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ABETRACT

A new methodology is developed for use in the planning

aof  dual purpose detention basins in urban wat&rghedﬁf The
methodology employs conbinuous simyliation, statiskhical
analysis, and & general design hewristic %o obtain an

integrated system of detention basins. Both water quantity

and water quality constraints may be considered.

Several different approaches were c#nsiﬁeweﬁ in the
development of the design heuristic. The developed
methodology wses & dymamic program to obtain a fessible
starting point for a nonlinear search algorithm Tha
nonlinear search algorithm employs the Complex Method of

Box.

The general planning methodology was applied to an
actual watershed in &len Ellyn, Illinois, and to a synthetic
watershed that was constructed from average geomorphic data

£or the the state of Indiana.



I INTRODUCTION

1.1 FROBLEM DEFINITION

Comprehensive planning for the control of stormwater
runofd isg becoming an intreasingly significant part of
overall development objectives in developing urhban
Communities (Zeigler and Lakatos, 1982). The emphasis in
urban stormwater vrunofs abastemens traditionally has been
egither that of tonveying large guantities pé runaff to a
downstream ares as quickly as possible, or pf attacking a
stormwater problem where 1t is vigible, Past trends in
UThan expansion have bheen generally to size storm SEWET S
initially for enly a modest future growth. A small
community., with only a vague idea of its eventual size,
usually finds the cost assoviated with a larger Shan

Decessary storm sewer installation to be un=-justifiable,

Most rapidly developing urban areas are now Ffinding
themselves faced with the almost inevitahle problem of storm
Seuwer overloads (Lokatos, 19743 In response to these and
other problems, many municipalitiss are employing detention
basins as the primary stormuwater mavtagement cantrol
(Kamedulski and MeCuen, 1979, Although detention storage

has been shown to b an affective stormwater control, random



or ynplanned placement can significantly rveduce i%s
effectiveness, and in some cases, can actually aggravate
potential flopd hazards. in addition, designs which fail %o

consider the long term performance of & basin can reswlt in

ineffective management for a wide range of runoff ewvents.

While stormwater detention basins have been wsed for
the rconktrel of wurban runoff For many ysars, only recently
has bthere been an interest in examining the impact of
detention for the control of water quality loadings in urdan
runafd (McCuen, 1980). Recent studies, including ¢those of
the MNational Commission on Water Quality {1975) have shown
that urban runo®f is an important source of pollution and
that the national waté? guality objectives of Public Law
(PL} 92-300 svre impossible 4$o attain without comtrel of

nonpoing sources and urban rvunaff,

While varigus policies have been proposed for improving
the quality of wurtan runoff, probably the most effective
stormwater management technique :5 the use of the detention
basin (Kamedulski and McCuen, 1979  As a result of this
sbservation, many states are now veguiring developers o
consider gquality cenirol when designing and installiing
detention basins. This is true despite the fact that wvery
littie information is available as to the efficiency of the
basins for removal of different kinds of pollutants ov as to
how detention reguirements for both gquelity and quantity

purposes should be integrated (Whipple, 1979},



The widespread use of detention basins is reflected in
the results of a recent AWPA survey of 329 public agencies
The results of this survey indicated that over 50 percent of

the drainage master plans of the surveysd municipalities

included detention basins. Mearly 40 percent of 4those
communitiey without detention facilities said that
facilities are being built, are in %he plarning stage. er

have been considered and are a priorvity item for the near
future (Poertner, 1981). Four of +the +top eight design
ob jectives: reported by the public agencies responsible for
establishing detention facilities, #2311 in the category of

water guality enhancement (Smith et al., 19131,

The relevancy of the genevral problem. o detention basin

design and ufilizatiun was recentiy highlichtsd at the 1982

ABCE specialty conference on detention be 'ins, which was
held at Hennicker, MNew Hampshire. The conference addressed
both institutional and gesign issues. AmoTg the

recommendations of the conference was a need to intsgrate

both quality and quantity objectives into the design of

individual basins, The nesd for a better vnderstanding of
the quality impact of detention basins was consideread. In
addition, the need for & better understanding of +the

intersction of various detention basins within a watershed
was identified, The need for general planning methodologies

was alss addressed,



i@ OBJECTIVES OF THE REPORT

The primary goal of this study is the development of a
general glanning methodology which can he wsed in the design
and placement of stormwater detention basinsg in yrban A&7eas
so as top minimize locael flooding and mazimize watsr quality.
The developed methodology die to be applicable in  the
planning of a wabtevrshed detention system in conjunchion with
the existing major drainage network of the watershed. The
general groblem involves Pwo different fevels of
optimization: the gptimal design of the individual Dbasins,

and the optimal location of the individual basins within the

watershed. The optimization problem involves thres
differentd objectives: minimizetion of local Flooding.
maximization of overall watershed water aualily, and

minimization of the overall system cost.

i.4 ORECANIZATION OF THE REPORT

The rveport is divided into twe parits. The first part
involves the development of & methodology %o be wsed in the
pptimal design and placement of stormwater detention basins.
The second part invelves the application of %the developed

methodology.

The methodology may be applied in two differsnt ways.
The first approach involves +%the application of ¢€he

methudology in & design mode for a specific site. Ths



second approach invelves the use of the methodology ¢o
obtain generval planning guidelines for a specific region or
ares. BSuch an  application could involve the use of
synthetic watersheds and average design parvameters. Based
on  the rvesults of such an application, an attempt could be
made to derive general planning indices for use in the

preliminary design of watershed detention systems,

Chapter II consists of & literature review of boih
water quantity and water guality design considerations as
related to detention basin design. The general planning
methodology is presented in Chapter I11. Chapter IV
includes the results of the application of the general
methodology %o a specific case study. Chanter V contains
the results of the application of the general methodology %o
@ synthetic watershed. Finally, Chapter VI consists of a

summary of the study with recommendations for further work.



1. LITERATURE REVIEHW

2.1 HYDRAULIC DESIGN CONSIDERATICONS

2. 1.1 Preliminary Dssign Procedures

The design procedure Ffor a detention basin will
noersally involve sesveral ftrial calcoulations. This 1is
herause the durstion of the critical design storm for the
chosen design occurrence inkerval is nof known in advance.
Thus 1% is necessary to voute design huydrographs for a range
of durations Ethrough the bhasin and select the one thatl

yields that worst case (Mein, 198O},

In the pask, sewveral authors have presented vavious
preliminary design procedures that avoid vrvepabitive
raleuiations by making wvarious simplifying assumptions.
Paintal (1979 has described & procsdure that assumes a

trapezoidal hydrograph and either a constant outfliow rate or

orifice control. The critical design storm duration is Then
determined explicitly by differentiabing & derived
expression for storvage wvolume. Buvrton (1980} has alse

sresented & method that a2ssumes a frapezoidal hydrograph and
a rconstant ouvtflow rvakbe. This method also includes an

giplicit gguation for detevaining the critical stora



duration. Additional preliminary design procedures have
been presented by Yrjanainen et al. (19733,  Baker (i977),
and Ordon {1974, Chapter 7 of the Soil Conservation
Bervice Technical Release No. 55 (UBDA~SCE, 1975). or TR-55,
tan aiso be wused in the preliminary design of detention
basins. The TR-55 method is based on averages storage and
routing effects for many structures that were evaluated

using mote accurate TR-20 methods (USDA-B8CS, 1945),

2. 1.2 Peak Flow Design Procedures

Urbanization decreases the natural storage in a
watershed and thus leads to an increase in both runofd
volume and rate. While detention basins do not limit the
increase in %otal runcft volume, they can be used to control

the peak runoff rates (McCuen, 1979).

In recent years, many stormwater management policies
have been adopted with the intent of limiting peak #low
rates from developed areas to that which ococurred prior  to
development (McCuen, 1974). As a result of these policies,
several authors: Wycoff and Singh (19747, Bouthiller and
Peterson (1978}, and Boyd (1981), have presented procedures
For estimating the regquired s%avége vaolume for a detention
basin as & function of the inflow hydrograph and the desired
peak outflow ratbe. Each of the methods assumes a series of
possible idealized hydrograph geometries and basin autflow

configurations, Based on these assumptions, eguations are



=

devived which  directly relste ‘the required ﬁé§iﬁ:ﬁ§ﬁﬁ to
Clumeidtled representing fhe  stAndard infiow and outflow

Cnydvographa.
o417 Hudrograph Timing Considerations

In addition %o atfecting the %otal runoff volume ard
peak flow Tate for & gliven watershed, urbanization alse
affects the timing of the runofd huydrograph. While most
stormuatar management policies are designed to 1imit the
sffect of an increase in the psak vunoff rate. they tend %0
ignore the effpcts of yrbenizabion an the tims
characteristics of both the inflow hydrograph aend the
detention basin outflow hydrograph (Hawley e% al. 15813

Most existing laws tend to deal with the problem on  an

individual site basis as opposed to a regional approach, in
fact, many current regulations use the phrase “on-site
detention® in describing %he reguired structures (McCuen.
19745,

Degpite the widespread use of detention basins {for
£lood conktrol, the possibility evxiste that cerviain
combinations of stormwater debention basins may actually
increase the fleoding problems of a given watershed {MoCuen,
19743, Detention basins provide for a temporvary stovages of
stormuater rtunofd fFor a delayed release. This will slways

readuce the peak Flow immediately downstveam P the debtention



structure, However, if 4%he delay is such that the
subsequent release of the runoff water coincides with runofé
from more upstream areas, the resulting flooding may be more
severe than would have been the case had the water besn
allowad %o run ofé rapidly prior %o the arrival of high

flows #rom upstream areas.

Many investigators have studisd this problem and have
concluded that the planning of stormwater control systems

must be done on a watershed or regional basis as opposed o

a sub-area. piecemeal approach. Smiley and Haan (197&),
investigated the problem vsing & synthetie watershed
composed of seven subsheds ¢o show that under some

circumstances the installation of detention Sasins  may
aggravate flooding. Their analusis showed that the
installation of detention basins in the lower part of the
watershed resulted in higher peaks than would have occurred

without the structures.

Bimilar conclusions, that the unplanned placement of
multiple detenticon ressvvoirs may aggravate potential flood
hazards, have been veached by Lumb et al. (1974) and by Abt
and Grigg (1978} Likewise, McCuen (1974) states that
stormwater management plans must be evaluated on a regional
basis and not Just by using on—-site contrel criteria, in a
study of a watershed in Montgomery County., Maryland, McCuen
(197%9) shows where a stormwater management scheme increased

peak flows, bedload transport rates asnd the duration of



140

bankfull flow in the channel downstream of the faciliby.
More rvecendtly. 'Duvu (1981 analyzed the Tinkers Cresk
watershad in Pyince George’s Cownby, Maryland, and found

that detention was not nesded in any part of the watsrshed.

= 1. 4 Detention Basin Simulation Models

in order %o consider tGhe effect of hydrograph
interaction: Mein (1980} has proposed the use of an urian
watershed model coupled with & debtention basin design
subroutine that iz  Tun interactively to allow the user to
design the hasin suystem on line. Hased on the results of
the application of the methodology, Mein concluded that =
single detention basin is more effective in raduging peak
fipws at @ point, than is 2 series of basing with the same
combined storage capacity. in addition: Mein cencluded that
the effect of & hasin on peak reduction diminishes

downstream 2% more flows contribute.

in a more vecent study, Hawley et al. (1981) developed
a quick planning method for estimating the potential of
adverse downsiream effects of a stormwater management basin,
The planning method involves estimation of direct rungfd
hydrographs and basin ocutflow hydrographs. Discharge rates
are estimated wsing the TR-55 graph method, and empirical
timing eqguations arve used for gastimating the time

coprdinates of the hydrographs.



i1

Lakatos (19746} has suggested that the problem be
approached wsing an urban runodd timing analysis computer
program such as the Penn State Runoff Model. The Penn State
Runoff Model is a simple and concise stormwater simulation
program developed for the purposs of analuzing the timing of
subarea flow combinations and fheir effect on downstream
flow rates. Information on the manner of combinations of
subarea flows provides the basis for evaluation of Flood
control alternatives for the source of the flooding problem

rather than the point of actual floocding.

This model was used in developing a regions! stormwater
management plan for Allegheny County, Pennsylvania (1980},
The plan is being implemsnted through the use 0f a release
rate pevcent concept for the control of stormwater runofd
{(Spragus 8%t al.. 1982} The release rate percentage concept
vtilizes peak flow information to determine a percentage Ffor
each subshed which is wsed by developers %o regulate the
rate of vrelease from a detention facility. The pevcentage
is determined by analyzing the discharge from the subbasin
that contributes to %the peak rate for a given problem a2vea
and dividing thet valus by the maximum runoff rate From that
subshed. This pervrcentage is then used to compute the
allowable rvrelease vate From a developer ‘s ﬁetentiﬂn

facility.
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2.1.% Optimal Design Modaels

The optimal design of a stormwater detention basin
system involves %fwo levels of optimization. The fivst level
deals with the optimal design of the individual basins while
the szsecond level deals with the esptimal placement of the
detention baesins in & watershed. In vesponse $o the first
level opbtimization problem: Bondelid and McCuen (197%9) have

developed a compuberized optimization procedure for the

hydraulic design of stormewabter mansgement bDasins. The
method considers the relationship bebtween inflow putflow
structure configuration, basin sbtorage chavacteristics,
reservoir routing, and outflow. Runocf® hydrographs are

gensrated and rvouted through the reserveir using the TR-20
tomputer program. For given orifice and riser diameters,
the baﬁiﬁ side slopes ave adjusted so that the outflow peak
discharges for the flows of different return periods are
approximately esqual to the hefore developmant peak
discharges for the same rsturn period, A large number of
combinations of orifice and riser diameters are considered
in sach computer run. The orifice and viser combination
that reguires the least storage but s%till meets the design
criteria is determined {(Donshue, 1981,

a

2. 1.6 Optimal Design and Placement Models

Very +few authors have studisd the problem of the

optimum placement of detention basine in an urban wabtershed.



13

As a first step, Abt and Grigg (1978) developed an
approximate method for the sizing and placemeant detention
basins in series. The procedure involves a number of
simplifying assumptions and is based upon the application of
a storage estimation equation. The equation was applied to
a hypaothetical watershed and compared %to the results of the
HEC~1 (USACE, 1973) runoff model which was applied to the
same watershed, A comparison of the methods revealed that
the reservoir storage volumes generated by the estimation
procedure closely approximated the storage genevated by
HEC-1, However the authors concluded that dus to the nmumber
of simplifying sssumptions the potential application of the

storage estimation egquation is quite limited.

Mays and Bedient (19827 have applied dynamic
programming %o the problem. using s%orage ss & state

variable while employing simplified routing ftechnigues %o

transform decision variables between stagss, The developed
methodology can handle constraints on discharge, storage.
and basin area. Howavaer, the depth of the bassin must bhe

specified and the detention basin is appavently assumed to
have wverticel sides. In addition, the methodology does not
consider water guality constraints. Finally, the model does
not calculate the benefits involved in  each design and
therefore cannot select the best detention basin storage
policy, Flores e%t al. (1982 have applied the dynamin

programming algorithm to thres synthetic watersheds
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representative of the Houston avea. Based on the resulbs of
this stwdy, they congluded %hat detention storage is usually

only nesded in the upper part of an urbhan watershsd.

91,7 Storm Sewer HModels

In the eptimization of sewer network systems, botbh
Cheng {(1981) and Froise (1978) have developed optimization
models based on dynamic programming procedures to determine
the minimum cost sewer system design. Although both
methodologies included detention storege, the analyses were
very simple and failed %o consider the timing interactions

aof the various hydrsgraphs.

53 1.8 Watershed Planning Models

in & separabe study, Dendrou and Delleur (1782 present
a methodology for %the planning of stormwater debtention
facilitiss on & waterehed wide basis. The methodology
employs &the runof? simulation model STORM along with a dual
level optimization scheme in determining the ppbimal
treatment tate allocation among the wvarious subbasins.
Although of value as @ general planning wmodel, the model
fails to gramineg explicitly the interaction between
detention basin outflow hydrographs, nor does it examine the

optimal design of the individual detention basins.
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2.1.% Operation Models

In a somewhat related study, Labadie et al. (1975) havs
described the development o$¢ a general aviomatsd control
methodology for large scale combined sewer systems. The
general methodology was developed using the Ban Francisco
Wastewater Management Plan as a case study. & discussion of
the simulation techniques used in the methodology has been
presented by IWenzel (1974}, while Bradford (1977 has
discussed the development and application the rvequived
control algorithm The objectives wsed in the contrel
algorithm include wminimization of overflows and street
flooding, and regulation of flow to the sewage ftreatment
plant by wuftilizetion of system detention stovrage. The
problem is formulated as a large scale linear programting
problem which dis then reduced to a multilevel series of
smaller problems by application . pé a disaggregation
methodology. Bixzx levels, rontaining 39 linear programming
problems, wevre reguived to obtain the control policy #ov the
case study involving the San Francisce Master Plan for

Wastewater Managemant.

In a further examination of the same wastewater
management plan, Labadig et al. {1980) have developed a
dynamic program which incorporates the fuil dynamic $low
equations and can be wused to obtain the gate settings on
flow regulation devices. Although convevgence to gliobal

optima cannot be guarantesd, the algorithm is shown %o
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rapidly determing improved conbtrol policies. The avithors
thus argws that +the algorithm may %hus be feasible for
acttual rTeal-tims use whan LThesre are severs Llimitatiosns on
romputational capacity and time fory reaching & conbral

daecisian.

2.2 WATER QUALITY CONSIDERATIONG

2.2 1 Dual Purpose Debtention Hasins

As a result of growing concerns with vregard o The
-water quality af ths urban enviroenmentd: shormygater
management basins are now being veed %o control water
quality in addition to the quantity of runodf Tuwo of the
sariiest states fo consider the use of dual purposs
detention basing were New Jersey and Virginia., Both states
have e2stablished vegulatory programs %hat reguive developers
t9 control anéd manage storm runofd in such a manner as fo
prevent any adverse envivonmental consequences resulting
£vom increased development (Kroop. 19823 in a recent APWHA
survey (19803, four of the top eight objgectives repovéed by
the public agencies responsible for establishing detention
farilities ®all in the category of wabter guality enhancement
(Bmith, L1981 Despite the growing use of storsmwaier
management bkasins £ control gquality. WETY jittle
information is available as fto the efficiency of these

bazins for remuval of different kinds of polliutants, 8T  a%
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to how detention requirements for both guantity and gquality

purposes shouwld be integrated (Whipple, 1979},

2 2 2 Pollutant Removal Mechanisms

The mechanisms controlling pollutant removal in
detention facilities are complex and numerous. Figure 2 1
{(Mizx et al. ., i981F summarizes the more significant
mechanisms. Most of these factors can be related to the
concept of debtention time. Simply defined, detention $ime
is the time a pavcel of water spends in the basin or pond.
The mechanisms shown in Figure 2.1 are sach atfected by or
affect destention ¢ime. Particle settling is atfected by
deftention &ime as is biclogical stabilization. Dutliet
strucfures can be designed to achieve wvarious detention
times. The inflow rates have a direct bearing on detention
times, In short, detention time is the primary indicator of

pollution control capability.

The concept of detention time is genervally understood,
but its computation, especially in stormwater detention, is
not always so clear. The basic definition is relatively
simple: detention time is the length of time a parcel opf
water spends in the basin or pond. Detention ¢ime is easy

to compute undar steady state conditions:
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td = 5 / q .17
where td = detention Yime (zec)
8 = detention volume {(cufi)
Q = constant Flow rate (ruftssec)
In completely-mixed units, td represents the HVST 2GS
detention time. In plug-flow units, td iz the actual time

all parcels spend in the detention basin, Unfortunately, a
steady state condition is rarely found in a sanitary scuwage
plant and is certainly improbable in stormwater detention
facilities. Therefore, such a computational definition is

of limited valuve (USEPA, 1983,

For stormwater flows, it May be necessary &0  compuke
detention %Hime using a computer simulation model becauyse of
its predictive wvalue. This is often accomplished by
modeling the detention basin or pond as a plug-flow reactor.
Such a model simply fusues relatively small parcels or nlugs
{ideally:, ¢the parcel is infinitely small) through the basin
(Rich, 1973}, In pther words: the first parcel of water
entering the basin is the first parcel te leave. Pollutants
entering a basin with a plug ave assumed to remain with that

plug. The detention %$ime can he calculated for sach plug

by
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yiltvg g td = detention time For plug i
i
%ﬁ 11 = point in time thaet plug i
i

sntered the basin

td (R = polnt in time that plug i
#

left thwe Dasin

Tetention Fecilities may 2lso be wiswed as completely-
miwed or arbitrary Flow resctors.  True wvalues of detention
time are difficuwlt to calculaste under these sssumptions.  In
completely-mixed reactors the inflow parcels and azzoc iated
pollutants ars completely intermixed with all other narcels
im bhe unit and, thus, loge their identity. @Arbitrarg-flow

ry

resctors are & Dlsnd of plug-fFlow  end  completely-mixed

reactars.

=S oooa Pollutant Remowval Studiss

It iz now becoming mors widely zccepted that suspendsd
zmlids are one of the most significant runcff pollutants and

can aokh

il
5

& carrier of other isoporbtant water gquality
pollutants (Amandes and Bedient, 19803, Pollutants that are
pelieved to have & particularly high affinity for sdsorption

on  suspended particles are phosphores, heavy metals, and

petrolesun based organics. Mary of the oozt isporiant
polluteants  in orban  Tunoff occur in pariicle Fore. The

amsoriation of the pollutantz  in urban runoff with  the
suzpended sSolids sugoests  that  the individual pollutant

loadings maw be reduced by sedimentation (Randall, 19823,
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As a result of the above observation. saveral authors
have suggested that the removal of various poliutants can be
estimated based on the removel oé the suspended sediment
load. HBuch an approach involves the concept of a potency

factor which is the ratio of the pollutant ‘s mass %o the

mass of the accumulated sediment (Sutherland, 1980). For a
given se2% of pollutant potency factors, the removal
efficiency of a detention basin for a given set of

polliutants can be estimated by determining the sediment

trapment ePficiency of the basin.

Although the above approach would appear to bes guite
logical, the assumption that particulate pollutants will he
removed proportionally to their ceoncentration in sadiment
has not been substantially verifiesd. While 5@%9?&1 studies
have been conducted with regard to the settling properties
of sediment, very little informetion is available regarding
the actual settling characteristics af uyrhan runoff
polliutants. One of the few studies that has besn reported
in the literature is by Whipple and Hunter (1981). Although
the results obtained by Whipple and Hunter indicate a close
association between hydrocarbons and suspended solids, the
settling characteristics of the remaining pollutants (BOD.

Total P, Pb: Cu, Ni, ZIn) diffevred wideiy.

In a movre vecent study. Randall =%t al. (1982) also
investigated ¢the settling characteristics of yrban runoaff

pollutante, Saven samples from three diffepent 5ites were
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ysed in sfudying the settleability o€ TESE, COL, BOD. foial
prganic carbon:. phosphorus forms, nitregen forms, and  six
heavy metals. The resulis showed that substantial
reductions of the poliutants in urban vuncff can be achieved
by sedimentabion, and that the particles can ba categoriied
a5 Plocculant gearficles for analysis and dessign. The bast
reductions wmevse obiained for TEE, lessd and BOD., with average
romovals of 90, B4, and &4 percent respecbtively. Except for
lead, pollutent removals 4did not correlate well with TEE
removal alibough higher Tas concentrations generalilly

produced higher %otal pollutant removals.

As an alternative to covrelating the removal of various
pollutanss te the removal of sediment, a move accurate
approach would be %o determine the actual particle size
distribution assotiated with each poliutant. By specifying
settling vrates for esach particle size, an estimation of the
rempval efficiency of a detention basin for esach polloutant
may be obtained. Although some information on pollutant
particle sizes have been obfainad by Bavtor and Boyd (19723,
the amount of inforaation available on %his subgect is still

very limited.

2.2 48 Predicting Btorawater Detentien Basin Performancs

Therse are many methods for estimating %the pollution

control capability of detention basins and ponds. The
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majority of the methods may be grouped into oneg of the

following 3 categories:

(1} Trap Efficiency Curwves.

(2} Statistical Techniques

{3} Simulation Models

These three techniques are briefly discussed in the

following sections.

2. 2. 4.1 Trap Efficiency Curves

Various trap efficiency curves have been developaed by
Brown (1i943), Brune (1953}, and Churchill (1928), Brown’s
curve is developed from an eguation ¢that relates sediment
trap efficiency %o the detention basin volume and drainage
area. Brown based his equation on data collected from eover
23 normally~ponded reservoirs. & more refined set of curves
has been developed by Brune. These curves were based on
data collected from 44 normalliy—-ponded reservoirs located in
twenty different states. Rather than basing sediment
rempval en a2 volume—-drainage vratio. Brune based his rurves
an the volume-annual infloaw vatio. This ratio provides a
rough indicator of detention capability but cannot be
defined as an average annual residence tims. Finally., a
method by Churchill relates the pervcentase of sediment

passing through 2 reservolr t0 a sediment index for the
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PREETYOLT. The sediment indey is a function of veserveir
volume, average vunoff svent Flow vakte, and the avevage

crose sesrtional avea of the veservolr.

2.2 4.2 Statistical Technisuss

& zecond approach used in estimabing %he pollution
rontrol capahility of debention basins involves the wse of
statistical technigues. This approach. commonly raferred %o
as the derived distribufion approach. iz based on %the
probability diskvibutions of diffevent storm variables such

aa runotd, owerflow, and pollufant loasd.

One of +the fFirst avthors to UEe the derived
distribubtison approach was Howard (1974} Me assumed that

the runoff volumes from a storm event and the intermittent

Limes between storms are sxponentially distributed. These
random wvariables WeT R used in deriving analytical
exnressions for overflpws and related variables, Iin a

separate study, Di Toro and Bmall (1979} have propaosed a
derivad distridbubtion for storowater overflows, The €flows

are assumed to be uniform over the duration of the rvainfall

avent. Flows, duration, and intermittent time ave assumsd
to be gamma distributed. In a mwmore rvecent study, Bwith
(1980 takes inko considevatvion ihe duraetion of asbovms. The

storm wvolumes. doration and intermitient time are assumed %o
be exponentially distributed. The storage level in the

detention basin is also assumad Yo be & vandom vaviable.
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In ancther study, Schwarz and Adams (1981) alsg assume
exponential distributions For storm voelumes, duration ang
intermittent time. This paper provides analytical
expressions for spill wvolumes $rom tuwo detention storage
Tes5ervVeiTs in sevies. Finally, Loganathan and Delleyr
{1982} have devived distribution functions #for gverfliows and
receiving body pollutant concentration level. étorm v i ume,
duration, arnd intermittent time are assumed to be
sgxponentially distributed. The receiving stream gquality is
assumed €o have a beta distribution while the stream volume

is assumed to have a gamma distribution.

2.2 8.3 Simulation Maodels

A third approach %o evaluating the removal efficiency
of detention basins is through the use of simulation models.
One of the first stormwater models %o include the capability
to model detention units was the stovrmwater management model
(SWMMY  (Huber et al. . i975%, Detention basinsg are
consideved in the storage/treatment block of the modael.
Basins may be modeled as completely mixed or plug +Flow
reactors: intermediate {arbitrary) modes are not available.
A detailed description of the SWMM storage/treatment block

is provided by Huber 2t al. (1981).

another egarly simuplation model that considers
stormwater treatment is STORM (USACE-HEC, 19763 . In using

STORM, runoff is rtouvied to storage—treatment Ffacilities
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whare runoff less thén or equal to the treatment rate is
treated and released. Runoff excesding the capacity of the
treatment plant is stored for treatment at a later time. It
stovrage is exceeded, the untreated excess is wasted through
overflow directly into the receiving waters. Pollutant
premoval may be determined through the use of exponential

removal sguations.

Ward et al, (1977) have developed a conceptual model
which simulates the sedimentation process in TreseTvoirs and
sediment detention structures. The DEPDSITS model estimates
the trap efficiency of a basin ‘and simulates sediment
outflow concentrations as a function of basin geomeiry,
sediment physical properties. intlow hydrograph. inflow
sedimentgraph, and basin hgdrauiit characteristics. in
comparing %the predicted results of the model with the
results of seveval case studies, the model was shown to be

consistentiy accurate.

Many of the concepts of the DEPOSITE model have
incorporated intp the USGE DRIM-QUAL model (Smith and Alley.
19823. In addition to determining the efficiency of
sediment removal, the DR3M-GUAL model c¢an be wsed to
simulate the basin removal of other pollutants. This is
accomplished by assigning a particle size distribution to
the influent concentration of each water quality constituent
that is enitering the basin, although particle size

distribubtions of the influent should vary throughout & storm
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event, no data presently exist to quantify this effect
accurately, therefore, for a given constituent and detention
basin: the particle size distribution of the influent is

assumaed to remain canstant.

A similar, but much gimpler model has been presented by
Ferrara {1982} This algorithm uses a time wvariable
mathematical model of the conservation of mass equation for
individual pollutants. The model requires the particle size
distribution for each constituent as well as the settling
velocities for each particle size fraction. Based on the
resulfts of the model, pollutant removal diagrams can be
constructed which may be used in the design of stormwater

gquality control facilities.

Finally., using a more extensive analytical approach.
Medina et al. {1981) have derived several models based on
the principle of conservation of mass to represent the
movemant, decay., stovage, an; treatment of stormwater
pallutants and dry weather flows through natural and
engineered fransport systems. The developed madels have
been derived +to descrihe the transient TESpONSe of
storage/treatment systems to highly wvavriable forcing
functions of flow and concentration, for completely mixed
systems of constant and wvariable wvolumes and for one-
dimensional advective-~dispersive systems. The developed
models have been successfully applied to an actual urban

watershed in Des Moines, Iowa, and to its receiving water.
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In addition, the well-mized constant volume model was found
to describe closely the performance of the Humboldt Avenue
detentiaon tank, Milwaukee,  Wisconsin when compared +to

measured eoffluent BOD mass rates.

2.2.9 Modeling Studies

Current theory is not adequate to formulate models
independently to simulate the gquality of flow from an urban
watershed. In addition, data bases that represent
hydrolegic and hydraulic conditions. espe?iallg systems
involving detention structures, are incomplete and not
sufficient for - formulating reliable empirical models.
Kamendulski and MeCuen {1979} have suggested that a
combination of existing theory and available data would seem
to represent the most feasible alternative fowards the
modeling of a detention basin system. In light of this
conclusion, several authors have developed various models %o
be used in analyzing +the quality characteristics of

detention basins.

One of the first group of authors to sxamine fthe use of
dual purpose detention basins was Curtis and McCuen (19773,
They studied the pérFarmance of a detention basin by uvsing a
linked system hydrograph simulation wmodel which included
grosion, sedimentation, and defention components. The
erosion component is based on a modification of the

Universal Soil Leose Equation (Meyer and Wischmeier. 1946%)



and the sedimantation component is based on Camp’'s {1943}
original work on sedimentation. In applying the model %o
the HManer 8Run wabershed in Montgomary County., Maryland,
Curtis and McCuen showed that detention basin lacation,
basin riser characteristics, and storage wvolume were
important in determining the design sfficiency of storpwater

management basins.

In a continuation of the previsus work, Kamendulski and
MeCusn (1979} wused the linked system hudrograph simulation
model $o evaluate alternative stormwater managemsnt policies
Forp different detention basin configurations. Optimal
designs for the different basins were obtained by adjusting
the surface arvea2 dimensions and the height and diameter nf
the visers. s & vesult of this analysis, saveral
conclusions were reached. The inflow runofd volume was
shown to have a significant effect on both peak discharge
reduction and sediment $rap efficiency. In addition.
sediment ¢vap efficiency was shown %o he dependent on  the
voiume of inflow sediment and the volume of the basin

storage.

In a separate study, Davis et al. (1978} analyzed the
results of a2 monitoring program for & sediment basin that
servad a 4% acre svbwatevshed in Montgomary Cawynty,
HMavyland. In anelyzing the data, YWD Mmeasures of basin
#fficiency were vsed: %the peak rveductisn factor, ang the

Yrap efficiency of sediment and wster suality parameters.
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As a vresult of the analysis, regression velationships wevre
obtainad for sirxteen water guality parameters as a funciion
0¥ the peak Flows intn and out of the basin. Davis &% al.
concivded that basin design cviteria should be different fov
the control of storswater flow vrates and wmater polliution
cantrol. While the riser charactevistice are important for
stormuater Flow vate control. the flow length and defsntion
time were shown %o be more impovitant in water pollution

control.

In an extension of this study, MoCuen (1980} wused Lhe
developed vregression relationships to develop a methodology
to predict Basin Srap efficiencies as a funchion of the pezak
reduction facktoer and the peak flow into the basin. HMeCuen
also  examined ¢the effect ot storm Preguency  on Evap
efficiency and concluded that as fthe voluse of runoféd
increases, which occurs as sither $the vedurn period or sterm

duration inctreases, the Strap efficiency decrsases.

!

In a sepavate study, MHard (1979} developed vregression
relationships for $rep efPficiency For both wet and dry
bBasing wsing %the rveswits From Lthe DEPUSITE model for 29
diffaerent ponds and reservoirs. The developed vegrausion
epgusations are & function of the besin capacity., the inflow
voplume, & weighted average detention time. stove duration
peak owtflow rate, peak inflow vate, end the sediment
particle size diskribubion. The dewveloped regvession models

giplained 94% of the wvariation in basin ¢rap efticiency.



The TEGTRsSion equations were used %o predict the
sfficierncies of tweo stormwater detantion basing with wvary

good resulis.
£ 2. & The Mational Urban Runoff Program

Although the previous methodologies have begun to
examine the basic processes involved in the treatment
efficiency of storawater menagement basins, application of
the magority of the methods is limited iw %that they are
either site specific or they reguire data that are not
readily available. The wunavailability of needed data is
partially being overcoms through the results of EPA‘s
Mationwide Urban Runoff Program {(NURP). NURP was initiatad
in 1978 and vesulted in a total of 28 local progjects which
had work plans designed %o asssess the naturs, cause, and
severity of urban runod#d polliution and ways of addressing
the problem. OFf the 28 local projects invoived with NURP, ©
are svaluvating detention basins in detail (USEPA, 1982,
Data analysis for esach ot the projects is being performed by
the individual project sponsors and by a NURP headguarters
team. The basic obgective of Lthe analysis of the NURP team
is to provide a basis for establishing +Ffivrst order design
censiderations in terms of receiving water guality effects.
Two of the wmajor concerns of the NURP anslysis are a
determination of a performence function and the application
density for a getention basin system. Freliminary

conclusions have suggested that, overall, iong term average
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performance is the most appropriets meassuvre of performance

ta consider {(Driscoll, 19825

Although 2 summary report of MURP is due in Congress in
1983, preliminary results of several progects have recently
been reported in various publicatvions. Preliminsry results
for B major polluteants (00D T&%, Total P, Ph, and Cu)
ingdicate that runofd concentrations ave highly variable.
Maan event concentrations have been shown te be log-normally
distributed. Analysis of date from NURP monitoring efforts
on particle size distributions and settling tests, indicates
that while rvesults are guite wvariable, median settling
velocities in the wrban runo$f range roughly bebwsen O 5 and
20 fesitlhour, with $he bylk of <the data showing medians

bhetween about 1 and % feet hour (UBEPA, 1982:.

Initial Tesults for the NURP Pittsfield a&nn Arvbor

detention basin progect have recently been vreporied by

Seherger and Davie (1982). The detention basin draing &6 7
acres of mixzed residential {2Y4), commercial (1&6%) and
parkland (5%%) land wses. The reported results were based

an 14 storm events with rainfall depths ranging from O 14 to

0. 9& inches end maximum hourly intensities vanging from O, 04

to 0.7% inches/hour. The detention basin wase concluded to
e very effective in retaining svspended sediment, fotal
phosphorus, and lead Removal of svspended selids and lead

exceeded 70% for vainfall depths ranging from 0.4 o 1.0



inch, Phosphorus generally exceeded 50% while total

Kieldahl nitragen removal ranved fram 30 to 50%.

Results of another MURP detention project in Lansing
Michigarn have been veported by Luzkow =2t al. (1981}, This
detention basin drains 4872 acres of mixed residential
(45%3, comnercial  {13%), industrial (4%}, parkland {(23%:.
and agriculitural (13%} land uses. The repoartsd results wers
based on six rainfall esvents with rainfall depths ranging
from 0.25 to 2. 25 inches. Removal efficiencies for bokal
suspended solids, btotal phosphorus. total Kjeldahl nitrogen,
total iron and total lsad were found to range as follows

respectively: 12-88%., 9-82%, 0-30%, 7~72% and 12-90%.

Results for three additional MURF detention progects
near MWashington D C. have been veported by Sriziard et al.
(i9g2). Two of the basins are wet detention basins while
the obther dis & druy detention hasin. The resuylits of fthe
detention basin study indicate that wet ponds are much mora
effective in removing nitrogen and phosphovus than arve dry
ponds. Me conclusion could be made with vesperct to
suspendad solids removal, however, because oane wed basin
achieved B7% 7898 removal while the other sccomplished anly
37%. The dry basin was intermediate with a T8S vemoval of

T

Results from a projgject in Glen Ellyn. Illinaois have

recently been presented by Hey (1982, The Blen Ellyn
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detention project involves the analysis of & small wurban

iate. iake Ellyn has an area of 10.2 acvres and drains 024
acres of mixed residantial (B34, commaercial (B,
institutional (843, and parkland (854U} uses. RBezults $from 20
storm svents were rveporied. Cinsas ko P00 percent of the
syspended solids entering the lake are vatainsd. Heavy
metals are reduced by approximately 80 perosnt, Dther

contaminants such as BID and TOC are rveduced by & much

smaller pervrcen®t, in the range of 10 to U percent.
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ITI. DETENTIOMN BASIN PLANNMING METHODOLOGY

3.1 INTROBUCTION

In deriving a general detention basin planning
methodology, there are several design ronsiderations that
should be addressed which are usually neglscted in  the

design of an individual basin. Thase are summarized below

1. Consideration of the impact of the fraguency of the

design runcff event on the individual basin design.

2. Considevation of both quality and guantity obgectives

in the overall design.

3. Consideration of fthe watershed impact of the placement

of the detention basins

All three of the above design considerations are addressed
in the following sections followed by the development of the

general planning methodology.
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3.2 SI0CHABTIC CONSIDERATIONG

The hydrologic input for any deterministic stormwater
model i3 actualiy stochastic. The random nature of this
input may be considered by three different approaches, the
dezign storm apsroach, continuous simulation. and the
derived distribution approach. ALl three ¥ these

spproaches avre discussed briefly in the following sections.

3. 2.1 The Design Storm Approach

& given rainfall event is actually a combination of 2
difterent random variables, rainfall intensity and duration.
Rainfall intensity normally increases -with frequency and
decreases with increasing skhoarm duration, Point rainfall in
a given geographic area may be used along mifh the abopve
relationshis  %to devive intensity—duration-fraquency cuTves.
Such cuvves are commonly used in various hydrologic design
methods such as $the Rational Method. For a selected
#requency of ovccurrence and a specific storm duration, the

corresponding average intensity may be obtained.

This approach assumes that the rainfall intensity for ;
given storm vremains the same for the duration of the storm.
In order %o be more rvealistic, several authors have
investigated the intensity distributions of various veinfall
gvents. Based o these investigations, synthetic

gdistributions have been derived. {ine of the #irst synthetic
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distributions to be devived was by Keifer and Chu {(1957) for
the «city of Chicago. The U. 5. Department of Agriculture,
Soil Conservation Service (1973) has deaveloped 24-~hour
rainfall distributions and a &—hour distribution Ffor use in
developing runoff hydrographs. Hufé (1947) divided recordsd
storm distribution patterns from small midwestern watersheds
into four equal probability groups from the most severe
(first guartile) to the mildest (fourth guartile}. Thus for
@ given quartile and frequency, & specified rainfall wvolume

can be distributed based on a selected distribution,

In the past, most hydrauvlic designs have been based on
a design storm approach in which a structure is designed
based on a synthetic storm is derived for = specified
frequancy énd storm duration. In constructing the synthetic
Storm,.a uniform or varieble distribution may be assumed.
in Tecent years, the design storm approach has been
criticized for variocus reasons. One of the main drawbacks
of +the approach is that the resulting runoff event is
assumed to have &the same freguency of occurrence as the
selected rainfall event. Another drawback of the design
storm approach is that the areal variability of rainfall is
typically idgnored. Finally., design storms do not ygield
probability information such as flow duration curves that
may be needed for planning puvposes. gpecifically, for
stormwater management procedurss which involwve the storage

and trzatment of runofd, the probability distribution of %Lhe
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outfPlows and overfliows becomes & functien of the storage
capatity and treatment vate. Aw a vasuld, design storms ars
not applicable to the defermination of nonpoint spurce
pellutant loads and pollutant concentrations in receiving

streams (Dellesur, 1979:,

9.2 2 Continuvous Simulation

The main alternative To the use of +the design ustorm
approach is conftinuous simulation. Uaing historical
rainfall data or & synthetic Cime series model, The response
o0f tthe watershed over time may be determined. Buch an
approach is beneficial in that the change and effect of
antecedent conditions and the effect of previous storms on
storage structuvre performance can be deftermined. In wsing
continuous simulation, the actual frequencies of the rvunoff
events can be obtained and the coritical storms can bhe
tdentified. The vunoff vesults From a simviation model
could then h#g inpubt inte an opEimization program The
aptimization vesults would thus be optimal for the entire

design period instead of for a single storm

The principal limitation of a continvous simulation
approaach, especially when applisd %o an optimization
problem, is the large number of variables and the rvesulbing
rost of long computer runs. As a rvesuyli, several authors
have propesed technigques %o dmprove the design storm

approach which <consider the statistics of the continuous



3%

saries, Walesh et al. (1979 present a technique wusing
historical storms in which the major rainfall events are
screened from the hydrologic time sevries. The major storms

are then analyzed wusing an event model %o obtain the

resulting runoff events., The resulting hydrographs are then
used in a discharge-probability and volume—~probability
relationship. This technique takes advantage of the low

cost of the event models while eliminating %the need %o
select a design storm. The results of this type of analysis
may then be compared with the rTesults of saveral design

storms to select an appropriate design rainfall event.

In a separate study, Goforth =t al. (1981 apply a
cantinuous simulation model to a 26 year precipitation
recard. The computer pragram SYNOP {Mydrosciencea, Inc.,
1979) is then applied to the results to obtain statistics
for the runoff events. A single year of the record is then
selected that has comparable statistics to the entire 246
year period. The single year record is then used in

subsequent simulations.

3.2.3 Devived Distribution Approach

A more vecent approach to stoTmpater moceling,
espacially from a quality standpoing, is the derived
distribution approach. This method is based an the

statistical distributions of different storm wvariables.

sing hydrologic velationships, distributions are derived
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for the dependent wvaviables, such as runcdfd and overflow
Due the hydrologic simplifications involved in mosd derived
distribution aparoaches, the developsd mathodologies are

generally only applicable on a macro planning lavel.

3.9 CONSIDERATION OF WATER QUANTITY-QUALITY OBJECTIVES

In order to ophtimize the design and placement of
detsntion basins in  an urban watershed 1% is necessary %o
model the hydrologic response of the watershed. The last
decade has seen the development of several urban wabershed
simulation modelis. In ordev %o consider the interaction of
both water guantity and water guality pherctives
effectively, i% is necessary to vse & model that simulates
both watsr guantity and water quality processes. Four
models that do consider both processses are STORM, DRGM-GUAL,
HEPE, and SWMM III.  Each model is discussed briefly in the

$ollowing seckions,

3.3 1 STORM

STORM was developad for  the U5 aray, Lorp o f
Enginesrs, HMydrologic Engineering Center {1976} The
program was originally develaoped to analyze runoff quanbity
and quality *frem wrban watersheds as part of large scale
planning. I% is intendesd te aid in the selection nf stovags
arid treatment facilities to control the quantity of

stormwater runaff and land surface sreosion. Conceptually.
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the runoff and pollutant washoff from an urbanized watershed
may be collected and transported to a treatment facility,
tonveyed to temporary storage or discharged to rveceiving

waters.

3. 3.2 DR3M~-QUAL

The second version of the USEE Distributed Routing
Rainfall-Runoff Model (DR3M-QUAL) consists of two separate
programs: one for rainfall-runoff simulation and +the other
for runoff quality simulation (Smith and Alley, 1982). The
quality program can consider three different sources for
water quality constituents: impervious and pervious areas,
runoff contributions, and precipitation contvributions. =
daily accounting of constituent accumulation on impervious
areas is maintained between storms. The quality component
of the wmodel can be applied on either & lumped or a
distributed parameter basis. Polliutant remowal <can be
simulated by wvse of a particle trapment model similar to

DEPOSITS.

3.3. 3 HEPF

The Hydrological Simvlation Program (MSPF) is the
FORTRAN  successor of the Stanford watershed model {(Crawford
and Linsley, 1964, It is a continuous simulation model
sxtended to include water gquality constituents. The

kinematic wave method is used %o obtain subshed Filows and to
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perform channel vrouting. Empirvrical sguations ave wsed %o
estimate the runcdf guality paramelers, HEPFE is a modwlar
progran which performs deterministic simulations of a
variety of hydrelogic processes. One of the moduiss of

particular interest in urban fhydrology is the nonpgoint
source (NPS) model. MPS is & continuous simulation model of
the generation of polliutants from pervious and impervious
1and surfaces. MPS simulates the surface and subsurface
hydrologic processes. pollutant accumulation., and polliutant
transport for any selected perioad of input meteovologic

data.

3.3.4 SWMp III

Version 111 of the Btorm Water Management Model {SWAM?
has recently been velsased by the U & Envivonmental
Protectien Agency. The new wversion has been esxbensively
modified and improved {(Huber et al. 1981). Tha principal
changes in Version III include continupus simulation.
revised storage/treatment voutines: vevised surface gualiby
generation and an updated scouring-deposition voutine in the

transport block.

3% 5 Selection of a Dimulation Model

Although all four models can simulate both guantity and
quality processes, BTORM cannod simulate the storm sswer

network of a watershed. DREM-QUAL is velatively new but  is
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not as comprehensive as SWMM III. SWMM IIT is generally

easier to use than HEPF and has been tested and updated over

the last ten years. In addition, SWMM Il1] can use Mational
Weather Service rainfall tapes directly for use in
continuous simulation. Because of this fact, and because of

the availability of the model, SWMM 111 was selected as the
watershed simulation model to be wused in the overall

planning methodology.

3.4 DETENTION BASIN DESIGN ALGORITHM

In order to consider the impact of the placement of
detention basins on a watershed, some type of design
algarithm is nesdad, Input %o the geoneral design algorithm
may be provided by a watershed simulation program such as
SWMM as discussed previously. Nhilé an algorithm %that can
be shown to yield global optimal solutions isg generally
desirable for most large scale design or operation problems,
there are many instances when such algorithms are not
feasible or even desirable. The general detention basin

design problem tends to fall into the later catagory.

Many operational or design problems such as the general
detention basin design problem are +too complexy fovr the
relatively limited integer or mixed—integer optimization
algorithms availlable. in tact, recent studies of
computational complexity have suggested that many prachical

combinatorial armblemsxltermed NP-complete cannot be solved
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sfficiently by exact algorithms {(Karp, 1973} Fortunately.
however, it is now generally recognized that it is possible
to systematically improve decisions without finding optimal
splutions. ing important way to do this is with heuristic

problem solving procedurss (Maessier, 1983

Heuristics are simpile procedures +that are meant to
provided good but not necessarily optimal selutions to
difficult problems sasily and qQuickly. There are several
instances where fhe wuse of a heuristic is desivable and
advantageous. fime such use is the decention basin design
problem, Fivrst of all, the dats wused in analyzing &
watershed system may be inexact ov limited and thus the
resulting model parameters may cantain errovrs much larger
than the suboptimality of & good heuristic. Secondiy,
because of +he complexity of the system: some degres of
simplification is required to make +the problem tractable.
Thus, the use of a simplified form of the original problewm

may make any opiimal solution only academic.

I deriving a general design heuristic, the overall
problem is first formulated as a general mathematical
program. SYevaerasl ocptimization ftechnigues are fthen examinsad
for passible e in the general algorithm A
conceptualization of the geneval problem is first presented

helow.
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G. 4.1 Problem Conceptualization

The general watershed detention problsm may be
conteptualized as shown in Figurs 2. 1. The watershed may be
thought of as consisting of I watershed segments. Two types

of watershed segments are peossible; sxtsvrnal segments and
internal segmeants, External segments (=2x. 2 4, 5}
corvespond to subsheds which are located at the outer edges .
of a watershed, Internal segments {2x. 1, 3) correspond %o
subsheds which Teceive drainage and pollutants from external

subsheds and or other internal segments. Both rainfall

i

sxiess B anc K different pollutant loads L

o i wEy exid

ikt

sach subshed i during time €.

External segments have one potential detention basin
location at the outlet of each subshed. Iinternal segments
have an associated channel reach and two potentiel detention
hbasin locations, ong  upstream and one downstream. The
upstream basin for any segment is assigned a subscript of -
4=2 while the downstream basin for any ﬁegmenﬁ is assigned a
subscript of g=1. Detention besin variables associated with
gxternal segments will thus have a subscript of J=1 while
detention basin variables associated with internal segments
will have subscripts of =1 or =2 dssociated with any

detention bazin location &t fime ¢ iz 5 basin A s 43>t Sii%a

bazin depth H, .. and & principal spillesy pipe diameter D

it 1am
where N different pipe diameters ave available. The
Flowrstae gi&t and pollotant lood Fiﬁk% axifing andg wunstreamn
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detention basin i2, during time t, may be routed through the
assoclated internal segment channel i, +¢o produce a new
flowrate Eit atnd pollotant load Mif" Thiz new Flowrate and

polivtant load may then routed through  the associated

dowunstream basin il o produce 3 new Flowratke ﬁi1+ arndd

subshed —— “““—~Q32t
P321t d channel
L reach
control Eﬁ 31t
station
Eoy
ot
- L’lt
detention [z} +
basin h‘ x
watershed
segment
o .
1l — [1]
Fi11e -3
. / t

Figure 3.1 Watershed Canceptualization



47

polluvant load Pilt' Tounecit @t ely choamEt e of AT
detention basin location 1g a potential control station.
Theze stationz repressent points where botk  Flowrate mmmxii

and pollutant Pﬂﬁﬁij restrictions may be applisd.

3. 4.2 Problem Formulation

The basic objective of the optimization problem is to
determine “he locations  md sizes of selected detention
basing so a: to minimi:e the ovevrall design cost of the
system while satisfying both water gquantity {(flowrate) and
water quality (polliutant load) objectives at specified
control stationg, The genaral problem involves two
different levels of optimization. the aptimal design of the

individual basins, and the optimal location of the

]
individual basins within the watershed. The optimization
problem also involves three different ob jectives:
minimization of loral Flooding, maximization of overall

water quality, and minimization of the overall system cost

thus. the proposed problem is 2 multiple ob jective problem
that wmay contain linear or nonlinear constraints, Due to
the preoblem of guantifying the costs associated with +flood
damages and water guality wviolations, & more fractable
approach would be to treat the water gquantity and guality
ohjectives as suplicit constraints and thus incovporate them
into the constraint s2t of the problem. & formulation of

the general ocptimization problem may be writien as Ffollows,
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where I = total number of watershed ssgmenks
= number of detention basins per segment

total number of pollutants considered

= F L
i

= number of spilliway pipe diameiers available

—d
Hi

total numbsy of time steps

ﬂii = 1 i¥ regervolir 13 iz bullt, 0 octherwise
'ij? = 1 if diasmeter n iz used, O obtherwize
§

Cii = Fixed cost For installing bazin 13 (%)
F} = cost Funchion for storsgs
FQ = discrete cost function for spillway pipe
- . . .. . PR
Dij = maximan storage reguitesd For bazin 1] OFET
@i'ﬁ = dianster 1 of set N of aswailables

J spiliway pipes for bhasin 13 (FE2

=

.. = gtorage required at basin 13 at Bime & (FE72

3

Sﬁﬁﬁij = maximem sllowsble storsge For basin i (FE7 0
Qiif = Flewp relasssed From baszin 13 et time § Scfsd

QMHXi. s omaximwn allowable dischargs for baszin 1] Cofsd
Hijt = gepth of posl o din bazsin 1 at time £ OCFLD

HMMHij = pgeimism allowable depth For basin 1] (FED

Pi“k? = masg of oaollutant bk oreleaszed
e From besin 1] at tims ¥

Pﬁﬁxii = S L man

silowable pollubant load
- Tl

gzed From Dasin i

Eit = Flow routss through resch 1ost time © {cfsd
Ei? = orunoff Flowrste For subshed 3 oat time § {cfzd
Lik% = mazs of polliotant kB washed of subrsied

i aht time %

=
i
B
&
I
il

ot pnd Lok and k Tk e Ehralngh
chanmnsl i a8t bime ¥
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The_abave formulation involves a nonlinear objective
function  swubject to  insguality constraints an both the
decision variables (3. &-3 8) and the system variables (3 9
301070 The decision wariables #for the problem are basin
storage, fasin height, and pipe diameter. The sysitem
variables for the problem are flowrate and pellutant load.
The constraints numbered (3. 11) through (3. 16) represent the
transformation functions Ffor the general problem These
functions are used to obtain the wvalues of the system
pollutant

warisbles for given waluss of vainfall excess Ei*’

and the decizicn wvariasblez. These relationships

i

1iacd Lilt*

are discussed in detail in the following sections

3.4.2.1 Determination of Fainfall Excess

The two major input variables of the detention basin
design problem ave the subshed hydrogyraphs and the subshed
pollutant loadings. Transformation of rainfall inte a
suybshed hydrograph involwves two basic PTOCES5ES.
determination of execess rainfall or runoff, and the vroult ng
of &the rainfall excess over the subshed Excess rainfall
may be routed over the subshed using unit hydrograph fheory
or some type of nonlinear model. ShWMM generates subshed

hydreographs using a nonlinear reservoir maodel
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The determination of the rainfall excess involves fthe
Temoval of wvariowus hydrologic abstractions from ths total
rainfall. Two of fthe most important abstractisns are
depression  storage and infiltration Depression storage is
vsually determined using some type of empirical sguation,

The following equation is used in SWMM

Ooe O oamo o 2o 3. 185

whisT e I = depression storace Cind

H

i
i

catchment slope {percent?

Two of the more widely wused infiltration modseles are
Horten’s  eguation and the Grean—Ampt equation. The Horton
zquation has thres d4ifferent pavamsiters and may be written

as Pollows:

£ = F_ 4+ CF TR {315
£ i ) b
whEre FF = infiltration capacity inko soil (Fhizec)
¥
F_oo= wltimate wvalue of ?p CFEAzea s
¥ o= aniviel walug of F_ (Fhlisecl
o o

i

decay coefficient (Issea)

o= Time from beginning of storm {(sec)
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Unlike Horton’s eguation the Grazen-Ampt egquation uUses
physically based parameters which can be predicted a prioTi.

The Green-ampt equation may be written as follows:

i
]
b

o= kihy 4 ho 100 £3.

i

whers F infiltration capacity into socil (Fbisecd

i:l

h, = depth of ponded water Cft)
o= capillary suckion head (FE2
lF = geptlh to wetting Fronk (Fh

k = hydraulic conductivity (fi/sec)?

3.4 2.2 Channel Reouting Function

Functional Telationship (3. 11} represents the channel

routing  funckion. The oubput flowrats Ri+ iz & funchion of
the inflow Qi@t and the storags in  the ohannel. For the
rase of a pipe, the storage 1is & function of the pipe

drameter b, . .
idn

Flows through the channel may be rvouted by using either

hydrologic rouking techniques ar hydraslic Touting
approaches. Hydrologic vouting employs %he eguation of
cantinuity with either an analytic or an assumed
relationship betwesn storage and discharge. The equation of

continuity may be expressed as follows.

I - & = (3212
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where I = inflow rated to the reach {(c#s)
8 = the outfiow rate from the reach (cfs?
ds _ L e e
gt ~ the rate of change of storage Jofso

Hydraulic routing
continuity and the esgu

the partial ditferent

follows.

it

where

U
%

«r
#

Forem solutions &

Thos  the applicakion

techniques use hoth the equation

ation of mobtion.

af

The genevral form of

ial equations may be written as
b - cy
a4 =L LNRE: S
AR L) bt
T L3230
G g3t
discharge, f{(cfs}
: 2
water crosy sechion, (Ft2
velocity of flow, (Ftisec)
snergy distribution cosfficient
gravitational constant {-—h
swc
Friction =1 ‘?tﬁ
o 1 E LD (T
= R® Sey
y FE
channel bed slops a;@)
length along channel (£t
mater depth CFtd
Time {mec
o the sbhowve squations do not exish .

of thesze equations requires compuber

cperations to solwe them numerically.



54

The majority of the available large scale stormwater

models, such as SWHM, employ a simpl:ficatron of the above

pguations, The simplification is obtained by assuming a
halance between gravitational and f¢riction Fforces. The
resulting flow is called kinematic. This megans *%that the

devivatives in  the momentum equation are negligible when
compared %o fhe effect of gravity and the effect of
Frigtion. Thus the frictien gradient can be eguated to The
channel bhed slop#. The resulting equations may be writfen
as follows.

2w

s

o T
-§..
I
e
L3
i
Y
o

325>

i
i

§~i

i

2

I
;l
e
r)
L

whhe e : gater orogs seckion,
G = discharge, (cfs)

a = poefficient

=
i}

coefficient
x = length along channel +f%)

y = water depth (£}

&
i

time (seg?

& further simplification of the kinematic equation Tesults
in the Muskingum method. This method is based on the

following relationship

§ = K L xI + (1-x2Q 1 (3. 261



where W = gstorage time constant
* = weighting factor between O O and 0.5
I = the inflow inta the reach (cfs)

@ = the outflow From Lthe reach (cfs)

s

]

5 o= the storage of the reach (F:7 >

Substitution of +the HMuskingum relationship inte the
continuity egquation yields the following gensral

relationship.

{ = + I [N] DA g
Tt Tt T TR N =
where
EQ = o S R 3. 280
B~ K o+ 05 AT
El = P 4+ 0.5 AT €3, 290
B~ Kx 4+ G5 4T
G = =K — Kx — & 5 AT 3382
= Boo= Kx o+ 0.5 AT
thus
] = o + : 4+ i JCIE 5
Bime = Fp Fyop T 0 Fygpog B By <3310
3.4.2. 3 Basin FBouting Function

Functional relaticnships (3. 127 and (3 13} are the
detention basin vouting Functions Ffor both upstream and
downstream basins in a given watershed segment. The outflow

From @ basin OF, ), iz & Function of the inflow .  RLD

igw it it
o Cf, . . e d Zin  smtorage (5., 0, and a stage-
o <“1+13t’ al%égt s bazin T B leJ%I' anci 2 stage
discharge rvelabtionship. When a principal spillway pipe is

employed, the stage—discharge relationshis is a function of
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the depth of  the basin {Hi, o osnd the principasl spillway

Ik

pipe diamebter O, | ¥
ijdn

Although flows can be routed through a basin by wsing
gither a hydrologic or hydravliic approach, the most common
approach is +the hydrologic method In +this case. the
continuity equation is wused along with a relationship ‘or
discharge and storage. The continuity eguation may be

written in $finite difference form as follows.

X1 f Igy sl f (230 S == i) ) ¢ 3oy
= : BT
Where I is inflow {(cfs), G is oubtflow {cfsi, g is storage
cEEy . and AT iz the fime stesp dsec).  Hearranging bhe
sguation with the unknown terms on the left yields.
B+ S.0= 1, + 1. - &, + 5 O C3L330
2 2 1t 1 1 3.33
=2
whsre Emz;;_:'
The above sgquation inwolves two unknowns, . and %, and Cah
[ w2

be solved with an additional Telationship between Q and &

Discharge #rom a reservoir is a nonlinear function af
the height of the pool above the ﬁ@illmag crest or the total
height §$ the pool above the outlet elevation of a principal
spilliway pipe. In addition. discharge i% also a function of
the geaometry of the spillway or the diametervr nf the spillwsy

pipe.
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As flow is routed through a reservoir with a principal
spillway pipe, the outflow through the pipe may pass through
three different flow regimes. The flow in each regime is
related to the height of the normal pool by the following

relationshions;

Heir Flow

3
® = Cw H° €3 . 34>
Drifice Flow
& = Cco 2 ¢3.35)
Full Pipe Flow
g=cp H172 ¢3. 367

where @ discharge (cfg)

C = discharge coefficient

X
i

effective stage (Fft)

These relationships may be illustrated on a plot of @ wvs M
as% shown in Figure 3.2. Because the storage in & reservoir
is also wsually & nonlinear function of the stage of &he
peol. discharge is a nonlinear concave function of storage.
Because the relastionship between storage and discharge is
nonlinear. the solution for flowrakte and storage at each
time step vequires an iterative schems such as the Newton—
Raphson method, Using this approach, the continuity

equation is written as

A{h) = Y (3.37)
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Figure 3.2 Stage~Discharge Relationship



where Ky =
¥ o=
14 we let F(h)y =

Then we can solves Ffor the

scheme with the following

&E + 523.“3 LOCIIRC: = 3

- S, 2 ‘ 3
Ii + Ig Qi + 1C 03,39
Xih} — ¥ = 0 (3. 40

basin depth h by using a iteration

relationship:

Fihmid)
g = | F i C3.412

e old Eeh N

elad’
where Fiha = ¥ehdy - O (2.423
Once the bagin depth For time 2 has been determined the
corresponding filowrate (Qgh and storage (32) can bhe

determined from known relationghips of 4R and S4RhD.

Orme simplifisd approsch for determining the discharge

and the storage would be to approximate the continuity

equation wusing & fFourth order Runge-Kuttas approximation.

Using this approsch, the continuity sguastion may ke writben

s

o [OhD e ST \
prrs Icgs 5D 3. 43
or in general, FCE,ED = I3 - QS This equation may be
solved by saploying the following set of equations,
Py
Faeg s “@” et S =y o,
e pt 5% by £ k1 + ng + QLE + k4 1 13,445



&HO

where ki e @igﬁjt) 0. A%:
kg m $ﬁ%@+@_§&gﬂﬁ*ﬁ-ﬁkly LG T
e L &
k3 #igt%ﬁ_gﬁt;t+ﬁ.$kgb RC I W
k4 = ${§ﬁ®&tgt+k33 3, 48

The computational procedure involved in rTeuting a

hydrograph through a detention basin wmay be iliustvated

graphically 23 shown in Figure 3. 3 (Kao, 19730 This Figure
contains four guadrants which ralate to the basic
computations invelved in the roubing. For & given outletd

configuration a shtage-discharge curve may be constructed as
shown in gusdrant 1. Likewise:. for 2 given basin geomebry.
a stage—storage curve may be constructaed as shown in
gquadrant 2 If the walls of bthe basin arve wvervical, tThen
the relationship will be linear as shown. Given an inflow
hydrograph as shown in quadrant 3, %he rumuiative amount of
storage in the bhasin {(assuming no initial oubtflow’ at Time %
may be computed and then plotted in guadrant &, fince the
the storage at &time & is known, & poink on the outflow
hydrograph may be obtained by wmoving arosund the diagram
clockwise. Once %this point is obtained, the initial stovage
estimate is updated and the procedure conbtinued wuntil
CONVEergencs ig achieved. Once convergence has been
achieved, the entire process may be repeated wuntil the

entive hydrograph has besen routed.
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34 204 Determination of Polliptant

Laagdings

Opveral mechanisms are involwed in  $he genesis ¥
stormwater auvality, most notably poliutant buildup and
washoff. in an impervious urban area, it s usually assvmed
that a supply ef constituents is built wup on the land
surface during dry-weather preceding a starm such &
buildup may be a funchion of time, tratfic ¥low, dry Falloul
angd street sweeping. When a skorm occurs  the accumulates
material 45 washed off inkte Fhe drainage system Thea
physics of the washoff may involve both erosion and sedimant
transport mechanisms; howsver, in general. washoff i3
modeled using an empirical eguabtion widh slight physical

susntification,

Bapliutant buildup may be modeled wsing linear or
nonlinear eccumulation sguationg. The simplest nonlinear
arcumulation function that has been found to fit  shreel
secumulation data is & two parameter model of the following

farm:

S ¢ o
L= g1 - e B, (3. 4%
£y e
(U TR ) Le = shrest scoumulation (ibso
o= omawimunn @l lowatle acoumailation (lbsd
[HEE e
& = prate coefficient (1/%ime)
% = antecedent period since rainfall (Lime}
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Pollutant washo#f is generally modeled using an exponential

washoff equation of the following form:

L, = L <1 - e %, (3.50
t £
where Lt = cunulative pollutant washed of ¥ (lbsl
Lo = initizl load on subshed (lbsd)
k = vrate coefficient (1/time;
t = ftime since start of storm (time)
3. 4. 2.9 Polivutant Roufing Function
Relationship (3. 14) represents the reach routing

function for the pollutant load. I¢ the pollutant load is
neither increased nor decreased a3 the stormuwater is routed
through +the reach, the load may be simply lagged by a time
step squal to the average travel time of the reach for the

specific poliuvtant. Thus,

Mike © pi&k{ﬁwci T €351

e e €, = integer constant For reasch i

24,2 5 Follutant Resoval Funchion

The last two functional relationships, CE.152  and
3162 represent  the basin roubting (remowal) functions for
the different pollitants. Thess relationships will reflect
the removal efficiency of the bazin for a oiven pollutant

load and time step.  Thos
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= X 3 SRRy
Prake ™ Mrettaee F Mo CE.SE
E I N S b 2
Fooke = 20 Fierniee © Fieatee <3.333

phere ». = hasgin removal efficiency, bstwesen @ and 1

i*

A5 discussed in Chapter 2, the primary factor in  the
determination of the pollutent removal efficiency is Fhe
detention time. In general, the detention time of & basin
is a function af the flow through the basin, the storage in
the hasin, and the stage—discharge velationship of the

basgin. Thus

e i’ Tiee

By, = FO R, 8

i e £3.54%2

iin’ Hilt

5 2.
prmie’ Sioes Tizes Mime 7 9092

511%*

Bazin removal efficisncy <can be obtained wusing fwo
different approaches. I+ the pollutents are chavacterized
only by their magnitude then the removal efficiency may be
determined using a removal equation I+ an averags removal

efficisncy » iz used, the Followling gen

]

ral Temoval equation

may bhe written (Huber et al.. 1970},

— + T
o R L — = E KT) L3 562
A
whETe h = maximoem Tenowal fraction
1132
DT = detention time {(sec)

i = fitat order decay coefficlient (sec Y
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If the polivtant is characterized by its particle size,
specific  gravity or settling velocity then its removal may

be sxpressed as follows.

s o= =L <357
q 1_‘12 i
1]
ke uﬁl = zettling velocity of pollutant 1
Mid
} B By
hij T 2,58,
1
uhere Hij = avarage depth of pool of bazin ij
D?ij = average detention time of basin ij

The asbowe squation For hq represents the removal efficiency
for ideal guiescent conditions, Mon-ideal conditions can be
approximated through the use of a3 turbulencs Fackor o

C.01 £ £ 1.0 Brnd the Following equation (Chen, (19795,

Bo=ong o+ g amg O h, - hy 0 (359
“"'}-.
where o=l - e L3600
v_owm, 1%
- S T % S TR
A 3 - LC I 2
[ ™
T iy
whisre Ut = flow throwgh velocity CFE/sscd
o= basin roughmess
g = gravitational constant 32,2 ?tﬁzecgh
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3.4.3% épplication of Linsar/Mixed Integer Programming

The general detention basin opfimization groblem may be
approached wusing several optimization techniguas such a8
linear programming, mixed dnteger oprogramming, noniingar
BTOgTaMmLng, and dynamic programming. in order to apply
linear programming %o the defention hasin optimization
problem. ail noniinear relationships must eikther be
simplified vsing linesar relationships or approximated wusing
ilinsar segments and zero—ong variables. inclusion of zero-
one variables in the formulation regquires the use of a mixed
integer strategy suvch as branch and bound, cuiting planes,
or Bender’s algorithm Buech algovithms vsually employ some
type of enumeration scheme in solving a serigs of indiwvidual
jinear programs. Althoush mixed integer programming is ned
the same as linear programming. it still requires the use of
linear relationships for the continuous variables. Possible
linearizations of the aohjective funciian and the

transformation constraints are discussed below.

3.4 3. 1 Ohiective Funcliion

The objective funchtion contains three different cost
terms. While +%he #irst and last term may be divectly
incorporated into & linear program the second Term. which
involves storage, is generally nanlinear and concave. One
approach to this problem would be €0 wuse a lingar cost

function Ffor storags. Alternatiwvely, the concave cost
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function could be approximated using linear segments of the
function: but, this would reguive a zevro-oneg variable for

zach segment.

3043 2 Channel Rgouting Funciion

Huydraulic routing techniques, although more accurate
than hydrologic techniques, are highly nonlinsar and cannot
readily be incorporated into s linear progTam. &n
acceptable linear hydrologic roubting ftechnigue that can be
incorporated into a linear program is the Muskingum Method,

as discussed previously.

& simplification of the PMuskingum PMethod would be
simply to wse a constant lag for the entire hudrograph for
an associated design option, The design option could be
associated with the pipe diameter of the principal spillway
pipe. Given the diameter of the pipe, the peak discharge
velocity could be determined. Knowing the peak dischargs
velocity and %the length of the channel:. a travel time could
he determinsd. The lag associated with a given design
option copuld thus be incorporatesd intoc the Fformulation by

simply offsetting the appropriate flow terms.

2040383 Hagsin Nouting Funciionp

Hydrologic reservelr touting fechniques are Dbased on

the continuity #2guation and & relationship between discharge



and storags. Although the continuify equabion is linegar and
may be incorporated  in 2 linear program the velatignship
between giszchargs and stovage in nonlinear and concave I¥
the sides of a detention basin are wvertical then storage <an

he related to the height in the basin lingarly as follows

o
i

A {362

-,

3
ke T £ o= surface area of basin floor S

1 = depth of basin (£%)

By multiplying the indiwidual heights M by the basin area &
a curwve similar to the one in Figure 3.2 can be devived for
G owvas B Hy breaking the resulbing stage-storage curve into
discrete segmenis, the curve can be  linearizied as

represented below and in Figure 3. 4.

where:
5
Poel o [

51,‘:}% ,...ar:’ S o .._»1
Y m O = ! ) T o (BB
Y Fia BoyDy + hg Far By 0% oy ) b 32

W:&‘St * by S50 & % & 55
s Qt == al bt O tk - ai 5% = O (3. 640
&J = ng Et + b& T &% - aﬂ St = bg 3. 65D

oF
i
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Figure 3.4 Linearized Storage—~Discharge Relationship
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Thus, the nonlinesr nature of the resevveir rouvbting #function
ran be included in & linear formulation by incorporating the
appve constraint set for  each resarvoirT. This set of
equations could be wused along with the confinuity sgquation
to route the flows Lthrough each reservoeir. Because &the U
cpefficients in the outflow equations are a function of the
pipe geometry and diameter, a different set of coenstraints
for each basin rould be included for a vange of different

pipe diameters.

& partial simplification of the above formulation conld
te ebtained by simulating the wvarious designs of the
syterinr basins before applyirg the linear programming
algorithm The results eof these simulations zould then be
incorporated into the formulation as linear cognstraints of

the following form

1 R ] _— EE I
Boge 7 FiMiae T MMk

iz the oubfFlow From basin i1 st Tisse ¥, @iik% BTe

whwre O
Tidk

the outflows From basin i1 at time t for design option k.

#1vcd L is 8 pero-one wariable associsted with dexign opblon

k.

Barause of the interaction of +the hydrographs. the
above simplification cannot be applied %o the interior
basins. tine possible simplification involving the inberior

hasine would be to simulate sach basin as a flow retarding
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device by assigning maximum outlet Flowrates %o different

design options. &8 long as the inflow does not egxceed the
design maximum, the ¥flow passes through the basin
unaffected. When the inflow does exceed the maximum, only

the mazximum Flowrate is allowed and the sxcess is retained.

This formulation can be written wusing the following two

constraints.

- — ;:{ . o 1:- .a -
Tije " Fige 7 Bige T Figeer T 0 3687
- - L0 F.692

Qijt Qluijl xk@ijk o0 LOC I -
where I... is the inflow into baszin ij at time %, &, . is

ijt ijt

the storage in bagin i at Ltime £, 01 iz the out¥Flow from

ijth

bagin 1§ at time ¢, iz the maximon dizcharge associsted

Qijk
with option k., and oy, iz a zero—ong wariasble associated with

option K.

3.4.4 éApplication of Monlinear Programming

Instead of linearizing the problem wusing zero—-one
variables, the general formulation could also be approached
directly using nonlinear programming. The general problem
involves the minimization of & nonlinear objective funciion
subjyect to nonlinear constraints. While highly efficient
methods have been developed for optimizing nonlinear
vunconstrained functions: less progress has been made in  the

more practical area of constrained optimization. Most



gyisbing approaches to constrained optimization fall into

ane of the follipwing four categories (Haarhoff and Buys

196%).

{1} Panalty Function Technigues

(2) Constraint Linearization Technigues

{2 The Constrained Fletcher—~Powell Method

{4#) The Box Complex Method

3.4 4.1 Penalty Function Technigues

Various penalty function technigues have been
introduced by Rosenbrock (19460), Kelly (124627, and Lootsma
{1967}, These technigues deal with constraints through Ghe
incorporation of a penalty factor in the objective function
&5 long as the search remains in  the feasible rsgion fthe
peralty $facter is set equal Tto zero. Howsver when a
ronstraint is violated, the penalty Ffactor is assigned a
large wvalue which fovces the search back into the feasible
region. While such methods may wark fairly well a%t times,
they all have the disadvantage that %the inclusion of a
penalty factor in the objective funcition tends &o distert
the shape of +the response vegion and thus decrease the

efficiency of optimization (Haarhoff and Buys, 1970).
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AN alternative penalty function formulation has baen
intreduced by Carroll (1941 This method introduces a
natural optimum within the feasible region such that the
constraints are approached but never viplated. This
technigque has been modifiad and formalized for minimization
of a convex funciion by Fiacco and MeCormick (19&R). and in
& more general form by SBitrang {(19&65). Because the
canstraints are never violated, the method can be used with
an unconstrained optimizetion technigue. This approach has
been wsed in cengunction with the unconstrained method of
Fletcher and Powell {(1943) to yield fairly good rtesults.
However the method is not particularly precise when the

optimum lies in & sharp corner.

3.4 4. 2 Constraint Linearization Technigues

Yarious constraint linearization techniques have been
introduced by Rosen (1961}, Nel (1944}, and Glass and Cooper
{1965, ALl three technigques utilize the method of steepest
ascent until a constraint is encountaved. Once a constraint
is enctountered, suceessive linear search directions are
chosen in  such a way that the nonlinear constvaints remain
satisfied to a +$irst order approximation. The inherent
dift¥iculty behind this approach is that & move which
satisfies @ linearized +Form of & constraint does not
nacessarily  rvesult in a2 move which satisfiss the nonlinear

inegualities, in dealing with this problem, the wvarious
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methods empleoy corrective fechnigques which insure that a
selacted point will almagﬁ be in the feasible region
(Beveridge and Schechter, 1269 Keily (1942) has shown
that this process can lead to a decreass in computational
pfficiency when the constraints cannok e clozsely

approximated by linegar funciions.

304,04 3 The Constrained Flstcher~Powell Method

The tonstrained Fletcher—-Powell method has baan
descrTibed by Haarho#¥f and Buys (19700 The @meihod
incorporates the constrainks into & modified. unconstrainegd
ghjective funchion which is then optimized by the
unconstrained minimization technigue of Fletcher and Powell
Nerivatives of the objective function are thus veguired. i¥
the derivatives cennot be obbtained analytically then they
must be obtainsed pnumerically. inequality consfiraints ars
converted o sguality constraints by use of slack wvariables
and transformations such that the slack variebles will equal
sere when the eguality constraints are satisfied. While
this process  may net  reguive  much effory fFor simple
mathematical expressions, it can become quite tedious for
more complex problems (Kusster and Mize, 19733, &lthough
the method has been shown €5 beg more efficient fthan &he
method of Rosenbrock, Haarhof# and Buys failed %o show that
it was significantly better than the Complex Meathod of Box

(19637,



3.4 .4 4 The Box Complex Method

In contrast to many of the above methods. the Box
Complex Method is conceptually simple, requiras no
derivatives, does not distort the region of search. and is
directly applicable to problems invelving nonlinear
ineguality constraings. In a comparative study in which all
of +the four approaches were used, Chu and Bowers (1975}
concluded +that the Box Complex Method was the most

gfficient.

The Complex Method of Box (I19465) is based on  the
Simplex method of Spendliey, Hext and Himsworth (194623, The
method handles ceonstraints by use of a Flexible Pigure,
called a complex, which can expand ar contract in any or all
directions and can extend around corners. The method not
only allows for the inclusion of region restvictions of the

FoTm gixi}gf, called iaplicit constraints, {whers

I

{%ib is a

Function of $he decision wariabl

i

@ Hi}, Bt alzo includes

limits on the decision wariables in  the Form ngﬁigﬁh;

called explicit constrainés {(Basveridge and Schechter, 196%).

In this method krpntl points are used. where n egguals
the number of decision vavriables. In order to generate the
initial complex, an  initial point must be given ar

determined that satisfies bDboth the explicit and implici€
constrainds. The additional (k-1) points required to set up

the initial complex ave obtained one at a time by the use of
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psevdo~random numbers and ranges for each of the independsnt
variables which are based on the #rplicit consivaints, &
point so selected will thus satisfy the expiicit conskraints
hut not necessarily all +the implicit constraints, I# an
implicit censtraint is violated. the %trial point is moved
halfway towards the rentroid of those points alrvready
selected {(where the given dinitial peoint ds included)

Ultimately a satisvacitory peint will be found. Proceeding
in this way. the (k-1) points are found which sabistfy =211
the constrainfs. Onee the initial complex has been formed,
further progress is made through expansien or contraction of
the complex. These +two operations can be visualized as

folliows.

At each stage of movement the obgective funciion i
evaluated at each of +the points in the complex. and the

vertex of the greatest function value determined. The

coaplex is bhen  expanded  away from ithis worst poing, Fh
through the centroid of the remaining points o yield a new

noint P Mathematically this may be written as

Bom ool o+ gdF - o P 3Ly

ty
whers = iz bthe expanzion cosfficisnt and F iz the cenbroic
of ell points esxo luding Ph' Thue P iz on & line Jjoining =3
ZTtd Phﬁ on bhe Far side From Fh with  [PP1 = &Epkgl, Tl
1

ohyjective Ffunction 1is then evaluated at this new point F.

I+ the new point gields & function wvalue which iz better
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than Ph then the point Ph iz discarded and replaced by P.
In this way the complex mowves in the direction of function
minimization {see Figure 3. 5J. I¥ however the value of the
g point is worse than Ph then e rnew point ig contracted

back toward the centroid snd another pew point is generated

This can be wriktiten as

Po= P + 01 - e LSC IS B

whare P ois the new podnt genersted and o iz the contraction

coefficient (see Figure 3. 463

This dual process of gipansion and cantraction
cantinues until sgme constraint is wvioclated or some
tolerance level reachad. 1# an independent wvariable of a

new point vielates some explicit constraint then that
variable is reset to a walug Just inside the constraint. Is
the new peoint vioclates szome implicit constraints, then the
point is moved halfway towards the cenitvoid of the remaining
poinks. AssUMING the response surface is convex, E:)
permissible point will wulvimately be found. The seavrch
finally terminates when successive Ffunction evaluations havse
yielded the same result, indicating that the complex has

tollapsed inkto the centroid.

Box recemmends using a value of 1.3 for +the esxpansion
coeffivient. The wse of an expansion factor greater than

1.0 tends fto cause a continuyal enlargement of the complex
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and thus compensates For moves back toward the centroid.
Furthermore, it enables vapid progress to be made when %he
initial point is rvemote from the optimum and alids in
maintaining the full dimensionali®y of the complay. The wse
of k » ntl also alds in maintaining the £yll dimensionalily
of the complex becauvse with n+l or Ffewer points the compisx
tends to Flatten into a subspace (Box, Davies. and Swani

LFH9 ).

While the Complex Method does not require rontinuity of
the probiem Function, it dopes implicitly vequire that the
feasible region bz convexr. This reguirement arvises in the
catceulation of the centroid and its use in contracting a
tailed gaipansion poing. I# the region is not convex bthen
the centroid could move inte an infeasible region suych that
continued contrection would fail to preoduce a feasibple
point. One possible soslution to this problem is to test the
rentroid for Fepasibility before making a contracition i¥
the centroid is feasible Yhen the new wveriey is sought
petween it and the violating peint: obtherwise the new vevriex
iz sought betwesn the curvent worst feasible vertex and ths

centroid {(Bwann 1974).

One imporbant featurs eof constrained opiimiration is
the difficulty of showing thaet a local optimum is in facy
£he global optimum. With unconstrained nroblems, a Tough
cherk that +the glebal minimum haes in fact been Ffound is

ysually performed by restarting the mathod #rom different
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points, and infervring that if these all lead to the same
solution, then this is indeed the global minimum, For
constrained optimization, it is not an easy matter to find
alternative starting points which satisfy all the
constraints, and which differ substantially from each other.
In fact, it may even be difficult to obtain an initial

feasible point depending on the complexity of the problem.

With the Complex Method, subsequent optimality <checks
can be veadily pevformed using the same initial point, but

different psevdo-random number sequence initiators to set up

the initial conmfiguration. The gase with which this ran be
done should be consideread an advantage of the Complex
Method. In addiftion, because The initial configuration is

generated so0 as to roughly span the feasibles region, the
first few iterations will be even more likely to span the
whole of this region. Conseguently, it ssems reasonable to
suppose that if several minima sxist, and one of these
corresponds tn a very much smaller functioen wvalue than the
rast, then this best local minimum (the global minimum) will
be found. Conversely, if the global minimum is not  Ffound,
then there would seem to be a high probability that it would
nat represent much improvemsnt over the selected minimum

(Box, Davies, and Swann, 196%).
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3 4.5 Application of Dynamic Programming

Duynamic programming is A pfficient anumeration
procedurs for determining the combinatiocns of decisions Yhat
optimize the overall system pffprtivaness as measured by  an
objective Function. in order to apply dynamic srogramming.
the problem must be separable into seguential stages which
may represent @ point in time or space, Farh stage has a

finite number of states which describe the condition of the

system at that stage. Assnciated with each state may be a
vartor of state wvariables. Farh state variable in furn @may
hawve a vector of discrete wvaluss The basis concepd of

dynamic programming is based on Gellman’'s (1957 arincipls
of aptimality’ “am ephimal  policy  has The sropevrhy that

whatewer the initiasl decisions are, %Ythe remaining decisions

i

must constifute an opiimal policy with vegavd to the state

48

resulting from the fivet decision.

In applying dynamic programming e the detention basin
gptimization problsm: the following scheme is suggested
First, let each stage correspond to fthe distance feom Ethe
watershed outlet as mepasured by the number nt detentian
pasins along any reach. Associated with each shage is a se%

g

of detention basins. dsspciated with any detention basin
may be several different state variabies, such as storags,
height, apillway diamater., et Asnociated with any state

wvariable may be a2 set of wvalues *that f©he variable may

A% BLNE. This schome may be illustrated as in Figuvre 37
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Figure 3.7 Stage—State Conceptualization
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3.4, 8.1 The Direct Formulation

There ave two basic approaches that can  be uged in
anplying dynamic programning to the detsntion basin

pptimization problem Tha #irst approach i o rensider

i

hasin storags., basin heilght. and spillway tHiameier as state
variables. These three variables may be used Yo gerive
both a stage-~discharge rolationship and a stage-storage
relationship. Aglternatively pre wpillway pipe diameler
cauld be veplaced with a coniinuous orifice diameter such
that the oubtledy pipe would then be determined basad on  the
peak discharge from the erifics. I¢ gach basin is assumed
to have verticml sides, then the basin storage ang  height

may be combined into a single state variable of basin ar=a

During the evaluation of each state, ditferent state
variable vectors i{representing different combinations of A
and DY may be svaluated and the resulting outflow hgdrograph
generated. Farkh wector that yislds a violation of either a
guantity or gqualiby constraint is eliminated from the set of
poesible etate wveotors fovr @ glven stats. The associated
costs of the set of remaining wvectors are then evaluated and
added %o the cost of the optimal path asscfiat@é with each
Peazible state veckor. &t the end of the computations, the
pptimal downstream sitate is determined and the rest of the
gptimal sitate wvaviables are detarmined by backbtracking
through the warious stages. This formulation may be

iilustrated graphically as shown in figurve 3.8
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#ct DP Formulation

Dir
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& cinse examination of the direct formulation vewvesls
that there ey be instances when Bellman®s principle of
optimality could be viclated. Due to the intsracrtion of the
putflow  hydrographs, 1% is possible that the sslection of a
sub~optimal upstream state vector could vesult in an ocutdiow
hydrograph that when combined with 2 dpwnstream hydrogragh
rould lsad o & global seolution that is  bevter than the
colution obtained using the upstream cptimal state vectbor,

This problem may be illustrated in Figure 3. %

&lthough the dynamic program associated with the dirvect
fogrmulation can possibly yield a suboptimal gnlution, it is
sti1] @ walusble hueristic for use in obtaining a feasible
design. Hecause optimality is at least guarantesd Getwesn
the stages of the problem, some improvamant in the design is

assured assuming that feasible solutions do indesd srist.

3.04.3 2 The Indivech Formuglation

& second approach that may be vused in applying gynamic
programming Yo the general problem is to consider hoth the
gutflow hydregraph and %Yotal polilutant losd as stats
variables. The outflow hydrograph may be chavacterized by a
functional relationship bebtwesn flowrate and time. It =
desived oubtflow hudrograph shape is preselected, then the
hydrograph mey be characterized by two state vaviables: the
hydrograph psak, and the time fo peak. I¢# the time to peak

it pre-selscted based on some hydrologic oriteria such a3z
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setting the time to peak egual to the maximum Time o peak
of the inflow hydrographs. then the hydraogresh @ay b
characterized by 3 gingls state wvariabls: the psak

discharges.

Nnre @ desired outflow hydrograph  has  been zelt 3
cumulative sitovages curve may be obtained. Once this curve
has been ohbitained the maximum renuirved stovage  Gay ba
determined, For & given polivtant vemoval etfivienty. &
reguitTed basin depth can be defermined. Onece  the basin
depth has been determined 1% can be used with the psak
dischargse fto dedterming the necessary putledt dimension. Do
the required ouvtlet dimension has been pbtained., & stage-
discharge curve can be obiain fimce  this curwe has  DEED
determined, the stage—storage curve required to groduce the

selected outflow hudrograph may be derived

in this formulation. feasibility checks may be made in
relation to the maximum reguired storage, the maximum basin
height, the reguired outlek dimensinn, and Lthe feasibilily
af the reguired shtage-storage cuTve. i¥f & constraint is
viclated, kthen that particular state vecktor is geieted fFrom
the state space. Bersuse Lthe upper limits of the state
variables {peak fischarge and pollutant load; are Doy
defined for a given state, a set of state wvectors can be
generated such that esch vector satizfies both guantity and
gquality constraints. If the shape of the vising limb of Lthe

nutflow hydrograph is specified then the basin storage
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basin height, and spillway diameter are defined. Thus the

cost associated with any state vector can be readily

determined. This formulation is illustrated in Figure 3.10.
By defining ¢he state wvariables as the outflow
hydrograph and the pollutant load, the poetential

inseparability problem associated with +$he Ffirst approach
£an be basically OVEeTComs, Howsver, the basic
inseparability problem can reappear when a do nothing state
is introduced into the formulation., By inclusion of a do
nothing state, the possibility again arises that a subh-
optimal wupstreem state could produce a hydrograph that when
passed through the downstream do nothing state yields a
hetter global optimal splution. in effect, the possibility
exists that a decision at an upstream state could affect a
state further downstream than the immediate downstream state
and this would ¢fthus violate Bellman ‘s principle af
vptimality. There are twoe possible solutions to this
problam. One sblutian would be to eliminate the de nothing
decision frem considevration, This of course would limi% the
decision space and thus possibly lead to a sub—-optimal

decision.

A second possible solution would be 4o enumerate

completely the states associated with +the do nothing
decision, Ay doing %this. the state space would grow at each
stagae. However: because only one state is being enumerated

the process would $%ill be much more efficient 4han total



S0

|

O~ @

o

@ ©® @X
N

@ \

i Smax

Sy

Figure 3. 10 Indirect DP Formulation
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crnumeration. Iin addition, because the do nothing state
sasses both unattenvated hydvographs and untreated pollutant
lopads 1t is quite possible that the majority of these paths
will bz eliminated due to Flowrate and pollutant load
constraints. Thus the state space haes the possibility of

collapsing to the dimensions of the regular dynamic program

J. .4 4 Construction of a Design Heurisiic

In erder to apply linear or mixed integer programming
to the detention basin optimization problem, all nonlinear
relationships must be either simplitied yeing linear

relationships or approximated wsing linear segments and

zevro-~ane wvariables, although these moditications will
permit the application o¥f linear ovr wmizxed integer
programming to the sroblem antd  thus guarantese & global

optimal solution, there remaing a guestion of what relsvance
this result has in relatien %o +the original nonlinear

problem.

Linear programming has the advantage that a global
optimal solution will always be found if the problem is
teasible. Inclusion of rerg-one variables inte the
Formulation requives the use of & mixed integer strategy
such as  branch and bound, cutting planes, o Bender's
algorithm, Althcugh global optimality can again be insured,

the computational complexity of the problem may be greatly



increased, and in some cases can lead to a total enumeration

at the dizscrete variables.

A pariicular problem with the application of linear or
mired integer programming %o the defention basin prables
concerns the evalustion of functional constraints. Bepoauss
the Ffunctional constraints must be included in the pwerall
problem formulation, an entire new set of wariables and
constraints is requived for each addiftional fime atep that
is considerved. Becrause of the large number of functional
constraints reguiTed at any Time step. the ovevall
formulation can become wvery large with only a small number
of time sheps. Thus, from a computational point of view
the formulation may be ssverely limited in the to%al number

af time steps that may be considared.

The nonlinear programming approeach $o the detention
basin optimization problem has several advanitayges over Ehs
iinear programning approach. First, the nontingsr
programming approech may use nonlinear relationships in both
the objective Function and the constraint  set. Thus
nonlinesr cost functions for storage may be used directly.
In using nonlinear programming, the transformation o0f Ehe
variablss betwesn different stages of the preblem as
represented by the funciional squations in  the orviginal
formulation, HEH| b accomplished pxternal Yo the
optimization problem using nonlinear velationships or  even

mathematical modals. Thus, the simplifications required in
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the linear programming formulation are no longer required.
As  a result, more accurate relationships may bhe used. The
main problem with nonlinear programming is that a global
optimal solution cannot be guaranteed. In addition, given
the complexity of the problem, a feasible starting point is

not always divectly available.

Dynamic programming  poOSSes56s  many af the S ame
advantages as nonlinear programming. Bynamic programming
may also use nonlinear relationships because the feasibility
of the state wvariables may be determined external to the
optimization routine vusing simulation. In addition, as long
as Dellman’s principle of optimality is satisfied, a global
optimal solution is guaranteed for the particular degree of
discretization of the problam. One problem with dynamic
programming is the degres of discretization that is needod
to define the solution space effectively. The problem can
become particularly acute with problems involving more than
ane state variasbhle. This problem is generally known as the

“turse of dimensionality"

In applying dynamic programming to the detention basin

optimization problem, twog  different formulations were
examinegd, Both approaches were found to be potentially
inseparable. However, the problem with the second approach

can be overcome by totally enumerating the do nothing state.
Although this formulation is fessible and could be applied

to the general problem. ssveral approximations are required
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in order to define the putflow bydrograph sbtates, These
approximations dntreduce an  added complexity to the
DTOOTAMMING and Taise again the guestiosn of  the

transferability of the Ffinal result to the original problem

Because of the highly nonlineer nature of The problem
and the unavalilability aof & suyitables mizxed infteger
algorithm: neither a linear programming nar a mized intsger
approach was employsd. Both  the nonlinear and dynesic
programming approaches incorporate the apnlinear nature of

»

the problem fing of the main problems with the norlinear
appreach is the need of an iniftial feasible starting poing

Given the complexity of the problem. such & point is vot

always sasy to obtair. Such a point can be readily obtained
however by usinig dynamic programming. Thuys dynamic

programming can be combined with a nonlinear algorithm %o
produce a dual level planning husvistic. By combining the
two appreaches, the nonlinear algorithm can he used To hﬁ%h
check the dynamig program and/or provided somse refingment to
the design when & large discretization scheme is used wiih

the dynamic program,

Given the complexity of the overall problem neither
the divect or indirect dynamic program formulations can be
shown %o consistently produce the best Tesulbs Although
the indivecrt formulation would appear to have som2 advantage
in relation to separability., the direct formulation is more

straight forward and dees nebt rvequive as many assumpiions
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Because of this Ffact and bercauss of programming  ease. the
direct formulation was selected Ffor use in the general
design algorithm. Thus, *the direct formulation was used
with the Complex PMethod of Doy to produce a general
detention basin design heuristic. The pverall algovithm is

irlustrated in the flowchart in Figure 3. 11

4 4.7 Descripticon of the Design Heuristirc

The general algovrithm uses the direct DP formulation
approach +to obtain an initial Feasible solukion. This

solution may or may not covrrespond Lo an optimal solution of

the complete nonlingar problem. Four different state
variables may be consideresd at sach detention site: basin
tength, basin width, bazin side slope, and the orifice
oputlet dimension, For the pursese of +this study. square
orifices were assumed. In addition, three different costs
may be considered: storage cost. area cost, and orifice
cost. The cost of the requived downstream pipe or channel
may also he included in the problem if desited. The overall

pregram  is  very flexible and may include the storm sewer
network in the overall design problem. For fthe purpose of
this study, the slope of any designed pipe is assumed be

egqual to a specified ground siops.

Once an initial feasible solution has been obtained
from the dynamic program, the algorithe continuss, using the

Lomplex Method of Box. Using the initial Fsasible =zolution,
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UEBE DP TO DETERMINE FEASIDLE
PATHES  BETWEEN EACH  STace

DETERMINE STATE WVARIABLES
ASSOCTIATED WITH EACH PATH
BY BACK  TRACKING  THROUGH
THE VAR 1ous STACGES

USE THE STATE  VaRIaBLES
ASEOCTATED  WITH FarH PATH
T GEMERATE INDIVIDUAL
VERTICIES FOR  THE COMPLEY

COMPLETE THE INITIAL COMPLEY
USING RANDOM NUMBERS  ALONG
WITH RANGES FOR THE EXPLICIT
VARIABLE  CONSTRAINT  WVALUES

MOVE  THE COMPLEY THROUGH THE
REGION OF SEaRCH By EMPLOYING
EXPANSION AND COMTRACTION
OPERATIONS T OBRTAIN THE
FIN&L  DETENTION BASIN DESIGON

Figure 3. 11 Flowchart of the Besign Heuristic



7

an initial compley is generated. Each wvertex of the complex
corraesponds to a vector of variables for the sntire problem

The complex moves through the region of seavch by employing

both expansion and contraction operations. after each
BXDaNsion, the pxplicit consfraints on  the decision
variables are evaluated, I & constraint is wiolated, the
vionlating decision wvarisble is veset Just inside the

constraint boundary

{nce the explicit constraints have been svaluated, the
implicit constraints are evaluated. This operation requires
a complete simulation of the trizsl design. IfF an dmplicit

constraint  (flowrate, pollubant lpad) is violated:. then the
trial vertex is contracted and the simulation Tepeated. i+
the implicit consitraints are not violated, then the cost of
the trial design is determined and compared with the worst
design in +the complesx. It the trial design is better than
the current worst desiagn, then Ythe worst design is replaced
with ftThe new design. If the trial design is worse than the
current worst design, then the trial wvertex is contracted
until an ac&eptable degign ie obtained. This process of
egxpansion and contraction is continued until a convergence
criterion is satisfied or until a specified number of trials

i excesded.

fne additional advantage of wusing dynamic programming
in comjpunction with  the Compler Method is that dynamic

programming can be used to obtain a1l the #eazible paths
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through the specifisd state space in addition bto the optimal
path. These additional feasible selutions could be vased Yo
ganeraite the initial complex and thus bthe additional
computations vreguired %o set up the initial complex could be
avoided. In wusing the additional feasible paths cave myst
be Saken to insure that each Ffeasible path is unigue. i
this reguirement is not observed, rvedundant gnlutions would
he introduced ints the complex and the complex would tend to

rollapse prematurely.

Embedded in beth programs is a simulation program fthat

routes the inlet hydrographs and pollukant leads through the

watershed, Hydrographs are vouted through the channels
wsing & simple +¢ime lag approsach. HMudvrographs ars routad
throuah +the destention basins wvsing +the Mewton—-Raphson
iteration technigue, In determining pollutant vemoval
levels: polivtants are characterized by & fotal load

approach in which the pollutaent removal is determined based
on the ratic of the average settling wvelocity of the
polivtant %o the critical settling velocity of the hasin.
Mon-ideal flow conditions arve approximated thvough the use

of & turbulesnecs Factor o,

3.4.8 Cost Deata

Although the general design algorithm cen consider faur

different costs (storage, area, orifice, and pipel, only
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storage and pipe costs were considered in the present study
Storage costs may be obtained using the costs in Table 3 1
or by wusing the following relationship {(Benjes et al.. 1975

[T
SC = (0. OIS4EHRCCI/ 25000 % 59 L3 PED

€3

&,
storege cost OF w0 103

i

wherse SO

ENMRCCT = Engineering News Record cost index
8 = storage (mil gal)
This relationship was derived fop a typical earthen
detention basin assuming 2 5.1 side slopes with an average

depth of iB feet. Table 2.1 was developed from data by
Zoller and Rolf (1977} and was updated to 1983 values by

vsing Enginsevring MNews Record rost indexes.

An estimate of pipe costs may be obtained wusing the

unit costs in Table 3. 2 or the following relationship.

TRPC = PC#PL -+ (ENRCCI/Z3376)% (1. 93D+1. &88H-12, &) #PL (3. 73

where TPC = total pipe cost ()

L

ENRCCI Engineering NMews Record Cost Index
PC = unit pipe cost {($/§t)
PL = pipe length (£t

B = pipe diameter (in?

H o o= invert depth (Ft)
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Table 3. 1 Storage Lxcavation Coste

H Vo lume i Caost ;
H {(Cu. Yards} %S0y Yardd

: g - 17999 4 3.39 ;

POR000G ~ 4999 7.5 :

POB0O00 - F9RT 0 4, 30 ;

POLO060 - 24999 3,60 i

PRBO00 - 49999 | a. 33 :
P B0000 ~ 99999 ) :

P Dwer 1006000 1 1,59 :

Table 3.2 Concrete Pipe Costs

i Pipe Dia | Pipe Cost H

13

: {(inl i {($%/linear foot ¥ |

i i2 ] 30.0 i

i g i 70,0 i

i 24 | P30 i

i 30 H 14G. G i

i 34 ; 1900 :

i 422 ! 2200 i

i 44 ! 2850 H

i 54 : 2750 g
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This relationship was derived by Han et al. (19807 as  a
result  of an analysis of several different available cost
relationships. The relationship is wvalid Ffor pipes with
diameters less than or ehual tg 34 inches and invert dapths
less Bhan or equal to 20 feet. Table 3.2 was derived as a
result of a review of bids for several storm sewer projects
in the state of Kentuciky during 1980, These costs include
the total installation costs of the pipes and are valid for
trench depths up teo 18 feet. The listed costs have been
updated to 1983 prices uvsing Engineering News Record cost
indices, The Engingering MNews Record cost indeyx for 1983 is

4208,

3.5 METHOROLOGY DEVELOPMENT

The proposed planning methodology uses a continuous
simulation maodel (OWMMY)  to obtain a time series of runofs
events. Based on a statistical analysis of the resulting
runaff  series a set of individual critical design runoff
avents are selected Thesg Tunoff events are then used as
input %o the design heuristic. Once a desiogn for a specific
design event has been obtained, it should be evaluated by
applying %he rvemaining design events of the same return
freguency. I# the design fails fo perform adequately. it
may be necessary to use asnother design event of the same
raturn freguency. Once a design has besen obbtained for a

given reityrn  freguency, the design should be $fixed and the
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next seriss of design storms applied, This process is then
repeated until the #final design i: gbtained. The major
steps of the proposed methodelogy are summarized below The

averall mebthodology i1s i1lilustrated in Figure 3. 12

jute

Beleckt the upeper limit of the critical design period

#or the overall system design {ex. 2% ysars).

e}

=2 Simulate the cribtical design perisd vasing HWPRL

3. Determine the frequency of occurrence of the various
critical design  parameters {(i.e8. runoff volume, peak
Flowrate., pollilutant Iload, #tc. ) for wvarious Teiburn

frequencies (ex. = 5, 10, 29 dears),

&, Based on & statistical anslusis of the simulabion
resuits, select oritical design storm events for the

desired design frequencies {ex. 2. 5 10, 2% yearsk.

5. (htain an initial design for & given design Ffreguenoy
by applying the planning heuristic %o & selected runcf?d

event.

& Ewaluate the performance of +the initial design by
application of the runoff events of the same return
freguency. i# the design fails to meey the seiected
parformance criteris, Then select another design event

and reprgalt steps & and &
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Once an optimal design has been obtained +for a given
return freguency, fix that design and reppat steps B

and & with the next level of design svents.

Once the final design has been obtained, it may be
desirable to test the overall performance of the design
by verunning the sntire continuous simulation with +the

final design in place.
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IV,  GLEN ELLYN WATERSHED APPLICATION

4.1 INTRODUCTION

In order to test the general planning methodology. it
was applied %o & watevrszhed in Glen Ellywm, Illinois. Glen
Ellyn is located in Dupage County, Illinois, just west of
Chicago. The Glen Ellyn watershed sncompasses 3534 acres of
moderately sloped land. The watershed is composed of two
ma jor subsheds that drain into a small lake at the outlet of

the watershed.

Lake Ellyn is one of 9 detention facilities currantly
being investigated a&s part o0fF the Mational Urban Runofd
Program, Approximately 18 months of data have heen
collected with regerd to the Lake Ellyn study, These data
include 5 minute rainfall and flow data as well as data ¢for
47 difterent quality constituents. A map of the Glen Ellyn
watershed is provided in Figure 4. 1 (Cowan, 1982, Pl
summary of the physiographie, land wuse and hydrologic
characteristics of the Glen Elluyn watershed is provided in

Table 4. 1 (NIPC, 1980),
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Figure 4.1 Glen Ellyn Watershed
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Table 4.1 Physiagraphic and Hydrologic Characteristics

of Glen Ellyn Watershsd

Total Brainage Area

Impervious Area

Effective Impervious érea

Land Use

Low Density Residential
High Density Fesidential
Institutional

Commercial

Wetland

Follutant Loading (T8 -

Low Density Residential
High Density Residential
Institutional

Oonmmercial

lhs/scurd

Average Hydrologic Soil Group

Main conveyance slope
Average basin slape
Fopulation Density

Strest Density

mil

534

182

21

427
lo
33
27
11

711
247
460
&1l

2000

21. &

aores
aoeras

agres

ACTRE
SBETes
acras
acreas
acres

s
1ba
ibs
Ibs

FH/mi
fh/mi
pn/mi

mi/ssm
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4.2  CALIBRATION OF WM

Before applying the gensral planning methodolngy %o the
Glen Ellyn wabevshed, Sk was  fFirst calibrated. in
calibrating the model, the main subshed was bhroken down into
bwo smaller subsheds as shown in Figure 4.2 A summary of
the physiographbie and hydrologic characteristize of fthe
rasulting thres subsheds is presentsd in Table 4. 2.
infiltration was modeled wusing ¢the Green—-Ampid eguation,
initial infiltration parameters were selescted based on a
hydrologic so0il group of C.  PFollutang buildup was modeled
ysing a linear bwuildup rvelationship. Initial pollutant
loadings for each subshed were obtained from Table 4 2.
Pollutant washofd was modeled using an exponential washoff
gguation. The decay coefficient k was initially sed eauval

to 1.5,

Three discrete storms were selected from the 18 wmonths
of record and wsed $o calibrate SWMM Final selected
parameter values were obtained from a sverage of the Various
calibration pavameters. Both f#lowrate and watber gualifby
parameters were adjusted in calibrating the model. &
comparison o0f the predicted vesults with %the megasured dats

far the three swvents is pressnted in Figures 4.3 - 4.8

After the model was calibrated, it was used in a

continuous simulation of the 18 month period of recovd. The
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Table 4. 2 PFhysiograephic

of Glen

finden Subshed

Bubshad Areas
©FE Imp Area
Subshed SDlope
Subshed Length
Solids Loading

Nownthown Subshed

Zubshed Area
EfF Imp ATaa
Suhahaed Siope
Bupshed Length
Bolids Loading

Lorraine SDubshed

Sibshed Area
E£F Iop Area
Subshed Slope
Subshed Length
Splids Loading

110

and HMydrologic Chargcteristics

Elliyn Subsheds

117
i1
100
4573
Féhl

162
=0
53

4920
4340

259
30
&4

4373

R5hE

BLTES
Z2LTES
FEimi
Feat

th/dy

aLTes
AUTES
FL/imz
Fast

in/dy

aci'es
BL7Es
ftlmi
feet

Ibhidy
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monthly tptals from this simulation are presentsd in Table
&, 3. In comparing the resylte of this simulation with the
measured resulis, the total runoff volume was ynderpredicted
by 10 percent while +the +%otal suspended solids load was

overpredicted by only & percent.

4.3  METHODOLOGY APPLICATION

The objective of applying the general planning
methodology to the Glen Ellyn watershed was to test both the

simulation program and the design heuristic with a real data

hase. in applying the methodology %o the Glen Ellyn
watershed. tuig additional . deftention basin gites wers
investigated. Thess two sites are shown in Figure 4. 2.

4 3. 1 Watershed Simulation

The #irst step in %the general planning methodology is
the simulation of the watershed. This was accomplished
ysing the calibrated SWMM model along with f%he 18 month
rainfall series. For the continugus simulation, & aene hour
time step was employed. In addition %o flowratbte, total

suspended solids loading and washoff were also simulated
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Table 4. 3 Monthly Summaries for Continuous Simulation

Results for 1980

month inlt rain flow s5Us sl
inch inch 30.4nds
apri 1 1.:16 . -»18 2.538+03
may I 3a.17 - 92 24032404
june 1 5,37 1.14 32983404
July 1 3.43 575 20341e+04
augu 1 3.63 562 2.117e+04
sept I 5.48 1.27 3a147e+04
acto 1 3.29 »59 1.808e+G4
nove i +68 =10 2e368e+03
dece I 2.39° o 41 lo069e+D4
year i 28.58 5299 I-780e+05

Resylts for 1981

menth init rain flow $us.a.sol
inech inch pouands
Janu 1 200 08 J0030e+0p
febr 1 1.2 29 T«008e+03
marc 1 233 « 05 1.3222+03
apri 1 4.87 - 90 3.010e+04
may I 3.61 e 75 2:.245e+04
june I 2.2¢ s 37 1.03824+104
July 1 3.1s o 61 Rot3sp+0y
augu 1 4.:28 673 220942004
augu L 1.37 v 227 622320803

year 1 231.73 Ja493 I Te+05
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4, 3. 2 Biatistical Analysis

The second major step in the general planning
methodology involves a statistical analysis of the
gimulation results. The rezuwlts 0f this analysis are then

used in bthz selaction of 2 sef of design events and design
constvraints. A vanking of the $op Five events for ning

different hydrologic statistics is provided in Table 4. 4

Mormally, i® hourly rainfall date was the anly
precipitation date available, the results of Table 4. 4 would
be used %o select a range of design events For different
frequencies of design. In this parvticular case, 9 minuie
rainfall date was also available. In order to improve %the
sveralli design of the detenbtion sustem. this date was used

along with the calibrated SWMM model $o obtain a new ranking

af the runeff svents. Instead of conducting & new
condinuous simulation using 9 minute time intervals. i5
discrete simulations wevre used. The events corresponding %o

the 15 discrete simulations were selected bassd on  the
results of the continuous simulation. The continuous
simulation was bthus used 24 3 screening %00l $o  obtain a
smallier set of runoff events that could then be sramined in
more debtall uvsing B minute time interval simulations. #
ranking of fGthe runoff events based on the resulis of these

simulations is provided in Table 4.3,
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Vol

9/1&/80
&HSQT /B0
BA2B/B0
TI2G/80
/29780

Vel

F1&E780
/07780
3/28/80
F20/80
D7EY s BG

Total

PILE/G0
AHr07 B0
DAEEBG
FAEGB0

Table 4.4 Continuous Simulation Resulis
RainFall. DatTa
FPeak {(in/hr} fvg  {aindhrd
S/29/780 (1 143 TAYE/ET (0718
&/O7/8G (0,87) B/AEAFAR0C 10413
4/28/81 (0. 79} FARBABL 03403
F/20/780 (0,78} /2080 (298
S/28/780 (0.74) &HAOT/B0 (295
FLIWRATE DATA
Peak {:in/hbr) Avg  {inshr)
7 O20/80 (193 G.29/80 (. 0&1:
DIEPAE0 (181 HAOT/BOD 034
&SQ7/80 (L15R) B/EE580 (0323
FAIH/E0 (01313 FULASEL (049
A728/81 (1373 ASZE/BG (045
POLLUTANT DATSH
Feak (myg /sl fvg (mg /i
Z/28/,80 (10510 HLLERG (TES )
&728/,80 (1033 TALRABY (7423
L1080 (1016) TSR (TR )
&/28/781 (1615 FAESBL (TE20)
TAAD/BG (100460 4704780 (F10. )

£/28/81

(in

(2 02
(1. 771
{1. &%
(1. 4%)
(1. 24;

{in}

T3
5430
G
525
N Y

A ]

{1bs®ED)

(A% &
(34. &)
(32 9
(32 4)
(2&6. 41
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& /7 FED
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S /2% /80
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4/08/80
EVEEVEH
L/ E8/60

Peak
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452881
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TL20780

{in/shri
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{. 3b6é
{404
{, 343
{.
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@l ¢

{mg /13
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DBiscretse Simulation

RainNFALL DATA

vy {in/hr?

7713/81
5/E9/80 1
7/25/81 (3
720780 (2
G/0T /B0 |

FLOWRATE LATA

Mg Cindhr}

/29580 (0183
FAIE81 {0940
SHIOT NG (06D
FAED/BLOL 024
&7ZESBG (G410

POLLUTANT DATA

A g {mp/ 1}

B/EA/B1 (12439
Fr20/680 (1042)
GIR2E/80 9480
AF0HB/80 ( F26)
As28/81 ( Flo)

Results

Yol

Gt EABD
brGT /80
B/28/780
FARG/B0
BER G0

Cimo

(2. 0%)
(1 77
(1 &%
(1 49>

1

Yol {ind
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Q1L /80
SrRB/50
5729/80
Srawsal

Total

S/2E/BO
G/16/80
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4768780
Fr25/81
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4.3.3 Design Event Selection

Once a statistical analysis of the simulation results
has been performed, the results of this analysis can be used

in the selection of specific design svents for diffarent

design fregquencies. For the Glen Ellyn application, only
one design frequency was considered: a frequency of 18
months, Evan  when only a single design freguency is

considered, as in this case, the selection of an appropriate
design event is not always a straightforward process.
Examination of Tables 4.4 and 4.5 reveals that the wvarious
events do not have the sams rankings for the different
selected parameters (is, peak, average, totals. Thus, for a
given system wvaviable such ag flowrate, one must decide
whether to select the design event based on @ peak ranking,
average ranking, ar 2 totael ranking. When pollution
parameters are considered in addition %o flowrate, the

selection process can become very difficult,

In general, for a detention basin design, peak
statistics are more important in the selection of design
coenstraints while total statistics are more important in the
selsction of design events, However, the selection of a
final design event will still require an examination of both
statistics. For example, an event with a medium volume and
a very high peak will probably be more severe than an  event

with a very lavge volume and much lower peak. In general,
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the +Final selection will tend to involve a tegrtein dagres

of engineering Judgement.

The selection of the most appropriate pollutant
statistic will tend to depend on the spacific pollutant
ehyactives of the overall design. In this study, the %otal
load statistic was consideved %o bs the most importaent
statistic since +the design heuristic determines reamoval

efficiencies based on Ltotal lsad,

Although a single design svent for = given fregquency
may be obbtained based on an examination of simulation
results, & more appropriate approach would be fto select a
set of design events, By using a set of events, the design
corresponding %0 a particular event can be 4tested b
appluing the remaining events, Ideally:, one of the
individual designs will be satisfactory $or all of the
gvants. I+ no single satisfactory design can be found, then
some manudal adjustment must be madae. Such adjustments could
result in designs that correspond %o larger return
fregquencies for & particular hydrologic statistic, However.
suih  an  approach will vesult in designs that satisfy the
design Ffreguencies of a2ll of the hydrologic paramedters angd
not  Just  one or  two. In applying the general planning
methodology %o the @Glen Ellyn watershed, a set of 4
different design events was selected. A listing of the

salected events is provided in Table 4. &
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Table 4. & Set of Design Events for
Glen Ellyn Application

i~ 5/28/80
2 - B/2%/80
3 - &/GT7/80
4 - BSIE/80

4.3. 4 Design Constraint Selection

Once the appropriate design events have been selected,
the next step is to select & set of design constraints for
the watershed. These constraints on flowrate and pollutant
ioad may be =set at the outlet of the watershed or at

various points within the watevrshed.

Flowrate constraints for a developed watershed are
veually obtained by limiting the peak flowrates %o Lhose
which occurred prior to developmentd. Thus once the dasign
event has been odbtainzd, the corresponding rvainfall pattern
tould be veapplied to %the watershed in an undeveloped state
to obtain the flowrate constraints $or the desveloped
condition. When & set of design events is ubilized as
opposad €0 & single svent, it will be necessary to examine
the predevelopment flowrates corresponding ¢o all of the
design events, SGelection of the final constraints would

then depend on a carbain amount of gngineering judgement.
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For the Slen Ellyn asplication, an aldernative approach
was uasd. In order %o gyamine the vesponsg of the design
hewristic, & rvange of Flpwrate constreints weve Used. Theas
flowrats constraints were bHased on percendages of  the
tlowrats corresponding to the design event which had the
largest peak flowrate. For the puvpose of this study,

percentages of 2%, 50 and 739 pevcent wevre used.

Althouygh flowrate gonstraints for a developed watevrshead
ran usually be readily obtained, the selection of pollutant
constraints is wsually not as straightforward. Fart of this
problem stems from bthe lack of overall guidelines in
relation to stermwater pollutant removal. Fart of fthe
difficylty in establishing such guwidelines is the stochastic

nature of the impact of the pollutants on a veceiving pody.

For thie study, total load constraints were selectad
hased on percentages of the total load corvesponding Lo the
design evenit which had the largest load, Mg with  the
flowrate constraints, percentages of 28, B0G, and VO pearcent
ware wsed. & summary of the fFlowradte and popliutant
constraints aAssociated with each subshed is provided in

FTable 4.7

fdesonciated with sarh potential detention basin site,
including Lake Ellyn, is a set of variable constraints. #
summary of the constraints associated with each detention

zite 1P provided in Table 4.8.
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Tabhle 4.

Gilen Ellyn Site

Playrmum Weir Length

May imum Basin Widih
viaximum Basin bength
Minimum Basin Side Slope
Mayimum Pipse Diamster
Mayimum Basin Depih
Mayximum Basin Hrea
maximum Basin Btorage

Natention Site I

Mayimum Weiv Length.

Play imum Basin Widbh,
Maximum Basin Length
Minimum Basin Bide Blope
Mavimom Pipe Diameter.
mayimum Basin Depth
Mayimum Basin Arsa
Maximum Basin Storags

"

Netention Hite &

Maximum Weir Length,
Maximum Basin Width,
Maximum Sasin Length
Minimum Basin SGide Sloape
HMaximum Pipe Diameter.
Maximom Basin Depih
Miaximum RBasin ATea
Maximum Basin Dtarage

Basin Constraints

3 HO000
JOGOOOG

5.0
280
HB0

PG
&0

A0
210000
1050000

feet
fest
Ffapt
£L/F¢
foal
feet
%%

cufh

fest
et
feet
FLAFfE
feet
testl
sgft
cuft
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4.3.9%9 Application of the Design Heuristic

The watershed detention system may be designed wusing
interior flow constraints along with constraints at the

watershed outlet: or using constraints at the outlet only.

In addition, the system may be designed considering the
connecting pipe or chanmnel networTk, or designed assuming
that an existing network is already in place. In applying

the general design heuristic %o the Qlen Elliyn watershed.
all four of +the above possible design considerations were
examined. This resuvlted in four different case studies. In
addition, three different Flowrate constraints were

considered in combination with four differant pollutant

constraints (including a null constraint). This resulted in
a total of twelve different possible designs for each case
study. & description of each case study is provided in

Table 4. 9.

Table 4.9 Description of Case Studies

S e T SR ST oy T 05 A ks 3 R e TR AT o ST ) S 5 e G i R A e s s s D s

Case | Exbtarnal : Internal i Storage | Pipe
Btudy | Constraints ! Constraints ! Costs ! Costs
T D T
R
s kTR

m—uwm_mumm-ﬂ--unllu-ﬂmN—mw—:mu-v——'--ngnnma—a-—-w-uv_mnuuﬂﬁmn_—mu—m--&nﬂ—v_-—mhn—m—m——““ﬂ

q““_mnw—hﬁn—hm_ﬁmmwc—wﬁv_—n‘mmmwmmmn——lMww-—l—ud—b“—lﬂ-—wv—’m—“m—wﬁ———mh“m
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in order to ob%ain esch individual design. %he design
heuristic Wi s appliad ysing the first design event
(S5/2B/80), This design was then tested wusing DHSBPF  and the
remaining 3 design events. I¢ the design did not satisfy
one of the following svenbs, it was sliminated from further
consideration, After the first event was used the second
design svent was evaluvated. This process was conbinued
until all of the design events were considered. It more
than one acceptable design was obiained, the least cost
design was sgleched. When no accepbtable designs were
gbtained, the best design was modified %to produce an

acceptable design.

After several simulations: it was determined that the
£lowrate and pollutant objectives were so cenflicting that
no single design could be obtained that would satisfy all of
the remaining events. fs a result of this observation: a
composite svent was constructed from the peak runoff event
(S/29/80y and the peak load eventy (D/2B/803. The vesullting
composite svent did produce designs which did satisfy all of
the design evenbs. The hydrogranh end pollutograph used in
consbtrurting the composite runoffd event are presented in

Figures 4 -4 10

The use of & composite design event greatly increases
the probability the vesulting design will not be a global
nptimal design, Fiven the complexity and the number of

design events being considered, it is quite possible that a
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hetter co@mposite design event could be derived. The
proposed method, however, is fairly straightforward and does
iead to designes which zatisfy 211 of the design constraints.
Although i%¢ is true that %the Tés&l%iﬁg design mey cortvespond
to Prequencies greater than the selected design Freguency
for individual hydrologic statistics, (i.e. peak, total) Enhe
objective of the proposed methodology is %to yield designs
which satisty the design frequencies of all of the

hydrolegic parameters and nod Just one or two.

4 % & Discussion of the Resulbds

The results of the application of the geneval design
heuristic are gpresented in Figures 4 il-4 14 and Tables
& 10447, Figures & 1i~4 14 illusirate the vosts of each
individwal design for a given case study. Tables 4. 10-4 17
contain the wvalugs of the design paramebters and the
resulting system wvariables associlated with sach design. &
bried discussion of the results Ffor each case study is

provided below.

F A T Lasse 1

For case 1, flowrate and pollutant load constraints
werse impossd only at the watershed outlet. In addition,
only storage cosks were vsed in the overall cost analysis.
A can be seen From Figure 4. .11, different cost gurves weve

construcked torresponding to the four differvent levels of
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Table 4. 11 Design Results for Case 1 (Designs D7-Di2)
PBN L ODPTH | ORF | DIa | QIN ! QOT ! amMy ! PIN | POT | PMX | AREA | STOR ! £4OsST !
Eo# 1 fE L Ft 1 Ft ) efs 1 cfs ! cfs | lbs ¢ ibs 1 Ibs | sqft | cuft | 3 {
b= L HED L 4EQ | +EQ 1 EQ ! +EQ ! +EQ ! EJ 1 OFE3 P +E3 ! +E3 ! 4EZ ! 4ES
S VI Flow Reduotion = 25% Pollutant Removal = S0% o 0.85 8
CLE T 2.8 1 348 P71 7L 284 % 14 1130 1 13 1 Y. B2 179 | .10
BT L 2000 4.8 b 302 ¢ &0 22 1 9.1 POLBG. 2970 1 Q.73
I B2 1 H H P33 0 133 - T S O W H H i H
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pollutant wvemoval. While the curve corressending to She
null constraing rises with increased Flow veduction, %he
remaining curves are sither totally wvr partislly flat,
indicating no change in the cast of the design The +Flay
cost curves vesuld from  the fact that the pollubant
constraeints are gaverning Yhe solution space. For sxample,
in ovrdey &to obtain pollutant removal levels of 30 and 73
percent, designs ave vrequived fhat vesult in flowrats
reductions of more than 75 pervcent. These designs also
satisfy the flowrate veduction constrainkts of 30 and 25

percent and thus the cost of the design remains the same.

in contrast Yo the paliutant constraints, control of
the soiution space by The #lmm?at@ constraint is indicated
by cases where the cost of a given design does not  incrasse
with an increase in pollutant vemoval., Thig condition is
illustrated in Figure 4. 11 with designs D2 and DI Ag Ccan
be seen From the Pigure, the cost of designe D2 and D3 do
not substantially increass whan & 2% percent pollutant
removal coensiraint is  enforced. This indicates that the
designs corvesponding to the flowrate reduckions of 3O and
7% percent already provide pellubtant vemoval levels of a%

ivast 29 pevcent.

Designs that are not dominated by either & pollutant ovr
flpwrate constraint ave indizated by designs DI and DS As

can b2 seen Ffram Figuve 4. 11, %the cost of these designs
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increase when going to the next pollutant removal level or

the nex$t flowrate veduction level.

An sxamination of Tables 4. 10 and 4. 11 reveals that for
low poliutant removal levels (i.e. when flowrate constraints
tend to be dominate) detention basins are placed in the
upper part of the watershed. Howsver, when pollutant

constraints are contvrolling, detention basins are placed in

the lower paré of the watershed. In addition: as $flowrats
reduction is increased, the incremental costs of the
resuliting designs ¢end to rvemain the same, while as

pollutant removal is increased the incremental costs of the

resulting designgs ftend to increass.

4.3 6.2 Case 2

For case 2, flowrate reduction and pollutant removal
constraints were imposed throughout the watershed. As can
be seen from Figure 4. 12 the results of case 2 are very
similar %o <case . For case 2 the 75 percent pollutant
removal level was not attainable and thus no cost curve is

illustrated.

In general, the costs of the designs of case 2 are
higher than +the costs of the corresponding designs of case
i. This result would %end to be expected given the
increased constraints on  the overall problem. However,

unlike case 1, all of the designs for case 2 consist of
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Table 4. 12 Design Results for Cass 2 (Designs D1-D&)
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Table 4.13 Design

Results for Case 2 (Designs D7V-DLE
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detention basins in the upper part of the watershed (i e

the Lake Ellyn Site was never selected).

4 3. 6.3 Lase 3

For vase 3, +lowvate veduction and polivitant removal
constraints were again imposed only at the outles. However
in this case, pipe costs were also included in the tokal

cost analysis.

Inclugion of the pipe cost in the sbudy produced an
interssting vresulil, #s  can be sesn from Figure 4. 13, the
designs for pollutant removal levels of O, 23, and 350
percent are all Gthe same for esach level of flowrate
reduction. This result is dus %o the fact the incremental
pipe <ceost is grester than the incremental storage cost and
thus the pipe cost is the controlling factor in %the design.
In ovrder &o decrsgase the cost of the required downstream
pipe the upstream stovage is increased so that the resulting
putflow From sach besin is decvreszsed. For this case study.
the trade—off betwesn storage and pipe cost yields a design
which satisfies the pollubant removal constraing up to a
level of 30 percent for a flowrate veduction constraint up
to a level of 75 percent. This design does not satisfy the
73 percent pollufant removal level and seo therefore a rigw
design is vequirvred. @&s can be seen from Figure 4 13, this
new design is controiled by the pollutant constraint and

thus the corresponding cosd curve i horizontal.
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Table 4.14 Design Results for Case 3 (Designs Di1-D&)
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Table 4. 15 Design Results for Case 3 {Designs DV-DILZ)
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Bimilar %o case 1., the designs for pollutisn removal
levels of O and 2% percent contain detention basins only in
the upper part of the watershed. For the 75 percent removal

level, only the Lake Ellyn site is used.

For case 4, flowrate and poliutant constrainis were
imposed Shrouvghout the watsvrshed. &% in case 3, pipe costs
were also included in the overall cost analusis. Bimilar to
case 2, the 73 percent pollutant removal level was not
attainable. Timilavr to case 3. the pipe costs were again
the contrelling factor in the overall design. This led to a
design which satisfies the pollutant removal constraint wup
te 2 level of 30 percent for & flowrate reduction constraint
up to a level of 73 percent. In $fact, the design for cass 4
is the same design as for case 3, Thus the design resulting
from the trade—~off between the storage and pipe costs
satisfies the pollufant removal constraint up %o a level of
20 percent for & flowrate reduction constraint up to & level
of 73 percent for the sntirve wabtershed and not just at the

watershed outlef.

4. 4 Summary and Conclusions

The general planning methodology was applied to the
Glen Ellyn watershed which is located in Glen Ellyn,

Iilincis. Four different case studies were construct baesed
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Table 4. 14 Design Results for Case 4 {(Designs Di~D&)
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Table 4. 17 Design Resulis for Case 4 (Designs D7-D13)
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onn different cost and constraint selections. Associated
with each case study wevre 16 different designs which were
derived based on different levels of pollutent and flow
conetraings. Tha rvesul¥ing designs were ohitained by
application o0f the geneval design heuristic and a composite
dasign svent. The composite design event was obtained as a
result of a stabistical analysis of I8 months of simulated

ruynoff and poliviant loadings.

The design of 2 detention basin system hes been shown
to involve a Yrade-otf® between storage and pipe costs. In
this particular study, the pipe costas were the cenbrolling
factor in the eversll design. In the absence of pipe costs,
the sverall design may be dominated by either the flowrate
censtraint or the peollutant constraing. in general, designs
torresponding to high pollutant vremoval levels and Low
flowrate lsvels tend to be dominated by the poliuvtent
constvraint. Likewise, designs eorregsponding to high
flowrate vreduction levels and low pellivytant levels tend to
be dominated by the flowrate constraint, in addition to
these two vegions, there tends to be & middle region where
neisher constraint is dominant. The degres of control of
the solution space by szither constraing will depend on the
specific vese study being investigated. For case studies 1
ang 2. the pollutant constraint tended %to be more dominant

than the flowrate constraing. In addition, the incremental
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cost of the pollution remowval tended to be higher than Lhe

incremental cost of Flowrate rveduction.
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V. BYNTHETIC WATERSHED APPLICATION

S 1  INTRODUCTION

In addition %o applying the planning methodology to a
specific watershed, the methodolegy could also be used %o
obtain gensral planning guidelines #av a specific regian  or
area. SBuch  an  application could involve the wuse opf
5gﬁthé%it watersheds and averags design parameters. Based
on  the results of such an application, an attempt c¢ould be
made %o devrive gensval planning indices for use. in  the

preliminary design of watershed detention systems.

This chapter provides an illustration of the possible
application of the methodelogy to a synthetic watershed
The synithetic watershed is devived based on aversge values
of watershed pavemeters obitained for the state 0f Indiana.
The necessary data veguired %o construct and analyze the
synthetic watersheds include geamovrphic data and hydrologic
data, & brief discussion of both gesmorphic considerations
and  hydrologic considerations is pyrovided in the following

guctions,
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5.2 GEOMORPHOLOGY CONGIDERATIONS

A famous paper by Horton (1943) laid the Ffoundation for
much of the subsscuent work in Quantitative geomorphology of
drainage basinsg. In pariicular, Horton made Swo major
contributions %o &he study of stream patterns. First, he
devised a system nf stream classification or prdevring. which
proved to be very useful in the quantitative discussion of
drainage compesition, Second: he developead two laws for
stream numbers and s¢ream lengths. Additional laws were

iater developed for both basin araas and basin slopeg.

A major criticism of Hovrions ‘g work is that the stream
ordering scheme is wvery insensitive to wvariations in
stvuntu?é and lithology. Biturcation ratios were found o
be Temarkably stable from one ares to ancther, and generally
cluster in the range of 3.% &g 4. 0 Iin an attempt to
generate a more sensitive ordering scheme and a model devoid
af Horton‘s inconsistencies, Shreve (1944} propossed a random
model based solely upon combinatorial properties, Fram this
initial formulation, Shreve (1949) and Smart {1968 have
proceeded %o derive laws of stresam lengths and areas based
largely upon %the postulates of the vandom topology model. A
brief review of Horton’‘s laws asz well as the random tepology

model is presented halow.
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3. 2.1 Horton's Stream Classification

For 21l practical purposes. the guantitative study of
channel networks began with Hovrton’s method of classifying
channels by order. Later on, Bitrabler (1952} proposed a
modification of Horton‘s ordering scheme. S%vahler’s method
is now generaliy preferred because of i%s simplicity and

greater fresdom from subjective decisions (Bmart, L1972).

I+ stream channels are ideaiized as singls lines, the
resuliting diagram iz known in geomorphic literature as a
channel network. Sources are the goints farithest wvpstream
in a channgl network, and the outlet i3 the point farthest
downstream, The point et which %two channels combine to $form

oneg is called & junchion.

The Btrahler srdering procedure may be describsd as
#plliows: {13 channels that originate at & source are defined
to be First order styesms; (32 shen btwo streams of  ardsr @
Jodn, & stressm of order o 2+ 1 dg created; (3F when two
streams of different order goin, the channel soagment
immediately downstream has the highsr of the orders of the
two combining streams. A srample of & the Sitrahier

ordering schems is presented in Figure 3. 1.

5282 Morbon ‘s Laws

Uesing his shream ordering procedurs, Horton was abls to

daveiop ssveral bausic laws of drainags composition. The law
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st stream numbers states thai:

B, = - €% 13
Wl

whers the ratio of the number of segments of & given ovder
B to the number of segments of the highev order M . is
tormed the bifurcaetion ratio Rb. Ghservations  on natursl

networks indicate +thet when wsing +the Strahler ordering

stheme, %he bifurcation vatio is wsually betwssn 3 and 5

The mecond of Hevrions‘s laws is the law of stream

jengths which states thal:

The length ratio Qi ¢ which is the ratio of the mean length

Lm of zegments of order @ to mean length of segmenis of $ihe
next lower ovrder g%mjﬁ tends to be constant throughowut  the
surressive orders of a watershed. When using the Birahler

srdering scheme, the stream length vratio vsvally vanges

hatween 1.9 and 3.5,

Morton also suggesbed that there should be an analogous
relationship for areas, and one was later stated explicitly

by Schumm (1934). This relationship may be stabed as

5.3
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[ gT=0 o7 gw iz the mean sres drained by streams of order @
Circiluding their tributaries of lower order? and RQ iz the
bazin area ratio. The Strahler basin area ratio, Rﬁ,
normalliy Falls in 2 range betwesn 3 and 6.

A Fourth lew of drainage composition is the law of

skterezam slopes. Hortan and many others since have found

ampivically that, in general

From measuremsents on three geologically mature streams in a
amid  climate, Hordon (1945 found B_ = 0 .53, while for a
gounger stream in g semiarid climate Broscoe measurements

{195%) give R_ = 0. 57,

& fivnal geomorphic vrelationship concerns the relation
hetwesn Dbasin  area and basin length., Hack (1957} veported
that his measurements on 70 drainage basins in Virginia and
Mavryland and measurements by Langbelin et al. {1947 on about
400 basing in the northeastern United States couvld be ‘well

repressnted by the foillowing relationship.

Lo= 1.4 a%® £S5y

where L is siream length in miles measured to a point on the
drainags divide, and A is area in sgquare miles. Later work

by Gray (1961 gave essentialiy Ythe same resulis. in a
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shudy of 14 webersheds in Indiana, Lee and Delileur (1972

obtained the Ffollowing veilationehip.

L= § L B ﬁ@“ﬁﬁ Sy

5 2.3 Shreve NMebtworl Classification

in the SBhreve network classification scheme. it dis
assumed thet oultiple junctions do nobt ocour. én erdevior
link is & segment of channel network between & source and
the first junciion downstreeam: an interior link is & segment
of channel network bebtween Two successive Junctions or

botween the outlet and Tthe First junctlon upstream A

channel network with n sources haz n exdbevior links. -l
interior links, and n-1 jumetions.  The magnitude u of a
link is the number of sources upnpstream; thus an =iberior

limk has megnitude wnity and an  interior 1link has a
magnitude that is the sum of the magnitudes of the two links
Joining &t d%s wupstream end. The maeagnitude of & channsl
network is that of its osublet link. An  sxample of the

‘SBhreve netwdvTh ovdeving scheme is shown in Filgurse 5 2.

5 & 4 Development of The Random Topoleogy Model

The proparties of & rvandom toeopology siream nebwork
model  were first introduced by Bhreve (19463, Shreve noted
t*hat channel networks with egual numbevrs of sources ave

comparable In topologicsel complexity besiause they slsc have
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Figure 5 1 Strahler Network Ordering Scheme

Figure 5.2 SBhreve Network Drdering Scheme
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sgual numbers of links, junchtions, aend fivst-order Birahler
shtreans . I¥F & =ztrean network possesses p mources (1 .oe. .
First order streasnzz, there must  exist Hp> topologicaliy
distingd channel networks (TREN‘z) a3 a veswlt pf the

tollowing reiationship.

My = ot (

TS | .y
gumi } {ﬁx & o

b

A TDCHM ¢ defined as a nefwork that when it is projectsd oo
a plane surface, gannot be continvously deformed or rotated
with that surfece such that it becomes congruent with any
gthar TDBON o0f the same number of sources. The 14 possible

TCDM For p=% are showen in Figure 5.2,

Bec guse of the laroe values of HMopd For sven relatively
gmall wp, some method of grouping TODM inko Classes is
reguivred before much guantitative investigation can be done.
Smart (1973) has suguested that TCDMN of the same magniiude
be grovped according te ambilateral classes. Twe channel
networks belong to the same ambilateral class id and only i¥
they can be mades topoloagically identical by reversals of the
right—iaft order at one or movre Junciions. Magnitude O
networks, ¢for example. have three ambilaberal classes.
corresponding o the $First eight:, the next Ffouvr, and ths
iast Swo networks a5 Lllustrated in Figure 5. 3. Smart
argued that although hydroiogic variebles such as dischavrgs
and sediment ioad might depend on network topolaogy. they

should be sssentialliy indepsndent of the vight-left avder ov
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Figure 5.2 Topologically Distinct Charmel Networks L o= 5
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subnetuworks &t Ythe junciions, Because veversing the right—
1eft arvangement leaves the link magnitudes unchanged, ail
metworks of the same ambilateral class hawe the same set  of

magnitudes,

5.2 5 Postulates of the Random Topolegy Model

The #irst postulate of the the vandom model is that in
an ares uniform in lithology and free from shructural
rontroles sach TODM will ocour wisth egual fraguency. Thus in
the absence of geologic controls channel nebtworks are

topologically rendom {(Hhvevs. 1966,

The second postulate of the vandow model was proposed
by  Smart (1968 For drainage bhasins  underv comparable
environmental conditions, Smari suggested that the exterior
and interior 1link lengths are independent vandom vaviables
with a single common distribution for each fype, In an
investigation of %the lengths of exteriaor and interiar links
in 172 disparvate areas. Adbhrahams and Miller (419R2) devived a
mixed gamma density for link lengths by assuming that both
the component link length distribution for gach Telatively
homogenanus parsg af the landscape and the mixing
distribution of weights asssigned to the wvarious component

distributions can bs represented by gamma distributions,

The first two assumpiions of the random model ave

analogous to the first two Hovion laws in the sense that the
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first deals with purelg topologic properties and the second
deals with length properties. Although some attempts have
been made to develop a general postulate relating to areal
properties. the results have been inconclusive. A
relationship has been proposed, however, velating the basin
length $o the bhasin arsa. This relationship may be

gxpressed as follows.

=
K o= ggg:??g 5.8

where L ig the total channel length, & iz the total drainage
area, and P iz the sagnitude of the network . fGs & third
pasic pogtulate of the random wodel, Smart <1973 has

propossd that K is equal to 1.

Finally, in an extengion of the random model, Flint
{19763 Formul ated 3 geneTal model  represzenting  the
digstribution and expectation of interior link slopes for an
entire channel network. In a study of 11 drainage basins in
the Appalachian Plateau, Flint found that the average log
link zlops %“ varied with the rwmber of links present in the

sub-network of magnitude p Following & relation of the form
gp = AT logi3p —~ 12 CE LB

where k is equal to the atream gradient for p = 1 and 1T is

the rate of changs in the streas gradient with magnitude
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% 2. A The WATER Computer Program

in order to determineg the various gsomorphic paramsters

ssspriated wikth a given watevrshed, large amounts of data
must be rollected and Ethen analyzes. This van be & wvery
time consuming precess, especially for large watersheds. in
avder to facilitate the applivatisn of advanced fFluvial
analysis %0 actual problems of water managsment ang viver
control, Coffman =% al (1971} developed WATER, the HWatsr
and Tervain Evalvaetion Resesavch grogram. Using digivized
data from topographic maps, WATER can determing 28 different
statistics for & given waebershed. Btativtics may hea
chtained based on sither the Sivahler stveam ovrdeving mevhed
gr the Shrave stream ordering schems. The output From the
program can thus be wsed %o obtain regional parameters for

various groups of watershads.

fes and Dalleur (1972) have appliszd the WATER program
to a data base of geomovphic data for the state of Indiana.
The total data base contains network data for 34 watersheds
and ‘topographinc data for 38 watersheads. For this study, 1é
watersheds wetre analyzed. #H summary of the results of &he
analysis is provided in Table D.1. A map showing the

igcation of the 16 watersheds is provided in Figure 3. 4
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4 RECORIING AAIN GAGE

Figure 3.4 Indiana Map of Selected Watersheds
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Tanle 3.1 Busmary of Indiana Gzomorphic Dalts

Stream Humber Mean Stream Humber Mean Stream

Link bs. tength (mi) Dhs. Blope #L/¢L
i 16914 . 1320 3258 L OL43
& 4543 A B E M &8 G125
3 19461 L1264 391 L0139
& 1251 . 1286 259 L0144
5 ga4 Ci3ae 173 L0172
& try L1286 128 L0135
7 558 1287 1064 L0152
# A739 R Bedy b 7e L4181
7 b5 . 1289 &P L0169

10 311 . 1248 5& . 01w7
ii 271 L1180 45 . 0184
12 213 L1247 %1 L0185
13 203 14628 i) . D144
i4 ig? L1384 =27 L0121
15 160 : . 1315 21 L0317
i& 133 . 1499 24 . 02e7
i7 132 L1217 21 L0345
ig 132 L1307 21 L0171
19 1i4 L1377 i7 L0115

20 P8 L1230 i% L 36T
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3.2.7 Urban B¢tream Network Topology

Very little research has been conducted in the area of
urban stream network topology. One of the few authors who
has investigated +the subject is Grat (1977). Graf’'s
research was based on datae derived from a small instrumented
drainage basin near Jowa City. Iowa, As a result of
urbanization, @Graf found that the mean length of s2xternal
stream links decreased while the mean length of internal
stream links remained the same. In addition, Graf
determined that internal links become more significant than
external links in terms of length and drainage aresa, QGraf
also found that the shape of a subbasin tends to become more
rectangular with increased wurbanization. Using the data
gbtained from the instrumented drainage basin, Graf derived
several regression eguations relating geomorphic parameter
values &o the degree of wurbanization of a watershed.
Equations for both exterior and interior link iengths are

provided below.

L be ¢ 1 %+ 3,199 P 5100
iJ T 18

Li
L&)

i

Li_ ¢ 1 + 2217 F 3 .11
T L

i

whers Leu Total length of urbanizsd exterior links

Leﬁ = Total length of natural exterior links
Liu = Total length of urbanized interior links
Lin = Total length of natural interior links

P = Percent of urbanization
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5.3  HYDROLOGIC CONBIDERATIONS

The hydrologic date necessary to construct and analyze
& synthetic watershed include land wuse data, pollutent
ioading data, and precipitetion data. & briasd discussion of
each type of data used in the development of the synthetic

watershed is preasented below.

5 3.1 Land Use Data

fverage land uvses for major cities in  the state of
Indiana may be obbtained from Table 5.2 (Heaney, 19777, The
percent imperviousness asvscciated with a given lend use may

be approtimated using Table £ 3 (USDA-BLE, 19753},

5.3 2 Pollutant Loading Dats

initial polivtant loadings for different land uses may
be obtained wsing Table % 4 (Manning =%t al., 1977, and a&PWA
i96%), These pollutant loadings may be related %0 land use

areas by using Yable 5. 5 (Heaney et al.. 1977},

5 3. 32 Precipitation Data

Rainfall data for various stations in the state of
Indiana may be obtained from NDAA. The stenderd data formet
is §o record hourly rainfall values in hundredths of an inch
on days when Ythere is5 rain. Days without rain are not

recorded on the tape. Mourly data for the first day of each
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Table 5.2 Land Use Percentages for Major Cities in Indiana

I T Sl S i b L R 0 i 46l ) v Y U i i 4 408 4 ) 1R Y A S AR 484 S0 i b 47 SIS0 e Sk g e $008 9 S8 RO S il e g sy st S

i City POUNDV 1 OINST | RESD ! OINDL | COMM
¢ Anderson 1273 1 13.2 { 42.4 1 10.8 1 62 1
i Chicago Metro | 41 1 1 10.7 1 344 i 871 511
! Evansville  §39.8 { 11.0 {352 1 89 1 521
| Fort Wayne 1 42.1 1 10.5 { 33.8 | 8.6 1 501
| Indisnapolis | 565 { 7.9 § 25.4 1 64 1 371
| Lafaystte 1331 1122 { 3.0 { 991 871
| Muncie 1384 112 1 3601 911 531
i South Bend | | 47.6 | 9.5 1 30.6 1 7.8t 481
| Terra Maute | 511 ( 8.9 1286 ( 721 421
| Avg for State | 47.1 | 9.6 1309 1 7.8 ¢ 461

9 S v S S R T YD bk b e T S T 03 604 4l 8 N e e SR8 S99 MR ASPE i Bk, v St e S i S e b 4R RV T £S8 B, k. o B Pl S5 30 0

Table 5. 3 Percent Impervious Associated
With & Bpecified Land Use

R o oo o rory (2ar A AL Sk K R4 L bl i s T TaFPA IR R A8 B o P SOARE WPLOY YA RS 3. e e S Bt

! f.and Uze H Percent H
i { Impervious i
:w“—Undeveloped h? mmmmm ;“g““***:
© Institutional ¢ 20,0 1
I Residential {500 1
{ Industrial {720 1

T A L L0 i e i e TR AT TR L AR bt 400 S e ST P R S P s 390 B 87k N b B8 4 e G0
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Table 5 4 Pollutant Loadings ve Land Uses

umin i BRI SR AN TN YIS K T e bl KOtk SAMLA e e i b S e o i e AR GAMES G oo KR FEA e ST B s PR AR $REY e /A9 N SNAPR RE W G Sk MDA WOBR o GHIEE et PR B B R s e et 0SS aise

i Land Usg ! Pollutant Loadings ibscurb — mifday |
| b Tss b oBDR_ 1 ConD b PO I Tot-M i
e e o e e e ettt et B o e e e et s e
: Undevelopsd | 79 0 ! 394 | 1.9584 { 0008 @ 0039 i
! Institutional | 7.0 394 1 1584 ¢ Q008 1 0039
: Hesidential | 28 0 | AFE L 30520 1 D044 | OABO
H Industrial B0 1 729 1 2. Fe F 00%s 1372
: Commercial Plte 0 1 1,340 1 6786 1 GIR2 1 OFLIE

i\ Lang  Usa 1 Curp i
i i Mile éAcre
© Undeveloped ¢ 0023 i
{ tnatitutionsl ¢ 0.030 !
| Residential 1 0059 |
i\ Industrial ¢ 0.038 1

ik 5 R A8 i ol st SN TR AL S AT S R SRS SIS ST ST ) T S 4SS i Kl S e Gk Mk i w2 TR A5

AP PR TS At (3KIE A TS $PPYS PVIE i DO Tyt Thra o opm T e drkin (cH bhat AHAA U0 e S GAMME il Ak = S LT YOCTY AT
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month are recorded regardless of whether it rained or not.

Currently, many stations have over 2% years of data.

5.5 SYNTHETIC WATERSHED CONSTRUCTION

Using the data #from Table 5. 1. a typical watershed
representative of watersheds in Indiana was constructed for
use in the application of the planning methodology. For the
purpose of this study., average parameter values for the
entire state were vused. Using mean link lengths and slopes,
& simple network configuration was constructed. The subshed
areas associated with the variouws channel lengths were then
ovbtained by applicetion of the mainstream length to area
relationship described areviously. The constructed
watershed is shown in Figure 5 3, A& conceptualization of

the watershed is shown in Figure 5. &,

The ﬁgnﬁhetic watershed was simulated in both a
developed and undeveloped condition. For the natural state,
infiltration parameters were selected assuming & hydrologic
soil group of C. A listing of the assumed geomorphic and
hydrologic parameters for the natural watershed is provided

in Table 5.6.

For the developed condition, the original watershed was
modified wusing +the regression relationships developed by

Grat (19773 Bince theses relationships were developed #rom
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i

Figure 5.9 Map of Bynthetic Waterhsed

2]
1

\\\\"

Figure % & HWatershed Conceptualization
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a single watershed in JTowa, their use in this study is for

illustrative purposes only.

General land use conditions were then determined wusing

Table 3 2. For the purpose of this study:. average land use

values for the entire state were used. The percent of
imperviousness associated with each land use was
approximated using Table 5 3. Only one pollutant, total
syspendad solids (188, was modelad in this study.
Pollutant buildup was assumed to be linsar. The initial

loadings for T8E were obtained using the average state land
use values and Tables 5. 4 and 5.5 An exponential washofd
equation was used fto generate the polliutant loadings during
each storm For this study, an exponential decay
copefficient of 1.5 was assumed. For parvious areas,
infiltration parvameters were selected assuming a hydrologic
soil group of C. A summary of the assumed parameter values

for the developed watershed are listed in Table 5 7.

3.4 METHODOLDGY APPLICATION

Using the canstructed synthetic watershed, the
detention basin planning methodology was applied for a
design period of 20 ysars. A 20 year rainfall record for
West Lafayetie, Indiana was obtained from NDAA for use in
the analysis. Design frequenciges of 5, 1G and 20 ys=sars
wers selected. For this particular application, the channel

network was assumed %o be able to carry the 20 year
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Table 9. & Assumed Parameters for

Subshed 1

Bubshed &rea
Ef{ Imp Avres
Subshed Slope
SBubshed Length
Effectiva Width

Subshed 2

Hubshed Arsa .
EFfd Tap Arsa .
Subshad Sinpe
Bubshed Length
Effective Width

Subshed 2

Bubshed Arsa
EFfE Imp Avsa .|
Gubshad Slape
Subshad Length
Effective Width

Undeveloped Watershed

Table 9.7 Assumed Parameters for

Subshed 1

Subshed Area
Eft Imp Arma
Subshed Slape
Subshed L.angth
Effective HWidth
Solids Leading

Subshed 2

Subshed Avea .
EfF Imp Area
Suhshed Blope
Subshad Length
Effactive Width
Selids Loading

Subshed 3

Subshed Area
EfF Imp Arsa
Subshed Slope
Subshad Length
Effrctive Width
Solids Loading

Developed Watershed

Synthetic

T3

7T
o I
FEEL

Vi

73
1993
400

kg

o

73
2&ED3
PAEBE

ALTES
ATTED
#4 mid
Frpot
feat

ATTas
acres
Fhimi
feely
faet

AT RS
ALY B
5/ mi
EE-1:3 4
faat

Synthetic

71

Wi

73
19835
BRI IS
278

anrey
ACTES
FL/mi
feal
fuat
1674y

ACTES
ACTES
FH L wmd
fuet
feet
1h/dy

BEFRE
IETRS
Ftrmi
Ffeal
feet
1k/dy
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predevelopment flow and was not considered in the overall

design.

5 4 1 Watershed Simuiation

The synthetic watershed was simulated for both
developed ang undeveloped conditions. In addition +o
Flowrate, suspended solids loading and washoff were also.
simulated. A 20 year continuous simulation was conducted

for both conditions using @ 1 hour %ime step.

3.6. 2 Statistical Analysis

After the continuous simulations were completed, a
statistical analysis was performed for both simulation runs.
A listing of events based on their frequency of occurrence
for poth the developed and wundeveloped conditions is

provided in Table 5. 8.

5. 6.3 Design Event Selsction

For the purpose of this study, a composite design event
was derived for each selected design frequency. The
composite event for a given frequency was constructed uysing
the hydrograph associated with the peak flowrate and the
pollutant leoad associated with the peak pollutant load. The
hydrographs of the three composite design events are

presented in Figure % 7.
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5 4.4 DPesign Constraint Selection

For this particular application, flowrate constraints
and pelivtant load constraints were set only at the
watershed outlet. Flowrate constraints were based on the

undeveloped simulation results for the associated return
periagd. Pollutant load constraints were based on 50 pevrcent
of %the maximum total Ioad associated with the sslected
design freguency. & summary of the constraints for each

design frequency is provided in Table 5. 9.

In addition +to +the system constraints, different
variable constraints were imposed on each detention site faor
each design freguency. & listing of the varisble
constraints for each detention site and design fregquency is

provided in Tables 5. 10-5 12

9.6. 9 aApplication of the Design Meuristic

In applying +he design heuristic ¢to the synthetic
watershed, an attempt was made to devive & single overall
design which would meet the pollutant ard flouwrate
constraints of all three design freguencies. In deriving
the final design, two diffsrent design strategies were

investigated.

The first strategy (Case 1) involves a seguential
design process. In this case a design is first obtained for

the lowest design frequency (ex. 5 years). Once a design
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Table 5. 9 Watershed Constraints

Haturn
Period

S00.0

Flowrate Follutaent
{cfal {ibsgl
33500 TR2O5G0
332, 00 119000
281. 00 113000

200 .4 -

[
w2
=3
=]
1

200 1F

100.0

0.000 &

X

a-dﬁﬂ 3-60& w,éaﬁ
TIME <HOURSS

Figure 5.7 Composite Design Hydrographs
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Table . 5. 10 Basin Constraints
(3 year frequency)

Detention Site i

Maximum Weir Length 3 feet

Maximum Basin Width 400 feet

Maximum Basin Length . 700 feet

Minimum Basin Side Slope 2.9 Fu/Ft
Maximum Basin Depth & feet

Maximum Basin Arsa S00000 sqft

Maximum Basin Storage 3000000 cuft

Detention Site 2

Maximum Weir Length. 5 feet

Maximum Basin Width 300 feet

Maximum Basin Length &00 feot

Minimum Basin Side SBlope 2.3 fE/ ¥t
Mazimum Basin Depth & feet

Maximum Basin area 330000 sqft

Maximum Basin Storage 100000 cuft

Detention Site 3,4

Maximum Weir Length. 3 feet

Maximum Basin Width 400 Ffeet

Mazimum Basin Length . 500 feet

Minimum Basin Side Slope 2.3 Fr/et
Maximum Basin Depth 4 feat

Maximum Basin Area 2350000 sqft

Maximum Basin Storage 1000000 cuft
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Table 5. 11 Basin Comnstraints
(310 year frequencyl

Detention Bite i

Maximum Weir Lengtk . . . . . . . . . . . L. 5 feet
Mazimum Basin Width &H50 fest
Marimum Basin Lesngth - 7BG feet
Minimum Basin Bide Slope . 2.5 #E/FE
Maximum Basin Depth H Ffget
Marimum Basin Avrea 50000 asgft
Mazimum Basin Storage BBGOO00 cutt

Detention Bite 2

Maximum
May imum
Maximum
Minimum
Max imum
Max lmum
Plax imum

Weir Length.

Basin
Basin
Basin
Basin
Basin
Basin

Width
Length

Bide Slope .

Depth
Ares
Storage

Detention Site 3., 4

Max imum
Maximun
Max imum
Minimum
Maximum
Mayimum
Maximum

Weir Length.

Basin
Basgin
Basin
Basin
Baszin
Basin

Width
Length
Side Slope
Depth

fres
Etorage

&

&HOO

Fo0

2. 3

&
BOOQO0
JOGO000

3

BB0

&30

2 3

é
00000
2400000

feet
feel
faet
Ft/¢%
Foat
sqfe
CUFE

feet
feat
foet
¥E7FE
feet
sa0ft
cuft
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Table 5. 12 Basin Constraints
(20 yegar fregquency)

Betention Bite

Maximum Weir Leng&h . . . . . . . . . . . .. 10 feet

Maximum Basin Width 700 feet

Maximum Basin Length 730 feet

Minimum Basin Side Slope 2.9 ft/vt
Maximum Basin Depth 8 feet

Marimom Basin Area 550000 sqgft

Maximum Basin Storage 4500000 cutg

Betention Site 2

Maximum Weir Length, 3 feet

Maximum Bagsin Width £30 feet

Maximum Basin Length . . 700 teet

Minimum Basin Side SBlope 2.5 $ft/8t
Maximum Basin Depth 4 feet

Maximum Basin Avea 5530000 sqft

Maximum Basin Storage 3300000 cutt

Detention Site 3.4

Maximum Weir Length. 5 faet

Marimum DBasin Widih &E00Q feet

Mayimum Basin Length . &30 feet

Minimum Basin Hide Hlope 2. 5 Ft/¥¢
Marimum Basin Depth & Faot

Maximum Basin Area SGOO00 sqft

Maximum Basin Storage 2300000 cuft
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has been derived for the intial frequency. that design is
then fized and the design event corresponding %o the next
higher frequency is applied (ex. 10 years). Thigs svent is
then uvsed to obtain & design that satisfies the constraints

of that particular $requency, and also Sthe constraints of

all the lJower JTrzguencies. Omece  this design  has besn
obhiainad, the process is then repeated for the next design
frequency until & finagl design is obtained. Buch a shrategy

will thus insure that the final design will satisfy bthe

constraints of all $the selectsd design Fregquenciles.

The second strategy (Case 2) invelvess a single design
appraach. in this case the largest desian freguency {ex. &0
years) was used to obtein a single design. The pesrformance

of this design is then tested via simulation for all of the

lower design frequencies {ex. 9 10 years:. I+ the derived
design satisfies all of +the lowsr Freguenty design
ronstraints: then a final design is obhtained. I+ the

derived design violates a lower freguency design consirvaint,
then the design must be modified in some way until an

acceptable design is obtained

in appiying the general design heuristic %o the
synthetic watershed, both design strategies were employed.
In addition, twp different constraint conditions were
aramined for each strategy. This vesulied in a total of
four different case studies, A& description of éatﬁ case

study is provided in Table 3. 13
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Table 3.13 Description of Case Btudies

S TR T e it Al TN T ey ki e e e ke s 00 w02 i moem mmm-—w-—...-.m._—.m—.aq.._——eu__—-—mm-—-—mmw—m

Case | Single ! Sequential | Flowrate i Pollutant
Study ! Strategy ! Btrategy | Constraint ! Constraint
T
w1 T
N L x T
QBM* H —X C i X ' Xmﬁ )

mw—md—“—m-’---ﬂ—mnm.‘m-y—llluﬁ-v—‘—wuﬂ—mmﬂmuw“—«q__-—lﬂ——p—““—ww_m-b_mm“ﬂﬂ_—wm_n“

3.4. 6 Discussion of the Results

The results of the application of the design heuristic
&re presented in Figure 5. 8 and Tables 5 14~5 19, Figure

3.8 provides a summary of the cost of zach design for aach

tase study. Tables 5.14-3. 19 contain the values of the
design parametars ang the resulting system variables
associated with each design, A brie#¢ discussion of the

Tesults of each case study is presented helow.

As can be seen from Figure 5.8, the «costs of the
designs taerresponding to case 2 are less than the casts of
the designs associated with case 1. This result is due to
the fact that the designs associated with case 1 are more
constrained thanm the designs associated with case 2. In
general, the designs associasted with case 2 (those derived
vsing the single design strategy) did satisfy both the
pollutant and the flowrate constraints of the lower design

frequencieg. The only exception to thisg trend was the 20
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Table 5. 14 Design Results for Case 1. A (Designs DIi-D3)

©PT { DPTH  QIN § GOT § PIN | POT | AREA | STOR | COST :
=1 #t 1 c¥s | cfs | lbe [ IBs | sqft | cuft | % :
PoBM O FECG 1 HED P HED ¢ HE3 O +EDR L 4ETZ 1 H4E3 L +ES
?~g;m: DEGIGN = 5 yrs SIMULATION = B yrs ?”5“;;”:
1BL: ters et 201204 1 4t
1 B2 1 4.2 215 1 1892 1 140 { 120 | &4, | 245 i 0.65 1
1Bt 1 94t 94 501 501 i 1 1
iBa: i1z 1221 901 S0 i 1t
?";;“: DESIGHN = 5,10 yrs SIMULATION = 10 yrs ?w;—§§~:
tB1 1 ta@s 1332 20828 ¢ %
£B2 1 4.6 1229 1 214 1 131 ¢ 115 1 76 1 271 1 0.71 1
©B3 1 9.1t 121t 931 S2 i 381 63 ! 180 i 0.52 1
L B4 159 1189 93 w3 ¢ 1 4

S e Anu WAL AR SINRS S il AR T e S ST S PR M Wil LR A4 AR S TES T TS F TR SARTR R ST T [T BT PO T TN AT S N AL AR ALY WAL Lot B WAL BETR Sk LAk fmem Pt RS b TS R 4 AL S teats

i B1 335 1 33% ¢ 19w 1 199 | H H :
B2 L 4.7 1 244 1 224 1 120 0 104 1 800 1 2B0O. 4 0.T72 |
PR3 OY 30100 129 1 %4 b B3 01 3& 1 7901 iB3. 1 G531
PB4 1 4.7 1 1a% 1 1B3 0V %4 1 BRI 24, 1 ®&. H
GiK = Flow In PT = Design Point PIN = Pollutant In

Q07T = Flpw Dut BM = Dasin NMumbesr POT = Pollutant Qut
AREA = Dasin Area BTOR = Basin Btorage
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Yeble 5. 1% Design Results for Case 1.8 {Designs D4-D&)

= Flow In PT = Design Point PIN = Pgllutant In
GOT = Flow Ouf BN = Basin Mumber POT = Pollutant Out
AREA = Basin Areas STOR = Basin Btorage
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Table 5. 16 Design Results for Case 2 A (Designs D7-D9)

PO BT O LS bl i PL i ki b i e e T bk v L M i e o $8050 P S0 B e o5y R SEUSH 00k WIS A AR BT WA Sbd Wi ks b TS S AP AR FESTY T SR S KD A3 A s e FRSES A vl RS YR RAEY

PRT D DPTH D GIM ¢ Q0T ! PIN | POT ! AREA ! STOR | COST !
prme—d 0 FE 4 cfs [ ocfs | lbs ! lbs | sqft | cuft | % i
i BN O OEC ! H+EQ 1 HEQ L +E3 | +E3Z ! #E3 | +E3 | +ES |
?“g;"? DESIGN = 5 yrs SIMULATION = 5 yrs :“g“;g“?
$BL L tars 1aat g oziof 120 ¢ 1 1 1
1 B2 1 4.2 i 315 § 182 ¢ 140 { 120 | 84, 1 245 1 0 65 §
t B3t 1 wa: ea: s0: S0 1 1 1
[ . T
:“gé“: DESIGN = 10 yrs SIMULATION = 10 yrs ?‘5“;;“?
VB toasa o oaaz ¢ o2is g 2is 4 %%
B2 © 5.4 1 280 { 209 | 145 { 122 | B4 { 413 1 0 98 1
$B3 1 o111 oamt ¢ sz os2 i 4%
i B4t 159 1s9 ¢ ead wa 1 1 :
?“;;m? DEGIGN = 20 yrs SIMULATION = 20 yrs ;“;“g;*:
tBL 0 tga2 ¢ oam2 ¢ oa1s 1215 ¢ 54
1 B2 1 5.9 i 298 1 206 1 147 ¢ 120 1 83 { 440, 1 100 1
P B3 L 1129 ¢ 129 1 83 ¢ s34
P& L 1 o1a9 1 1em 1 w4t et & 1 1
GIM = Flow In PT = Design Point FINM = Pollutant In

GO07T = Flew Dut BM = Basin Number POT = Pollutant Out
ARESA = Basin Area BTOR = Basin Storage
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Table 5. 17 BSimulation Results for Case 2 A& (Designs DV-D9)
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GINM = Filow In PT = Design Peing PIN = Pollutant In
G077 = Flow DOut BM = Basin Number POT = Follutant Qut
ARESA = Basin Area GTOR = Basin Btorage
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Table 5. 18 Design Results for Case 2. B (Designs DiO-D12)
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Table 5. 19 Simulation Results for Case 2.8 (Designs DRIO-1:2D
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year design for case 2B (DIi2) which failed to satisfy the
pollutant constraint for the 10 year design event, Thus for
a pollutant removal level of 30 percent, the 20 year design

associated with case 1B would be prefervred.

& very interesting result occurread in vrelation +o  the
costs of designs D11 and DI2 In this particular case, the
14 year design event yielded a design more costly +than the
20 year event., At first glance, such a rvesult would appear
to be counter—intuitive. The reason for such a result is
revealed through an examination of Tabie 3. 8. For this
particular study, the composite design svents were selected
based on the peak flow stabtistic. Examination of Table 3. 8
reveals that although the sslected 20 year design event has
& higher peal wvalug %$han the 10 yesar event, the 10 year
event has a higher total volume than the 20 year event.
Thus although the peak statistic was dominate for those
designs without any pollutant removal {Cases 1A and 24). the
volume statistic was dominate for those designs involving

pollutant removal.

3.7 GSUMMARY AND CONCLUSIONS

The gensgral planning methodoiogy was applied ¢o a
synthetic watershed constructed From sverags geomorphic
parameteres Ffor the state of Indiana. The synthetbic
watershed was analyred for both undeveloped and developed

conditions vsing 20 years of hydrologic data. Based on a
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statisticael analysis of fthe continuous zimulation. differvent
design events were constructed for 5. 10 and 20 year design
frequencias. The derived design events were then used in
gxamining fws different design stratsgies. The resulis of
this study indicats that neither sirvategy can be guarantead
to always be betber. While +the single design sirategy
should always produce the least cost design: the seguential

strategy will gemerally always produce 2 Feasible design.

instead of considering the single and sequential design
strategies separately, & more appropriate approach would be
tn combine both strategies inte a single design methodology.
in wsing such & mebthodology. the single design strateay
would be employed $Firsh. I# %his strategy yields an
acceptable design for all other design frequencies then this
design should be selected. I+ the single design vwviplabes
consbraints of the lower frequency designg then tha

sequential design strategy should be used.
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VI, SUMMARY AND COMCLUSIONS

&1 SUMMaARY OF THE REPORT

A new methodology has been developed for wuse in the
planning and design of dual purpose detention basins in
urban watersheds. The methodology employs continuous
simyliation, statistvical analysis. and a general design
heuristic to eobtain an integrated system of detention

hbasins.

The design of any detention basin sustem involves
several different factors and or design considerations, The
T new planning mathodology addresses many design
considerations that are usually veglected in the design of a

single basin or even a multiple basin system.

In the past, most detention basins have been designed
based on & subshed or piecemeal approach. The negd for
regional planning of stormwater control systems has been
identifisad by several suthors. In vresponse to this need,
the new planning methodeology uses a geneval design heuristic
to obtain an overail design which considers the interaction

of the various basins in a watershed
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While stormwater detention baesins have beewn ussd +for
the contrel of urban runoff for many years, anly recenitly
hag There b@&ﬁ\ an  interest in eramining %ﬁ@ impact af
detention for the control of watsr quality loading in urban
rynoff. Une constraint to the effective design of dusl
purpose debtention baesing has been the lack of a general
design mebthodolgy fer wse in designing such basins. The new
planning wmethodolegy has been devaloped a3 a fivsed sisp
toward eliminating such & constraink. The new methodology
can be wsed to evaiuvats the pollutant removal efdiciencizs
of various basin designs. In addition, the gensval design
heuristic can be uvsed %Yo svaluate the inveraction of both
flowrate and poilutéﬁt load constraints in relation %o the

overall system design.

In the pass, m#%t édetention basins have  wsually been
designed wsing a design storm approach. This apoproach
assumes that %he Tesulfing rtunoff event has the same
freguency of occurrsnce as the selected rainfall event.
This study has shown that this assumpbtion is not always
wvalid, Iindeed, different huydrologic parameters of the sams

runoff svent may have different {frequencies of sccurrencs

in order to incorporate the edffect of the frequency of
the design runoff svent on the detention system design. the
new methodoleogy uses continuous simulation alpng with a
statistical analysis of the results %o derive design runofd

events. Dit¢ferent sets of design runcff evenits can than be
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evaluated wusing +the general design heuristic to obtain an

integrated detention basin system.

Another stochastic element that is usually ignored in
the design of a detention system is the response of a single
design %o different fregquencies of runoff gvents.
Currently, many detention basins are designed for a single
design frequency without regard to the effect of other
runcff events. This study has proposed the use of the
general design heuristic along with & &two step design
strategy ¢to obtain an overall design that will meet the

design constraints of several different design freguencies

& 2 GENERAL CONCLUSTONS

The current study has demonstrated the rneed +for a

general planning methodology for use in the design of dual

purpose detention basins. Such a methodology has been
developed and tested. The general interactioen of both
storage and pipe costs and flowrate and pollutant

constraints in relation +to the overall system design has
been illustrated. The effect of various design freguencies
constraints on the overall system design has also besen
investigated. Although some initial results have been
obtained in rvelation +to +the above considerations, any
general conclusions should be delayed until more case

studies have been investigated, It is quite possible, given
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the complexity of the system: that any gensral cenclusion

gbtainablie might be site specific.

The gensral planning methodology has been applied using
several design constraints to yield a wide range of designs
Although Sthere can be no guaranbtee $hat the rvesultant
designs are giobally optimal, the designs do tend %o follow
a consistent pattern. Thus:, although no formal proof has
heen pressnted %o guerantese the optimality of the algorithe
(i® such a proocf is even possible) the heuristic does yield
improved designs which do covrespond to the expected results

for given constraint sebs.

The new detention basin planning methodology should
prove to bhe a valuable %tool in the analysis and design of
dual purpose detention systems. The new methodology can be
used o obtain an individual system design or used in a
sensitivity analysis of a given systhem. Such an analysis
can be uwsed to construct cost graphs as & function of
differsnt Plowrate veduction and pollutant removal lavels
By deriving such graphs, information can be obtainad
concerning the rvegion of control of each constraint. This
information could then be used in the selection of & design
that provides the best trade-off between pollutant and
flowrate objectives for a selected level of ¢lowrats

readuction or pollutant removal.
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4.3 RECOMMENDATIONS FOR FURTHER RESEARCH

The development of a general detention basin planning
methodology has provided a new tool for use in the analysis
of detention basin systems. Buch & teol ¢an be wused to
analyze existing systems or %o sxamine the sensitivity of
various design parameters. The new methodology can be used
to investigate the possibility of deriving general planning
guidelines as a vesult of wvarious applications of the

general methodology.

Ancsther area of further researah COnNCarns the
simulation of pollutant removal. The current methodology
determines pollutant removal using a total load approach,
One possible exftension of the current methodology would be
to evaluate pollutant removal gsing a concentration
approaach. Such an approach would thus involive t%he

determination and ¢ransformation of subshed pollutographs

In addition %o the above area. further ressarch is
needed in relation to +the settling characteristics of
variows pollutants. Although some work has been done in
this area. much more research is needed before detention
systems can be designed that are effective for a wide range
of pollutants. ‘ The critical settling characteristics
associated with different pollutants nesed to be 1identi¥ied
so  that this information can be used in the development of

improved design procadures
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The current research has demonsirated the complexity
and importsnce of the stochastic nature of hydrologic
design. flthough an attempt has been made to incovpurate
the stochastic element of the detention basin design problem
in a general planning methodology. further vesearch in  This

area seems warranted,

4 final area of further research concerns %the general
design heuristic. Although the existing heuristic has haen
found to perform very well, it is guite possible %that tThe
algovrithm could be improved. One area that might be further
investigsted is the indirect dynamic programming
formulation. Alternatively., by further wuwse of the existing
algovithm, some general Srends might be chserved that cowuld

be used o developg 2 much simpler heuristic.
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