx2
Xx2
xxe

" XX2

xx2
xx2

x3
x3
X3
x3
X3
x3
x3
x3
X3
xXX3
XX 3
xx32
XX3
XX3
XX3
xxX3
xXXxX3
xXxX3
xx3
x4
x4
x4
X4

\

0RJF
R1
R6
R11
R12
R17
Rla
R23
R24

R29

O0BJF
R1
R6
R11
R12

"R17

R1S8
223
R24
R29
Q8JF
R2
rR7
R1l1
R13
R17
R19
R23

2.314000
0.001000
-0.001G00
-12,487000
—13.487000
12.487000"

- 124887000
-10.172000 -
-1 3090

0.001000
13.487000
12.487000
~13.487000
-13.4870C0
10173000
10.1730C0
~2.314000
0.497000
0.001000
-0.001090
~£,14203C
-£.142000
5.142000
2,142050
-2 .£45000
-4 .,54800C0.
0.4570C0
-0.4570C0
~0.001009
0.001C00
5.1423C0
£,132000
-€.1420¢0

=Z+142000
4.645000
4.6450C0
~0.4G7000
=-740933C¢C
Q.0010CC
-0.001CC2
=1.217000
=1.217000Q
1.2170G0
.1.217000
=B84312G6GCQ
—8.2120GC0
=7 035000
7095000

Lo Jee— _-—.-—,-q_-_-——-_-?-.-:-‘-yui;..;-.;..u..h(‘__. it e e

YN

Explahation

L=y
Y-
—-1.00
dy

dy
-dy
_d‘
el
- C|.
-,
Qy
—1.00
100

...d‘f

iy

-

¥

. |
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FIGURE 4.12 (continued)
Explanation
X4 Q15 —22.3150¢0 oy ]
xa R17 22.31%000 -dy,
xa Q21 22.315000 -d, s
xa R23 —1S.6£19%0 -4
xXa rR27 =~15.6€19G0 -Cy
Xa R29 6652000 2
XX&  0OBJF -€6.653000 - E
xxa Q4 -0.001000 -hee
XX & &9 0.001000 X
XX4 P11 2Z.315000 -d,
XX a r1S5 22.21%2000 -y
XXa Q17 —22.31S5000 LI
XX & 21 -22.3:500¢ d,
XX a4 023 15.6€1990 <4
XXe&  R27 1S.661990 4
XX 4 R29 -8 653000 )
x5 0BJF 45.458950 -a,
xa RS 0001000 ‘.00
XS - Pl1o ~0.001000 —;“
xS, R11 ~87.43E000 i
XS r16 —-57.436000 s
XS £17 E7.436000 -ds
XS c22 67 «436000 -ds
X5 R23 ~21.977000 . -¢g s
X5 R28 ~21.977000 -Cg
xS T29 45.4585450 -gs
xXXs 881F .-~a5.a589¢0 s
XX5 RS -0.0010¢C0O -hg
XX S ©10 0+001000 S
XX5 o)1 67436000 -ds
XXE Q15 67 2435000 -ds
XXS ©17 =67.4360C0 ds
XXS P22 -€7,438000 de
XX5 RZ2 21.59770C0 cs
XX S RZs 21.977000 cs
XX5 - Rz29 T =45.458960 s
FIPST g .
o1 %0.0CCS00 - (X : . .
R2 " 0+001000 - guh > _
R3 0.0010G0 <gﬁa :
ra 0.001GC00 - CRaidy
-1 0.000100 (x,0
Q6 0.000100 TR
p7 ’ . 00000500 “‘u.]; -
28 040060500 (Eedy
Q9 0.000000 ° (Xede
k1o 0.000100 *ulg ~
Fi1 1€2.3910G0 ”‘-j—
R12 153,3291600 N=-£
F132 152.391C600 ﬁh-é
R1a 1€32,.391000 *k-;
A15 1€2.351000 P = o
R16 1€3.351000 M:;& N
R17 19.45E000 b
518 19.458000 .
P19 15.498000 4,
R20 15.45$8000 4,
m21 19.452000 d,
R22 19.49E8000 do
R23 55.361990 ° G
RZ24 55.361990 Cy
025 SS.3615$0 S
£26 55 .36 1990 5 .
527 €€.361%%0 ?
RzS8 £543€1530 ‘)
e2¢ 74 .85C0C0 Gty
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FIGURE 4.13 (continued)

OPTIMUM VALUS RFACHED AT TrRZI END OF ITEFATION — s
i ' ¥

CPTIMUM VALUE OF THE OBJECTIVE FUNCTIZN — 12.666

AMOUNT

BASIS VAR UNIT PROFIT
R1 0.CCC60C 0.000000
RE | 0.C01300 0.030000
R3 0.C013500 0.0000CO
Ra C.CODZ26 Je 000002
X< C.100000 43453350
xXx1 0.100000 =3314000
xXx2 C«S00000 =J.437000
XX3 -0« E0JCO0 7035000
RG . C.C00774 0.00000Q0
R1% 172.E38300 0.000000
rR12 152.C42200 0.000000
R13 153C.E15300 0000000
R1¢ 1£2.7Ee5C0 Q. 00000N
R15 170.6732500 V000209
R1& 1601343500 Q. 000003
X4 Q774483 5653000
R1R 204 E465G0 0.9000000
rR12 22.053000 0.000007
R20 20+.1CE£490Q 0. 000000
R 21 ce2lS402 Q. 000009
R22 l1Z.7584C0 NeQJCICN
R23 €celG2320 0« 000009
RZ2e S54,24645660 000030
rRZ2S EZ.035438¢ 0000300
R26& S51.2CE990 . WeJOQ3CI
rR27 ‘67491940 - 04390000
R2R £7.5336¢9C 0. 0002CD
Q29 GZ2.153840 3«09203CO

NIN=PASTC VAR, " RECUCEL CGST

X1 ~0.00C00
RE 707 4C1S8C
X2 ~04C0000
R7 1036.C3500
X 3 -0.C0CO0
RA 74E7.E350¢C
517 O0.25E14
X Xa -0.C00G0
RE 25353.€1600
X X< -0.€0C00

IF ANY OF THE ABOVE FECUCED CGSTS IS ZERO,
IT INCICATES THAT MULTIPLE QPTIMA EXIST.

- fa,
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TABLE 2.1 HYDRAULIC ROUTING MODELS (After Reference 39)
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KINEMATIC-WAVE APPROXIMATION

DIFFUSION-WAVE APPROXIMATION

, R ,
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TABLE 5.2 EFFECT OF a,,

249

¢; AND d; ON THE GPTIMUM DESIGN

Case (I) .= (Case II)
Number of Houses Number of Houses
=30 House/section .=10 House/section
. ¢y Dollars 55,000 55,000
. do' Dollars 50,400 19,500
. Damage Gradients,
Dollars/Unit Change
dl (Slope) -39,750. ~-13,500
d, (Pump) -15,050 ~ - 5,140
d, (Sump)’ - 1,150 - 1,200
d, (Pepth) - =54,300 -22,300
R dg (Diameter) -198,800 -67,400
. Cost Gradients, h -
Dollars/Unit Change o
cy (Slope) 10,000 10,000
¢, (Pump)J 4,650 4,650 -
¢y (Sump) 8,300 8,300
Sy (Depth) 15,7OQ 154700
Cg (Diameter) 22,0Qp. 22,000
. Optimum Desidn

(l) Diameters, ft .
Sewer (1) 3.0* 3.0°
Sewer (2) 3.3 3.3°

- Sewer (3) 3.5° . 3.5°'

(2) Slopes, % § ‘
Sewer (1) 0.9 0.54
Sewer (2) - 0.9 0.54

. Sewer (3) 0.9 0.54

(3) Sump Area, ft2 450 450

(4) Pump o
Rated Head, ft 23.7 25.1
Rated Discharge, ] .
 ecfs 74 36

(5) Characteristic : .

Depth, £t 12.5 2?.4

Ve
A
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TABLE 5.4.b CHARACTERISTICS OF DRAINAGE BASIN
- : FOR THE EXAMPLE

- Sewer Sewer - Sewer
Section Section Section
(1) (2) (3)

Number of Houses Along 30 30 . 30
Sewer Section‘

Basements Area Along 1.00 ° -1.00 1.00
Sewer Section = Acres

Average Depth of Basements 5.0 5.0 5.0
Below Ground- Surface, ft

Average Length of the Pipe 100.0 100.0 100.0
"of the House Connection, ft '

Average Diameter of the 0.33 0.33 0.33
. Pipe 0of the House

Connection, ft

Portion of Property Value 0.15 0.15 0.15
Assigned to Basements

Average Assessment Value 8,000 8,000 8,000
of Houses, dollars

Assessment Factor 4.0 4.0 4.0
Class Index 1 1 1
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TABLE 5.5 RAINFALL DATA
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Coefficients in thé Rainfall

Storm Probability of
Index Intensity/Time formula Occurrence,
C (Annual Series)
. _
a/(t] + c)]
’ .
A
1 '131.0 1.0 19.0 0.20
.2 170.0 1.0 23.0 0.10
3 250.0 1.0 27.0 0.02

. Relative Advancement of the Peak Intensity = 0.375

™
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TABLE 5.7 INITIAL DESIGN FOR THE EXAMPLE
Sewer No. (1) (2) (3)
Invert Slope = $ 0.6 0.6 0.6
Diameter, ft 3.0 3.0 3.5

Sewers | mManning's n 0.013 0.013 0.013
Length = ft 600 . 600 600
Rated Head = ft 15

Pump Rated Discharge, - 61
cfs

Sump Cross Sectional 900

Well

Area, ft?




SN

257.
TABLE 5.8 COMPARISON BETWEEN THE MODEL'S OPTIMUM DESIGN
AND THE RATIONAL METHOD
‘Rational Method . Optimum Design
s Design by the Model
. Fractional {Commercial Fractional |Commercial
- Sewer Sewer Sewer Sewer
Sizes Sizes Sizes Sizes
(I) Sewers -
Diameters, ft;
Sewer (1) 2.70 3.00 3.00 3ﬂ00
Sewer (2) 2.90 3.00 3.23 3.50
Sewer (3) 3.05 3.50 3.50 3.50
Slopes, % , '
Sewer (1) 0.6 0.6 0.6 0.6
Sewer (2) 0.6 0.6 0.6 0.6
Sewer (3) 0.6 0.6 0.6 0.6
(11) Pump
Rated Head 15 15 26 26
£t
Rated Discharge, 61 61 35 35
cfs
(IIX) Sump Well [ .
-Area, ft? 900 00 810 810
(IV) Depth
, Characteristie 12.5 12.5 20.2 20.2
Depth, ft
(V) Capital Recover 54,400 56,400 64,200 64,900
- Cost, 30IIars7
year
(VI) Average Annual 69,300 27,200 22,000 16,100
Pro le Damage -
dollars/year
(VII) Net Annual Cost 123,700 83,600 86,200 81,000

g ‘.-'L;.('.-,‘e“,{':;;;_;;; H
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APPENDIX VI

NOMENCLATURE

*



i

3 o a v

Area of channel cross

Coefficients in tﬁe’damage-probabilit& equation

Total basements area-

Assessment factor to
market value

Minimum control area
station

Cross-sectional rerea

Cross-sectional area
connection

Sump cross-sectional

Average assessment va
. b4

Ground surface floode
Increment of impervio
Constant

Water surface width

- Mid-point elevation o

.- NOMENCLATURE -

section.

\

account for the true
to operahe the pumping

of the n-th sewer
of the pipe of house
area

lue bf hbuses

d area

us area

f basement grade line

Assessed value of basements subjected to

damage

Constant

‘Cost

Coét'per unit'length of sewer

Total annual costs of

260

a perturbed system



_Unit cost of excavation

1|
v
¢
t

261 ‘
Coef#fbient of iglet-catch basin {M' -

Coefficient of frlctlon of tRe plpe of the’

-house connection £

Calibration factor.

-
Basement cleaning factor
Cost of land . ' -

Capital fecovery cost of the balanced system

Annual operating cost

Muskingum- Coefficients
Cost per unit length of sewer

Capital recovery factor

Installatlon cost of the stand—by pumping

Y N

. unit(s) -

A land use factor

Constant

- . ,
Inséallation cost gradient ) <

Unit cost of structure per unit area of its

lan .
P . ) a

Sewen diameter

Total damage resultlng from a raa}n storm l -
~.
Average annual probable damagF for a turbed
system -
‘ d'

Average afﬁual probable damage for the

L

.balanced system -

Ultlmate average annual probable damage



-

(D ) -
. Base i

,Dfactor

Derop

DSHL

df(l,t).

d

£ o
max,
1

dh.'con. >

N

. - 262

' Damages due to basements flooding

Normalized aamage factor

Inconvenié&née cost - . : 3

Total damage resulting from applying a

' .preselected storm on the perturbed system

.

2roperty d'amages

Total head loss in a house connection at the
downstream end of the sewer

Basements flooding depth

Maximum value of the basement flooding depth

Diameter of the pipe of the house‘?onﬁectiog
Damage cost graé;ent‘fqr variable i .

Sump excavation depth

Characteristic depth of séwgr Systgm

Mid-point elevation of sewer energy lieﬁ )

. Crown elevation 'of the dowmstream end of_the_

outfall. sewer

Energy level on the delivery side of the pump

~

Energy level immediately upstream of tHe sump

Subscript répresents variables at the final
state ' : ’ :

Flooding ratio . . -
Maximum value of flooding fatio

-~ -

Value of basement furniture/basement value

1
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3 P ,
J e ‘
B G : - ~Severity parameter
& .g - T Gravitational acceleration
H e Head
Hp  Rated pumping head ~
\H‘(Hafj Avefage depth of excavation of the sewer
. 'i - .
HEALTH - Health hazards factor
‘ Hi - _ T Ground ‘surface el ion at manhole i
H; : . Operating pumping head at time t
h Depth of flow L.
h, ' 7 Total head loss through a particular house
. connectlon ‘
I " Rate of inflow-
I Subscript represents.yarlables at the 1n1t1al
T state
i - {
I T Interest rate ‘per annum
i - ‘ Inde.x . - ) Cw '
- . . 7 .
i,im_ . . Rainfall iﬂFensity i | -
iav * Average rainfall intensity for a duration té_
j .
j Index
K Storage Coefficient (Muskingum Method)
K : Régression coefficient
K First time step 1ndex of the surcharged flow
.econdition - . . .
K - Coefficient of energy line slope
I« 7 * '
. L -
K Minor'lo§§es coefficient



(Ncrpss)

Nhouse

n €4

b W O

max.,
o1

g

Q v(i,t)
QB(i,t)
Qin

Q; ¢ (IME,K)
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Average length of the pipes of house connectlons
with a particular sewer section

Sewer length o :

Manhole i
Exponent
Years of estimated life

Effective number of vehicle crossings per
hour on the average basis

Number of houses along a particular sewer
section.

Manning's Coefficient
< -

Number of increments of agpervious area

R e
Rate of outflow from the control volume considered
Power of installed pﬁmp

Maximum relative storage of the i-th sewer,
during a specific storm

Probability of occurrence of the rain storm
Probability of occurrence of a storm resulting
in the same damage when applied on the original
balanced system

Probability of occurrence of a preselected
representative storm

Discharge

Rated pumping discharge

'Average flowrate in the .i-th sewer o0

Basement flow

Inflow to manhole e

: Runoff contrlbutlﬁg to manhole IMH at time
‘K.At
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Q e ' Flow capacity of the. sewer when flowing full
Qot; Outflow from manhole
Qoet Flow rae& at the downstream end of the n=-th

n sewer
QP Operating pumping flowrate
{QR) The adjusted pumping capacity .

adj :
Qg Inflow to the suﬁp
Qslhouse" Flow in house connection to the basement

of a single house
Qst(l,t) Street flow
Qx . Basement flow per unit length of the sewer
. . ~
g - Distributed lateral inflow (or outflow) as
discharge per unit length of the conduit
RBi Portion of property value assigned to basements ’
REI ‘Relative englneerlng 1nd€§
Rstg - ,Relatlve storage - *
r \ Relative advancement of the raihfadl peak
' intensity i -

S Storage within the centrol volume
(Sp) : Slope of basement grade line

i
;Se(i,t) Slope of sewer energy line
Sf | Friction slope.
So ) Channel bottom slope
So Invert slope of the i-th sewer

i - . N
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SRS

{

i
7
1
!

SWL

USELi

USHL

act

Vsys

Wstreet
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Sﬁmp water level

Time index representlng the interval: t-4t
to t

Time measured from the peak to the 'left and
the right respectively

Duration of rain storm
Time of flow in the conduit

Time elapsed from the start of intersection

flooding to the time the peak vmax
' i

Elevation of the energy line at the upstream
end of the i-th sewer

Total head loss in a house connection at the
upstream end of the sewer

Full-bore velocity

Cross-sectional average flow velocity along the
x—dlrectlon

Total actual storage .
#

Maximum value of the volume of storm water
collected on the ground surface. at manhole i

Velocity in the outfall sewer

Volume of storm water collected on the ground
surface

Total maximum available storage of the sewer
system

Width of street

Average depth of excavation

Decision (design) variable

Slack variable

Lower limit of the decision variable
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. Upper limit of the decision'variéble
Routing parameter _ .
Longitudinal coordinate along” channel bottom
direction” '

Sump water deéﬁh above minimum sump water level

Objective function

.Specific weight of water o

‘dr,

Small change

Pump-efficiency
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