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- sidered in many recent Canadian pé@ulationsﬁ_

. FOREWORD

This thesis is part of a pbmprehensive'reseaﬁch program

- : . _ '
on urban hydreclogy conducted at the University of Ottawa.

The purpose of the prograﬁ is’ to develop a hierachical pack-~
age of ﬁodels for the three levgls of'drainaée studies con-
1. pevelopment‘qf a standard hydrograph method for the

' preliminary analysis of stormwater manageqént“pro—

jects which is compatiblé with sophisticated computef
models (this thesis). ]

2. Development of a conceptual hydrolégib model for mas-
ter~drainage lplans for use 1in both sméll and lafge
éréas." . '

3. Developmeﬁt of a model for the simultaneous routing
of runoff in major and minor syétems for the detailed
design of drainage systems in new subdivisions. |

While each of ¢the studies is basically independent of
the others, the common doal 1is. to develdp a package of meth-
ods which are compatible with each other and with previous
research on the testing of the SWMM model with data from

watershsgs in Canada and the United States.
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ABSTRACT -

Current practices of runoff computations 1in wurban

' dréinage designs employs different levels of analyses. At

-

the first level or preliminary stage, manual or desk-top
methods. are used and aﬁ the master plan and detailed design
levels, complex computer models are used. Althdugh the use
of desk-top methodé at the preliminary stage of the design
seems appropriate, a situation is beinglcreétea undér which
inconsistent and incompatible results are obtained when com-
pared with the computer simulations uéed in the final stage
of design. ; |
. A_treview of presently applied desk-tép methods for
drainage designs, inéluding the Rational Method, the Modi-
fied Rational Method Hydrograph, -and the SCS TR-55 Method .
shows that they have many limitations and weaknesses.. Ru-
noffs estimated by these various desk-top methods afe incon-
sistent and are not compatible with the final aesignlmodél.
In o}der that the urban. runoff control criteria can be

properly defined, a standard methoed for all runoff computa-

tions must be used. This research was initiated by the need

for such a standard and desk-top method for the preliminary

~design of urban drainage systems and stormwater control fa-

cilities.
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The first bart of ‘the research was carried out to
invesfigate ﬁhe possibili;ies ofn interfacing the commonly
used manhal Rafional Method with the complex computer model
SWMM for designing the pipe-syétem. An exﬁensive assessment
of the Rational Method for peak discharge estimations using
real and conceptual wétefsheds was carried out.. It is con;
gludéd that the Rational Method ‘gives results significaht}y
different from the more complex computér model. Althoughla
methodology is aevéloped by which the Rational Methéé peak
estimations can be _adjusted, it is concluded thét-the Ra-=
tional Method is basically an inadéquate method to use for
the preﬁént state-of-the-art 'of urban drainage éesign.

The second part of the reséarch is therefore devoted to
the developmeni of an improved .desk—top method entitled the
Standard Hydrograph Method (SHM). The ﬁethod developed is
based on computer simulations using design storms.. It is
simpier to apply than the Rational Method but it p;ovides
both peak discharges and runoff Hydrographs. The SHM proce-
dure can be based on any design storm distributions. An ex-
ample is given to éeveiop a set of SHM relations using the
computer model SWMM and Keifer and Chu's design storm dis-
tribution because they are common methods of design in Cana-

da. As a further demonstration of the applicability of the

‘SHM procedure, the SCS 24-hour Type II distribution design

storms are also used..



S
A 'selective runoff control' criterion is proposed in- -
stead of the 'zero runoff increase'.criterion. It is demon- '

strated, on the basis of a study conducted with'alreai ruré;

- watershed, that the latter is not only impractical but is

also difficult toimplement- ‘

The SHM procedure is -next éxtended to develép, two_
desk-top- methods for the estimation of detentzon storage for
stormwater runoff control. The first method can'be used for
estlmatlng volumes in conventlonal de51gns' the second meth-:

od can be used for estimating volumes in a "dual storage

.desigﬁ which. is presently being employed' in new develop-

ments.

While most of the research is based on homogeneous wat-

l ersheds, it is proposed that for the preliminary analysis”of

non- homogeneous watersheds desk- top programs for “use on pro-
grammable calculators can be interfaced WIth SHM for routing
hydrognaphs through channel and storage reservoirs.
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Chapter I
INTRODUCTION AND RESEARCH OBJECTIVES

hY

1.1  INTRODUCTION

Despite the development of computer methods in the last
decade, manual methods of runcff computations for the design
of urban drainage systems are still being widely applied
(Kibler.1982). The main reasons for the continuing use of
manual, or desk-top, methods of computations'are their ease
of application and flexib%litf.

In a survey conducted in 1975 by Wisner and Clark (Ma-
cLafen Limited 1975) for Bnvironment Canada, it has been
found that out of the 40 municipalities surveyed acfoss Can-
ada, 32 are doing computations by desk-top methods while 5
are wusing both desk-top and computer methods (Montreal,
Scarborough, Toronto, Hamilton and Winnipeg). In a recent
sufvey céndpcﬁed in 1980 at the University of Ottawa by the
IMPSWM Research Program it has been found that the consult-
ants and governmental agencies surveyed are étill applying
the manual Rational Method for the design of the storm sewver
systems, including four who are using both the Rational
Method and computer models. B0 percerit of those who an-

swered have also indicated that desk-top methods are of re-
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search pfibrity in tﬁe‘preliminary analysis of drainage sSys-
\ . ) .

tems.

In some studies, such as those fo; preliminary designs
and planning purposes, complex methods méy not be warranted,
Most comgutér models obviously simulate the rainfall-runoff
process in a ﬁére rigorous manner, taking into account the

-

rainfall pattefﬂfand duration, infiltration process, types
of land surfaces, ;nd o§erland flow and pipe routing. How~-
ever, they normally require longer time for input prepara-
tion as well as higher cost of analyses.. 1In -many cases,
proper training is needed for using the models correctly and
in maﬁy engineering_firms, such expertise may not be readily
available. ) |

Recognizing the capabilities of computer models and the
apparent conQeniences of desk-top methods, some municipali-~
ties have adopted a‘hierachf&al approach for the design of
urban drainage systems, whereby desk-top methods are used
for preliminary designs and more sophisticated models are
used for final desiéns (Town of Markham 1978, Town of Oak-
ville 1979). As a first step, desk-top computational meth-
ods facilitate the evaluation of different stormwater man-

agement alternatives, A final detailed analysis can be
-

carried out with computer models once an alternative is se-

lected. The Rational Method has been recommended for the

preliminary sizing of the storm sewers. At the final design
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stage, detailed‘Simulations with computer models, such as
. SWMM (Huber et al 1975i ~and ILLUDAS (Terstrieé ané Stall
1974),  have beeh'recommenﬁéd, ~although the Rational Method
has also been used in some -cases.

The édvantage of a hierachical approach is that models
in the hierachy can and should be entirely complementary.
B& using a desk-tdp method, the hydrologist can analyze a
drainage systeh quite easily and cheaply, and can get some
feel for the responseé of the system to various alternatives.
This step . can point out shortcomings and provide valuable
insights into more detailed analyses that may be requiréd.

In general, methods which use hand computations and do
_not require complex input data and special training can be
classified as desk-top methods. They are normally expressed
in the form of simple equations, tables, diagramé or graphs
that can be readily applied. Using desk-top programmable
"calculators, some computational procedures, such as hydro-
graph generation and routing through channels or reservoirs,
can be applied as simple methods that only require a limited
amount of input data (Croley 1978, 1980). Some examples of
desk-top methods and computer models currently applied in
“ canada are listed as follows:-

1. Desk-top Methods

Rational Method
Modified Rational Method Hydrograph

. U.S. Soil Conservation Service TR-55 (SCS 1975)
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2. HComputer Methods

HYMOl(Williams‘and Hann 1973)

SﬁMM (Huber, et al 1975)

ILLUDAS (Terstriep.and Stall 1974) -
EXTRAN (Roesner et al 1982) -

While any hierachical approach in modelling should
clearly define the use of a correct methbd for each staée‘of
the study, a situation exists under.which results predicteé
with desk-top methods may not be compatible with cﬁmputer
models. Most.metﬁoas or models predict runoff on the basis

of:

. storm input
~ . antecedent moisture conditions
. estimation of rainfall losses

. model parameters and mathematical approach

Desk-top methods wusually use a simpler:form of input
and require fewer parameters for runoff computatidns. The
selection or determination of input parameters is often sub-
jected to judgemental decisions or personal preferences be-
cause of‘their simplistic nature. For - ‘example, the Rational
Method uses only a constant average rate of rainfall as an

input for computing the peak rate of runcff while computer



" models normally_usé a rainfall hyetograph and can accept ény
format of storm input; the manual SCS TR-55 method uses the
special SCS fype II 24-hour design storm distribution for
estimating-peak runoff rates.

Another example of the differences between desk-top and
computerlééd methods is that in the Rational Methgd the peak
runof; rate is determined in terms of a simple ratio ofzphe
rate ;E;rainfall. This ratio accounts for all of the ré;n;
fall ldsses-and is affected by the rainfall characteristic§.
Yet thére are no clear quidelines in current prac?ices fQr -
it tojBE'pererly determined. Réinfallﬁ{osses, oﬁ'the-other
hand, are calculated in detailed.in compﬁter models.

An.interface“ of desk-topl methods and c¢omputer modéls
cannot}be carried out successfully unless these dlfferences
are examined and the discrepancies between the results a;e
eliminaﬁéd More 1mportant input parameters must also be
compatible and standardized before compatible results cah be'
achieved.

Nonetheless, some desk—-top methods are already limiéed
in-their nature. For instance, the Rational Method can, only
- predict a peak flow value and not a runoff hydrograph. In
- other words, there is a need for a standard method that not
only can be universally applied but can also predict- both

the peak discharge and the runof f hydrograph.
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The use of compﬁter modeis did not become widespread in
Canada until the last five years and the hierachical ap-
proach has-not been implemented until qQuite reéently. " As a
result, very little research has been conduéted in- the exam-
ination of the interfaced use of desk~top methods and com-
puter models. Previous studies (MacLaren Limited 1975,
1976) have compared the manual Rational Method with real

measurements for" which the method does not really apply;

- other studies (Burke and Gray 1979) have only shown the dis-

crepancies without explaining the causes. The lack of as-
sessment and investigations of the limitations of desk~top
methods have been found even 1in recent publications-(Kibler

1682). There is a great need for the present state-of-the-

art to conduct research towards®™this goal.

1.2 SCOPE AND OBJECTIVES OF RESEARCH

.The first objective of the present research is to re-
view’critically some of the desk-top methods currently used
by engineers for runoff computations. ~ Current desk-top
methods for determining the runoff hydrograph and detention
storage for the design of wurban runoff control facilities
are also reviewed.

The second objective is to conduct a comparison of the

Rational Method, one of the most widely used desk-top meth-

ods in the design of urban drainage system, with SWMM, which



is also one of - the most widely used computer programs in
Canada. The limitations and validity of the Rational Method
for runoff quantity computations for sewer designs in small.
urban watersheds are systematically éxamiﬁed. The'criﬁerié
for interfacing the Rational Method with SWMM are then re-
viewed. An improvement of the RatioﬁélrMethod is alsc pro-
posed. |

The third objective is to develop an improved desk-top
method for the determination of peak runoff rates and runoff
hydrographs for the design of drainage systems in small ur-
ban watersheds by means of computgg\{zgdelled simulations.
This is undertaken in order to achieve a conSistent and
standardized approach between a desk-top method and a com-
puter model for runoff dbmputations. In the present study,
the derivatﬁon of the proposed "Standard Hydrograph Method -
SHM" 1is based on SWMM.

The final objective 1is to examine the implications of
current urban runocff control policies with particular refer-
ence to the "zero runoff increase" and "selective control”
criteria. A desk-top procedure for determining detention
storage reguirements fé? runoff-control is developed using
SHM,

A channel and a reservolr routing procedure are sug-
gested for wuse with pocket calculators for a more refined
aqd simplified design of stormwater management and runoff

rl

control facilities.



Chapter II
REVIEW OF DESK-TOP METHODS FOR URBAN HYDROLOGY

1y

2.1 INTRODUCTION

This chapter presents an overview of currently apﬁli?ﬁ
and recently introduced desk-top methods of runoff and de-
tention storage cqmputations for urban drainage designs, in-
cluding the widely used Rational Method, the SCS TR-55 Meth-
od, ) the Modified Rational Method Hydrograph,‘ and other
currently available desk-top methods. The limitations of
these methods are briefly discussed and special emphasis is
given on studies which are carried out for.the determination
of the two important parameters of the Rational Method,
namely, the inlet time and runoff coefficient. A c¢ritical

&
review of the manual SCS method for determining infiltration

-

rates using the CN number and proposed improvements are also

presented.



2.2 RATIONAL METHOD

The basic cdﬁceptuof the Rational Method dates back to
1851 when Mulvaney, an.Irish engineer, published a paper re-
garding the measurement of rainfall and flood discharges in
a given watershed. * In his paper, the underlying principles
of the Rational Method, including the concept of the time of
concentration, are believed to have been implied. The Ra-
tional Method was not used in the United States until it was
intreduced by Kuichlihg (1889). It was then subsequently
introduced by leyd-Davies {1806) into BEngland, where it has
been often referred to as the Lloyd-Davies Method. Other
forms of the Rational Method are known by the names of Ca-
quot's Formula (Normand 1974, Desbordes 1976) in France and
Imhoff's Formula in Germany.

The Rational Method has been mainly applied in urban
watersheds for the design of pipe systems although it has
also been applied iﬁ rural watersheds (Chow 1962, Ontario
Ministry of Transportation 1981).

The classical defini;ionrof the Rational Method, its
assumpti&ns, limitations, and method of application are de-
scribed in detailed in Appendix A.

in summary, the assumptions of the éational Method are
that: (i) for an excess uniform rainfall, the maximum flow
is reached at a time that is equal to the time of concentra-

tion of flows in the watershed; (ii) the excess rainfall du-
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ration is egqual to the time of concentration; (iii) the ex-
cess rainfall intensity 1is a constant percentage of the
rainfall intensity; (iv) the flow. determined is the maximum

for the given excess rainfall intensity; and (v) for the es-

"timation of peak flow from a non-homogeneous ‘watershed,” a

weighted average runoff coefficient is used.
From a hydrologic viewpoint, these agsumptions can be
seriously challenged. In particular: |
1. The runoff coefficient should vary with the time and
rainfall characteristics.
2;‘ The time of concentration assumes that the watershed
is in saturation or at eguilibrium level and runoff
bégins immediately; it is also affected by the rain-

fall characteristics.

2.2.1 Current Practices in Canada

Despite 1its limitations and required assumptions, the
Rational Method is still used by many consultants and munic-
ipalities in Canada and.the United States. A survey con-
ducted by Damas and Smith (MacLaren Limited, 1975) of 36 mu-
nicipalities in Ontario, has indicated that all of them are
applying the Rational Method for storm sewer designs. En-
guiries by J.F. MacLaren Limited (1975) and the University:
of Ottawa IMPSWM program in 1980 have given similar results.

These surveys have also revealed other useful information
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such as the range of runoff coefficients and inlét times
used, and the selection of the design frequencies pertinent.
to the current state of practices of the Rational Method.

. Conducted in Ontario, - the Damas and Smith Survey has
indicatéd that among the consultants aﬁd municipaities sur;
veyed, the range of inlet time used varied from a minimum of
5 minutes to a maximum of 20 mgnptes. . The coefficients of
runof{ - used for residential,‘ commercial and 1industrial,
schooi'anﬁ institutional areaé, are in the range of 0.4 to
5.49, 0.7 to 0.79,‘and 0.6 to 0:69,‘respectively.

Thirty—seven cities across Canada have participated-in
the survey conducted by James F. Maclaren Limited. Of the
37 cities who answered, only one has not used the Rational.
Method for runcff computations. Five cities (Montreal,
Scarborough, Toronto, Hamilton and Winnipeg) have used both
the manual Rational MeEhod_and the detailed cbmputer models.
The maximum inlet times used vary from 8 minutes (Toronto)
to 40 minutes (St. John's). The minimum inlet times vary
from 5 minutes in twelve different cities to 20 minutes in
Valleyfield and Windsor. Runoff coefficients also wvary
widely from city to city as shown in Table 2.1. The design
frequency for storm sewers of residential and commercial de-
velopments in most cities is 1 in 5 years.

1t is evident from the surveys that the main discrepan-

cies with the Rational Method are caused by the inconsisten-
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cies 1in détéfmining,c and ti' They are determinéd in as
many different ways as those using it and consequently have
resulted in different values and hence designs that vary
from city to city.

Table 2.1: Runoff Coefficients Used by Different Cities
(MacLaren Limited 1975)

Land Use Minimum C Maximum C

e .
Parks .05 (Ortawa) -~ .35 {(Guelph)
Residential .20 (Montreal) .80 (Ottawa, Pierrefonds)

Commercial .30 (Brantford, Calgary) .90 (Guelph, Winnipeg)
Industrial .36 (Vancouver) .95 (Guelph)

In the survey conducted by the IMPSWM Program at the
University of Ottawa, it is observed that the Rational Meth-
od has been applied for the design of two systeﬁs - the mi-
nor (piée) and the mgjér (street) systems. The design fre-
guency of the minor _system ranges from 1 in 2 tol 1in 5
years and the design freguency of the major system ranges
from 1 in 25 to 1 in 100 years.

- Many methodologies have been proposed by various re-

searchers for improving the accuracies ‘of determining C-and

t;. They will be reviewed in the next few sections.
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2.2.2 Determination of Runoff Coefficient

Methodologies for determining the runoff - coefficient
are based mainly on interpreting the parameters affecting
the rate of runoff including tﬁe percentage of impervious-
ness, soil characteristics,‘and rainfali and watershed char-
acteristics. In urban watersheds, it is governed mainly by
the percentage of imperviousness as compared with other pa-
rameters. In rural wétersheds, which have high proportions
of permeable surfaces for 1infiltration, the runoff coeffi-
cient is also sensitive to the soil type and the antecedent
moisture condition of the soil. Rainfall with high rainfall
intensities also‘cqntributes to the increase in the value of
the runoff coefficient. fhe main problem in determining C
is the lack of a general understanding in relating all of
these parameters. Thus most relationships are put forth on

the basis of interpreting only one or a few of the parame-

ters.

2.2.2.1 Tabulated C Values

The simplest and most common way of selecting C is by
relating it to the characteristics of the watershed. The
coefficient is a fixed value which does not vary with time.
Tables which give the average C for use in urban drainage
designs for various types of surface characteristics and de- '

velopments have been recommended in the ASCE Design Manual



No. 37 (ASCE, 1970) which can be regarded as one of the best
references for general determinatién purposes.(Table B.1,
Appendix B). These coefficients are applicable for stofms
of 5 to l0-year frequeﬁcies.‘ For less frequent, high inten-
sity storms, higher coefficients are required (Schaake et al
1967).

A more elaborate procedure tﬁét has been applied 1in
Erin and Niagara Counties in New York (1977) considers addi--
tional parameters - ground slbpe, soil type and return fre-
quency (Table B.2). The runoff coefficient obtained from
this table could reflect more closely the hydrologic cycle.
c vélues’according to soil type have also been proposed by
Schwab et al (1971) for rural watersheds (Table B.3). All

of these tables are given in Appendix B.

2.2.2.2 Correction of C for Storm Return Period

A simple ratio is used to adjust the runoff coefficient
by mul;iplying the right hand side of the Rational Method
formula by a freguency factor 'Cf' related to the return
frequency of the storm (Denver Criteria: Wrighf—MacLaughlin
19689, Amer{caq Iron and Steel Institute 1986). The eqguation

for the Rational Method therefore becomes

= 1 2.1
Q CfC1A
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where C is the runof £ coefficient,A i is the rainfall inten-
sity in ikc es per pour, and A is the area of the watershed
in acres. For metric units, a conversion factor of 0.000278
is needed to multiply the equation. In this case, the rain-
fall intensity will be in millimeters per hour and the area
of the waterhsed will be in hectares. |

For freguent storms withoz\{p 10 years return frequency

Cf is equal to 1.0, for less frequent storms with 1 in 25

and 1 in 100 years return frequencies Cf will be 1.1 and

- 1.25 respectively.

2.2.2.3 C in Terms of Rainfall Intensity

— Onée of the first attempts to 'improve' the estimation
of C §n terms of rainfall intensity has been proposed by
éregory and Arnold (1932). As shown inp Figure ﬁ.l, Appendix
B; relationships between C and rainfall intensity has been
made for various soil {packed or loose) and moisture condi-
tions. 1In Figure B.2, curves dependent on land use parame-
ters in terms of the type of vegetatién, development, and
surface cover as proposed by Ordon (1973} are shown. Ross-
miller (1980) has also proposed an eguation to determine the
runoff coefficient C in terms of the rainfall intensity and

duration:

SRO = P-F-1, 2.2

P = i x Duration 2.3
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C = SRO/P o 2.4

where SRO .is surface runoff, P 1is precipitation, F i§ the
total infiltration, Ia is initial abstraction which includes“
interception and depression storage, and i 1s the average
rainfall intensity. Table B.4 gives examples of C deter-
mined for different rainfall intensities for a storm.lasting
1.0 hour and a completely impervious watershed (Rossmillér
1980). |
2.2.2.4 C in Terms of Imperviousness

Schéake,.Geyer, "and Knapp (1967} have observed that C
is highly cofrelaied with the imperviousness after analyzing
measurements collected from 20 urban drainage areas in Bal-
timore. A linear equ%;ion; relatiqg C with the impervious-

ness (Imp) and slope (S) expressed in percentages, has been

\
obtained: X Y il

. I3
A

C=0.14 + 0.65 (Imp) + 0.05 (S) \\\\ 2.5

AN
N\

Schaake et al have recommended that this eguation
. . . L, .
should be used in conjunction with a special equation for

calculating the time lag (t1) for 2 main drainage channel of

length L:

£1 = 1.05L-2%/5-161pp-26 2.6

bl
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An equation used in the STORM model (U.S. Army Corps of
Engineers 1975) estimates the runoff rates by means of a
volumetric runoff coefficient. It is obtained by consider-

ing the percentages of pervious and impervious areas:

Cavg - Cperv(1'1) * Cimp‘I 2.7

where I is the percentage of imperviousness, C imp is the C
value for the impervious area (0.9 for example) and C perv .
is the C value for the pervious area (0.2 for example). The
use of volumetric runoff coefficients éill be examined later
in Chapter IV..

It is found that the values of C calculated by the sec-
ond method afe close to those calculated by the first one
(J.F.MacLareﬁ 1875). The effect of slope is therefore con-
cluded to be negligible in this case.

Although C determined with the type of eguations de-
scribed above does not vary wiﬁh the storm eharacteristics,
it is felt that it eliminates the rather arbitrary judgement

for determining C based on land use characteristics.

2.2.2.5 € in Terms of Rainfall Duration
This felationship has been first observed by Kuichling
(1889) who has' expressed the runoff coefficient (m) as being

directly proporticnal to the storm duration 't’

m = at 2.8



18

where 'a' 1is an empirical constant. Horner {1910} has

proposed that the relationships of C and storm duration can

be developed for both pervious aﬁd'impervious areas. Simi-
lar curves have been developed by Hoad (Fair and Geyer 1959)
and Miteci (1974). Curves developed by Mitci have been found
to be applicable for soil conditions . in Montreal {Miteci
1974). The equations developed by Hoad gnd Mitci are listed
in Table B.S5 and all of thg curves are plotted as shown in

Figures B.3 and B.4.

2.2.2.6 Rossmiller (1980)
" Rossmiller (1980) has proposed an-equation for estimat-
ing C for the design of storm sewers in urban watersheds.

This equation accounts for a number of the essential parame-

.7~ ~ters, " including land use, soil type, antecedent moisture

conditipns, recurrence interval, imperviousness, rainfall
intensity, watershed slope, and surface roughness, respec-
tively. Each of these parameters, acting in relation with
the others, predicts the portion of rainfall which-will ap-
pear as runoff by:

2

¢ =7.200)7 end ri-05 ((Lo1en)-6) 7S

(.0otent 48y - 15T (1mp + 1)72)°7 2.9
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where CN.is the SCS curve number, a dimensionless number be-
tween 0 and 100; RI is the return period in years; S is the
average ground slope in percent- I is the rainfall 1nten51ty\
in inches per hour; and Imp is the 1mperv10usness ‘expressed
in fractions. The SCS curve number is calculated with a
weighted:.average equation based on the soil type and the ra-

tio of imperviousness:

T
.

CNavg = XperV(T-Imp) + 98.(Imp) 2.10

where X represents the soil type of the pervious areas.
values of X suggested for each hydrologic soil group are
shown in Table B.6.

Oone of the basic parameters. governing Rossmiller's
equation is the Curve Number (CN). However, the validity of
_the CN has often been questioned especially concerning its
relationship with the antecedent moisture condition (AMC):
the SCS method for determining the rate of infiltration has
also been criticized; A review of these criticisms will be
presented in a later Chapter. Based on these criticisms, it
is concluded that Rossmiller's equation should be used with

reservations.



2.2.3 Determination of Inlet Time

The time of concentration in the Rational Method is de-
fined as the ﬁime réquired for the excess runoff to travel
from the hydraulically most remote point of the watershed to
the point of outflow. In an urban drainage system, it is
traditionally visualized as composed of two parts - tﬁe in-
let time_'ti"of.flow over land surfaces and the travel time
of flow 'ti' through the pipe or chgnnel system (see Appen-
dix A). Since ghe velocity of overland flow is much smaller
. than the velocity of flow in the pipe system, the inlet time
is relatively long as compared with the travel time when the
size of the watershed is small. The estimation of inlet
time is also complex. ‘Under urban conditions, fhe overland
flow often needs to travel over a mixture of permeable,
grassed (backyards or frontyards) and impermeable, paved
{street) surféces until it reaches the first inlet of the
storm sewer éystem. As shown in Figure 2.1, the inlet time
for such a non-homogeneous surface is highly wvariable and
can be represented by any value within the shaded area of
Figure 2.1. °~ It is not surprising that most methods for de-
- termining thé>inlet time are not- for a mixture but only for
either impervious or pervious land surface with identifiable
characterist}cs.

The inlet time depends on many factors such as the

length and depth of flow, surface roughness, and rainfall
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characteristics. Judgementaf‘ﬁéﬁisions have often resulted
in wrong inlet times thus leading to inaccurate estimations
of the rainfall intensities, and hence the peak runoff

rates.

Impervious Surface

MNNENAIN

Mixed prervzous Surfaces

Perv1ous Surface

Peak Flow

L } .
1 1 )

Tt ts t3 Inlet Time

Figure 2.1: The Determination of Inlet Time

Determination of inlet time is also affected by the lo-
cation of the first upstream pipe section which dictates the
length of overland flow. In most urbanized watersheds or

residential developments, the 'inlet area' tributary to this

pipe section is usually guite small and less than 1 acre..

However, 1in most rural watersheds, the 'inlet area’' for
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which flows travel overland can be quite large. Hence. the
inlet time for urban areas can be less than 10 to 20 minutes

(ASCE Design Manual No.37, 1970), while the inlet time for

‘rural areas can be longer than 60 minutes (Chow, 1962). The

type of land use and size of the 'inlet area' for which the
fermulas apply must therefore be clearl¥ defined. |

Since the time of concentration is approximately equal
to the inlet. time in u;ban watersheds because of the rela-
tiveiy short travel time of flow in the pipe system, most
methods are concerned with determining the inlet time, or
more specifically, with the overland flow time, which may be
estimated experimentally or theoretically by using a uniform

flow approximation.

2.2.3.1 t, in Terms of Drainage Afea .

This is the simplest form of eguation sinée it is based
on a single parameter, the dréinage area, which is raised teo
some power and multiplied by a constant. This type of egqua-
tion is empir;cally determined and some of them have been

listed by Rossmiller (1980). Two examples are given below:

t.= 0.0 . 2.11.

045

t,® 1.45A° 2.12

wherg/;ﬁ is in hours and A is the drainage area in square

miles. This type of equation is particularly suitable for
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large watersheds with relatively 1long times of concentra-
“tion. Rossmiller has advised that they should be used only

in rural watersheds.

"2.2.3.2 t; in Terms of Length and Slope
 Kirpich's Formula (1540) is the most used relation in
- this category.

Tt = 0.00078(L/s"2) 77

where t is iﬁ minutes, L is the léngth in feet, and S is the
slope in feet per foot, the difference in elevation in feet
between the most remote point and the outlet divided by the
horizontal distance between them in feet. The equation is
based on a2 study conducted by Ramser (1827) who has collect-
ed data from six small watersheds located in Jackson, Ten-

nessee. These watersheds are mainly farmland with steep

slopes and relatively dry soils. Rossmiller (1980) “has

therefore recommended that its use be limiteé@ to rural wat-
ersheds. He has also recommended that correction factors of
0.2 to 0.4 should be used if the equation is applied in ur-

ban watersheds.

2.2.3.3 t. in Terms of Length, Slope and Roughness or
Rlnoff Coefficient

1. Kerby (1959)

2.13
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This empirical formula calculates the overland . flow
time based on the surface-roughness, . the length of flow in

feet and the ground slope

t, = 0.83(nL/s-0)-%7 20877

where n 1is the roughness coefficient obtained from Table

~ . . .
B.7, L is the length in feet of overland flow, and S is the

slope in feet per foot. It is based on experimental curves
derived‘by Hathaway (1945) who has investigated the drainage
characteristics of military airfield runways. L must be
less than 1200 ft.

2. Seelye (1968)

t; = 0.16(L/C) %573

where L is the length of overland flow in feet, C is the Ra-
tional Formula runoff coefficient C, and § is the slope in

feet per foot.

2.2.3.4 Kinematic Wave EqQuation .
The Kinematic Wave Equation gives a theoretical 4nter-
pfetation of ﬁhe overland flow characteristics. It is for-
mulated on the basis of the contiﬁﬁity and momentum equa-
tions commonly referred to as the St. Venant or

shallow-water wave equations.
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Using Manning's formula for normal flow condition, the
solution of the egquations can be expressed as. (Overton and

Meadows, 1971):-

t, = (0392871 %) (nL/v5) 2.6

where i is the depth of runoff, n is the Manning roughness
coefficient, L is the length of flow, and S is the ground
slope. Consideration of different configuratiﬁns, including
single plane surface, cascade of planes, V-shaped watershed,
and converging surface with'lOO%‘ impervious surfaces has
been made by Overton and Meadows (1976). Ragan and Duru
(1972) have constructed a nomograph based on Eguation 2.16
and evaluated its performance. By comparing the computed
times of concentration with those obtained experimentally by
Izzard (1946) and the U.S. Army Corps of Engineers (1954},

they have found that the values estimated are close.

2.2.3.5 Experimental Determination (Izzard)

Izzard (1946) has conducted a series of experiments to
examine the hydraulics of overland flow on paved and turf-
surfaces normally found on airpeort runways. As a result of
these tests, it 1s possible to compute the hydrograph of ru-
noff from a plane surface resulting from different rainfall

intensities?\\Fquations that describe the time necessary for

1



26

the equilibrium condition to occur, when runoff occurs over-

land, are obtained:-

to =41 pL1/3 §-2/3 2.17
and )

b = (0.0007i + ¢ )s71/3 | 2.18

where L is the lenéth of overland flow in feet, i is the in-
tensity of rainfall 1in inches per hour, S is the slope of
the surface and Cr is a resistance coefficient of different
types of flow surfaces evaluated experimentally (fable B.8).
This equation considers the same parameters as used in the
Kinematic ﬁave Equation. Both equations can be considered
'to include most of the parameters affecting the time df
travel over land surfaces and therefore are more complete
than the other gquatiohs.

Since the data used by Izzard are obtained from experi-
ments by using a plot measuring 6 ft. wide and maximum of 72
ft. long, the equation is valid only for iL less than 500
(where i is in inches per hour and L is in feet) and very
small areas. .

The computer model ILLUDAS (Terstriep and Stall 1974)
uses a simplified form of Izzard's.equation to determine the

time for flow to contribute from the most distant point on
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the grassed agea to the inlet. This is wvisualizeéd as the
distance from the backyard propérty lines to the street gqut-
ter. 1Izzard's equation is simplified by assuming an avefage
constant rate of rainfall intensity (i=1.0 in/hr.) for all
storms and a Cr value for grassed areas consisting of un-
clipped bluegréss turf (0.046). By substituting these as-
sumptions into‘Izzard's equation, the equation used in

ILLUDAS 1is

3

t:= 1.020-%/5°33 2.19

where ti is the travel time over grassed area, L 1is the

length, and § is the slope of the grassed area.

2.2.4 Previous Assessment of ‘the Rational Method

. o
The assessment of the Rational Method in the past has

mainly been limited to comparing the peak flows calculated

by the Rational Method with the peak runoff rates measured

from real storm events. Since the Rational Method uses only

a '"block rginfall' obtained from the Intensity-Duration-Fre-
guency curve, some assumptions must be used )to circumvent
the inability of the method to account forugie variation of
rainfall with time in real storm events. For example, the
procedure indicated in Figure 2.2 is used 1in several stud-

ies. According to this method, the average rainfall inten-

sity used by the Rational Method 1is estimated from a real
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Figure 2.2:

avg.

TIME

t
c

REAL STORM HYETOGRAPH
1. tc determined at outlet

2. Maximum average intenmsity found for t.
from the real storm hyetograph.

3. C and A determined from watershed
characteristics

4. Qp = C lavg A

Estimation of Peak Rainfall Intensity From
Recorded Rainfall For RM Peak Flow Computation
{(Maclaren Limlited 1975).
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storm event by calculating the average rainfall intensity
for a duration of the real storm that is egual to t_ and
that comprises the peak intensity.

Watkins (1962} has wused this method to calculate the
peak discharges using 283 storm events observed on 12 catch-
ments and compared them with observed values. The mean ab-
solute error is found to be between 10% and 20% on seven
catchments and between 20% and 26% on three. For two of the
remaining catchments, mean errors of 47%\énd 160% are found.

The same procedure is used in a study in the review of
Canadian urban drainage praétices'and design methods by Wis-
ner and Clarke (MacLaren Limited 1975). The Rational Method
is tested against measurements for ﬁour small catchments lo-
cated separately in Chicago, Balgimore and Kingston (Ontar-
io). Results show that for the Calvin Park wétershed, "the
Rational Method computed peak flows are 68% highef than
measurements. The Rational Method is also tested for two.
larger ‘areas selected from the publication of Watkins’
(1962). One watershed is a 6ll-acre residential development
while the other 'is a 5,270-agre rural watershed. The peak
flow values calculated with the Rational Method are found to
be two to three times larger than the measured ones. Al-
though no explanation is given for the cause of these dif-
ferences, it is concluded that the Rational Method is not

appropriate for the simulation of runoff from real storm

event.
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Compérisons.with measured flows By other authors have
fur;hef indicated a wide variation of conclusions. They
ha§é been summarizediby Colyer and Pethick (1976) in a lit-
erature review of si%rm drainége_ design methods. Jens and
McPherson (1964) have reported apSiications in Baltimore,
St. Louis, Los Angeles and Oxhey and found a mean absolute
error in the prediction of peak discharge Qf 31.5%. Swin-
nerton et al (1972)‘ have tested the method on 12 storms ;e—
corded on motorways and obtained an average absolute error
of 83.3%. Chow and Yen (1975) have used the Rational Method
to calculate the peak discharge for four storms in Oakdale,
Chicago. They have concluded that the Rational Method could
 ;e used for gquick calculation of peak discharge if high ac-
_ curacy is not required. However, based on all these stud-
ies, Colyer and Pethick (1976) have concluded that the Ra-
tional Method is adequate for its respective level of

sophistication although improved accuracy can be further

achieved.

2.3 DESK-TOP SYNTHETIC HYDROGRAPH METHODS

One of the major limitations of the Rational Method is
that it only predicts the peak runoff rate which is a single
point on the runoff hydrograph. The development of hydro-
graph methods such as:ithe unit hydrograph by Sherman (1932)
and the synthetic unit hydrograph by Snyder (1938}, and the
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synthetic hydrograph, which is obtained by routing the 1in-
stantaneous.unit hydrograph defined with the time-area meth-

od, by Clark (1945), have significantly improved means of

estimating runcff.

A special type of synthetic hydrograph methods which |
assumes that the runcoff hydrograph can be abproximated by a
simple‘shape has also been used. One such type of simple
metﬁodé is the Modified Rational Method Hydrograph (Williams
1950) which assumes a triangular runoff hydrograph for a
lumped@ watershed. Tﬁe use of a trianéular*shaped hydrograph
for estimating the runoff hydregraph has.also been- incorpo-
rated in the Inlet Method (Kaltenbach 1963) and the Linear-
ized Subhydrograph Methods developed by Chien and Saigal
(1974) and Sarikelle et al (1978).

Attempts have also been made to use t;bular or graphi-
cal methods, based on computer simulations: the SCS TR-55
Method (Soil Conservation Service 1975}. Tﬂe siﬁple‘dimen-
sionless inlet hydrograph model developed by Ragan et al
(1975) is based on the computer model Maryland Linked System
Design Method (MLSDM)..

In the next few sections, some of the linearized hydro-
graph and dimensicnless hyarograph methods for synthesizing

the runoff hydrograph are reviewed.



. pm

kK

2.3.1 Modified Rational Method Hvdrograph

The basic Rational Method can only be used to estimate
peak flows. However, the peak flow computéa by the Rational
Methodlcan be assumed to be the peaE of an équilatergl tri-
angular hydrograph with a time base equal to 2 tc (Figure
2.3§, Wanielista 1978). The hydrograph is caused by a rain-
fall of constant intensity with a dufation‘equal to . ; the
volume of effective runoff is.then egqual to the area of the

triangular hydrograph. It can be calculated by

V = CiAD _ ‘ 2.20
- |

where V is the volume of runoff, C is the runoff coeffi-
cient, i 1s the constané rainfall intensity, A is the area
of the watershed, and D is the duration of rainfall which is
assumed to be equal to .. | |

For closer approximation of the shape of an actual hy-
drograph, the recession limb of the Modified Rational Method
hydrograph can be extended to ;.67 ter(Figure 2.3b). Since
the same runoff volume must be maintained, the peak of this
hydrograph will be reduced and egual to 0.75 CiA.

There are still some differences between the shape of

the Modified Rational Method hydrograph and the actual ru-

~noff hydrograph. In general, the shape of a real hydrograph

is described in terms of the peék (Qp),' the time to peak

'(tp), the time lag (tl), the time of concentration (tc) and
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the time base (tb) iFigure 2.4b) for a storm of dufaiion'n.
It-can be seen from éhis Figure that for an actual h}dro-
graph, the time of ‘concentration is defined as. the time from
the centr@id of the excess rainfall to the inflection point
on the falling limb of the hydrograph where the recession
curvé begins. For the Modified Rational Method hydrograph,
the time of concentration is assumed to coincide with the
time to peak. It can also be seen that the hydrograph de-
rived with the Modified Rational Meﬁhod has a shorter time
lag which is equal to D/2. ‘ | |

The use of the Modified Rational Method Hydrograph for
determining“detention:storage volumes will be described in a

later section.

2.3.2 Linearized Subhydrograph Method

The linearized subhydrograph method developed by. Chien
and Saigal (1574) and Sarikelle, Chien, and French (1958) is
a simple method of deterﬁining .the synthetic hydrograph
based on the principles of the Modified Rational Method hy-
drograph. This method also considers the rainfall duration
and a rainfall profile. For the development of the linear-
ized subhydrographs, three cases of subhydrograph as illus-
trated in Figure 2.5 are established with respect ¢to the
relative conditions of the rainfall duration and the time of

concentration.

)
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C = runcff coefficient
1 = rainfall intensity
D = storm duraticn
Qp = peak flow, A = area
1 _ tb = time base, V = runoff volume
.._D—_.4 . t. = time of concentration
E E }. éase l. D = tc
= c c
E - Qp = CiA
T, = 2 t.
VvV =C1APD
- | >~ Il
I t-b — TIME
. .
1 K
o { | £ 1 Case 2. D > T,
B QL =Cia
g P
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vV =C1AD
- |
= . iTIME
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I_____E_____ﬂ Case 3. D <« :c
c 2D
: c Q= C i AT
tb=D+tC
v =C41AD

| TIME

|
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Figure 2.5:

Ty

The Linearized Subhydrograph Methed
(Chien and Saigal 1974).
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In the first case, the storm dJuration is equal to the
time of concentration of the subwatershed. The peak runoff
occufs when flows all of the tributary watershed contribute
to the outlet flow; the peak rate of runoff.is computed by
the Rational ?ormula and the time base of the subhydrograph
is 2tc. The volUme_éf runoff resulting from the st&rm is
CiAtc. In the second case, the storm duration is longer
than the time of concentration of the subwatershed. Thus,
the peak rate of runoff is reached before the end of the
storm SO that all of the subwatershed is contributing at the
peak rate for the part of the runoff period equal to the
sporm_duration less the time of concentration. .After this
period, the runoff will recede to zero in a time périod
equal to t.- The form of the subhydrograph, therefore, is a
trapezoid with the peak runoff rate the same as in the first
case but the/time base of the subhydrograph is longgr and
equal to D + t . The volume of runofﬁ is CiAD which 1is
larger than the first case. In the third case, the storm
duration is less than the time af concentration of the sub-
watershed. Thus, the entire watershed is not contributing
+o flow and the peak rate of -runoff is reduced by a propor-
tion of 2D/(D + tc). The volume of runoff is less than both
of the previous cases.

Chien and Saigal have suggested three differeﬁt egua-

tions including Kerby's formula and the Kinematic Wave equa-
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.«
tion for estimating the time of concentration (see Section
2.2.3.4). . The Kinematic Wave equation has been recommended.
The Kinematic Wave equation has also been used by Sarikelle
et al for estimating the time of concentration.

The. weighted runoff coefficient 1is estimated with
Hoad's relations for impervious and .pérvious areas as shown
in Figure 3.3, Appendix B (see also Section 2.2.2.5). A
simplified time-offset method is adopted for routing,_where—
by-individual subhydrographs are linearly transposed, or
lagged, to ;he point under consideration by the average

travel time.

2.3.3 Use of SCS Unit Hydrograph Method for Peak Flows

The U.S. Soil Conservation Service (1957) hydrograph
method is developed with the simple assumption that a hydro-
graph can be represented in the form of a triangle as shown
in Figure 2.6. For each increment of excess rainfall, the
length of the recession limb of the runoff hydrograph is ap-

proximated by 1.67 and t, is approximated by the sum of
B

P
D/2.and 0.6t . This rainfall increment is limited not to be
c

P
drograph is determined by the following equation:

greateg\t?aﬁ 0.25¢t_ . The peak (Qp) of the incremental hy-

Qp= 484 AQ/tp 2.21
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1 time lag of the watershed (the time from the center of mass of
the exeess rainfall to the peak of runoff}
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Figure 2.6: The S.C.S. Unit Hydrograph Method
(s.C.S. 1957).
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where A is the area of the wateg§hed 1n square miles, Q is

the runoff volume in inches, and Qp and tp are in cubic feet

»

per second and hours, respectively. The constant 484, has
been found to vary from 300 in very flat swampy areas to 600
in steep terrain (American Iron and Steel Instituté 1980)
when it is calibrated with measurements.

Incremental runoff hydrographs are first ‘produced for
the runoff excess determined during each time step. These
hydrographs are then superimposed and a total runoff hydro-
graph is produced. A more détailed discussion of the SCS-CN
procedure for determining the runoff excess will be givéﬁ in
the next Séction.

It is moted that Equation 2f21 applies only for a unit
rainfall and it cannot be used to estimate the peak runoff
of .any given amount of runoff wvolume Q resulting £from any

given rainfall pattern.

2.3.4 SCS TR-55 Method

A more sophisticated method currently used is the SCS
TR~55 Method (SCS 1975) developed by :the U.S. Department of
Agriculture. The TR-55 Method employs several tables,
graphs, and charts for estimating runoff volumes, peak dis-
charges, runoff hydrographs, and volumes for stormwater de-
tention storages. The tabular method, which makes use of

Table 5-3 o©f the manual, 1s used for computing peak dis-
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charges from urban areas¢lit permits the development of com-
posite hydrographs at any/ﬁoint within the watershed by di-
viding the watershed into subareas and calculating the time
of concentration' for each s&garea and the travel time
through each reach. This method is especially applicable
for use in non—-homogeneous watersheds such as- - partly urban-
ized areas; it can also be used to determine the effects of
structures, including channel modifications, at different
locations in a watershed. The brdinates'of the hydrographs
are expressed in terms of cubic feet per second per sguare
mile per inch of runoff. The graphical method, which uses
Figure 5.2 of the manual, is‘used'to estimate the peak dis-
charge from urban areas (cfs per sguare mile per inch of ru-
noff) using only the time of concentration and is applicable
to a watershed where runoff characteristics are uniform and
channel routing is not reguired. Finally, the chart method,
which uses the charts of Appendices D and E of the manual,
is also used to estimate the peak dischafge from agricultur-
al areas (cfs. per inch of runoff) for a given size of area
for various CN values and ground slopes. Adjustment factors
for percent impervious areas and modified hydraulic length
are required for applications in urbanized watersﬂeds.

All of the TR-55 methods are developed based on comput-
er runs of the TR-20 model (SCS 1865) using the standard SCS

Typé-11 24-hour design storms. The methods are most useful
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for planning purposes; however, it has been suggested that
they can be used for design ﬁf'the limitations of the.meth-
ods are recognized and not misinterpreted. A major con-
straint of the TR-55 metho@s is . that it is limited to the
use of the SCS ?ype-II 24-hour design storms. Both the peak
. discharge and the shape.of the hydrograph may therefore only
‘be used for this type of storms.

Considerations ;;gardiné the application of SCS-CN
method'for,computing.infiltratién have often been examined.
The infiltration 1is determined with'relationshipS' based on

the SCS CN wvalue which are as follows:

IS

(p-1,)
Q==p:T1§* ‘ 2.22
a
Ia = 0.25 . _ 2.23
S = (1000/CN) - 10 2.24

where Q 1s the total depth of runoff in inches, P is the to-
tal rainfall precipitation in inches, I, is the initial ab-
straction, § is the potential abs;r;ction, and CN 1s the ru-
noff curve number which 1is related to the soil and cover .
conditions of the watershed. According to SCS, CN can be
linked to the moisture condition of the soil with an Antece-

dent Moisture Condition (AMC) level. The level of AMC can
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be separated into three discreée classes: AMC I {(dry), II,
and III (saturation). It is found that in .some applica;
tions, especially those with low rainfall volumes, over—es- .
timated rainfall losses and uuder*estimatéd'peak dis¢ﬁarges
may result. o ' |

The CN method is found to give very low vdlumes of ru-
noff for AMC I with a 60 minutg duration storm when compared
with that modelled by ILLUDAS (Burke and Gray 1979).  pfter
analyzing runoff volumes of 585 storm events tollect -frop
36 watersheds in thé Tennessee Valley, Bales and Betson
(1581) have £found that g%e CN values determined based on
‘measurements are comparatively higher than those suggested
by the SCS on the basis of the soil type and land use of the
watersheds. In the later case, CN determined_by assuming
both the AMC II and AﬁC 111 conditions are found to have un-
derpredicted the runoff volumes. Studies conducted by Alt-
man et al (1980} involving six - watersheds in Texas have
shéwn similar results.

The use of Curve Numbers fof calculating infiltration
rates have therefore been questioned by many researchers in-
cluding Aron et al (1977), Hawkins (1978, 1980), Rallison
and Cronshey (1979), Wisner and P'ng (1980). . Some of the
questions often asked are: (i) why is the initial abstrac-
tion equal to 0.2S; (ii) when is storm intensity more impor-
tant than AMC; and (iii)hwhat probability levels are associ-

ated with the envelopes in defining AMC I and AMC II.
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Golding (1979) has found that the initial abstraction
value thch is ”équal to 0.2S is eve; larger than the total
recorded rainfali in many cases. For areas with low ENE the
SCS equation may™-therefore underestimate the amount of ru-
noff volume and runoffhrates significantly. He has there-
fore suggested that the initial abstraction should be varied
~on the basiérof CN ranging from 0.075§ to 0.2S. Aron et al
(1877) have recomnended that a value of 0.1S or lower shoﬁlé
be used. The use of separate simulation of runoff from im-
pervious and pervious areas has also been recommended (Wgs-
ner and P'ng 1980).

The exceedence probability of the antecedent moisture
condition has been recently investigated in a study cafried
out jointly by the Departhent of Civil Engineering, Univer-
sity of Ottawa, and the Institute of Rural Engineering,
Ecole Polytechnigue School of Lausanne (EPFL) for a wa-
tershed located near Geneva, 'Switzerland. By relating CN
with the Antecedent Precipitation Index (API} using rainfall
and runoff data ccllected, the exceedence probability of éN
can be defined. The study will be presented in a later
Chapte£ and in Appendix C.

'%riticisms régarding the application of the SCS TR-55
methods for runoff computations have also been recently dis-
cussed by McCuen (1981) andlwisner et al (1981). They are

summarlzed as follows:
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1. Runoff from Observed Storms

The complete set of data from a real watershed, the
Gray Haven watershed, Baltimore, has been used by Wisner et
al for anélysis. The mean CN determined with the measured
storms and runoff volumes on the watershed is higher than
the computed averagé CN according to the TR-55 manual.
Thus, it is concluded that the.éethod may lead to underesti-

mated total runoff volumes for this watershed.

2. Peak Discharge Estimation .

Wisner et al have compared' the graphical and chart
methods for determining the peak discharge in terms of the
time of concentration and the area of the watershed, respec-
tively, for data representing hypothetical watersheds rang-
ing in sizes from 10 to 160 acres. It is concluded that
different results are obtained by the two methodsf the chart
method giving peak discharges in terms of area seems to have.
significantly underestimated peak discharges.

McCuen has indicated that the time of concentration
used for determining the peak discharge shoqld'be cal;ulated
only with the graph provided in the m&nual. When it is ap-
plied in urban watersheds, it should be properly adjusted
for impervious area and hydraulic length using the Tables

given in the manual.
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3. Channel Routing

~The TR-55 tabular method is a methéd for estimating the
total rungff hydrograph for any- peint in a watershed. The
TR-20 program, which uses the Convex rout}ng method, is used
- to calcuiate the routed runcff hydrographs through stream
channels. Wisner et al have found that the tabular method -
underestimates the roﬁted flows as compared with the Convex
method which is. carriéd out manually and the computer pro-
gram EXTRAN, which uses the full dynamic equations for rout-
ing. It 1is therefore concluded that the Convex method,
which is as simple to use as the TR-55 tables, is more éccyh.
rate. It does not have any limiéations regarding the storm
profile. The Convex routing method can be further simpli-

fied by the use of programmable calculators.

4. Other éomments

One of ‘the main critiéisms cf Wisner et al is that the
'SCS TR-55 manual does not convéy all the facts and theoreti-
cal.bésis pertaining to the derivation of ihe various dia-
grams and tables. Potential users may thereforef follow a
passive ~and noncritical appfoach in their applications.
McCuen points out that in a recent study, approximately 50

percent of the users have misapplied the TR-55 procedures.
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2.3.5 Dimensionless Hydrograph Method

The dimensionless hydrograph is a hydrograph for which
the ordinates are expressed in terms of a relatzvely 51mple
relafionship by the ratio of dlscharge to peak d1scharge

(Q/QB) versus the rapio of time to time of peakﬁ(thp):
- : = L/ 2.25 ﬁ
| _ Q/Q, = £ltfr) _ .

where d is the runoff rate at times othE€r than the time of o
peak. The time of peak (tp) is defined as the time when ru-
noff starts to occur until the time when the runoff hydro-
graph reacpes its peak discharge rate (Qp). : Hencei at the
peak of the dimensionless hydrograph, both Q/ijand t/tp are
equal to. unlty (i.e. Q(t ) Q ). _

Use of\\the dlmen51on1ess hydrograph for synfhesizing
runoff has been adopted by Izzard (1946) and the Soil.Coﬁ-
servation Service (1972). Some of the more recent attempts
afe by wu (1963), Ragan et al (1975), and Stephenson (1981).
; The dimensionless unit hyd;ograph developed_ by 1zzard
(1946) has been mainlf determined from' experimental data
(Section 2.2.3.5),  while that developed by SCS has been
based oﬁ the analysis of a large number of unit hydrographs“
from real watersheds éerying widely 1in sizes and_geographi-
cal’ locatlons The SCS dimensionless unit hydrograph can be
con51dered as an improvement of the s1mple trlangular shaped

SCS hydrograph descglbed,ln Section’ 2.3.3.

-
T

N .

kid : - ’ y



Wu (1963) has shown that'a dimensionless wunit hydro-
‘graph can be synfhesized by means of a two-parameter gamma

function expressed in the following form:

-

)/, = (t/tp)“‘Te(]"“)](t/tp']) 2.26

where Q(t) 1is the discharge rate at time t, 'Qp is the peak

: . g
discharge at time of peak t n is a parameter accounting

for the storage and routipg foegfs of the watershed. This
equation Has been a?pliéd by Williams and Hann (1973) for
‘generating the rising limb and the peak portion of the syn-
thetic unit hydrograph used in the HYMO mbdel. A comparison

of the dimensionless unit hydrograéﬁg derived by Izzard, the

b

Soil Conservation Service, and Williams is shown in Figure
2.7. It is noted that Izzard's-dimensionless unit hydfo—
graph model is mainly for sheet flows over plane surfaces.
The dimensiqnlésé hydrogréph developed by Ragan et al
(1875) is distinctly different. While the previous ones
have been .mainly synthesized as;ﬁimensionless unit hydro-
graphs (for a unit rainfall), éhe latter has béen éynthes—
" ized baSeﬁ}oh ‘a éBmplete rainfall event.. Therefore, its
shape incénppyé;es the shape of the input rainfall hyeto-
g}aph; "It - has been derived with expertmental simulations
.with conceptual watersheds using a computer mgdel, the Mary-
land Linked System Design-Mddel (MLSDM), and with desigB

storms which have been dist:ibuted with Keifer and Chu's
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method (195?); This approach is quite similar to the SCS
TR-55 method described in the last Sect{on, for which simu-
lations have been carried-out using the SCS TR-20 computer
model for design stbfms which.have'been distributed with the
SCS Type-II 24-hour design storm distribution.

. The MLSDM has beén ‘used to conduct a series of 100 nu-
merical expe:iment§ on a small hypothetical wétérshed which
drains into an inlet located af the end of a curb and gutter
channel. The  length of thé watershéd has been varied be-
tween 200 feet and 600 feet. Different average ground
slopes have been considered and different percentageé of im-
perviousneés have beeﬁ employed. The rainfall input con-

.sists of design §£orms‘with 160-minute duration for differ-
ent return periods. Equivalent lengths of overland flow are
used for each experiment. | -

By analyzing all of the computer simulations, Ragan et
al have found that the method 1is able to constru¢t a common
dimgnsidnléss hydrograph. The‘dominént parameters affecting
the shape of the runoff hydrograph have been found to be
slope and percentage of imperviousness as compared to de-
pression storage, length, and width of the watershed.- The
time to peak -of the runoff hydrograph has been found to be
insensitive to most of the parameters'such as the impervi-
ousness, lthe rainfall characteristi;s, and the length of

travel (which is relatively short); it has varied mainly be-

»
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tween 61 min. and 72 min. and i§ very'close to the'time.to
peak intensity of the design storm which has ‘the peak inten-
sity af 60 minutes. As shown in Figure 2.8, the rising side
of the dimensionleé% hydrograph is represented by a single
curve and ;he recession side of the dimensionlss hydrograph
is represented by three slightly shifted curves correspond-
ing to various slopes. It is notgd that the time axis is
expressed in terms of the true time and not the ratio of
t/tp.

A number of tests have been carried out by Ragan et al
(1975) to.test the sensitivity.of peak flbwé to lower ini-
tial and final infiltration rates of 0.7 in/hr. and 0.3 in/
hr., respebtively, usiné storms with low return periods
{less than 1 in 10 years return period). It has been con-
cluded.that for the imperviousness ratios of 30%, 50%, and
70%, the ihcreases in peak flow; were only 7%, 5%, and 3%,
réspective;y; 'Thus it has been concluded that the assumed
values of -infiltration rates used originally to dévelop the
dimensionless. hydrograph were appropriate. However, no
tests have been conducted for 1 in 2 year storms. Ragan et
al have suggested that changes in the infiltration rates for
these more freguent storms may cauée-changes in the shape of
the dimensionless hydrograph.'

By means of 'a'model that is based on the solutions of

the Kinematic wave eggationé, Stephenson'(lsal) has also

o e i ek R s
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been able to develop a dimensionless hydrograph for a com-
plete excess rainfall hyetograph that 1is triangularly
shaped. ' ‘

While the traditional unit hydrograph approéch {s based
- on a unit rainfall, the dimensionless hydrographs developed
by Ragan et al, Stephenson, and the SC§ TR-55 method-use a
complete design storm event. They- have therefore adopted a
simplified procedure for defining the runoff hydrograph.
For the determfnation of the runoff hydrograph, they do not
directly use the convolution procedure, which means a proce- :
dure of calculating the incrementgl hydrograph'for the ru-
noff excess during each rainfall increment and suﬁerimposing
them into the. total runéff hydrograph. In this case, the
runoff hydfograph can be easily derived by just knowing tﬁe.
peak discharge rate (Qp) Snd the time of peak (tp) of.the

watershed.

2.4 DESK-TOP METHODS FOR SIZING DETENTION

Various methods, both structural and nonstructural, can
be used for the control of runoff from urban developments
(Soil Conservation Service 1975). One of the simplest meth-
ods for the minimization of runoff increases is by means of
detention storage. In an urban system, it can be distrisut—
ed into different elements of the dévelopment such as parks,

parking lots, roofs and sections of the sewer network in the
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form of underground on-line‘storage'(Poertner 1974). A com-
bination of these storage-faciiﬁtiég serves as an effective
means for the control of increased runoff after urbaniza-
tion. Park storage, 1in particular, has been successfully
included for the control of urban runoff in new developments
located in Toronto, Canada (Wisner et al 1981). .

The "dual storage" concept, which 1is a coﬁbinétion of
park storage and underground storage in oversized storm sew-
ers, is also applied in some new developments.  The concept
is based on thé recognition that urban drainage systems are
composed of two interconnected units:

1. the "minor" system - consisting of storm sewers for
conveying flows during minor storms'with Sigh return
frequencies such as 1 in 2 and 1 in 5 years,

2. the "major" system - consisting of striiﬁ} and chan-
nels for conveying flows during major storms with low
return frequencies such as-1 in 25 and 1 in 100
years.

The "dual storage™ concept reduces runoff by storing

flows in the "minor"™ system by means of oversized sewers and

storing flows in the "major™ system by means of depressions
in parks. The detailed design and analytic aspects of the
"dual storage” and "dual drainage" concepts have been stud-

ied by Kassem (1982).
N :
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2.4.1 | Determination of Detention Storage

Basically, the procedures réquired ﬁof the computation
of detention storage involve the prédiction of the runoff
hydrograpﬁ and the calculation of the volume of detention
storage required to reduce the peak runoff rate to a smaller
value. The iﬁflow hydrograph is roufed.through a detention

storage by means of the reservoir routing procedure in order

. to obtain the outflow hydrograph. This lengthy reservoir

.routing procedure is best suitea to computer analysis. in
the planning stage, where only- an indication of whether or
not a detention facility ;s'feaggble, complete analysis may
not be necessary. | This suggests that a simple method which
uses only assumed and simple shépes of inflow and outflow
hydrographs may be employed.

A multitude of simple methods are available for the
planning design of detention facilities. According to Dona-
hue et al (1981), some of the simple methods cufrently used
for plahning purposes include ILLUDAS.(Terstriep and Stall,
1974), Abt and Grigg (1978), Wycoff and Singh (1976), and
+the SCS TR-55 Meihod {Soil .Cénservation Service, 1975).
Other approximate methods that are available include the
Modif?ed Rational Method Hydrograph (Poertner, .1974) and
Bouthillier and'Peters9n {(1978}. A review of the assump-
tions and procedures that form the basis of some of these

methods is provided in the next few sections.

°
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2.4.2 Modified Rational Method Hydrograph

A triangular shaped Modified Rational Method hydrograph
that is described in Section 2.3.1 will be resulted if the
duration of the rainfall is egual to the time of concentra-
tion. If the rainfall dutration is longer than the time of -
concentration, 2 trapezoidal hydrograph instead will be re-
sulted (see Section 2.3.2). The peak of this trapezoidal
hydrograph is calculated by CiA. However, this peak is.less
than the peak of the triangular hydrograph because the aver-
age inteﬁéity of rainfal; is less when the'_duration of the
rainfall increases. Thus, - for.any rainfall I.DfF.' curve,
one can draw a family of trapezoidal hydrographs as shown in
Figqre 2.9, with each hydr?graph corresponding to a longer
duration of réiqfall (Poertﬁer 1974, Wanielista 1978).

The risiné and faliing limbs o©f the trapeioidal hydro-
graph, in each case, are equal to theltime of concentration
of the watershed. The falling limb begins at a ‘time D which
is the duration of the storm. When such 2 family of hydro-
graphs is developed, the maximum detention volume required
can be computed for a given outflow rate through an itera-
tive procedure.- The storage volume is the maximum area be-’
low one of the trapezoidal hydroqraphs and above the plotted
allowable outflow rate. It is assumed that the maximum area
and therefore the largest volume of runoff is the most crit-

ical size for the design of the detention facility.

\
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2.4.3 U.S. Soil Conservation Service TR-55

Chapter 7 of the Technical Release No. -55, or TR-55
(sCs, 1975), provides a simple method for "analyzing the ef-

fects of storage reservoir on peak discharges". The comput-

. er program SCS TR-20 (SCS, 1965) 1is used first to evaluafe

the average storage and routing effects using mény struc-
tﬁres. ~ On the basis of fhese results, two.simple relation-
ships.for® estimating the average storage regquirements are
formulated.

The accﬁracg of these two types of curves depends on
the relationship between the available storage, the inflow
hydrograph, and thé volume of inflow. ﬁhen only a small
;olume of detention storage is available, the shape of the
outflow hydrograph is very sensig&ye.to the rate of rise of
the inflow Hydrograpﬁ. Converéely, when a 1argé volume is

available for detention storagg, the shape of the inflow hy-

. drograph has ‘less effect on the outflow hydrograph which, in

this case, ig controlled by the hydraulics of the outlet de-
vice.. ﬁénce,,for peak outflow rates through pipe spillways
that are less than 300 cfs per square mile (csm) of drainage
area and weir spillways that are less than 150 csm, the de-
tention storage in watershed inches is‘esiimated using the
volume of runoff in inches for various release rates. For

peak outflow rates through pipe'spillways that are greater

than 300 csm, the ratio of the volume of storage to the vol-
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ume of runoff (Vs/vr) is given as a function of the ratio of
the peak rate of outflow to the peak rate of.inflow (Q,/Qi).
The TR-55 method has been recommenaed by Donahue et al
(1981) even though it has consistently given significantly
higher results (approximately 70% to 80% higher) when com-
pared with other models, including ILLUDAS (Terstriep and
Stall 1974), 7/Abt and Grigg (1978), and Wyceoff and Singh
(1976)! His recommendation i5 based on close comparisons.
obtained with a design model developed by Bondelid and’
McCuen (1879). It is however felt that the comparisons are
close because both methods wuse the SCS TR-20 program for
reservoir routing; the validity of his recommendation is
therefore doubtful. '
Although their'compariéons have not revealed the.accu-
racy of the TR-55 method,l Donahue et al have felt that the
main objective of the study is to identify the relative dif-
ferences between m}thods 1o} that' regulatory agencies or
practitioners can decide whether or not a method is conser-
vative when it ié being used in the planning of stormwater

management detention storages.

2.4.4 Wycoff and Singh (1876)

'An,idealiéed model, which is based on triangular inflow
and outflow hydrographs, is developed as an approximate

method for the hydrologic design of small flood detention
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reservoirs: As shown in Figure 2.10, - the ratio of storage
volume (st.to runoff.volﬁme (V;) can be expressed as a di-
rect function of the ratio of peak outflow rate (« Qp) to
peak inflow rate (Qp) and is independent of ali other param-

eters:
- . 4

\Is/\'r =1 - an/Qp ' ' - 2.27

Equation 2.27 can be used to obtain an estimate of the vol-
ume of storage required for a certain controlled peak out-
£low rate for a known inflow hydrograph that is triangular.
However, if the.inflow and oufflow hydrographs are curvili-
near as shown in Figure 2.11, 'a more generalized model 1s
needed. Considering the relationsHip established by Egua-
tion 2.27, Wycoff and Singh have proposed a model with the

following relationship:

v «Q t
Sec - LRy | 2.28
r p p ' )

where C, x, and y are constants, tb is-the time base of the
inflow hydrograph which is defined as the time from the be-
ginning of rise to a point on the recession limb where the
flow rate is equal to 5% of the peak flow {see Figure 2.11},
and tp 1is the time to the peak of the inflow hydrograph.
_The constants C, X, and y are derived empirically. A number

of selected inflow hydrographs are routed through various
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:eserv01r and spillway combinations using the "~ HYMO model.

\ -J

All of‘the pa:ameters (V ¢ Ver Qor Qi & and_tp) are meas-

.h.ured and walues"of V /V , (%- o gp/Qp), and tb/ﬁ}'are com-
puted fo* each r0ut;§§ . The following relaticonship is ob-

_talned u51ng a regreaszon analyszs of all the data:

-

e LN *1 291V (1 RRE

ISR V 2.29
- o7 ' ) / N o > . .
. where o \lS tHE\percentage of release rate. Slnce the egua-

! b

tlon ‘Is der:ved empzrlcally, it is appllcable -mainly when

-~

\the narameters Q /Q vary from 0.15 to ‘0.89 and tb/tp vary -

from 2. 5 to 4. 9 respectively}

~

By ver:fylng with independent flood routing data of an

~

Turban stormwater management master plan developed in Florl—
da;x it has’ been COncluded that the model is accurate encugh
for,most prellnlna;y_de51gn purpeses. ' s

\ } _'ﬂ )

2.4.5 Bouthllller and Peterson (1978)

-The method hast_been developed based on four shapes of
inflow hydrographs as shown in Figure 2.12. The peak of the
_inflow hydrograph has been estimated in terms of the total
tainﬁaii"precipitation (P) and time baae (ty) for 100% ru-
"noff.‘ The time base of the inflow- hydrograph has been as-
anmed to be egual to the storm duration, which varies from 1
nou;‘tp 10-houts; ‘the total rainfall versua-raintall aura-

-

G
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tion has been determined with the .I\P.F. curve for the . Bd-
monton area. Hence, the peak runoff rate (q}) per unit area
in inches per hour has been derived by means of the follow-

ing equations:

1. Triangular shaped inflow hydrograph (Types 1,2; and 3)

Qg = P x 2.0/t o 2.30

2. "Cusp” shaped inflow hydrograph (Type 4)

{

Q, = P x 6.3/t, ‘ ' 2.31

Computer simula£ions have been carried out to route t;he ﬂ
variohs types of hydrographs for différent storm return fre-
guencie$ through a reservoir having a fixed physical charac-
teristic.and a bottom pipe ‘outlet. The fatios of réquired
storage volume to total inflow volume and peak outflow rate
to-inflow rate have been;detefmihed 5f$¥ each case and the
gelationships as plbtted in ngure 2.13 héée been obtained.

It can be observed,%hat the Type 2 hydrograph;- which has a

delayed peak, .1s more conservative since it reguires more

storage volume as compared with other types.

©2.4.6 Abt and Grigg (1978) . . IRE .
A desk-top method capable of sizing‘ one or -a series ofs

. . éetention reservoirs has been developed by Abt and Grigg.

"The inflow and outflow hydrographs have béen assumeﬁ to be
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triangular and trapezbidai, respectively. The fising limbs
of the iqflow énd outflow hydrographs have been assumed to
coincide until the Iimiting outflow rate has..been reache@
(Figure 2.14). The duration of the recession limb of the
inflow hydrograph can be modified by a ratio m (i.e. dura-
tion m*tc). For a single degehtion reservoir, the volume of

storage, V., is given by:-

s

. _ 2 60 -
VS = O.S(tc + mtc)Qp('l-a) TI%60 2.32

i ~ | |
-where Qp is the peak inflgw rate,™ is the percentage of

release rate (Q(out)/Q(in)), tc is the time of concentra-

tion, and m is the ratio of recession duration to time of

‘peak which is assumed to be equal to the time of concentra-

tion. A general simplified equation denoting the storage

volume ‘for any particular reservoir in a series is derived:

I
- =32 (1 52 60
= = .33
Vs = KeQp(a)™ (2 e )" g3mgy _ ‘

where n is the sequential reservoir position from the top of
the watershed.- and k 1is @ reduction coefficient depenaent
upon the sequential reservoir position, the inflow-outflow

control” strategy and thé;recessipn duration.
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Figure 2.14: An Inflow-Outflow ﬁelationship
(Abt and Grigg 1978).
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The storage estimation equation for a series of deten-
tion reservoirs is compared with the HEC-1 model. ' Several
recession durations namely, tor 2t and 3t , of the storage
estimation qquatioq are used. It 1is found that the mean
ratios of HEC-1l storage to the storage éstimated‘ with the
equation are 1.89, 1.05, and 0.83, respectively. It is con-

cluded that - the use of recession durations of 2tC and 3t

are better than a duration of tc'

2.5 "SUMMARY AND RESEARCH NEEDS -
2.5.1 The Rational Method -

- tThe previous review has considered only the most used
attempts to improve the methodologies for est&ﬁating ! aﬁd
ti. Needless to say, because of their multiplicify, tﬁg
practétioners ére confused ahd there has been a lack of
studies to recé%mend the most suitable one for use. Even at
this stage very few methods have ‘been verified or general-
“ized. In many instances, the equations'vary widely in pre-
dicted values and are only valid for specific conditions
(Burke and Gray 1979). Another difficulty 1is that mggt'of
these @ethodologies or equations do not account for all of

the parameters that govern the values of C and t; .
For example, the tabulated C values have beeq criti-

. cized because actually C does not remain constant during the

storm event. It is expected that as the storm progresses, C
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will increase due to the increase in saturation level of the

soil and the decrease in infiltration rates. C is also af-

fected by the rainfall intensity. A high rainfall intensity'

will result in a high value of C because after the infiltra-
tion rate has been reduced to a minimum value and the de-
pré%sion storage is satisfied, any increase in the rainfall
rate will be reflected in the rate of runoff.

Since the rainfall intensities are higher for storms
yiﬁh low frgquencies, adjustmenfs'of C for various frequen-
cies have been suggested. These ratios however have been
criticized'becauée it appears that they have been chosen ar-
bitfarily. studies carried out by Schaake et a;‘(1967) us-
ing data measured in Baltimore have indicéted that statisti-

cal analysis of both runoff and rainfall data are better

 procedures for determining these ratios. However, they have

found that the average increase of C for storms with return
frequencies oﬁ‘l in 1 te 1 in 10 years amount$ to approxi-
mately 10%, which is close to the Cf value suggested.

Other methods have expressed C in terms of the ratio of
impervioﬁsngss, rainfall Entensity, or rainfall duration.

Methods that express-c in terms of the Fainfall inten-
sity héve been proposed by Gregory and Arnold (1932) and Or-
don (1973). It is found that in these methods, the varia-

tion of C with time, which is caused by the decrease in
\ -

.infiltration rates from the beginhing of the storm, has not
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be%g.considered. The curves proposed by Ordon (1973) do not
'consider' the antecedent moisture condition " of the soil,
This type of method is alsc difficult to apply because ac-
'cording to'Fhe Rational Method; the average rainfall inten-
sity decreases as the storm duration Twhihh is assumed’équal
" tR the time of concentration) increases. It means that the
éﬁnoff coeféicient determined with these methods will de-
crease when the’ area of the watershed and the time of con-
centration increase, which is not the case.

Curves that éonsider the variation of C in térmq of the
rainfall duration have been proposed by Hornef (1910), Hoad
(Fair and Geyer 1958}, apd Mitci (1974). However, before
applying any one of these relationships, one should be quite'
sure ofithé author’'s definition of the time which has been
Qariously labelled ‘'as the 'time from beginning of storm'
(Horner) and the 'duration of rainfall’ (Hoad}.  The diffi-
culty of these methods lies 1in the problem of quantifying
Tt As noted in the ASCE Design Manual No.37 (ASCE 1970),
it would be incorrect to assume that the start of the rain-
fall and the beginning of the time of concentration oéfflow
to coincide, for this;would result in selecting too low a
value for C. COne shoﬁld consider the antecedent moisture
condition of theA.soil prgor to the designr storm ‘and should
adjust accordingly the value of C 'at the beginning of the

‘design storm, that is, at the start of the time of concen-
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tration. McKinney's method (1967) is an example in which
the time of .concentration is assumed to start some time af-
ter the beginning of the storm and thus C is ’‘greater than
zero at the start of the time of concentratlon (Figure B.5}.

gimilar difficulties can be observed for the determina-
tion of the inlet time.

One can see tHat some of the equations for calculating
the inlet time are. developed empirically on the basis of
measurements from natural watersheds (§irpich 1940, Seelye
1968). Since this type of formulas are“developed eﬁpirical—
ly, they are often not replicable when applied in other wat-
ersheds. Very often, these formulas have been applied

wlthout consideration of their particular basis. It is ob-
served that the Kinematic Wave equatlon is the only eguation
that 1is theoret;cally based. Izzard s formula can be con-
sidered to be more appropriate - as.compared with the other

equations because it has Dbeen developeé with experimental

“data which are obtained under tightly monitored laboratory

conditions. _ )

Equations proposed by Kirpich (1940), Kerby (1959}, and
Seelye (1968) have related the inlet time with the watershed
length, slope, or simﬁly wigh the drainage area. These
equations do ngt account for fhé variations in the rainfall
iﬁtensify which usually lead to changes in the depth of

overland flow ané hence the travel time. Two of the equa-
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tions tﬁat have accounted for the rainfall intensity and
most of the parameters that afféct the Eravel time are the
Kinematic Wave equation and the one by Izzard. . However, an
iterative procedure (Ragan and Duru 'l§72) is hecessary for
solving these types of equations when applied with the In-
tensity- Duration-Frequency (I.D.F.) curves of the Rational
Method. Burke and Gray, (1879) have found that by using sev-
eral sets of I.D.F. curves, the inlet time estimated ac-
cording to Izzard's formula gives unreasonable results. Ta-
bles. 2.2 and 2.3 show" comparisons of the various'parameters
used by different methods for estimati;g Canad t. . Tables
2.4 to 2.6 show examples of the values of C énd_ ti calcu- -
lated according to the various methods (attempts are being
made to ensure that they are being calculated wit _Similar

data). One can observe the wide variation of t predicted-

valueslfrom the coméarisohs. '

It is'not surprising that despite all these methods and
equations, most governmental or regulatoey agencies have
just_selected arbitraily one of these methods as a rule-of-
thumb procedure. Presently, C 1is usually determined from
tabulated values of the type described in Sectiﬁn 2.2.2.1
(Town of Oakville 1939) and flat inlet times (between 5 to
15 minutés) , are simply assumed instead of being‘caldulated

(ASCE Design Manual No.37 1970). The determination of C and

t., based on 'engineering judgement' have sometimes led to
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" Table 2.3:

Comparison of Parameters Used for Determining
ts by Different Methods Y

Parameters Considered

Type Length Slope Surface . - Runoff - Rainfall
+YP - Retardation Coefficient Intensity
Izzard x x x x
-
Kinematic Wave x x x . X .
Kirpich X x BN
Kerby X x X
Seelve X X X
. SN
. S
;.
.\ "J' .
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inédequahe designs. A Rational Method designed system
therefore may not always provide the ievel of protection
suggested by the design criteria. . There is a need at pres-
ent to develop a more consistent method of detérmining C and
t. . |

Due to the wide variation in the conclusions-of the as-
sessment of the Rational Method, the practitioners still do
not know what steps are necessary to improve the Rational
Method. Indeed most of the studies fdr éssesSing the per-
formance of the Rational Method have not indicated the as-
sumptidﬁs applied and the cause of errors in their compari-
sons. For instance, these errors may be related to the
physical characteristics of the watershed, the choice of the
Rational Method parameters and storm input. These studies,
including those carried out for improving the methods of es-
timating C and ti , have not answered gquestions regarding,
for example; the maximum size of‘watershed fbr which the éa-
tional Method applies and the assumptidon of the Rational
Method in foutiﬁg flows through a pipe system.

A furEher deficiency of all these étudies is the lack
of assessment under design conditions for which the Rational
Method is normally applied. In fact, the Rational Method 1is
a design method which cannot be used to reconstruct. real
storm events. Therefore, a comparison of the Rational Meth-

od with measurements is clearly inappropriate (although the
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performance of the final design should always be checked
with real storm events).

The recognition of the need for intériacing simpl;
methods with computer models and the recognitioh qf‘the lim- .
itations in ail of the p;gvious studies have péompted tﬁe
present research to explore alternative means of aésessing
the performance of the Rational Method in estimating flows

for sewer designs. ;

LY

2.5.2 Desk-Top Hydrograph Methods

The review of desk;top hydrograph methods have indicat-
ed that there are two main types of methoaologies, namely
the triangular hfarograph method and the dimensionless hy-
drograph method. A comparison‘of these mefhods is illué-
trated in Ta?le 2.7.

It:is concluded that the Modified Rational Method Hy-
drograph is inadequate because it does not represent cor-
rectly the shape of the actual runoff hydrograph. Its peak
and time base are determined ;ith the basic Rationai Method
"thus leading to inconsistencies and errors. Studies have
been conducted by Rao (1975} and Kao (1975) in compariﬁg the
Modified Rational Method hydrograph with unit hydrograph
methods for wuse in the determination of detention volume.

Rao has found that as the area of the watershed- becomes

larger, the unit.hydrograph method tends to be closer to re-
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aiity than the Modified Rational Method hydrogréph.- Rao has
concluded that since the Modified Rational Method hydrograph
assumes an _average ‘rainfall intensity and an uniform rain-
fall distribution, the method can be used without resulting
in great errors. only for small nwatérsheds where uniform
-rainfall distribution in both time and space are possibly
justified. Y -

The Modified Ratioﬁal Method hydrograph assumes that
the storm duration 1s exactly equal tc the time of concen-
tration of the watershed and it cannot simulate runoff hy-
arographs resulting from non-uniform or real sﬁorm events.

The. latter limitation has been considered by the Lin-
earized Subhydrograph method which is .capable of deterﬁining
hydrographs caused by any stérm event. However, it is too
complex to use because the time of concentration and ﬁhe'du-
ration of the rainfall increment have to be compared in each
time step in order to determine the subhydrograph. The lin-
earized subhydrograph is still based on the Rational Method
for estimating the peék'of the runoff hydrograph thus inher-
iting its weaknesses.

The linearized subhydrograph method has also been crit-
icized for the rigid shapes of the hydrographs that it has
assumed. Walesh (1975) has suggested that the shape of the
linearized éubhydrograph for the third case of the method be

modified to a trapezoid with a peak of 0.75 Cia. Consider-
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ing the differences between the shape of thé triangular Ra-

tional Method hydrograph and the typical runoff hydrograph,
‘Shen (1975) has suggested that the development of, a more
physically sound hydreograph method by using a dimensionless
hydrograph, which modifies the linearized subhydrographs
into curvilinear subhydrographs, may be appropriate. _

The use of synthetic unit hydrograph.methods sﬁch as

the ones proposed by SCS (1972) and Wu (1963) are time con-

suming_ﬁo apply since a lengthy convolution procedure is re-

quired to obtain the complete runoff hydrograph caused by a
non-uniform storm. In fact, they are more suitable for use
with the cémputér and not for wuse as simplified methods.
Wu's formula, for insténce, is used in the computer model
HYMO (Williams and Hann 1973).

The SCS TR-55 method provides a comparatively simple
approach for estimating the hydrograph by means of tabulated
discharge values which are expréssed in terms of the runoff
- rate per unit area per unit depth ‘of runoff. A convolution
procedure is not directly used since the tabulated wvalues
are derived based on the SCS 24-hour Type II distribution
design storms. However, the method has several limitations
as described in de;ail in Section.2.3.4.

The computer simulated dimensionless hydrograph devel-
oped by Ragan et al {1975) has offered the advantages of a

simple method but has retained the advantages of a physical-

———
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ly based design model.. It is as simple to apply as the SCS
TR-55 method. It is however felt that the method 'is for
very small ‘'inlet' areas where “the attenuation effects of
routing on peak flows are not ;ignificant; The extension of -
this method to larger watersheds has to be investigated.
| A criticism of the dimensioﬁless hydrograph is that it
is limited by the shape and the dispribution of the fainfall
hyetograph. Hence, it is not applicablé 'for.all gtorm
events. However, this type of dimensionless hydrograph can
significantly simplify the determination of the runoff hy-
drographs for complete storm'profiles. |
It can be observed that all of the methods described
above have not been compared with a computer model Qith the
exception of the.méthod developed by Ragan et al, Based on
the foregoing, it is concluded thé% there is 2 need to de-
velop a new improved method similar in principle to the SCS
TR-55 method and the dimensionless hydrograph method but is
more applicable for use under Canadian éonditions._ The
method should be developed based@ on computer modelled simu-
*latidns and can be used-to<gevelop peak discharge and hydro-

graph relations.
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2.5.3 Desk-Top Methods for Sizigg Detention

Table 2.8 compares some of the characteristics of the
desk-top methods for sizing the detention storages. A nu-
| merical example 1is givén-to compare the storage détegtion
volumes calculated by each method.
\ The methods give different estimates mainly because of
aﬁhe“procedures used for determining the pgak ;unoff~(inflow)
féte and the shépes of the inflow and outflow hydrographs
assumed. Some of the methods assume linear triangular or
tra| zoidal hydrographs while the others are based on curvi-
_lin%@r hydrographs. The use of curvilinear hydrograph is
howé&er considered to be a closer repreéentatioﬁ of the ac-
tual\kydrograph as compared with a triangular hydrograph.
It is concluded that the Modified Rational Method hy-

drograph has several limitations:

1. The Modified Rational Method hydrograph is formulated
on the basis of a constant and average design rain-
fall intensity with a duration equal to or larger
than the time of concentratidn‘ and it cannot account
for storms which are not uniform. The shape of the
modified Rational Method hydrograph 1is alsé not an
accurate representation of the actual hydrograph {see

Section 2.3.1).

e lmm e e
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2. The detention volume determinéd is not related to.one
given inflow hydrogréph but a family of unrelated
trapezoidal inflow hydrographs; one cannot specify 2

' given inflow hydrograph when the Modified Ratioﬂpé;

Method hydrograph is used. ’ ‘

- Rao (1975) has concluded that the size of the detention
storage. determined with the modiﬁied»Rational Method hydro-
'graﬁh is about 20% to 40% higher than that calculated with
the unit hydrograph ﬁethod.

In .a recent study conducted by Wisner and Cheung
(1980), it has been found that the  storage volumes 6alcﬁlat-
éd with the Modified Rational_Méfhod hydrograph are incon-
sistent with that modélled by SWMM. A series of‘coﬁparisons
has been carried out using hypo;hetical.watersheds with the
characteristics of residential _ developments and design
storms with different return periods. Table 2.9 illustrates
the results of the‘study.

The graphical methods given by the SCS TR-55 method is
limited to only a single type of storm distribution, namely
the SCS Type 1II distribution design storm. The  shapes of
the inflow and outflow hydrographs used by SCS for deriving
the graphs are not known because they are. not mentioned in
the manual. Therefore, it is not élear how applicable the

graphs are.

——
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TABLE 2.9’
COMPARISON OF THE DETENTION STORAGES
DETERMINED WITH THE MODIFIED RATIONAL METHOD

HYDROGRAPH AND SWMM
(Wisner and Cheung 1980)

1:2 Year Frequency

Area- - Modifiéd Rational | swMM
(ac.) Method Hydrograph (cu.ft.)
A . o Geu.ft.)
(ha.) N - (cu.m.) _ (cu.m.)
20 (8.1) 15,000 (425) 10,000 (283)
60 (24.3) 49,000 (1389) 31,000 (878)
80 (32.4) 66,000 (1870) 41,000 (1162)
120 (48.6) 96,000 (2720) 60,000 (1700)

~—

1:25 Year Frequency

Area Modified Rational SWMM

{ac.) Methed Hydrograph (cu.fr.)
(cu.ft.)
20 5.1 16,000 (Saoy ) To000 (58
T 60 (24.3) 56,000 (1589) 57,000 (1615)
80 (32.4) 78,000 (2210) 76,000 (2154)
120 (48.6) 117,000. (3315) 120,000 (3400)

1:100 Year Frequency

Area _ Modified Ratiomal SwMM
(ac.) Method Hydrograph (cu.fr.)
(cu.ft.) '
(ha.) (cu.m.) (cu.m.)
20 (8.1) 24,000 (680) 35,000 (992)
60 (24.3) 74,000 (2097) 110,000 (3117)
80 (32.4) . 100,000 (2834) c&50,000 (3967)

120 (48.6) 155,000 (4392) ﬁéZ0,000 (6234)
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The method developed by Bouthillier and Peterson (1978)
is found to have several. lzmltatzons. First, 1t is conclud—
ed that the method is qu!te 51m1lar to the Modlfled Ratzonal
Method Hydrograph fot;estlmatlhg the 1nflow hydrograph thus
) inheriting similar weaknesses: (a) A triangular shaped hy-
drograph has been assumed with its peak dlscharge rate esti-
.mated by means of a "block" rainfall of constant intensity
and a runoff coeffioient (volumetric); thus, it does not
" consider other'storm profiles; (b} The time base of the ru-

noff hydrograph has been assumed to be equal to the storm

duratlon while ordinarily the time base of the runoff hydro-

graph would be somewhat longer than the rainfall period.
Second, for less than 100% runoff, Bouthi}lier and Peterson
have suggested a volumetric runoff coefficient be . used for
estimating the proportion of runoff. - However, no informa-
tion has been given on how this Coefficient can be deter-
mined and how it can be related wlth the imperviousness per-
cent and types of land use of the watershed. Third, the

peak runoff rate has been determined as a direct multipliEa-

tion of the watershed area.  Hence, any peak reduction due .

to increased overland and channel routing attenuation when
the area of the watershed increases have not been consid-
ered. Conseguently, it should be applied only in very small

-watersheds for which routiné effects are negligible.
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- The Abt and Grigg metﬁod has assumed. rigid shapes of
inflow and outflow hydrogréphs. A comparisdn of three‘stan-
dard shapes of outflow hydrographs in a study conducted by
Boyd (1981) has indica;ed‘thét-the hydrograph shapes used by
#bt and A Grigg will‘undegestiﬁate the volume of detention. .
For an inflow hydrograph that has a different shape, it-ﬁust
first be approximated with a triaﬁgle bgforerrthe equation
can be applied. it is found that without this‘prdcedure;'
results obtained can be over-estimated by as much as two to
three times, which is found in the numerical—examplé given
in Table 2.8. It is mainly caused by the use of only Qp and
tp as the main parameters in the equation; all other methods
have considered the runoff volume as a parameter which indi-
rectly limits the shape of the hydrograph.
It is felt that the method proposed by Wycoff and Singh
has less limitations. Both of the inflow and outflow hydro-
graph shapes have been assumed to be curvilinear which are

close to most actual hydrograph shapes. It is not based on

. other procedures such as the Rational Method or the SCS

method and is verified with the HYMO model for reservoir
routing. | |

Because of the various limitations of ‘the available ap-
proximate methods for sizing éetention, there is a need to
develop an improved desk-top method f£for sizing detention

storage. Furthermore, few of these methods are properly
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tested and compared with the more detailed computér modelled
simulatibns; énd, all of these methods consiaér .only the
conventional method of detention using storage'pbnds and did
not consider current methods of urban runoff control usiné
-the "dual”™ storage system. .. o -

It is the intent of the present study to develop a new
desk-top mé?hgg  for detention storaée "based ‘on a computer
simulated inflow hydrpgraph. Taking a simplified approach,

it is concluded from Wycdff and Singh's study that a common

outflow hydrograph that is curvilinear in shape can be as-

sumed if the outflow hydraulics are not considered and free

outfall conditions exist.

14
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Chapter III
. METHODOLOGY

3.1 INTRODUCTION

‘Oné of the solutions for obtaining compatible runoff
‘computations from both desk-top and detailed computer meth-
ods in the preliminary and final stages of design is to em-

ploy only a Singlé methodology using a:

. Standard Computer Model
and a

. Standard Storm Input

If a standard desk-top method is developed on the basis of
-the standard computer model and the standard storm input, a
desk-top method that gives compatible runoff computations as
"compared with the detailed design methods can be ohtained.
This chaéter presents the selection of the proposed
standard computer model and the standard storm input for the
assessment of the _Rational Method and the .development of a
standard desk-top method for urban drainage designs. 1In the
first part of this Chapter, a methodology of using "lumped”
conceptual watefsheds for runoff computations with the com-

puter model SWMM i's developed and preserited. A methodology
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of selecting the appropriéte time step, the duration, and
the type of design storm for runoff computations is. also

presented. The second. part of this chapter. describes the

methodology used in selecting the test watersheds and the

criteria used in establishing the conceptual watersheds for

analyses in this study.

. 3.2 SWMM AS A STANDARD MODEL FOR URBAN DRAINAGE DESIGNS |

Among the computer urban drainage ;mode;s used iﬁ Cana-
'§a, such as SWE?, ILLUDAS, STORM, ﬁénd' HVM (Perks 1978,
McPherson 1979), . SWMM is one that has bee§ most widely used
for designr' It has been applied in cities such‘as Edmonton,
winnipeg: and Toronto (Marsalek, 1976).

The SWMM model (Huber et al 1975} ié a comprehensive
model that can be used.for the énalysis of urban runoff; one

of its capabilities is to analyze pipe systems in urban de-

velopments. Although HYMO has been recently used for the

analysis of urban watersheds, it cannot analyze a pipe sys-
tem and it is found that some major modifications of its in-
put parameters are necessary before goodfggsults can be ob-
tained (Wisner and Cheung, 1978, Machren Limited: MTRCA
Study 1979). HYMO is often uéed for planning studies 1in
large, rural watersheds.

ILLUDAS has not been tested and verified . for Canadian

conditions in as much detail as SWMM, It has also been

e R
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shown by Wenzel and Terstriep‘(1976) to be veryisensitive to
different soil types and antecedent moisture conditions.
| Two major studies, sponsored by Environment Canada,
have been conducted for the assessment and testing of SWMM
(MacLaren Limited 1875, 1976).. In the first study, simula?
tions obtained with.SWMM have been compared with measure-
ments from four small residéntiél waterﬁheds. The wat-
ersheds éncompassed ranged from an imperviousness of 27% to
_68% and their sizes ranged from 13 to 90 acres. 0f the four
watersheds tested, three are located in the United States
and one is located in Ontario, which is the Calvin Park wat-
ershed of Kingston. Results of the comparisons with the
Calvin Park watershed have indicated that SWMM simulations
are within 20% of the measured peaks, times to peak, and ru-
noff volumes. 'These reshlts are considered acceptable for
the modelling of urban drainage systems. By calibrating
SwWMM through the modifications of model parameters; it has
been found that the results can be further improved.

In the second study,- an in-depth review aﬁd assessment
of SWMM has led to additional improvements of the model for
appl;cation under Canadian conditions. A hypothetical wa-
tershed has been used to analyze the sensitivity of SWMM to
imperviousness, width of overland flow, 1infiltration rates,

detention depth, roughness coefficients, and ground slope.
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The reéults of the sensitiviﬁy tests have sh&wn that
the percentage of imperviousness has the most significant
effect on surface runoff among all of the parameters tested.
The :emaining parameters are ranked in the order of their
decreasing influence as indicated 4 ove.‘ The SWMM default
values for these parameters have appeared to be_reasonabie
estimates when no acfual site measurements exist.

SWMM simulations have been then verified on three resi-
dential developments 1in Winnipeg and Toronto, with sizes
ranging from 48 acres to 2,330 acres. A total of 15 storm
measurements héve been simulated. It has been concluded on
the basis of the comparisons that SWMM has simulated the
flows with satisfactory accuracy and flexibility for a wide
range of conditions.. The use of SWMM for runoff simulationms
has been, therefore, recommended for studies related to most
aspects of storm water management.

Many other studies have also been carried out for the
assessment, calibratioﬁ, and verificatiqn of SWMM using Can-
adian data (Dillon 1979, Gore and Storrie 1980, Ng and Mar-
salek 1981). Other studies that have not been conducted
with Canadian data are those by Heeps and_Mein\{1974), and
Singh (1§79). In all of these studies, SWMM has been shown
to give close comparisons with measurements. |

.The routing of overland hydrographs through the pipe

system by SWMM has also been tested in an independent study

e e e magm s mmmma s nm s s e
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by thé atzhpr (Cheung and Kassem 1979) with the EXTRAN rout-
ing model (Roesner et al 1982) which uses the full dynamic
routing equations. "It has been found that when the pipes
ia;e not ;urcharged, " the hydrographs simulated by SWMM are
same as those simulated by EXTRAN. o

Basea on the foregoing, it is concluded that SWMM has
several advantages as compared with " other models. It bro¥
vides a consistentland accurate description of a variety of
urban drainage conditioné. Its gimulations have been found
to compare closely with measurements for Canadian wat-
ersheds. SWMM is well documented and is not a proprietary
model. It is therefore readily available and widely applied
in Canada. It is concluded that the SWMM-RUNOFF model can
be regarded as a standard model for most ufban.drainage de-

signs in Canada.

3.3 SELECTION QEISTANDARD STORM INPUT FOR URBAN DRAINAGE
DESIGNS

The shape, intensities, and duration of the rainfall
pattern are important because they affect the rate of ru-
anf. Both real and design sgorms can be used, | However
only design storms are used in this study.

Most urban drainage systems are traditiénélly designed
on the basis of the design storm which is assigned a return
period or a probable freguency of occurrence. Many cities

such as Chicago (Keifer and Chu 1957), Winnipeg (MacLaren

bl T
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Limited 1978), Edmonton (MacLaren limited 1879), and Oak-

ville (Town of Oakville 1979) have emphasized the use of de-

sign storms with, . perhaps, the eventual validation of the

-

design by using a real storm event.

The design rainfall can be in general defined in two

forms:

l.

The Intensity-Duration-frequency (I.D.F.) relation-

_ships, which are obtained through statistical analy-

sis of real storm data, are defined in the form of a

uniform intensity for a given duration and return

- frequency. They are applied in the Rational Method

for computing peak runoff rates. Figure 3.1 illus-
trates a set of I.D.F. curves with wvarious return

frequencies that is used in the Toronto area. Other

curves that are used in the City of Edmonton and the

City of Ottawa, respecfﬁvely, are shown in Figures
3.2 and 3.3. '
The use of design storm hyetographs which are defined
from I.D.F. curves. The shape, or diséribution, of
the design storm hyetograph can be derived in several

ways.

Some of the methods commonly used for obtaining the de-

sign storm distributions are those proposed by Keifer and

Chu (1957) for short duration design storms (e.g. 3 hours),

ﬁ.S. _Soil Conservation Service Method (SCS 1875, Hann 1976)

« 4

<



FIGURE 3.1 ’

Intensity-Duration-Frequency Curve for the’
Toronto=-Bloor Gauge Station

Based on recording rain gauge data for
the period 1940-1955, 1957
1959-1965
1967-1871

INTENSITY-DURATION-FREQUENCY CURVE FOR
1/2,1/5,1/10,1/25 AND 1/100 YEAR FREQUENCIES
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for long duratien 24-hour Type II design storms, and Huff
-4

(1967) for l-hour duration 'dgsign storms as used in the:

" ILLUDAS model. Hogg {(1980) has ‘also proposed a number of
distribution curves aftef examining the time distributién of
actual storms collected across Canada by the Atmospheric and
Environmental Service. Design stdrms obtained - with these
various methods of distribution f:om. the same I.D.F. curve
are shown in Figure 3.4. It is observed that the peak in-

tensity of the storm distributed with Keifer and Chu's meth-
od is higher than all of the other storm profiles.

The éesign storm conceﬁt has been criticized by various
résearchers (Marsalek 1978, Patry and McPherson 1979) for a
number of reasons. It attempts to represent real storms
with a single standard pattern although in reality actual
storm'patterns vary widely. The return period associated
with a design storm is also imprecise because the frequency
curve from which it . 'is based 1is derived from different
storms in a time seéuence' other than the actual occurrence.

It is aléo suggested that the modelling of design storms
shoﬁld be closely related with the antecedent moisture cony

“dition such that the correct frequency of runoff can be ob-
tained. The relation of the antecedent moisture condition
to design storms will be further discussed in a later sec-

tion.
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£l

Marsalek (1978) has compared flows simulated with de-

sign storms distributed with Keifer and Chu's method with

actual storms for 'a watershed located in southern_Ontario.

.He has found that the actual storms'h5ve produced runoff

peaﬁs appreciably smaller than those obtained with the syn-

thetic Keifer and Chu's design storms. Similar conclusions *

haée been made even when the design storms have been- di%cre-
tized with two different time steps including l-minute
aﬁd S5-minute intervals.

Alternatives of using a single deéign gtorm, however
have been suggested. For instance, it is possible to use a

series of design storms of different duration which are com-

parable to real storms (Urbonas, 1979) in order to cbtain’

better results of runoff estimations.

Other studies have concluded that design storms have .
.given reasonable estimates of runoff rates as compared with

‘'real stroms. In a study conducted by MacLaren Limited

(18978) for the City of Winnipeg, design storms obtained with
Reifer :and Cpu's method - (1957) are compared with‘ real
storms: By means of SWMM, flows are simulated for both real
and design storms and plotted againét return frequencies.
Flows for both types of storms of equivalent freqguency are
found to be gquite close. It is concluded that the design
storms do represent a realistic event and are suitable for
use. In a simliar study conducted for the City 6f Edmonton

(MacLaren.Limited 1979), the same conclusions are obtained.
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- In a more.récent'studi conducted by Wisner énd Gupta
(1981), who have compared aesﬁgp storms obtained with Keifer
and Chu's method (1957) ﬁith a éerigsnbf real storms, it is
also:concluded that close agreément of runoff values.are ob-
tained when the design storms are 'éiscretized §ith - time
steps varying between 5 and 10 minutes (Figure 3.5). Four
different watersheds located separately in the city of Win-

nipeg, Edmonton, and Toronto and in South Africa have been

used.

Because of the conflicting conclusions about Keifer and
Chu's design storm method, it is not clear yet whether
this type of design storms is conservative 'or not. However,
most.municipalities have continued to use them for design.

The selection of the discretization time step of design .

. storms is also an important aspect of the modelling proce-

’ ,
" ‘dure. It may be pointed out that the choice of discretiza-

tion time step of the design storm significantly affects the
peak intensity ahd runoff rétes {Wisner and Gdpta 1981).
The procedure used for the discretization procedure with
Reifer and Chu's method (1957) is iilustrated in Figure 3.7.
In general, the first step involved in the derivation of
Keifer and Chu's design storm is to define the duration (say
3 hoursfvénd the time of bccurrence of the peak intensity of
the deéfgn storm (say at one-third of the storm duration).

The next step is then to use the two equations as shown in
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Figure 3.7 to calculate the <rainfall intensities of the de-

sign storm hyetograph for thé duration before and after the

peak for a given time step- of discretization. . It may be

pointed out that increasing the time step of discretization
would have the effect of reduéing the intensit;es of the
storm profile (Figure 3.7),. The resulting chéngg ‘in peak
intensity values associated with the choice of diséretiza~
tion time step is obvious. As shown in Figure 3.6, for a
design stérm profile discretized with 1 minute, 5 minute and
10 minute time steps using -Keifer and Chu's method (1957)
the changes in the rainfall -intensities are significant.
These in turn can lead to significant changes in peak flows.
Table 3.1 shows that the peak flows generéted are smaller
when , longer time steps are used to disretize the design
storms for simulations with the SWMM model. It is als® ob-

served that the Keifer and Chu's method of storm distribu-

.cﬁ\\ tion are in genkéral 'peakier' than the SCS Type-II 24~-hour

J

¢

design storms? hence runoff rates simulated with the former

type of design storms will be more critical (Wisner et al
1980).

Peak flows are @also associated with the time of concen-
tratiqn which is the time it takes for all runoff to concen-
trate at the outlet of the watershed for a storm of uniform
intensity. The discretization tiﬁe step of a design storm

during which the rainfall intensity is uniform should there-
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Table 3.k: SENSITIVITY OF SWwM (RUNOFF) TO PEAKINESS OF A CHICAGO
- T STORM (Wisner and Gupta 1981)

-

RETURN PERIOD . TIME STEP OF *PEAK FLOW (mm/hr.)
(YR.) STORM DIS-
DISCRETIZATION AREA (ha)
(MIN.) 4.9 25.9 38.9°
1 B C%.Ss - 2747 23.9
) 5 25.7 23.4 21.1
10 20.1 19.1 18.3
2 1 39.9 32.5 285
5 30.2 27.7 24.9
10 23.6 22.4 21.6
5 1 51.1 42.9 37.9
5 38.9 36.6 33.5

10 29.7 28.7 28.2
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fore be selected in relation to the time of concentration of
the watershed. For urban watershedé; the time of concentra-
tipn is relatively short because of the high pércentage of
impervious surface and the presence of a pipe system that
indﬁcgs swift conveyance of ruhoff; Design storms discre-
tized with small time steps such as 10 minutes are therefore
considered adequate to simulate correctly peak runoff rates.
Espey et al (1977i, for example, have'cdncluded that a
short-duration ten-minute unit hydrograph can be used to de-
scribe the runoff process of small, quick—respondinqlurban
watersheds. Bagleson (lSéET“}has applied unit hydrograph
methods to study rainfall-runoff relafionships in urban wat-
ersheds and derived 10-minute unit hydrographs representa-
tive of the watershed response. ' Viessman (1966, 1968) has
also used very short one-minute duration unit hydrographs to
~analyze the rainfall-runoff process in urban watersheds.

1t is concluded fhat the main objective of selecting
the time step 1is to select one that gives adequate but not
over-conservative peak'runoff rates for urban runoff compu-
tations.

The duration of design storms is the next important pa-‘
rameter to be considered.' Long dufation storms which are
usually. associated with low rainfall intensities, such as
the 24-hour %FS Type I1I %esign storms, are likely to produce

high runoff volumes but smaller peak runoff rates (Wisner et

-N
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él, June 1980) during the long duration of rainfall. Théf
are therefore appropriate for analyzing runoff from rural
areas which have high percentages. of pervious areas availa-
ble for infiltration, and are therefore sensitive to rain;
fall‘losses. For urban éreas, where runcff are mainly from
impervious surfaces and the time of concentration is short-
er, short duration and high intensity rainfall will be more
critical (Espey et al 1977). As Fompared iﬁ Figure 3.4, the

'peak intensity of Keifer and Chu's design storm is higher

than that of the SCS Type Ir\design storm. The association

of high intensities with the short duration of Keifer and
Chu's design storms is particularly suitable for the analy-
sis of runcoff from urban afeas. Analyses of real storms by
Price and Howard (1978) have shown that most high intensity
storms are associated with shoFt durations.

It is decided from the faré;oing discussion that Keifer
and Chu's design sta}m method (1957) is appropriate for this
study, which 1is primarily concerned with the analysis of
critical runoff from small urban watersheds of less than one
square mile. Due to its widespread use, it can be consid-
ered as a standard method for discretizing design storms.
Since I.D.F. curves of various cities are guite similar (see
Figures 3.1 to 3.3), it is expected that the shapes of de-
sign storm hyetographs will be guite similar too. '_Thé de-

velopment of the "SHM" on the basis of a standard shape of
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design storm hyvetograph wouid facilitate its future applica-
tion. The design storms used in this study by SWMM for the
assessment of the Rational Method and the derivation of the
"SHM" are discretized with 10-minute time steps, which are
considered adequate for all analyses as discussed above,
There is é mééor difference between the storm input

data required by the Rational Method and hydrograph methods.

. The Rational Method'requires, as an input, a uniform storm

- -~ :
profile which describes the rainfall intensity in terms of a

maximum aver;genglﬁE“TTf;. a "block-rainfall™ with a con-
stant rate), while hydrograph methods, or cbmputer models,
can accept as input any storm profiles. Since the Rational
Method rainfddl intensities are determined from I.D.F.

curves, it is felt that for consistency of input, the design

storms used in SWMM simulations should also be from the same

curves.
The I.D.F. curves shown in Figure 3.1 are used to de-
velop the design storm profiles for the different return

frequencies throughout this entire study.

3.4 SELECTION OF TEST WATERSHEDS

Most of ' the methods for assessing and testing runoff

computation methods use real watersheds. In the present
, ,

study, several types of watersheds are used, namely real,

conceptual, and "lumped" conceptual watersheds, Conceptual
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uwéégrsheds are used because real watersheds do not always
provide the flexibility when a particular parameter such as
slope, percentage of imperviousness, - and overland surface
resistance, or the sensitivity to storm intensities and flow
routing, are to be assessed. Typically, a conceptual wat-
ershed can be used to test the sensitivity of a method, or a
model, to a particular parameter. The characteristics of
the watershed can be freely specifieé by altering the per-
centage of imperviousness, size, configuration of the wat-
ershed, and drainage batte;n. Some examples of studies
which apply conceptual watersheds for the study of models
-are those by Machmeier and Larson (1968): Ragan et al
.(1975), Marsalek (1978), and Kibler and Aron (1880).

1t should be pointed out that although conceptual wat-
ersheds are convenient to use, cautiqn must be: taken in
specifying their characteristics in ofder. to ensure that
they do répresent actual cases. In this study, they have
been determined by examining several existing developments
located in 6ntario.

The watersheds used for the assessment of the Rational

Fl

Method and the development of SHM are described in the fol-

lowing two sections.
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3.4.1 The Rational Method

The'coﬁparison of the Rational Method with SWMM is car-’
ried out with'both real and conceptual watersheds. Two sep-
arate stages.of tes;@ngs are perfo;med in this study usigg
small and large watersheds, respetti#ely.

In the first stage, the Rational Methoé and SWMM are
compared using two very small, ’ réal watersheds of approxi-
mately 23 acres each as shown in Figures 3.8 and 3.9. These
two watershed§ (Watersheds A and B)} are obtained_after exam-
ining different residential subdivisions located‘in the To-
ronto area; they both have -imperviousness of 30%. Detail
fiow'computations.a;e carried out by discretizing the wat-
ershed, 1in each case, 1into smaller-sub~areas with sizes-
ranging from 1.2 acres to 2.6 acres for test Watershed A ana
0.4 acres to 2.6 acres for test Watershed B. Simulation of
the overland flow hydrographs and routing thréugh thé pipe
systemgare carried out entirely by the SWMM model. The pipe
capacities are designed not to alléw any surcharged flows.
The SWMM routing routine has been shown to ‘give very close
results as compared with EXTRAN fo; small watersheds and un-
surcharged pipe systems (Section 3.2). The total peak flow
and hydrograph at each pipe length are simulated. <
- Peak flow values are then computed by the Rational
Method and compared with SWMM simulations. In addition to

30%, the characteristics of Watersheds A and B are varied by
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using other imperviousness ratios in order to test the per-
formance of the Rational Method under different conditions.

At this stage of the study, the consistency of the Rational

Method in estimating peak flows with SWMM is examined..

Flows calculated with the Rational Method are adjusted if
they are not the same as SWMM and procedures for adjusting
.fhe Rational Method flows are investigated and tested to see
if theylalso app1§ in larger watersheds. |

In this study, the definition of "small"” watershed is
based on the . "inlet time" (Section 2.2.3) wused by the Ra-
tional Method. When the area of the watershed is small, the
time of concentration‘is relatively short and the time of
flow travelling in the sewer is negligible (Muzik 1981).
Thereforg, the . inlet time of flows which travel overland
constitutes a large percentage of the total time of concen?
tration and has a significant influence in determining the
rainféll intensity and hence the peak runoff rate (Appendix
A). "Small"™ watersheds are therefore defined as those for
which the "inlet time" i§ a dominant factor on the peak ru-
noff determination. The effect of t; reduces when the
area of the watershed and the travel time of flow in the
pipe system increases.

In the second stage of the assessment,‘ the Rational
Method is tested for 1larger watersheds. In this study,

"large” watersheds are defined as those for which the inlet
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time is  not a dominént‘iactor in the determination of "the
total time of céncentration (i.e. . the average rainfall in-
tensity.) As the area of the watershed increaseg, flows
travel more in the pipe system. The effect of the inlet
time becomes less significant since it -will no 1longer be a
substantial percentage of the time of concentration.

An édditional effect, which 1is negligible for small
watersheds, 1s the effect of routing attenuation on peak
flows in larger “watersheds. Experiments invﬁhis stage of
the study are therefore ‘also conducted to -investigate the
performance of the Rational Method in flow routing.

Conceptual watersheds are used namely, Watersheds C énd
D (Figures 3.10 ana 3.11). The conceptual watersheds are
ﬁainly'composed of twenty idenfical real sub-watersheds con-
nected together by means of a long trunk sewer with inlets
spaced at equal distances apart. These real sub-watersheds.
are each made up of the real Watershed B used 1in the first
stage of analysis. Since Watershed B has an area of 23
acres, the total area of Watershed C and Watershed D are
each equal to 460 acres, respectively.

inflows at éach inlet are therefore the same ané are
obtained through detailed SWMM simulations carried out pre-
viously in the first stage for Watershed B. Thé total flow
or area that contributes increases along the trunk sewer in

the downstream direction. The distances between the inlets
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are selected after examining several real subdivisions of
urban developments the Toronto area. The'sensitivify of the
Rational Method to the reduction of the dist;nces betweeﬁ
the inlets are tested by means of Watershed D.

Imperviousness ratios of 30%, 70%, and 100% are used '

for_anéiysis. .

:For the large watersheds, the hydrographs are routed in
the main sewer by EXTRAN (Roesner et al 1982) which uses the
full dynamic wave equations for routing in a pipe netwﬁrk.
It is selected becausg it Es-capable of acceptiﬁg inflow hy-
drographs at any point in a pipé system and, therefore, is
quite suitable for the tests'in this study.

~—

"3.4.2  Standard Hydrograph Method (SHM)

»

The development of "SHM" is based on SWMM simulations
using standardized, "lumped"-cohceptual watersheds ;ith dif-
ferent sizes of 10 ac., 20 ac., 40 ac;, 60 ac., 80 ac., 120
;c., and 160 ac., respecqiyely.

The "lumped™ conceptual watersheds are standardized in
such a way as-to represent the typical chracteristicé of ur-
ban developments in the southern 6ntario region. The use of
"lumped"™ watersheds wiil be presented in the next section.
Percentages of imperviousness ugéd for simulations are.25%

and 35%, which are'representa;ive of those found in residen-

tial developments. For comparison purposes, a percentage
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impe}viousness of 70%, found ﬁéstiy in commercial develop—
ments is also in;ludéd. o N

The SHM 1is tested at- the end of the study with real
watgrsheds. |

3.5 A STANDARD "LUMPED" MODEL

All SWMM simulations for the development of "SHM" are
condﬁcted with a simplified approach using a “lumped; model.
The idea behind this approach is to model the conceptual
watershed regardless of its size as one single area such
that its peak outflow andhrunbff hydrogréph are eguivalent
to those obtained through detailed simulation using small
discretized sub-areas. This approach 1is appfopriate since
only values .at a few critical points of the watershed are
;equired. " The ﬁ%thodologies of wusing "lumped™ as compared
éith detailed SWMM simulations and the development of gqﬁiv-
alent watershed parameters namely, nwidth" of the watershed

.and "length" of pipe routing, are presented next.

The initial stgp of applying SWMM for the analysis of a
drainage system normally involves preparing a s;hgmétized
network of hydraulic elements of subcatchments and pipes.
The overall watershed is subdivided into discrete subcatch-
ments and pipe\network, whereby each element is conceptually
represented in the model in terms of its size, slope, and

other parameters. The number of subcatchments and pipe sec-
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tions that can be used for running a SWMM simulation largely
depends on the information reqﬁired from the simulation. If
flow information describing the conditions in each of the
pipe sections is of interest, then it is necessary to use a
fine discretization ‘to define the éubcatchments tributary to
each of the pipe sections modelled. On the other hand, if
the objective is merely to simulate the outflow from the en-
tire catchment, it may be sufficient to adopt a'coarse'dis-
crétization through the use of fewer and lérger subcatch-~
ments and pipe sections. The latter approach reduces
considerably the effort and costs of setting up and running
the SWMM simulations, but it also means that a certain de-
gree of accuracy will Bé lost by omitting internal details.
In the RUNOFF Block, each subcatchment is céhsidered as
a plane §urféce; the excess runoff depth (rainfall minus.in-
filtration and initial abstractions) is assumed to be evenly
distributed over the flow plane and is used to calculate’the
overlaﬁd flow rate per unit width of the subcatchment. The
width of the subcatchment (hydréulic width) is defined as
the dimension of the flow plane across which the overland
sheet-flow occurs (Figure 3.12). It indicates the ease with
which the overland flow can be discharged from the subﬁatch-
ment and is ‘a function of the density of streets and pipes
or channels. For a subcatchment where two surfaces are con-

tributing flow along 2 distance L, the total width of over-
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W = 2L when both
sides are draining

Figure 3.12: Idealized Subcatchment=Gutter Arrangement
Tllustrating the Subcatchment Width fer the

SWMM Model

]

Figure 3.13: Different Subcatchment Shapes to Illustrate
the Effect of the Subcatchment Width



121

land flow is twice the length of the drainage gutter; over-
land flow is perpendicular to gutter flow. As shown ip Fig-
"ure 3.13, a small width will result in a delayed and an at-
tenuated peak hydrograph and a large width will ;esult in
the rapid discharge of flow and an advanced and larger peak
hydrograph. "Thus, when a groub of sub-catchments are

"lumped” into a single catchment the total hydraulic width

&
can be based on the sum of the hydraulic widths of the indi-
_ vidual sub-catchments. The resulting "lumped"™ overland hy4
drograph will be very similar to the summing up of_individu-.
al_subcatchment hydrographs.

A similar analogy applies for flow routing through the
pipe system which is computedé by SWMM using the contihuity
and Manning's equations. The Qipe system is composed of in-
dividual sections, each having a specific length, size,
roughness and slope. For coarse discretization, an eguiva-
lent routing effect must be provided for the "lumped" over-
land hydrograph to produce a "lumped” ocutflow hydrograph
that is similar to the detailed one. This is carried out by
replacing the sewer system with an "equivalent™ 1length of
pipe made up of the averages of individual pipe sizes, slopé
and roughness. It may be anticipated that as‘ fewer sub-
éatchments are employed, more small pipes are neglected with
a conseqguent reduction of pipe storage in routing computa-

tions, thus leading to-a shorter time of peak of the routed



hydrograph and higher peak flbws. Such peak increéases can
be eliminated by increasing the eguivalent pipe length or'\ iy
reducing the width of the "lumped” catchment.,

In general, two methods of "lumping™ for simplified
simulation are possible. The first method involves altering
the equivalent length of the pipe to obtain an accurate sim-
ulation. | The width of the lumped watérshed in this case is
equal to the sum of the widths of individual subcatchmerts.
The second method involves altering the width of the lumped
watershed and keeping t%ﬁ/equivalent length of pipe of the
lumped watershed constant. /

The use'of lumped SWMM/énalysis has been studied in‘ de-
tailed by Proctor and Bedfgrn ang James F. MacLaren Limited
(1976). More recent studies have been conducted by Purenne
et al (1979) and Ahmad (1980). In the study conducted by
-Rroctor and Redfern and J.F.MacLaren' Ltd., both methods of
lumping have been examined by using one hypothetical and two
real watersheds. Three levels of discretization have been
tested by subdividing the hypothetical area inte 37, 5, and
1 subcatchments. The "width" of the subcatchment and
"equivalent" length of the lumped watershed have been then -
determined corresponding to each of the "lumping"™ proce-
dures.

For the hypothetical area, results of the simulations

for a 2-hour duration design storm using the first methed of
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"lumping" are very ‘similar to those using detailed simula-
tion. A sliéht increase in the peak flow have been abserved
when the number of subcatchments descreasds. For the same
data, but with-a'lonéer 4-hour duration desiQn storm and
lower rainfall intensities, .less differences ‘in simulated
peak discharges have been observed. ' Use of a storm with
longer and lower intensity thus resulted in diminished ef-
fects 6f infiltration and steady state conditions whereby
the outflow rate is proportional to the rainfall rate.

for the second method of "lumping™, the widfh of the
lumped watershed has been reduced to compensate for the com-
plete omission of the pipe system. Several simulations have
been carried out with tHe 2-£our design storm. It. has been
observed that the total subcatchment "width" has to be re-
duced by 30% in order to obtain peak flows close to those
obtained through-detailed simulation.

Tests with real watersheds have also indicated that the
use of aggregated watershed widths and equivalent . pipe
lengths have given results in godd agreement with measure-
ments. -

Ahmad (1980) has developed a lumping procedure similar
to the first method for the modelling of existing storm
-trunk sewers in the city of Edmonton. The methodology of
lumping has been tested on two small residential watersheds

of 39 acres and 33 acres, respectively. Using a design
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storm discretized at 5 minute intervals, he has found that
the peak flow rate with a single lumped catchment .is 20%
higher than that obtgined from detailed simulations. A bet-
ter agreement (within 103) has been obtained when the design
storm 1is ,éisc;etized_at 15 minutes interval. (A aesign
storm discretized at 5 minutes interval has higher rainfall
intensities as compared with one discretized at 15 minutes

as described in Section 3.3).

3.5.1 Determination of Equivalent "width" and "Length”

For' the development of the SHM procedure, 2 separate
analysis is carried out to determine the equivalent "width"
and "length" of the lumped conceptual watershed. An ap-

proach parallel to the first method of lumping is used.

3.5.1.1 Average Catchmen't "width"

In order to determine the éverage "width" of the lumped
hypothetical watersheds, two residential deveiopments locat-
ed in Toronto with imperviousness ratios of 30% are exam-
ined. For each development, the total drainage width (which
is equal to 2L when both sides of the gutter contribute in-
flows, Figure 3.12) as the area accumulates is calculated.
Values of L determined are plotted and sﬁown in Figure 3.14%.
It is found thit the average drainage width (W) per acre in

these residential developments varies between 280 ft. (=2L)
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per acre and 460 ft. (=2L) per acre. Since .the lumped wat-

ersheds used for this study aré hypothetical, it is consid-.

ered appropriate to use ‘an average "width"™ parameter in or-
der to simplify -the procedures to determine thé total
"width" of the lumped hypothetical watersheds. An average
'width!of 350 ft. per acre is therefore adopted. The total
width of the lumped watershed is then egual to the. sum of
the individual subcatchment widths eipréssed in feet per
unit area. Hence, for a lumped watershed, the agg:egated
. "width" is 350 feet per acre when a gutter haé _f%ows con-
tributing aiong'both sides.

It is— noted that this average "width" ratio may vary
for other conditions or other -types of developments. For
example, in commercial areas, the "width” ratios may in-
crease because of higher percentages of imperviousness. The
sensitivity of peak flo%s to the variation of "width" will
he discussed further in Section 3.5.1.3. LThe "width" raéio
adopted for this study is considered only as an average val-
ue.
3.5.1.2 Aﬁeragé-Equivalent Pipe "Length"

If is observed that when a watershed is "lumped”", an

eguivalent pipe length has to be used to compensate for the

correct effect of routing in the pipe system. An average -

ratio of eguivalent pipe length per acre similar to the one

f
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used by "width" is adopted. To determine the average equiv-
alent pipe "length™ per acre for routing, a sensitivity
analysis using a real wateaﬁhed (Figure 3.15) is conductédi
SWMM ¥simulations are carried out using a fixed "width",
while 'pipe "lengths” are systematically varied. The "width"
of the watershed is determined by éummihé up the "widths" of
the sub-watersheds, The results of the sénsitivity analysis
are shown in Figure 3.16; _ ‘ _ 3

The average "length" of the equivalent pipe required to
préduce the "same peak runoff rate as in detailed simulations
is approximately 20 ft. per acre. Figure 3,17 shows a com-
parison of ;%e hydrographs obtained with detailed and the
lumped procedure (by means Oof the average equivalent pipe
length determined). It is also observed that the peak flow
is not sensitive to changes in the pipe "length"™, particu-
larly at the higher range - of values. In the range of 1,000
to 3,000 f£t. (300% éariation), the change (reduction} 1in

peak flow is within 23%.

Y :
3.5.1.3 ‘Sensitivity of "width"

Since the "width" of the subcatchment may vary slightly
from one residential deveiopment to another, a seﬁsitivity
analysis 1is carried out to determine the discrepancies
caused by averaging the "width". The real watershed (Figure

3.15) 1is lumped and the total Eatchment "width" calculated
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Figure 3.15:

Real Watershed Used for the Determination
of the Equivalent Pipe Length
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~is 18,500 ft. SWMM simulations are then carried out by var- o

ying the overland "width" but keeping the equivaleng\pipe
"length" constant. Figure 3.18 summarizes the resul€§ of
the simulations. It can also pe seen that_ the peak flows
are not sensitive to changes 1in "width" particularly at a
higher’range of "width" values between 10,000 and 30,000 £t.

(300% variation). For this range, the change (increase) 1in

peak flow is only ;0%:* Using the éverage mwidth" ratio of

350 ft.” per acre, the peak flow determined (77-cfs) is‘vefy

close to that obtained through detailed simulation.
- ° -

. on the basfs of this analysis, it is concluded appro-

[y

3.5.1.4 Summary

briate to use average values of 350 ft. per acre and 20 ft.
@ef acné ﬁo.calculate the total catéhment,"width“ and equiv-
alent pipe "length*, respectively, of the lumped ¢atérsheds.
1t is concluded that the discrepancies of flows simulated,
resulting from ﬁariations in "width"™ and "length", are relé-
tively small. |

N The watérshed formulated is in effect a “standardé wat-
ershed for which the physical characteristics are general-
jzed by means of an average watershed 'width’ ahd an average
equiéalent Bipe 'length’ found typically in residential de-

velopments. “ ’ . :
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3.6  SUMMARY
In Sﬁmmary, ‘the previous sections have provided a de-
scription of the overall methodology undertaken in this re-

search: (i) an investigation of the methodology for the se-

*lection of the standard. computer model including a

comparison of the routing routines of SWMM and EXTRAN have
been carried out; _(ii) the examigat;on of the methodologies
for the selection of the standard design storm including the
proper type of distribution, storm discretization time step
and duration for urban drainage designs have been conducted;
and (iii) a methodology for the use of a standard, "lumped”

watershed has also been proposed.



Chapter 1V

ASSESSMENT OF RATIONAL METHOD WITH SWMM FOR
URBAN DRAINAGE DESIGNS

4.1 STEPS OF ASSESSMENT
The assessment of the Rational Method is carried out
systematically by conducting numerical experiments. In each
numerical experiment, the standard model, SFMM, is used to
éenerate the design flows using design storms distributed
with Kéifer and Chu's Method (see Section 3.3) and a specif-
ic watershed configuration (Sectibn-3.4.l). The perceﬁtage
ofrimperviousness is also varied accordingly for each wat-
ershed for sensitivity analysis. With the same Intensity-
Duration-Frequency (I.D.F.) curves, by which the design
storms used by SWMM a;e derive?, flows are also calculated
with the Rational Method. Flows estimated with the Rational
'Method are then compared with SWMM simulated\_flows and the
design storm, watershed size, or watershed cénfiguration is
sys;éaggically varied for the next numerical experiment.
Anykais§repancies in the performance of the Rational Method
as ?3g§ared with SWMM are identified and analyzed.
iThe numerical experiments are carried out with differ-
ent watershed sizes in two separate stages as outlined bé-

low:

= 133 -



134

1. "Small” Urb&ﬁ Watersheds : :

Two small, real ﬁatersheds are used for anélysis (Sec-
tion 3.4.1).- In this study, "small” watershéds are defined
as those for which the inlet time is a large percentage of
the total time of concentration of the drainage area and
therefore is a. dominant factor in peak flow computationms.
in this range of watershed size, the effects of routing of
flows in the pipe system are negligible.

The aﬁggssmen; of the Rational Method for the éompgta-
tion of peak runoff in "emall™ urban watersheds are basical-
ly carried out in two steps.

In the preliminary step of the analysis, £lows calcu-
lated with the Rational Method using conventional methods of
estimating C and tj are compared 'with those calculated
with SWMM‘ in order to éee' whether any differences exist.
conventional methods are used in order to evaluate the Ra-
tional Method under a condition for which it is commonly ap-~
plied:

Conventionally, fixed values of C have been employed
(section 2.5.1). Since many of the proposed functions for
estimating C in terms of the rainfall intensity, the rain-
-fall duration, o©OT phe Curve Number are inappropriate to use
because of their unclear assumptions and limitations (Sec-
tion 2.2.2), the weighted average equatibn (Equétion 2.7) is

therefore selected for calculating C. A value of 0.2 1is

-
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used for C perviou§ and a value of 0.9 is used for C imper-
vious in the weighted average equatioﬁ:

For the determination of the 1inlet time, fixed values
of inlet time have also been conventionally employed. For
instance, fixed inlet times of 5 ‘minutes have been used by
the Town of Scarborough, 10 minutes have been used by thé
Town of Markham, and 20 minutes have been used by the Town
of Nebean. It is decided to use an i;let time of 10 minutes
as an initial value. Tﬁis value of ti will be examined as
more tests are carried out.

In the next step of the analysis, the Rational Method
is adjusted by modifying <€ and t; until the peak flows
caléﬁlated with the Rational Method are equal to that simu-
lated with the SWMM model. Two approaches are used in modi-
fying the Rational Method parameters C and t; :

1. The firgt approach is to vary the inlet time t; for
the first upstream sub-area of the watershed but keep
C unchanged until the peak -flow raée calculated is
equal to SWMM, This t, is then used for calculat-
ing the total time of_conceﬁtration and peak flows aé
computations proceed downstream towards the outlet.

2. The second approach is to calculate C on the basié of
the total runoff volume (Q) simulatéd by the SWMM

model. Hence, if the total rainfall precipitation is

P, a runoff coefficient can be defined:

CV = Q/P 4.1
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where C is the volumetric runoff coefficient, which
will be hereafter referred to as C(SWMM}.

Using C{(SWMM), the inlet time t is again varied un-

5
til the peak flow rates calculated with the Rational Method
are egual to SWMM. '

The chief aim of the second approach i§ to see whether
by adiusting both the inlet time and the runoff coefficient,
the results of the Rational Method «can be iﬁproved and'to
what extent ti “has to be adjusted, 1if necessary, as com-
pared with the first approach.

It is noted that C(SWMM) 1is a runoff coefficient de-
rived through the modelling of a design storm obtained ac-
cording to Keifer.and Chu's Method (1857) and to an infil-
tration profilé according to Horton's egquation. ft
' therefore essentially represents the combined relations of
imperviousness, rainfall profile, rainfall intensities,
rainfall duration, dJdepression storage, and inf}ltration
rates. Cc(swMM) is different from C(RM) because the former
is expressed 1in terms of volumes while the latter 1is ex-
pressed in terms of rates. |

The volumetric runoff coefficient is - employed because
it has been used in some methods as a simple procedure for

gengrating hourly runoff volumes {i.e. inches per hour). It

can therefore be viewed as .an indicator of the average loss-

4
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es as used in the Rational Method. Some examples by which
the volumetriéurunofﬁ.cdéfficient is applied for runoff com-
putations are the Hydroscience Model (Hydroscience 1979) and
the STORM Model (U.S. Army Corps of Engineers 1975). They
have both used the following equati to calculate the hour-

ly runoff rates:

Vc = 0.91 + 0.15 (1.0-I) 4.2

where I 1is the ratio of 1imperviousness (Section
2.2.2.4).

Similar equations for calculating the volumetric runoff

a

coefficient haﬁeﬂéiéo been proposed by Viessman and Miller
'(1972) and Desbordes (19755.

The numerical .expenimgpts are conducted using design
storms (Section 3.3) with different return frequencies, in-
cluding 1 in 2, 1 in 5, 1 in 25 and 1 in 100 years. The-
real watersheds are modified with &ifférént land uses and
percentages of imperviousness, including 10%, 30%, 50%, 70%,
and 90%, respectively. Thus the Rational Method is assessgd.

for a2 broad range of characteristics.

2. "Large" Urban Watersheds
After the Rational Method peak flows are adjusted to be

equal to SWMM for the "small" watersheds, the same method of
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flow adjustment is extended to larger watersheds. The cri-
terion to be tested is whether since the quioﬁal Method
péak flows are equal to SWMM for each sub-watershed (which
is Watershed B}, as oStained in the previous tests, similar
flows can also be obtained when the aréa of the watershed
increases.

As described earlier (Section 3.4.1), the‘"large“ wat-
- ersheds in this study are defined as those for which the in-
“let times are not dominant factors in the determination of
the times of concentration and the peak runoff rates of the
watersheds. These watersheds are also defined as those for
which the effect of routing attenuation is not negligible.

The normal procedures for the computation of runoff in-
volve two separate stages of analyses, namely the transfér—
mation of rainfall into overland runcff and the routing of
flows through channels. Tﬁése procedures are not so obvious
with those used by the Rational Methed in which tﬁese two |
different sﬁages are simplified into a single procedure.
For the routing of flows, the Rational Method substitutes by
éonsidering different rainfalls of decreasing intensitres
(obtained from the I.D.F; éurve) as the time of concentra-
tion, that is, the area of the watershed, increases. Since
the Rétional Method peak flows are egqual to the SWMM peak
flows for each small sub-watershed (as adjusted earlier),

any aifferenc§ in the results because of this simplified

~

procedure will reflect the effect of routing.
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4.2 DISCUSSION OF RESULTS FOR "SMALL" WATERSHEDS

The analyses indicate that by using the conventional
method of'épplying the Rational Method, peak flows célculat-
ed by the Rational Method are éuite different from those
: dalculatea by SWMM. Without adjusting C and t; ., it is ob-
served that forla percentage imperviousness of 30%, the Ra-
éional Method peak flows are higher than SWMM for the 1 in 2
years desggn storm but egual to SWMM for the 1 in 5 years
design sta}m and ldwer than SWMM for the less freguent, 1 in
25 and 1 in 100 years design storms. Figure 4.1 shows the
differences betweén fhe peak flows for Test Watershed B.
Similar discfepancies are qbsefved for other percentages of
imperviousness ratios. The discrepancies observed for the
imperviousness ratio of 70% are shown in Figure\4.2 and that
for -Test Watershed A (for ﬁhe 1l in 5 year design storm and

and 30 % imperviousness ratiq) are shown in Figure 4.3.

£.2.1 ‘ji Varied and C Constant

Followiﬁg this approach, by which % is varied and C
is unchanged, the Rationil Method peak flows are adjusted to
be egual to SWMM. It is found that by selecting an appro-
priate inlet time for the ‘'inlet area' (see Section 2.2.3),
peak flows calculated with the Rational Method can be made
equal to SWMM. Equal flows will be maintained when this

t; .1is used for calculating the total time of concentration
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Figure 4.1:
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(i.e. tpé ti;tt, see Appendix A) and the estimation of flows
downstream. This method of édjustment is still valid even
when the’ configuration of the drainage system is changed
since similar adjustments,are’reguired for both Watersheds A
'and B. The mean t, values used for adjusting the Rationai
Method pgﬁk flows for different percentages of impervious-
ness and various design storm return frequencies for both
- test watersheds are plotted as shown in Figure 4.4. The
following important. points can. be observeq:
1. ti decreases ‘as the imperviousness ratio increases
- reflecting that a hiéher percehtage of paved sur-
faces have resulted in thé ease of conveyance and a
;horter time of concentration;
2. . P decrea;eé as the storm frequenéy decréases - ré-
“flecting _that higher intensity and total rainfall
_ have resulted in the earlier saturation of the soil,
higher amount of runoff, and therefore a shorter in-
let time:
3. The total time of concé;tration calculated 1is rela-
tively short. The average total time of concentra-
tion fér both watersheds A and B is approximately 15
minutes (with a maximum of 20 minutes) for an area of
23 acres. Some of the typical values of tC and
fitted ti are shown in Table 4.1. It shows that
ti is a large percentage of the total time of con-

centration in "small" watersheds. -
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Ei and C Varied

With the second approach, thé volumetric runoff coeffi-
cient is first calculated with SWMM: .C(SwMM) = Q/P. The

volumgtric runoff'coeffi;ients, C{SWMM), determined for each

return period and different imperviousness ratios are_plot-

ted as shown in Figure 4.5. 1It-is noticed that the volumet-

‘ric runoff coefficients C(SWMM} vary significantly with the

percentage of imperviousness and and the design storm return

period. A plot of C{RM) calculated with the weighted aver-

- age eqdation (Eqn. 2.7} 1is also shown in the same figure.

It shows that the curve. for C(RM) is.siﬁuated fiear to the
average of C(SWMM). when the iﬁpervipusnessAis less than 503
but is less thanlE(SWMM) when the percentage of impervious-
ness is higher. '

. By using C(SWMM) instead 6f C(RM), the inlet time ¢
is again adjusted " until the Rational Method peak flows are
equai to SWMM. The t; used for eaéh case is plotted

against the percentage of imperviousness for each design

storm return freguency as shown “3n Figure 4.6. Trends dif-

ferent from the first approach are observed. Although Y
decreases with increasing percentages of imperviousness,.the
overall change in for the 1 in 2 years design storm is

less than 2 minutes when the percentage of imperviousness

‘increases from 10% to 100%,.while the overall change in t{

is 4 minutes for the 1 in 100 years design storm.
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Instead of.a decrease in the inl;t 'time when major
storms (1 in 25 and 1 iﬂ 100 yearé storms) occur, it is ob“
served that the inlet time increases for the low percentages
of imperviousness. The ti_ for the 1 in 5 25, and 100

years storm are, for instance, longer than the & . for the

1 in 2 years storm., .Thus the inlet time cannot be consis-

tently related with the return period ofthe design storm as
in the first approach. It is therefore'conclﬁded that the
first approach is' more appropriate for_‘édjusting' the Ra-
tional Method peak flow estimations and will be used. for the

analysis of the Rational Method for "large” watersheds‘

4.3 DISCUSSION OF RESULTS FOR "LARGE" WATERSHEDS

Numerical experiments are carried out with three 1mper—
viousness ratios, namely 30%, 70%, and 100%, and design

storms with four different return periods, namely the 1 in

"2, 1 in 5, 1 in 25, and 1 in 100 years for Test Watershed C

(see Section 3.4.1). For Test Watershed D, onlg-the 30% im-
perviousness ratio is analyzed.

The dJiscrepancies between the Rational Method peak
flows (Q(RM)) and the SWMM peak flows (Q(SWMM)) are ex-
pressed in terms of the ratios of Q(SWMM) to Q(RM). They
are plotted against the time of concentfation as shown in

.Figu}es gl? to 4.9. Q(FM) is.equal to, Q(swMM) for each

sub-watershed; hence the "ratios of o(swMM) to Q(RM) all

fr

3
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start at unity. The following important points are inter-

_preted from the results:

te
-

1. "The Rational Method peaﬁ flows are systemaﬁically

lower than the SWMM flows (with the exception of the

1 'in 2 years storm with the 30% imperviousness ratio)

when the area of the watershed increases {(i.e. when

the time of concentration increases). It is conclud-

ed that for the "large" watersheds, the Rational
Method cannot give satiéfactory results even when the‘
”co;reﬁt"inlet time is uséd. . It is conciuded that

other pérqmeters such as the routing effect and the

;unoff coéfficient’(;hich varies with the storm dura-

tion, Section 2.2:) must be consideréd_for "large”

watersheds. Théir effects are being reflected in the

ratios of Q(SWMM) and Q(RM}. : -

It is apparent that the Rational Method has resulted
in nigher ﬁeak attenuation as the drainage ‘area in-

creases. Since the rou;ing procedure by -EXTRAN has

been shownl to give good estimations when it is_comj
pared with other routing methods (Wisner and Kassem,

1980), it can be concluded that provided that theré

is no surcharge, the Rational Method underestimates

the peak flow values as the effect of routing becomes

sigmrificant.
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.

‘The under-eé;imation of the Rational Meth&d
flows may be investigated further by referring to -
Figure 4.10 whicﬁ compares the plots of peak floﬁ
(d;) per unit area (A} _versus arealfor'bo;h‘the Ra-
tional Method and SwMM. The. ratio of Qp pér unit
area reflects the amount of ;ftenuation.of the peak
_ runcff rate. As the area of the watershed increases,
the ratio of Qp per unit area decrgases because of
additional attentuation and the offset in time of -ad-
ditional inflows. It can be seen that tﬂe peak flow
per unit area for the Rational'Method is much lower
than that simulated by’ the SWMM runoff and EXTRAN
routing models. ’

As menéioned éarlier, the rodting of flows by
the Rational Method is substituted by means of a sim-
plified procedure. It can be seen that the routing
effects are éccountéd for in the Rational " Method
«~ Q. = CiA : t;;\’

gy p

vy -
e |

Q/AC = i = f(t) = F(I.D.F.) 4.4

mainly by the shape of the I.D.F. curve:

The assumption of the Rational Method in the use of
the I.D.F. curve has caused the errors to occur be-

cause in effect\the shape of the curve of QF/A for

PO
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the Rat}onal Method follows the shape of the I.D.F.

curve. Hence, the Ratiopal Method does not 'route'

by means of the flow veloc;ty and flow continuity buf

. it only 'routes' by means of the shape of the I.D.F.
curve, which is incorrect.

Consequently, it is concluded that the use of

//’ I.D.F. curves in conjunction with the time of concen-

‘tration in the ‘Rational Method will always lead to

F
significant errors for flow computations . in "large”

watersheds. . 3

37 lt\ii\\iiiz‘nOticed that for "large™ watersheds for
which the™time of concentration is long and- t; is
) ”,- insignificant, the relationship between the time of

concentration and the discretization time step of the’
design storm may also ﬂave to be carefﬁriy\ggpsidered
(éee Section 3.3, Selection of Standard Storm\;Hﬁﬁt%‘
w_‘I the time of concentration is relatively close to\\\\\\\\“
tie discretization time step of the design storm, the
rainfall intensities during this period of time can
be considered to be relativeiy uniform. However, if
_ the time of concentration- is much longer than the
discretization time step of the design storm, the
rainfall intensities during this period of time will
actually vary significantly in accordance with the
| p " time distribution of the rainfall hyetograph (Figure
o - 4.11).
;' S

e
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Since the Rational Method uses only a uniform

"block"” of average rainfall intensity, the rainfall

input used by the Rational Method, as the drainage

area increases, will not be compatible with the storm

_profile used by the SWMM model. In this case, the

"block" rainfall wused by the Rational Method has a
very low average intensity as compared with tﬁe
'peaky' intensities of the aééign'stbrm' hyetograph -
used by SWMM. It can therefore be concluded that
when ngn-ﬁniform storms are applied, and when the
routing of flows are important, the Rational Method
does not _give satisfactory results as compared with
the more detailed SWMM model which can accept com-
piete storm profiles as input.

It may be possible to see whether the use of a
block uniform rainfall - in SWMM with the'same average
intensity as in the Rational Methqd will make the Ra-

tional Method flows closer to SWﬂH; (The duration of

this block rainfall 1is egqual to the time of concen-

- tration - determined in the Rational Method _(figure

4.11).)

However, this will result in flows that are less
critical than those simulated with the ’'peakier',
non-uniform desigﬁ storms (§ection 3.3, Selection of
Standard Storm Input). Inﬂ?éct, the peak intensities

R
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of non-uniform storms are much highef ‘than the uni-

- nonyuniform storms should be ,used sinte they ace more .

-

-

form storms since the latter are expreéseoz}n average
values. AS an‘illuStration,"Table_4.2’$ompares the
pegﬁ intensities based on the same I.D.Fr'gurves for
the uniforn rainfell used_hy rhe Rational;Method and
the non-uniform rainfall used by SWMM when the time-
of concentration_aof-the watershed is 1 hour .and 2

hours, respectzvely {this corresponds approxlmately

'to a watershed wlth 51zes in the range' of 160 acres

and 350 acres or larger, respect1vely, depending on
the storm return: frequency)

It is also noted that for urban runoff des1gns,'

‘critical and-thji correspond more closely to an actu-

b

al storm profiie..
A different configuration of watershed is rested by
. o . .
means of Test Watershed D (Figure 3:11, Section
3.4:1). The distances bet;een the inlet locations
are‘reauced by four-times. This is not_ a typical
system since 'the actuai_ distance bet?een real wat-
ersheds with sizes of 23 acres will not be 'as‘low.

However, - the same discrepancies between the Rational

- Method and the SWHM model are observed (Figure 4.12).

:.The above analyses have shown the exnent of disozgf\

pancies that can be expected from the Ratlonal Method
: &
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when it is used to estimate peak flows from "large"
watersheds. Adjustments of the flows estimated by
the Rational Method are .required for watersheds with

»

a time of concentration longer than 20 minutes and it
would consist of applying the cdrrection coefficients
similar to Figures 4.7 to 4.9.

The sarvéy of current practices (IMPSWM Program
1980, Section 2.2.1) in wurban drainage deiégns has
indicated that the Rational Method has been ﬁsed for
determining flows in the'lmajof system for rainfall
with low frequencies such as the 1 in 100 .years, yet

"‘the study cérried out here shows that by applying the

‘Rational Method with low frequency, major storm

: . - . R
events will result in significant errors.

4.4 SUMMARY AND CONCLUSIONS

The assessments conducted above have ‘enabled the valid-
liﬁx of the Rational gMethdd in estimating the design peak
flowé for both "small" and "large" urban watersheds in rela-
tion to the design storm return freqguencies and the impervi-
ousness ratios to be extensively investigated. The causes
of the discrepancies héve been examined and the methodolo-
giés for improvfng the accuracy of the Rational Methéd‘have
been proposed. Basically,-improvements are required for the
Rational Hethod before compatible flows with SWMM simula-

tions can be obﬁéined._ They can be summarized as follows:
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The adjusted t; values shown in Figure 4.4 are rea-
soriable estimates for which the Rational Method can
be improved for calculating more compatible peak
flows for "small" ?rban . watersheds. Since they are
obtained baéed on comparisons with SWMM simulations,
they incorporate indirectly the various effects .of

tbe watershed characteristics, rainfall characteris-

tics, and sntecedent moisture conditions (the initial’

value of infiitration rate used by SWMM). ° They can
be'apﬁiied for various design storm frequencies and
'imperviousﬁess ratios. |

For practical .applicatiens, it {é concluded that
a conservative value of inlet time for runoff compu-
tations is 10 minutes for the design storm'frequeﬁ-
cies of 1 in 2 and 1 in 5 years, and.5 minutes for
the design storm freguencies of 1 in 25 and 1 in 100
years, respectively.
For larger .watersheds for which q‘ is not a signif-
icant' factor, flows determined with the Rational
Method are systematicaily lower than SWMM even when
the 'correct' inlet time 1is used. These discrepan-
cies are caused when the routing effect igisignifi-
cant and when the time of concentration is relatively
longer than the discretization time step of the de~

sign storm; another parameter the effects of which

AY
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increase with the storm duration 1is the runoff coef-
' ficient.. All of these effects are .being reflectéd in-
the ratios of Q(SWMM) to Q(RM), which ;an'be viewed
as ‘'correction factors' for the Rational Method
flows. Hencé, if the Rational Method is apﬁlied in
"large™ watersheds, ‘'correction factoré‘ similar to
that shown in Figure 4.7 to 4.9 are needed.to adjust
the Rational Method flows to be equal to SWMM flows.
It is observed that these factors have -maximum values

. A ' * -
and they are shown in the following table:

* Maximum Ratios of Q(SWMM) to QfRM)
Percentage of Design'gtoéa Return Fregquency (yr) -
Impervicusness 1:2 1:5 1:25 1:100
30% - 0.9 1.2 1.6 2.0
70 % 1.3 1.45 1.6 1.65

100 % 1.5 1.5 1.5 1.5

o

In light of these liﬁitations, it is concluded that the
Rational Method can give results compatible with a detailed
hydrogfqpﬁ model only for relatively "small® watersheds.
The use of correctioﬁ coefficients makes it less attractive
to be used. These correction coefficients ;re limited for

homogeneous watersheds and may differ from waterhsed to wat-
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ershed. (However, ' the correction coefficients obtained in
this study have demonstrated the extent of discrepancies ex-

pected from:the Rational Method.) They must also be related

~with the travel time of flow in the pipe system. Since the

travel time of flow varies according to the characteristics
of the pipe size and slope, the correction coefficients may
not apply for a pipe system” with very largepsizés or flat
invert slopes. The improvement parameters.will also change
when a different design storm distribution is used.

The Rational Method is also limited to‘estimating only
peak flows instead of full runoff hydr&graphs which‘are re-
quired for the analysis of runoff control facilities. An

improved desk-top method of runoff computations must there-

fore be explored.
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-Chapter v o
DEVELOPMENT OF STANDARD HYDROGRAPH METHOD (SHM)

4

" 5.1° INTRODUCTION -

In light of the limitations and discrepancies in the
presently applied Rational Method and hydrograph methods,
such as the SCS TR-55 procedures, there i@ a need for a more
consistent desk-top method; a desk-top method that predicts
not only the peak discharge rates and runoff hydrographé but

also gives results that are compatible with the more sophis-

_ticated computer models used in the final stage of design.

Pursuant to this objective, it 1is attempted in the present
study to &evelop an improved methoﬁology for the preléminary
analysis and dgg&én of urban \rainage systems with the fol-
lowing characteristics:

1. The derivation of runoff wvolumes, peak discharge

rates, and hydrographs for applications in small ur-

i
ban watlkrsheds utilizing a "standard" design storm

that is .applied by many cities and regulatory agen-
‘cies for the analysis of urban drainage systems.

2. The derivation of the "SHM" based on simulations with
a standard computer model that has been widely ap-

plied and well tested in Canada.

- 165 -~
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5.2 THE PEAK RUNOFF RELATIONSHIP

Early attempts have been made by reseaﬁghers'to express
the peak runcff in terms of aléingle variable, the area of
the watershed. These expressioens have normally beeh derived
empirically and do not take into account the time or fre-
guency facter. Subsequently, the Rational Method which con-
giders the rainfall . characterlstlcs has been proposed by
Kuichling (1889). similar types of formulas have also been
proposed by Fuller (1917) and Pettis (1934).

Other attempts have reiéted the runoff rate Q(t) in
terms of the area A of the watershed and the'depth of runoff
Q at time t. For example, the two-parameter gaﬁma functioﬂ
has been applied by Docge (1959) anaANash (1960) for syn-

thesizing the unit hydrograph.

Qle) _1° (n-1)x! X ‘ S
) - 2
P
in which
= t(a-1)/t, | | 5.2

where tp is the time of peak, n is the number of lipear re-
servoirs depicting the amount of flow attenuation and stor-
age by the‘watersﬁed, and T (n). is the gamma function equal
to (n-1)!. Wu (1963) has shown that the U.S. Soil Conserva-

tion Service method (Section 2.3.3) for computing the peak
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runoff rate from a watershed is also based on this function.

'He has shown that Equation 5.1 can be rewritten as:

Q .

iR 2

g -t fimty) ) >3

P

'f(n,tp) = 0.756 . 5.4
 _640'x 0.756 x A x Q _ 484AQ

Q. = = 5.5
p tp ‘ tp ! ’

Equation 5.5 is the formula used by the U.S. Soil Conserva-
«tion Serviée-method. |

A similar relationship which-fdefiﬁes the peak runoff
rate from a watershed in terms of the runoff depth and wat-

ershed area has also been applied for-a riable storm pro-

T e authors have de-

filétby Yopng' and Prudhoe (1973).
rived it with ;verage annual réinfa and large -watersheds
with relatively impermeable soil /cover (clays or boulder
clay) for which the runoff is eqgudl to the rainfall amount.
For any given storm it has been possible to derive the
runoff relationships by assuminé conceptually that the wat-
ershed resembles a single reservoir. The inflow and outflow

rates of the watershed are given by the reservoir equation:

i-qg =-%% o o 5.6

r\‘
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whére i is  the inflow rate, t..isfthe time, and Slis the
quantlty of water stored which is a function of the rate of
outflow g. The solution of EqUatzon 5.6 has been deriyed by
Younge and Prudhoe (1973): &j}

Y1 ,touide — |

u JO fl(q) - . 5.7 . l

) dt : i

h = . |

where u Exp f ) | 5.8 :
(g = SE@) - ]

ds ‘ _ 5.9

-

where p is an integrating factor. The instantaneous inflow
' o ‘
rate i can be expressed in terms of the mean annual rainfall

1 and a deviation i(t) from the mean -
=T+ i(t) ' | 2.10
. 3

Hence by substituting Equation 5.7 into Eguation 5.10

1.t pidt t pi(z)de . . 5.11
ufo £'(q) ufo £'(q) '

-

Most hydrographs that result from a single rainfall event
rise steadily to peak, #hat is, they are continuous and ‘mon-
otonic functions. ,Thls is also true of the storage-d1s—

charge relationships. ‘Thus, - the reservoir characteristics

”
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S=fl(g) -can be rep}esented by alpower'series in terms of the

runoff or flow rate (q), and q can be expressed in terms of

the time (t), that 'is, Q(t):

'S = £(q) = ki1q + kpq + kzg +....+ qu =z j 5.12
- I=1 =
Q(t) = £(t) = byt + byt + b3t +....+ bjt =z bj: 5.13

By differentiafingiboth power series and by further algebra-

ic manipglation (Young and Prudhoe 1973), Equation 5.11 can

be expressed as:” i

.

Q(t) __%_ + 3 [gztz + g3t3 PR I ui(r)ds

- 14
o £ 3.1

1
¢
f‘ 1

where the coefficients g are the appropriate combinations of
by and k ; of the two power series.  Also the coefficients g
and their associated term in Equation 5.14 are such that

their contribution to q is very small. Since by definition

fgﬂt)dtis equal to zero gnd'thg function p/f'(q).tends to be

very small, Eguation 5.14 can be expressed as

, Q(t)'T re ' . 5.15

“1

where ¢ is a - small guantity and 1is negligible ({Young and

Prudhoe 1973), and ki -is the first coefficient in the power
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series of S. For a single storm event, putting k.i equal to
k and 1 equal to Q/t, where t is the storm duration and Q is

the total excess rainfall vo{yme:'

aet) =2+ 5.16

.in Equation 5.16,, the excess rainfall. Q is expressed as a

‘volume, but it can also be expressed in its most usual form

in terms of a linear measure (i.e. depth). k is a parameter
with the dimension of time; it defines the response time of
runoff of. the watershed to rainfal}'precipitation gndrqgn be
expressea in terms of the watershed and sfbrm characteris-

tics. Thus a linear equation is formulated: ®

a(t) = %9-+‘5 . 5.17

~ %7,

where Q(t) 1is the rate of runeoff, Q is the total depth of
excess runoff, and T is the response time of the watershed.

-

5.2.1 Proposed Formula

o

When Q(?) is equal to the peak flow Qp and assuming

that € is negligible, Eguation 5.17 can be expressed as:
b
AQ

-

=1 :
= 5.18

-

T is the response time of the watershed and therefore is a function

of the watershed charactér{stics namely, the watershed length (L), siope

kSLP), and imperviousness (I), and the rainfall characteristics (Sf):'

T = £(L,SLP,I,ST) _ 5.19
therefore,
\’ .
Qp - ' 4 .
+— = f (L,SLP,I,ST) | 5.20

Q
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By expressing the term Qp/AQ in terms of a peak factor P,

"a simple formula can be obtained:

where Qp is the peak runoff rate with the dimension'of‘L’/T

r A is the area of the watershed with the dimension of L?, Q

is the depth of runoff with' the dimension of L, and P is the .

peak factor with the dlmen51on of -1/T.

-

" 5.2.2 Peak Factor P

The peak factor is the ratio of the peak runoff rate to .

the area of the uafgrshed and the the depth of runoff. It
»decreases when the area of the watershed increases and
therefofe the routing effects of flows increase (or vice
versa). -.The peak factor is used_ta_defigg the peak rate of
runoff and is a function of the watershed parameters for a

given design storm and runoff characteristics:

5.2.3 Runoff Quantity Q -~

For a glven design storm and 1mperv1ousness ratio, the

total depth of runoff Q d1V1ded by the total depth of ra1n—_

fall PRECIP results in a volumetric. runoff coefficient R (as

oy o B
described before in Figure 4.5):

= Q/PRECIP .~ B ©5.22

Q. = A.Q.P. ' 3.21°

g g



In the present study, SWMM which wuses the Horton's

inf?ltpatioﬁ equation has been used to calculate the total

runoff depths for the selected design storms.

5.2.4 Rainfall Peakiness Factor S

As de§cribe6 in Section 3.3, the characteristics of a
design storm vary considerably when different methods and
time steps are used to distribute the storm. For example,
for thé_same discretization time step (10 min.) as shown in
Figure 3.4, the peak intensity of‘the storm distributed.with

Keifer and Chu's method (1957} 1is much higher as compared

‘'with the SCS Type Il distribution. Similarly, if a storm is

distributed with different time steps but the same method,
the peak intensity of the storm will also éhange correspond-~
ingly (Figure. 3.6). '

‘ For urban areas, the résponse of runoff to rainfall is
reflected relatively fast due to the high drainage density-
and ease of conveyance over paved surfaces. The peak rain-
fall intensity which is much higher than the intensities
during oéﬁér time sfeps (see Figure 5.1)_ therefore siénifi-
cantly dictates the peak runoff rate. . .Conseguently, the
peak runoff rates resulted from design storms distributed
with Keifer and Chu's method are larger than those distrib-
uted with the SCS Type II Method. The same occur when a de~

s

sign storm is discretized with a shorter time step (thus re-
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sulting in high kainfail intensit —Or a longer time siep
(thustfesultiné in low rainfall intensities).

The characteristics of a given design storm can there-
fére be represented bf means of a peakiness factor S. This
factor can be‘used to relate the fainfail characteristics
with the peak discharge rate. For instance, if the peak
.discharge gaused by a design storm distributed with the
Keifer and Chu's design storm method 1is Q(KC) and the peak
discharge caused by a design storm dis£ributed with the SCS
24-hour Type II method is Q(SCS), the rainfall peakiness
factor can be used to modify the Q(SCS) to be equal to
Q(KC). In this case, Q(SCS) will be less than Q(KC) because
the rainfall intensities of the SCS design storms are less.
Hence, if Q(KC) 1is used as a basis, the rainfall peakiness
factor S for design storms distributed with Keifer and Chu's
method is equal to unity. For other design storms, the §

Values will wvary. S can be included in Equation 5.21 as

Q, = A.Q-P.S. / 5.23

It is noted, however, that S does not have any physical

follows:

L]

meaning. It is only a ratio for defining peak runoff ra;és
for other ' design storms in terms of the peak runoff rates
calulated for the Keifer and Chu's deszgn storms. S is also

valid only for adjusting the peak- runcff rate and not valid

-
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-

for adjustlng the ordinates of the runoff hydrograph because
the shape of’ the runoff hydrograph is also a function of the

shape of the design storm hyetographﬂ

-
X

-

5.3 DETERMINATION OF RUNOFF HYDROGRAPHS FOR URBAN
WATERSHEDS

The determination of the runoff hydrogfapp can be car-
ried out by means of syn#hgtic unit hydrographs. All unit
. hydrographs are based on é net wunit rainfall of uniform in-.
tensity for a specific duration. For the Instantaneous Unit
Hydrograph (1.U.H.), thé: duration of the unit rainfall is
assuméd to be zero. In order to derive a syntHetic hydro-
graph for non-uniform storm patterns with wvaried rainfall
intensities using the I.U.E., an incremental hydrograph is
generated for the excess rainfall during‘each time step and
tﬁén superimposed Qith the incremental hydrographs obtained
for other tiﬁe steps (Figure 5.2). This process 1s repre-
sented by the "convolution integrél“_ thch is also known as

the "Duhamel integral®: ’

Q) = J’I: U(0,t-7)I(x)dt ' 5.24

-

where O(t) is the ordinate of the runoff hydrograph result-
ing from the complex storm, I{t) is the effective rainfall

intensity, D is the rainfall duration, t is the length of
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If the runoff hydrograph resulting from a non-uniform
rainfall instead of a uniform rainfall is divided by the to—:
tal runoff volume, ~ a hydrograph resulting from one unit of
excess réinfall is obtained. - This hydrograph is however
different from the unit hydrograph because its shape incor-
pofates poth thé profile of the effective rainfall hyeto-
. graph and the watershed characteristics.

This type of hydrograph has been: used in the SCS TR-55
method (SCS 1975) and by Raggh et al (1975) wherein it has - .
been employed as a simplified method for deriving the runoff
hydrographs for a fixed profile of rainfall. For the SCS
TR-55 Méthod, the SCS 24-hour Type II distribution is Psed.
The.use of this type of hydrographs can be demonstrated by
means of Figure 5.2. If the effective rainfall intensities
are all increased, for example by the same percentage (k%),
thus maintaining the same profile of effective rainfall, the
co-ordinates of the incremental hydrographs will alsc be in-
creased by k%  and the total runoff hydrograph co-ordinates
will also be increased proportionally. Equation 5.25 can

therefore be expressed as follows:

n .
Q'{t) = kQ(r) = £ U(O,t-(i-l)At)inAt
toi=l

5.27

n -
=Lk I U(O,t—(i-l)At)IiAt
i=]
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Figﬁre 5.2: Combining Hydrographs
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_each rainfall increment, and U(0,t-t) is the kernel function
of the unit hyafogréph. .~ The summation form (Chow, 1964) of

the convolution integral is:

h'S

o ’ .
Q(t) = ¢ _U(O,t-(i~1)At)IiAt 5.25

i=1
where n is the number of different intensity blocks, t is
the time from the beginning of the effective raiéféll, and
t i1s the discrete rainfall time steps.

The applicétion'of synthetic unit hydrographs in urban
watefsheds has been demonstrated by Eagleson (1862) and by
- Espey et al (1977). éagleson has studied the hydrographs of
measured storm sewer outflow from urban watersheds up to 7.5
sg.miles in size and correlated them with the properties of
sewers and drainage characteristics in order to derive syn-
thetic unit hydrographs for other unmeasured sewered areas.
FUsing Snyder's formula, . the peak Qp of tﬁe synthetic unit
hydrograph per unit area A is expressed by

Q /A = ktp | - 5.26

where K 1s Snyder's unit hydrograph peak. discharge coeffi-
cient and tp is the lag ti;e measured from the'begfi;ing of
rainfall to the centre of mass of the unit hydrograph. K is
obtained through regression analysis of measured data and tp
is calculated by divid}ng the mean travel length with the
flow velocity in the storm sewer that is estimated with Man-

ning's equation.
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where k is the percentage increase, Or decreaég, in the ef-

fective rainfall intensities.

All design storm methods distribute the rainfall with

identical shapes. If a total rainfall quantity is distrib-

uted by means of, for example, the Keifer and Chu's method
(1957) or the SCS 24-hour Type II method (sCs 1575), the
" same shape of rainfall hyetograph will result. The SCS

method expresses the rainfall intensity at each time step of

the design storm as a. percentage of the total ra1nfall

amount; thus the rainfall intensities are always in propor—
tiqn to the total rainfall quantity and the shapes of the
design storms obtained are indentical with each other. The
Keifer and Chu's design storm method is also similar in

ﬁrinciple {Figure 5.1).

However, it is noticed that although the rainfall pro—

files are similar in shape, the effective rainfall_profiies
may still vary because of the infiltration that occurs 1in
the pervious.part of the watershed. For a freguent storm
such as one with a 1 in 1 or 1 in 2 year return period,  the
effective rainfall pattern can differ from the less; frequent
storms (Figure 5.35. Hence, the shape of the runoff hydro-
graph can change accordingly. However, as the return period

of the storm decreases {(i.e. for larger storm events) the

FP P
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FLOW

TIME

(b) medium return period

V// Runoff (-C\;.P)

where
Cv=runoff coefficient

P =total rainfall

TIME

{¢) high retumm period

Figure 5.3: Effective Design Storm Profiles for Differert
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soil is saturated near the beginning of the’storm ‘due -to
higher rainfall intensities and volumes, with the result
that the pervious surfaces will act mainly as impervious

surfaces and produce immediate runoff. In this range of

-frequencies, the pattern of effective rainfall will be simi-

lar with - the result that similar shapes of runoff hydro-

graphs'are produced. It may therefore be possible to assume

o

that for major storms &istributed- with similar patterns,
simi}ar'shaﬁes of runoff hydrographs are produced from the
pefvious surfaces and can be represented approximately with
a general hydfograph similar, in principle, .to.the unit hy-
drogréph.

The "assumption 6f a generadl ed hydrograph for a com-
plete storm is particularly appfopriate_ for urban areas
where runoff is mainly from the impervibus areas. Since in-
filtration only occurs ‘ih pervious area, the shaéé of the
complete runoff " hydrograph will be mainly dictated@ by the
runoff from éﬁé impervious area. ‘Table 5.1 illustrates the
percentages of contribution of runoff volume and peak dis-
charge from the pervious and impervious areas for varioué
return periods and imperviousness ratios of 30% and 70%, re-

spectively. -
It is noticed that many urban drainage deéigns are car-
ried out with design storms distributed with a fixed method

(section 3.3). The use of this type of simplified method

e b e e e T
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for determining the runoff. hydrograph can therefore be ex-
tended to the present study.

Fpr the determination of the runoff hydrograph, the di-

mensionless hydrograph which expresses Q/qs'versus t/tp-is
used (Section 2.5.2).
For the dimensionless‘hydrograph, the watershed charac-

teristics are implicit in the parameter t time to peak.

tp is defined as the time from the beginnizg of the rainfall
excess to the peak of the runoff hydrograph. By'know%ng Qp
(peak discharge) and tp (Table 5.1), it is possible to ob-
tain the completelypnoff hydrograph. Qp:can be.calculéted

with Eqaaiion 5.24 {as given in the last section) and to is

a function of the rainfall and watershed characteristics.

5.4 APPLICATION OF SHM FOR NON*HOMOGENEOUS WATERSHEDS

-

Further to the SHM procedures, a more refined procedure
is needed for the analysis of non-homogeneous watersheds. .A
watershed containing wvarious land " use chafacteristics can
first be- discretized into sub-watersheds of homogeneous
characterlstlcs and analyzed with the SHM procedure. Péak
flows and runoff hydrographs estimated with SHM for . each
Sub watershed can then be combined by means of channel rout-
‘ing and, if necessary, by means ‘of routlng through detention

reservoirs when stormwater management facilities exist:

e e P T
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In general, there are two main types of routing techni-
ques, namely hydraulic and hydrologic routing methods. ‘Hy—
draulic routing is based on unsteady flow solutions and is

generally carried out by means of the detail, ~dynamic equa-

tions of momentum and continuity that are known .as the St. .

Venant equations. Hydrologic routing is based on the sim-
pler, steady flow eguations. It uses the storage-continuitf
equation where storage is expressed in terms of inflow, out-
flow, or both.

Examples of hydrologic routing methods for channels
consist of the'modified Puls Method, the Muskingum Method,
the Variable Storage Coefficient (VSC) sr Variable Travel
Time (VTT) Method, and the Convex Method. .Some of these
routing methods have been incorporated in computer models

presently used.! The modified Puls Method, for example, has

y the ILLUDAS (Terstriep and Stall 1574) com-
puter model apnd the Variable Storage Coefficient Method has
been employed the HYMO model (Williams and Hann 1973) for

channel routing; the Convex Method has been employed by the

Soil Cpnservation Service in the SCS TR-55 Manual for {

tabular method of routing the runoff hydrographs resulting
from the SCS 24-hour Type ITI distribution design storm (SGS
1975). | )

A detailed review and comparison of the various types

" of simple hydrologic routing methods with -worked examples
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have been conducted by Wisner'aeé Kasseﬁ (1989). _ﬁ compari-

~son S% the Convex routing method with the EXTRAN routing
model (whlch uses the complete dynamic wave solutions) indi-
cates.that the peak runoff rates estimated are reasonably
‘close -and within 1% toAS%, while the other methods have
‘higher dlscrepanc1es. The time to peak of the fouted hydro-
graph using the" Convex Method is in generil close (within 1%
to 2%) to that of the EXTRAN ‘model. However, these compari-
sons are made by means of routing flows generated from a hy-
pothetical watershed of 0.4 square mile through a rectangu-
lar channel with a fixed slope of 0.002 and Manning's n of
0.013.

As a simplified approach, it is concluded that the Con-
vex Method of channel routing can be-used for preliminary
designs. In a separate ;eseércﬁ (Wisner, Cheung and Liang
1981), a program for use withApocket calculators for the
Convex Routing Method has been written and presented. It 1is

'\felt that the program can be applied ﬁere as a simple proce-
dure for the routing. of the runoff hydrograph determined
with the SHM.

In the same study, the Storage-Indication Method for
the routing of hydrographs through reservoirs with orifice
and/or overflow weir has also been presented. It can be ap-
_Qlied here as a simple procedure for the analysis of routing

through detention reservoirs in this study.
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These two programs are suggested for use .in conjuncti%?
with SHM for the computation of runoff from non-h?mogeneoﬁs
watersheds (although other simplified routing methods may
still be -employed). .

Further studies have been carried out by Liang (1982)

concerning the use of these programs.

5.5 DERIVATION OF SHM PARAMETERS

The SHM provides a general methodology by which simple,
standard relationships can be derived for determining the
peak runoff rate and runcff hydrographs for a given basin or
region. - For a municipality which employs a given set of
I.D.F. curve, it is possible tc derive the peak factors P
and dimensionless hydrographs for a specific computer model
and design storm distributions for the SHM. Once these data
are derived, they can be applied easily to determine the
peak runoff rates and runoff‘hydrographs.

In this section, an example of the steps required for
deriving the parameters of the SHM peak discharge equation
and the SHM.dimensionless hydrograph will be described. The
Keifer and Chu's design storm distribution method (1957) and
the SCS Type II distribution method (1973) “are used; other

‘design storm distributions can also be considered but these
design storm methods are selected because they have been

used by most practitioners and municipalities for urban
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drainage desighs'(ChapEer I11). The computer model SWMM is’

used for runoff simulations.

_The first step involved in deriving the parameters of
the SHM peak discharge equation is to obtain the I.D.F.
curves for the region considered. In this work, the I.D.F.

curves for the Toronto region are used -(Figure 3.1)." The

next step is to determihe the design storm hyetographs using

the I.D.F. curves for the Keifer and Chu's and SCS 24-hour

Type il design storm distributions (see Section 3.3).

The parameters of the SHM peak discharge equa;ion
(Equation 5.24) namely, P, Q, and S are then derived by
means of using the SWMM model, the design storms, and
"lumped"” conceptual watersheds. "Lumped" conceptual wat-
ersheds with sizes of 10 ac., 20 ac., 40 ac., 60 ac., 80
ac., 120 ac., and 160 ac., respectively as described(in Sec-

tion 3.4.2 are used: they all have similar physical charac-

teristics of an average catchment ‘'width' of 350 ft. per

acre and an equivalent pipe 'length’ of 20 ft. per acre {see"

Section 3.5). Different land use characteristics, namely
the 25% and 35% imperviousness ratios which are found mostly
in residential developments and the 50% and 70% impervious-
ness ratiosm which are found mostly in commercial develop-
ments, respectively, are considered. An average ground

slope of 1.0 percent is assumed.

7



5.5.1.1 Derivation of Q and R

The depths of runcff in inches for each desigﬁ storm
return period and imperviousness ratios are optained from
the SwWMM ;iﬁulatiqns. The fotal runoff -depths simulated are
plotted against the recurrence intervals in years as shown
in Figure 5.4. By dividing the aepth of effective runoff
(Q) with the total depth of rainfall (PRECIP), the runoff
factors (R) calculated for the different design storm‘return
‘periods and impe}viousness ratios are shown in Figure 5.5.

Plots of the rainfall and Eunoff depths that are simy-
IAteé by SWMM using the SCS 24-hour Type II design storm
distribution are also given in Figure 5.6; plots of the ru-
noff factors (R) versus the return periods for the 25% and

35% imperviousness ratios are shown in Figure 5.5,

5.5.1.2 Derivation of P

-By means of the peak runoff rates %J simulated by SWMM
and the known watershed area A and runoff depths Q, the peak
factors P can next be derived (P is equal to Qp/AQ).

Figures 5.8 and 5.9 show plots of the derived peak fac-
tors (in cfs per acre per inch of runoff) against the area
of the watershed for different design storm return periods.
Figure 5.8 is for an imperviousness ratio of 25% and Figure
5.9'is for an imperviousness ratio of 35%. Peak factors de-
termined for the imperviousness ratios of 50% and 70% are

also shown in Figqures 5.10 and 5.11, respectively.
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They show that a genéral relationship exists betwéeﬁ
Qp/gél(wherg Q;r= R.PRECIP) and the area of—the watershed. A
single curve is tHen drawn to represent the mean peak fac-
tors versus different areas of watersheds. It is also 05:’
served that curves deriﬁed for‘differenP imperviousness rat-
ios are quite,ﬁlose and within 20%. .

The above. relationship has éimilar characteristics as
the distribution graph employed by Bernard (1935) and Wisler
and.Brater (1959) for predicting runoff. Wisler and Brater
(1959) have demonstrated thét for a given runoff hydrograph
the ordinate of the distribution graph during each éime in-
terval can be obtained by diviaing the average rﬁnoff rate
with. the area of the watershed and the depth of runoff.
They have found that by means of real watersheds similar
distribution graphs can be obtained when the watershed char-
acteristics are similar.. A similar approach has also been
undertaken by the SCS TR-55 method for predicting peak r3-
noff rates (Section 2.3.4). _

The peak factors derived for the SCS 24-hour Type Il
design stor&s are aiso plotted in Figures 5.8 and 5.9.
' LN
5.5.1.3 Derivation of S _

It can be observed in Figures 5.8 and 5.9 that the peak

factors derived for the SCS 24-hour Type-II distribution de-

sign storms are consistently lower than that derived for the
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Keifer and Chu's design storm distributions. A -constant ra- .

tio is seen between the two types of design storms. The § °

factors (Equation 5.22, Section 5.2.2) of the SCS design
storms for the-imperqioushess ratios of 25% and 35% are 0.62

and 0.59, respectively. The mean rainfall peakiness factor

‘for the SCS Type II design storms +is thérefofe apptoximately‘

0.6 (relative to the Keifer and Chu“s désign~storms).

5.5.2 ~SHM Dimensionless Hydrograph

Using the hydrographs simulated for the lumped wat-

ersheds with sizes of 20 acres, 80 acres and 120 acres,

analyses are carried out in order to derive the SHM dimen-

sionless hydrographs. The runoff hydrographs generated for

"each lumped watershed for design storms with different re-

currence intervals.of 1l in 2 years, 5 years, 25 yeafs and
100 years are analyzeé. The SCS 24-hour Type 1II design
storm distribuﬁion is also employed for analfses. Since
only one value of ground slope (1%) is adopted, the sensi-
tivity of.the dimensionless hydrograph to slope is not stud-
ied but it has been shown by Ragan et al (1$75) to affect
only the shape of the recession curve. However, two imper-
viousness ratios, namely 35% and 70%, are iévestigated.

The ordinates, Q(t)/Qp, of the-SHM‘a;;ensionless hy-

drograph are determined by dividing the average runoff rate

occurred in subsequent time intervals with the peak runoff

<

'
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rate of the runoff hydrograph- the corresponding time at

which that runoff rate occurs is also divided by the time. to

'peak of the runoff hydrograph in order to determine the or-
dinates for e/t '

"The dlmen51onless hydrographs estlmated for the imper-
viousness ratios of 25% and 35% are plotted as shown in Fig-
uyres 5.12 and 5.13, respectively. In each case, twelve’ di-
mensionless hydrographs are plotted. Considergﬁle
similarities are observed betweehjthem even when the size of
the watershed and the design storms are very ‘different. A
single, common dimensionless hydrograph can therefore be
" drawn. ‘1 . ‘ .

Similar results afe obtained for the SCS 24-hour Type
I1 design storms® (Figure 5.14).

-1t is also observed from " the runoff hydrographs that
,thg time to peak is insensitive to watershed sizes and storm
refurn-pefiods. Even when the size of the watershed is var-
ied from 20 acres to 120 acres, the time to peak of the ru-
‘noff hydrographs has only varied between 70 - minutes and 75

minutes (Table 5.2). This may be explained by the high in-

tensities of the design storms, which are the characteris-A

tics of Keifer and Chu's design storms, and the fast re-
sponse of runoff to rainfall in urban watersheds ({(Sections
3.3 and 5.2.4). The presence of impermeéble surfaces in ur-

ban wateiéheds has caused the 'peaky' rainfall to-—be re-
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flected and conveyed’ve;y quickly in a short period of time.
The peak intenéity of the design storms used in this study
occurs at approximately 65 minutes (total storm duration is
180 minutes). Thus the timehpf lag relative to the time of
peak intensity is-only between 5 to 10 minutes although they

still have to be checked for larger watersheds.

5.6 ADVANTAGES AND LIMITATIONS OF SHM

5.6.1 Advantages

The previous sectibn illustrafes the sﬁeps by which the
parameters of ﬁhe SHM peak discharge equationdand the dimen-
sionless hydrographs can be derived using a given shape of
design storm, a given model} and simple watershed configura-
tions. Once these relations are obtained, they can be ap-
plied conveniently without lengthy computations or the use
of complex computer modelling for preliminary studies,
drainage designs in small urban watersheds, and verification
of projects within the region of a municipality.
The SHM has several advantages as outiined below:
1. For determining the peak discharge, SHM uses the sim-
ple formula '

Q. = A.Q.P.S.

o

P
wirich is as easy to apply as the Rational Method but it

is less subjective in the determination of parame-

ters; for example, for a given watershed area and



o

203

-

debth of runoff, there is only one value‘of peak fac-
tor to define the peak runoff rate. Consequently,
the results obtained with the SHM will be consistent

even when it is applied - by different users. SHM is

derived based on simulatiops with a computer model,

in this case, SWMM. It therefore produces compatible
results between SWMM and a simple, desk-top method.
Thus compatible results between the preliminary and
final design stages can- be obtained.

The SHM dimensionless hydrograph developed is easy to
use since it does not reguire a convolution proce-
dure. The iengthy convolution procedure required for
calculating the :unbff hydrograph for a complete
storm pattern is eliminated. The peak discharge of
the dimensionless hydrograph can be first obtained by
the SHM peak discharge equation.

The SHM dimensionless hydrograph can be used
further to derive hydrographs for the sizing of de-
tention storage and the analyses of stormwater man-
agement facilities by means of channel and reservoir

routing.

A preliminary version of. the SHM method has already
been used in the Storm Water Management Policies Guidelines
by the Central Region of the Ontario Ministry of Natural Re-

sources in Toronto (1981}.
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5.6.2 Limitations

Like other methods,- the SHM procedure also has some
limitations. Although the parameters of the SHﬁ peak dis-
charge eguation and dimensionless hydrographs'can be derived
for other sets of I.D.F. curves, design storm distribu-
tions, or computer model, once they have been derived they
are only applicable for those specific data. For other
types of design storms or computer models, similar proce-
dures as shown in the previous section have to be followed
in order to derive another set of relations for-the SHM peak
discharge equation and dimensionless hydrographs. For .the
application_of the SHM in non—homogeneous watersheds whére
separate 'land use characteristics exist, routing is needed
to combine the runoff hydrographs generated from each sub-

area.



Chapter VI

RUNOFF CONTROL POLICIES AND DESK-TOP METHODS OF
SIZING DETENTION STORAGE

6.1 RUNOFF CONTROL POLICIES

Ohe of the most stringent runoff control policies im-
posed by some regulatoryiagenéieé is to require that there
shall be a =zero increase in stormwater runoff due to urban
development (Chapter 1). It implies that the peak rates of
runcff from an urbanized watershed have to be restricted to
their pre-development levels for rainfalls of all return
frequencies.

The concept of a zero increase in runoff is not as well

Jdefined as it would appear. It$ technical implications, for
instance, héve been QUégfioned by Marsalek (1978) who has
observed from measurements that peak flow rates and magni-
tude of flow volumes are not highly correlated. Several
factors can be cited fér the deficiencies of the "zero ru-
noff increase" concept:

1. When different methods (or models) are used for de-
termining the pre- and post-development peak runoff
rates, different estimates resulted.‘ A single stan-

dard method or model for runoff computations must be

= 205 ~
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" employed for both the pre- and post- development con-

ditions.

The return period of pre-development flows does not
o .

necessarily correspond with that of the rainfall

event due to different soil moisture conditions. Ru-

noff from watersheds before development are very sen-

sitive to the soil moisture condition because of the

presence of permeable surfaces. - When a high soil
moisture level is employed, higher runoff will re-
sult. iPrbper antecedent soil moisture conditions
must be specified to ensure thatrreasonable estimates
of the pre-development peak flows are obtained.

The value_ of the pre-development peak flow, at which
the post?gevelopment flow has to be restricted is un-
known. There is no standard value to verify that the
pre-development peak flow determined by a- specific
method and an antecedent moisture condition 1is ade-
quate unless a flow-frequency curve is available to
confirm the estimated values.

The selection of the type of storm input is important
in order to produée correct pre-development flow es-
timations .(see section 3.3). A storm event that is
critical for the post-development condition may pro-
duce little runoff for the pre~development condition.

Hence, the proper type of storm input must be select-
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ed to ensure that the flows are adequately estimat-

ed. ‘ '
5. ;It is felt that the policies of runoff contrel should

be made on the basis of cost-effectiveness and not on

a stringent and inflexible criterion.

é.l.l Determination of Pre-Development Flows

For the determination of pre-development flows, a regu~
latory agency may prefer to conduct in-depth studies on an
areéwide basis and recommend runoff rates for particular de-
velopment projects within that area. Long term records can
be emploved to derive a peak flow-frequency curve. sHowever,
the procedure is 1engthy'§nd costly, and the required data
may not be always avallable at the development site. There—
fore traditionally, pre-development flows are simulated with
design storms and the return periodé of flows generéted{gre
simply assumed to be equallto that of the design storms. A
proper methodology is therefore required to estimate the
pre-development £low such that it corresponds to the 'true’
flow return period if design storms are used.

The return period .6f flow can be characterized by the
return pgriod of the total rainfall, average intensities and
durations, areal and time distribution, and antecedent mois-

ture condition (Laurenson, 1979).
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When design storms are used in predicting flows, they
are usually distributed with a standard pattern and a fixed

duration (see Section 3.3), and assumed to have a uniform

" areal distribution. Hence, If the return period of the de-

sign rainfall is known, and if the return period of the soil

moisture condition is defined, the design peak flow (Qp) can

be expressed mainly as a function of the total precipitation

(P) and the antecedent moisture condition (AMC):

Q= g(p,aMC) . 6.1

where g is a bounded function, P and AMC arfe bounded real
random variables for the extreme rainfall precipitation and

extreme soil moisture condition, respectively. . This rela-

tionship has been studied by various researchers including’

. "

Beran and Sutcliffe (1972), Laurenson (1979}, Paékman and
Kidd (1980), and Hughes (1981).

The return freguency of désign flows on the basis of
design’'storms and soil moisture for the summer season has
also been investigated in a recent study conducted jointly
by the University of Ottawa and the Institute of Rural Engi-
neeriné of the Federal Polytechnigque School of Lausanne,.
EPFL (Sautier, 1981). The-study has first involved the cal-

ibration of the computer model HYMO (Williams and Hann,

1973) using rainfall and runoff measurements collected for a.

38.4 sqg.km. watershed which is located near Geneva, Switzer-

{
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land. The calibrated model is then used to predict design
lflows for the analysis of runoff cohtrol alternatives. A
preliminary investigation has been carried out in order to
obtain flows on the basis of the design rainfall and an ap-
ﬁropriate soil'moisture conditlon,(Appendzx C). 1t has been
concluded that values of CN must be linked to a specific An-
_ tecedent Precipitation Index (API) in order to generate more
realistic design flows for a rural watershed. A relation-
ship which relates the CN with the API has thus beeQ_de—vel

oped.

6.1.2 Selective Runoff Control

I+ is concluded that the simulation of design flows
from watersheds before development (i.e. rural watersheds)
is very dszlcult 1f not impossible. The antecedent mois-
ture condition, whzch 1s a random varlable that 1is subjected
to a wide range of variation, has to be defined. For the
proper determination of the pre-development run§ff one must
consider the combined return frequency éf both the design
storm and the antecedent moisture level. I1f a municipality
wants to implement the "zero runoff increase" «criterion,
guidelines must be provided for the proper selection of the
antecedent moisture level. '

The "zero runoff increase™ concept is therefore con-

cluded to be vaguely defined and impractical to apply. It
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is felt that the concept can be‘}eplaced by a runofﬂr::licy

with which the degree of runoff control criterion is "selec-
tive". With a "selective runoff control” criterion, runoff
céﬁtrol measures can be implemented by reducing the post-de-
velopment flow to a more or less arbitrary degree, and to
. the pre*déveiopment level if it 1is strictly necessary (Wis-
ner et al 1980). This-latter criterion is also avantageous

from a viewpoint of cost-effectiveness.

6.2 DESK-TOP METHOD FOR SIZING DETENTION STORAGE

Using the concept of "selective control™, the peak'oﬁ
the controlled runoff hydrograph can be expressed as a per-
centage of reduction of the peak of the post-development ru-
noff hydrograph. For a municipality who specifies the re-
quire§ outflow from a development based on downstream
constraints, the percentage of peak reduction will simply be
the peak of the controlled hydrograph diéidéd bf the peak of
the uncontrolled hydrograph from the development. If neces-
sary, the peak of the controlled hydrograph can be reduced
" to tﬂe pre~development flow level. Various percentages of
peak reductions can therefore be resulted; in the present
study, three percentages namely 10%, 25%, and 45% are se-
legted to demonstrate the procedures for developing the sims
plified method for sizing detention storage volumes. in

each case, the volume of detention storage, which is given
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by the area between the infloﬁrana‘ogtflow hydrographs, re-
guired to meet such reduction cripg;ioh is calculated.

The inflow hydrograph is obtained by means ggR:Pe SHM-
dimensionless hydrograph, (see Figures 5.12-5.13) '?based on
Keifer and Chu's design storm distribution method. Two im-
perviousness raiios of 25% and 35% and various design storms
return f;equencies up to the 1 in 100 year period are con-
sidered.

While design storms of different distributions can be

employed (see Section 3.3), the sensitivity of the detention .

volume to various types of design storms will not be inves-
tigated. The main goal of this part of—the “study ié_to‘dem-
onstrate a simple methodology for the preliminarylestimation
of the detentioh volume:  only.
| As reviewed earlier in Chapter 2, various simple shapes
of outflow hydrographs for determining the detention storage
can be used. For the present study, & curvilinear-shaped
“outflow ﬁydrograph (Figure 6.6a ) as wused by Wycoff and
Singh (1976, Figure 2.11, Sections 2.4.4 and 2.5.3) is as-
sumed. |
The detention volumes computed for the various peak re-
duction percentages are plotted against area as shown from
Figures 6.1 to 6.4. It is possible to express the required
detention in terms of the depth of water, that is, in terms

of the storage per unit area of the watershed. By plotting

. e —-
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the depth of detention against the.total depth of runoff,
generalized relationships as shown in Figure 6.5 can be ob-
téineé. With this Figure, :the depth of detention reguired
for‘any given depth of runoff and corresponding percentage

of peak reduction can be easily determined.

6.3. DESK-TOP METHOD FOR SIZING DUAL STORAGE

The "dual storage” concept, as described earlier in
Chapter 2 (Section 2.4), is one of the methods recently ap-
piied for controlling runcff from new developments. It is a
combination of storages in underground oversized storm sew-
ers and park depressions provided in the deéelopment. De-
tention for freqguent storms with the 1 in 2 or 1 in 5 years
return period is*éccomplished by using an underground.over-
sized‘storm sewer, (it operates during all storm events) and
detention for less frequent storms' with the 1 in 25 or 1 in
100 is accomplished by using both the oversized storm sewer
and the park depreséion storage. Separation of flows be-
tween thg two systems during major storm events is achieved
by restricting the number of storm inlets (catchbasins), or
the inlet capacities of storm inlets which allow iﬁflow into
the pipe system. The lat£§r, called "inlet control", can be
accomplished by installing restricting devices to limit in-

flow (Townsend et al, 1980).
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The operation of the "dual storage” system is illus-
trated with the hydrographs shown in Figure 6.6. The de-
tailed modelling of the "dual storage".system has been con-
ducted by Kassem (1982). As an approximation for determin-
ing the volumes of storages in the two §epa}$te systems it
is, however, possible to employ a simplified method accord-
ing to the following steés:

1. The design capacity (namely, for the 1:2 or the 1:5
year design storm return frequency) of the minor sys-
tem is aefined (see Figure 6.6(a));

2. If the maximum inflow rate into the minor system is
restricted by “iniét‘control“ devices, the balance of .
the flow during a major storm will be conveyed by the
major system to the park depression storage; the lev-
el of flow separation is approximated by the line as
indicated in Figure 6.6(b);

3. The required pafk storage volume for the 1:25 or
1:100 year storm is equal to the area between the
complete runoff hydrograph and the line of separation
which represents the level of inlet control;

4. The required underground storage volume which 1is in
the "minor system" is egual to the total runoff vol-
ume minus the park storage volume and the runoff re-

leased through the minor system (Figure 6.6b).
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Using the hydrographs determined with.the SHM, Figures
6.7 and 6;8 show the volumes of park storage caléul;ted for
the 1 in 25 and 1 in 2100 years design storms when the é:;ks
of inflow- into the minor . system are limited.by "restricting
devices” to not greater than the 1-in 2 or the 1 in 5 years
design storm levels, respectively. An imperviousness ratio
of 25% is considered.

It is noted that the amount of underground storage vol-
ume increases substantially during major storms because the

storm inlets can only restrict the peak but not the volume

of inflow into the minor system. For the "dual storage”

.system, the underground sfbrage should therefore be designed

for the major storm frequencies with a volume as illustrated

in Figure 6.6(b) and not Figure 6.6(a).

6.4 SUMMARY

A desk-top method for sizing detention storage 1is de-

- veloped and presented. It is based on a "selective control"

concept by which the peak of the post-development runoff hy-
drograph is reduced@ by any apprépriately selected level in-
stead of the pre-development runoff level which is a vaguely
defined criterion. This "selective runoff control" criteri-
on is more flexible and practical,. The detention storages
required for a range of percentages of peak reduction rates

are determined.
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A desk-top method for sizing the "dual storage" system‘

L

is also developéa and presented:  The method is also based
on the "seleqfivé runoff control™ criterion. _ .

.. Both desk-top methods are .appiigable for preliminary
design situations or may be used as independent check on fi-
nal designs. The inflow hydrograph is based on SWMM simu-
lated hydrographs and not on assumed simple hydrograph
shapes;’ it does not inherit the weaknesses of the modified
Rational Method hydrograph and ° the Linearized Hydrograph
Method (Sections 2.3 and 2.4).

As a demonstration, the present study has used design
storms distributed according to Keifer and Chu's method
(1957), which are short duration and higﬁ intensity design.
storms. Other design storm distributions, such as the long
duration gné low intensities SCS Type 1II 24-hour design
storm distribution, can alsé be employed. Since a long du-
ration storm may produce higher runoff volume {see Section
3.3), further simulations should be carried out for compari?
sOn purposes. Other considerations are the use of a series
or combination of design storms, and perhaps real storm
events for the evaluation of the maximum detention volume.

The present study has not investigated the sensitiv?g§
of peak reduction to storage locations. Hawley et al (1981)
have demonstrated that the timing of the controlled outflow

¢rom detention storage reservoirs can result in increases of

T
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the total peak discharges when the reservoirs are located at‘
different parts of the watershed; the location of the deten-
t;on storage reservoirs must therefore be carefﬁlly consid-
ered. ’

The effects of storage distribution when a series of
detention reservoirs is used, are also additional factors to
be considered in detention storage designs. Wycoff and
Singh (1976} have shown that the efficiency of peak reduc-
tion reduces from 100% to 72% when six equal sizes of deten-
tion resérvoirs are installed in series (Fiéure 6.9); an ap-
proximate method for determining the size of each detention
reservoir arranged in series has also been proposed by Abt

and Grigg (1978). -
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Figure 6.9: Effect of Storage Distribution on Flood Peak
Reduction Efficiency (Wycoff and Singh 1976)



Chapter VII

TESTING OF SHM

7.1 RUNOFF HYDROGRAPHS AND PEAK FLOWS

Several watersheds located ih Southerr Ontaric are se-
lected for the application and testing of SHM. Since SHM is.
based on "lumped" watershed simulations,. the peak dischafge
rates and runoff hydreographs obtained with SHM are compared
with detailed SWMM simulations; the conventional‘Rational
Method is also compared. For furthe; comparison, the .im-
proved Rational Method according to Mitci (1974) (Secfion
2.2.2.5), who has suggested adjustments of the runoff coef-_
ficient with the storm duration, is also applied (Figure
B.4) :

Since the SHM procedure is a design method which cannot
be used to reconstruct real storm events; it will be applied
only with design storms. (However, the performance of afi-
nal design should always be checked with real events.) The
same design storms are used for both the SHM and SWMM. In-
tense storms distributed with Keifer and Chu's design storm
method are us?d'because they are important for urban drain-
age design. Theéé'éesign storms are developea based on the

I.D.F. curves of the Toronto-Bloor raingauge station (Figure

- 225 -
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7.1.1 Markham, Ontario
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-

©3.1). The same IQD.E. curves are used by the Rational Meth-.

This watershed (Figure 7.1) 1is a residential watershed
with ; size of 150 acres and an average imperviousneés ratio’
of 30%. It has three locations for schools and two parks.
An average ground slope of 1 % is determined.: The 1 in 5
year design storm is applied.

SHM is applied wusing a lumped approach ang aésuming a
watershed with-a homogeneous imperviousness ratio of 30 &.

For the 1 in 5 vear design storm, the total rainfall precip-

itation determined with Figure 5.4 is 1.85 inches. The ru-

-noff factor R determined for an imperviouéness ratio of 30 &

is 0.36 (Figure 5.5); therefore, the total runoff volume is

0.66 inches. By means of the peak factors P defined in Fig-

ures 5.8 and 5.9, the peak discharge rates at various design
points of thé watershed can be determined. '

The above procedure is demonstrated by a series of dia-
grams shown in Appendix D. |

Table 7.1 compares thé values of peak discharges deter-
mined with SHM and detailed SWMM simulations. Values esti-
mated by using the conventional Rational Method are also
shown. It can be observed that the SHM simulations are

within 5 to 6 $ of the SWMM simulations, while the Rational
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Table 7.1
. -A‘
Comparison of Design Flows Calculated by
SWMM, SHM, and the Rational Method (Rg)
* Markham, Ontario -
Total area . Detailed SWMM SHM RM RM adjusted
contributing “analysis (cfs) (cfs) according to-
(ac.) (cfs) Mitei (1974)
(ha.) {cms) (cms) (ems) (;fs)(cmsl_
. _ , C o~
. 8°(3.2) 14 (.4 - 14 (.4) 12 (,34) 11 (.31)
12 (4.9) 19 (.54) 20 (.57) 17 (.48) 17 (.48)
18 (7.3) 29 (.8) 30 (.8%) 25 (.71 25 (.71
28 (11.3) 43 (1.2) 44 (1.25) 34 (.96) 36 (1.02)
34 (13.8) 50 (1.4) 53 (1.5) 40 (1.13) 44 (1.25)
48 (19.4) 66 (1.9) 70 (1.98) 50 (1.42) 57 (1.62)
96 (38.9) 130 (3.7) 130 (3.7) 108 (3.06) 121 (3.43)
144 (58.3) 189 (5.4) 190 (5.4) 147 (4.17) 169.(4'7?)
Table 7.2
-Comparison of Design Flows Calculated by
SWMM, SHM, and the Rational Method (RM)
Riseborough, Ontario
Total area Detailed SWMM SHM M RM adjusted
contributing analysis (cfs) (cfs) according to
(ac.) " {cfs) Miteci (1974)
(cfs)
(ha.) (cas) (cms) {cms) (cms)
22.0 (8.9) 36 (1.02) 36 (1.02) 30 (.85) 27 (.77)
85.5 (34.6) 118 (3.34) 120 (3.40) 99 (2.81) 103 (2.92)
160 (4.53) 161 (4.56) 132 -(3.74) 147 (4.17)

121.8 (49.3)
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Method results are all lower than SWMM by 14 to- 24 %. As

indicated earlier, this discrepancy wlth the Ratlonal Method

owill increase'with larger drainage areas (Chapter 1V). The

method suggested by Mitcl (1974) is also applied to calcu-
late the runoff coefficient for determining the peak dis-

charge. For large drainage areas, the peak discharges esti-

mated with Mitci's methed are closer to SWMM although this

'is not the case for small dralnage areas. However, the peak

-discharges calculated by Mitci's method. are all still lower

than SWMM by 7 to 21 %.

Since the peak runcff rate at the outlet 1is now Enown
and the time to.peak can be determinea from Table 5.2, the
total runoff.hydrograph at the outlet is calculated by mul-
tiplying the ofdinatés Q(ti/Qp-;nd t/tp of the SHM dimen-
sionless hydrograph (Figure 5.12) to obtain the complete ru-
noff hydrograph at the outlet. Figure 7.2 compares the

hydrographs calculated with SHM and with detailed SWMM simu-

lations. The hydrograph calculated with the "lumped" SHM

method compares very well with the ones simulated by the de-

tailed SWMM quel.

7.1.2 Riseborough, Ontario

This watershed (Figure 7-.3) is also for residential
uses. The sewer system consists of two main branches. One

branch drains the western part of the development . and the

R L
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other brarch drains the eastern part of the watershed. The
eastern branch 1s selected for analysis. It drains an area
of 122 acres; an average imperviousness ratio of 30% is de;
termined. The average ground slope is 1 $. The 1l in 5 year
design storm is applied for analysis.

Similar: computations are carried cut using both the
"lumped” SHM method and the detailed SﬁMM model; computa-
tions are also carried@ out using the Rational Method and
Mitci's method (1974), respectively. Table 7.2 compares the
values of peak discharges calcul?ted with each method. It
is observed that the Rational Method has underestimateé all
of the flows by 17 % while the flows estimated with thg SHM
are egual to SWMM. Peak discharges estimated with Mitci's
method has reulted in lower flows for §mall drainage areas
and increased flows for  large drainage areas as compared
with the Rational Method. These flows are still lower than
SWMM by 25 and 8 %, respectively. Figure 7.4 compares the
hydrographs calculated with SHM and SWMM at the opoint of
outlet. The hydrograph calculated by SHM is in close égree-
ment with SWMM. The time to peak is within 5 minutes of the

detailed SWMM simulation.
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7.1.3 Pinetree, Ontario
This residential watershed (Figure 7.5) is drained by a

sewer system with two main branches, and one of them (the

eastern branch) is selected fo alysis. It drains an area

of 175 acres. For this ub—syétem; the land use character-
istics are non-homogenegus. It has two schools, three
parks, and a commercial area. Since the land use character-
istics of this watershed are quite non-homogeneous, average.
imperviousness ratios and average SHM ﬁér#meters have to be
‘used. - The steps used in averaging the SHM peak discharge
. parameters are illustrated in Appendix D. (For a more de-
'\#ailed approach,'”Ehe system can be discretized into §mall
sub-areas with homogeneous land use characteristics and anma-
lyzed individually by SHM.) ‘An average ground slope of 1 %
is determined; The 1 in 5 year design storm ié applied.
}éble 7.3 compares the peak discharges estimated with
the SHM, éWMM,' Rational Method, and Mitci's nethod (1974),
respectively. It shows again that the Rational Method tends
to underestimate the peak discharge values as the drainage
area increases (gy 17 to 26 %). .The pgak discharges esti- "
mated by Mitci's method .are.lower than SWMM'by 17 to 19 %.
It is observed that the peak discharges estimated with the
SHM are slightly inconsistent and vary between -5 % to +10%.

This may be caused by the overall averaging of the impervi-

ousness ratio. However, they can still be considered to be

..
e
w )
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in reasonable agreement with the peak discharges simulated
by SWMM. The total runoff hydrograph determined at the out-
let is also 1in close agréemenﬁ with that simulated by SwMM

(Figure 7.6).

7.1.4 Discussion

The above comparisons show fﬁat as a desk-top method,
{flows calculated by the SHM are close to detailed simﬁla-
édons. Peak flbws estimated by SHM for drainaée areas larg-
er than 50 acres are within 5 $ of the detailed SWMM simula-
tions, while peak flows estimated by the Rational Method
tend to be underestimated (by as much as 26 %). For small
drainage areas, the Rational Method estimates are gquite
close to SWMM (as indicated earlier in Chapter IV). There-
fore, it can still be applied for peak discharge estimations
for small drainage areas (Chapter IV).

Figure 7.7 cgmpar§§ the peak‘factor P obtained with de-
tailed SWMM simulations for the various real watersheds with
the lumped SHM. ‘It is obse}ved that the curve given by the
SHM is in clogg agreement with the various peak factors.
Peak factors obtained with design storms distributed with
the I.D.F. curves for the city of Edmonton (Figure 3.2) us-
ing the Pinetree drainage system are also shown.

. It is observed that the peak factors determined are

less than those determined in this study by using the I.D.F.
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Table 7.3
” Comparison of Design Flows Calculated by
SWM, SHM, and the Rational Method (RM)
Pinetree, Ontario
Totai area Detailed SWiM SHM RM RM adjusted-
contributing analysis (efs) (cfs) according Lo
(ac.) . (cfs) Mitci (1974)
' ; ~ Acfs) .
(ha.) (cms) (;ms) (cms) (cms)
46.0 (18.6) 102 (2:89) 106 (3.00) 85 (2.41) .  83(2.3%)
83.0 (33.6) 150 (4.25) 148 (4.19) -125 (3.54) 124 (3.51) .
175.0 (70.9) 273 (7.74) 260 (7.37)  201°(5.70) 224 (6.33)
Table 7.4

Comparison of Detention Storages Determined with
SEM and Detailed SWMM and EXTRAX Simulations

SHEM

SWMM

1:5 years peak £low

l:S.years minor system storage

fl:ZS years peak flow

|

/ _1:, ars total storage
1325 yeays park storage

1:25 yeaps minor system
//s: rage in excess of 1:5

85 cfs

(2741 cms)
46,000 cu. fr.
(1,303 cu.m.)

150 cfs
(4.25 cms)
2.65 ac-ft.
(0 33 ha-m.)
0.96 ac-ft.
(O 12 ha-m)
27,400 cu. ft.

(776 cu.m. )

85 cfs
(2.41 cms)
45,800 cu. ft.
(1,298 cu.m.)

139 cfs
(3.94 cms
2.74 ac—-ft.

§%3° a2t

(0.11 ha-m.)
36,150 cu. ft.

(1,024 cu.m.)

p——
-~

.
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curves from the Toronto area. From Figures 3.1 and 3.2, it

can be observed that the average intensities for the Edmon-

ten I.D.F. curves are much lower than the Toronto I.D.F.

curves. For example, for the 1 in 5 years design storm and

@ storm duration of 10 minutes, the average rainfall inten-

sity determined with the former 1is 3.15 inches per hour
while that determined with the latter is 4.3 inches per
hour. Smaller peak factors are thergfore obtained with the
Edmonton I.D.F. curves.

The runoff hydrographs détermined with the lumped SHM

‘ dimensionless hydrographs are very close to detailed simula-

tions. The shapes of the hydrograph are in close agreement
and the time to peak for the three comparisons are within 5
minutes.

However, further studies are required regarding the ap-

plication of SHM for lumped non-homogeneous watersheds;.

It is concluded that for the preliminary analysis of

drainage systems the SHM can give results compatible with

~detailed computer simulations. As compared with the comput-

er model SWMM, SHM does not require a mainframe ‘computer
once- the parameters for the SHM peak discharge eguation and

the diménsionless hydrographs are derived.
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7.2 DUAL STORAGE SYSTEM

bﬁér the residential development shown in Figure 7.8,
2

" defailed flow compltations for the minor and. major conve-

yance‘syétems are cgrried-out‘by:épplying the desk-toé meth-
ods based ‘on SHM and the detailed SWMM-RUNOFF and EXTRAN
quels, Schematics of the minor and major conveyance sSys-
tems areisboun in the ‘Figure. - - r

'The total development has an area of 73 acres with an

£ ] ) . . .
¥ average imperviousness ratio of 30%. A park of 13 acres 1is

LAY .

located within the.development, which can be used for tempo-

raty park storage. The pipe system is designed to carry the

‘ijin 5 year design storm runoff; all inlets to the. storm’

. sewer system are restricted to allow inflow only up to the 1.

in s year design storm peak flow level (1:5 year inlet con-
ﬁ}ol). i |

; The amount of on-line underground storage required for

the minor system,  when the outflow rate is controlled to 30

cfs for the 1:5 year design storm, is to be determined; the

total park storage and minor system storage required during

a major storm with a return period of 1 in 25. year are also

to be determined.
- The following steps afe qsed to determ}ne the peak ru-
noff fateé andrstorage volumes using the desk;tép methods
developed in this study: -

1. Determine underground storage for 1:5 year storm

-
.

.
»n- C R .
. , , .

"
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URBANIZED

AREA 60 AC.
(24.3 ha.)

BETENTION PARK)

| 13 AC.
/ . Underground (5.26 ha.)
storage in |
-two parallel Overflow

superpipes / to detention
S

LW}

;. l'.‘y | .

- . - ” -
— Overland flow direction =~ .
i Restricted
o—»= Pipe system outilow

=

.

Figure 7.8: "Dual Storage" System
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a) from-Figures 5.4 énd 5.5, thé total runoff volume
.detgrmined for the 30%  imperviousness ratio and
the 1 in 5 year storm is 0.66 in.

. : - b) from Figure 5.8 and 5.9, the peak discharge deter-
mined for an urbanized area of 60 acres.with 30%
imperviouéhess ratio is 85 cfs.

c) peak flow }eduction is therefore (30/85) x 100%,
or"35%: Total underground storage required for a
storm with b.éﬁ in. runcff volume and a.peak re-
duction of 35% can Be determined from Figure 6.5
which shows that 0.21 in. of storage is required.
‘This is equivalent to 46,000 cu.ft. for an area of
60 acres.

2. Determine'éark storage and underground stofage for

-1:25 year storm -

~— a) from Figurés 5.4 and 5.5, the total runcff volume
for the-BO% impérviousnes§ ratio and tﬁe ‘1 in 25
year design storm is 1.16 in. _

- b) from Figures 5.8 and 5.9, the peak dischargé de- .
termined for an area of 60 acréé and a 30% imper-
viousnfgg ratio is 150 cfs.

c) the total controlled ‘outflow is still 30 cfs, plus
5 cfs which is released: from the park detention

storageé - Therefore, the total outflow for the 1

in 25 year storm is controlled to 35 cfs, or
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(35/150) x 100% = 23%. The éotal storage required

‘for this peak reduction is obtained from Figure

6.5 as - 0.53 inch which 1is equivalent té IIS’JRQ\V_____,,.
cu.ft. (2.65 ac-ft.) for an area of 60 acres.

d) park storage required for a. 25-year.storm with in-
let controls at the 5-year‘level can be approxi-
mated.by means of Figure 6.7. For an area of 60
ac. with an impervioushess ratio of 30 %, the park
detention storége determined is 42,000 cu.ft., or

. 0.96 ac-ft. "

e) the balance of the flow 115,400-42,000 = 73,400
cu.ft. would be carrieé by the pipe system. Since
the ‘underground storage designed previouély in
l(c)-can only accommodate 46,000 cu.ft., the extra
storage.vblume of 27,400 cu:ft. (73,400 cu.ft. -
46,000 cu.ft.) will be needed. It can be observed
that the volume of uﬁderground'storage reguired
for the control of major storms (1 in 25 years re- .
turn freguency in this case) 1is approximately.l.s
times that of miﬁor storms (1 in 5 years return
frequency in this case).

Ré;hlgg obtained with the desk-top diagrams are com-
pared with those obtained with detailed combﬁter simulations
using the SWMM model for simulating runoff and the EXTRAN
model for the routing of flows in the minor and the major

systems (Table 7.4).
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While it is not considered that such a good agreémenﬁ
is possible in all applications, this example shows that the. -
diagrams determined with the SHM hydrographs can give close
results as compared with detailed simulations. " The use of
SHM, however, reduces the.complexities invloved with the de- ,L
termination of the storage volumes in a "dual. storage" sys-—

tem. . . ©



Chapter VIII

"CONCLUSIONS .

The conclusions of the study are summarized as follows:

It is concluded from the literature review that there
exists a need for a desk-top method of runoff compu-

tation that 1is both consistent and compatible with

computer models employed during the detailed design'

-@ .
stage.

It is-concluded that the traditional Rational Method

generally produces peak flows which are less than the

SWMM model. The inlet time is found to be a signifi-

cant parameter in Rational Method flow computations

for small watersheds with sizes less than 25 acres or’

time of concentrations of less than 20 minutes, It
is concluded that flows calculated by the Rational

Method can be made-to. match SWMM by systematically

]

adjusting the inlet time. However, for larger wat-

ersheds {(up to 460 acres) close results with SWMM
cannot be obtained even when the inlet times are ad-
justed. Additional 'correction factors' ‘are reguired

to adjust the Rational Method flows. However, these

- 246 -
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'correctioﬁ factors' are limited- to hqmogeﬁeous wat- .
ergheds‘and will'vgry for.différent design sﬁozﬂFdis-
tributions. -

3. An alternative éesk-top method, here@n entitled the

- ' Sggnéérd Hydrégraph Method (SHM), has been developed.

The SHM peak discharge equation is obtained on the |
basis of compufgr modelled simulations, for example; :
SWMM, by deriving a general relationship between the
peak runoff -rate, the watersheé area, ‘and the runoff B
depth. SHM utilizes the dimensionlgs§ hydrograph
which incorporates a design storm profile for deter-
mining the runoff hydrograph. i

4. SHM has bgen extended to develép two éesk-top methods
for 8etermining detention storages in an urban drain-
-age system for the Selective Runoff Control criteri-
of. It is concluded that post-development:- runofé
should be réduced by means of the Selectiﬁe Runaff
Gontrol Criterion because the 'Zero Rundfg/ in- ~
crease Criterion uses the vaguely defined pre-devel-
opment flow value. ~ It is concluded that these two
desk-top methods.can give results compatible with de-

tailed computer simulations.

5. For the cases tested, results obtained with SHM are

practically the same as detailed computer simula- |

tions. It-is concluded that SHM can reduce the in- -

s
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consistencies involved‘in design by replacing the Ra-.
tional Method in flow estimations. Another asset of
SHM is that it is simple enough to be used og a pro-
grammable éalculator; A particular applicétion of
the SHM is as a standardized tool for regulatory
agencies. SHM‘proyides a desk-top method which can

be.déveloped to be consistent with any desired comb-

ination of computer model, design storm distribution,

and I.D.F. curve in a specific hydrologic region.
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Appendix A
THE RATIONAL METHOD

The Rational Method was first introduced in the United

States by Emil Kuichling (1883) though its basic concept is

~said to have been implicitly applied by Mulvaney (1851). In

Kuibhling's paper entitled "The Relation Between -the Rain-

fall and the Discharge of Sewers in Populous Districts”™ pub-

.lished in the ASCE transactions, he observed that the method

of computing sewer sizes must be 1mproved since "no fault
can be found with the execution of the sewerage
works.:...failure must ‘be attributed to the assumptions with
regard to rainfall upon which the-ceiculations are based.”
A series of gaugings of a number of large sewers in the city
oijocheste: were thengcarried out . in order to find-a rela-
tionship between rainfall ané the correspending maximum dis-

charge. By examining the data collected for five districts,

.the percentages of rainfall discbarged by the sewers during

the period of maximum flow for fifteen mejor storm events
were tabulated. . The following conclusions were made:

1. "the percentage of rainfall discharged from any given

drainage area 1is nearly constant for rains of - all

considerable intensities and lasting equal periods of

- 263 -
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time...to the fact that the amount of impervious sur-
face op a definite drainagg area was also practically
constant..."; |

2.  "the said pgrcentag§ varies directly with the éégree
of ufbad'develophéht of the aistrict; or, 1in other
wordg, with the amount of impervious surface“:'

3. "the sgid percentage increases....with the duration
.of the maximum intensity cf the rainfall, until a
.period is reached which is equal to the time required

for the doncentrat;on of the drainage waters from the
entire tributary area at the poant of obéervation;
but if the rainfall.-continues at the same intenﬁity
for a longer period, the said percentage will contin-
ue to increase for the additional interval of time at
a muéh slower rate thgn previously....to the fact

that the permeable rface is'gréduglly becoming sat-

urated....in othey/words, the proportion of impervi-

ocus surface 516w Y increases with the duration of the

rainfall”; |

4, "the said percerntage becomes larger when a moderaté
rain is immediately precéded by a heavy shower™.

These conclusions constitute the basis of a "rational”

.

“method of sewer computation:

Q = mAr ' ‘ | A1
m = at ' : : A2
r=b>b-ct . o - ' &?‘ A3



e e b el R L et b e S T -— ——— e - et e e e = - — -
. e e e . - 4 .-

1‘]

)

265

where m is the proportion,of'impervioué surface, which is
-also the same as the propbrfioﬁ of the rainfall discharged
during the period of greatest flow; A is the magnitude of

the drainage area

the rainfall in inches per- hour; and t is the duration in

) minutes ‘of such intensity.

A.l PRESENT STATE OF THE RATIONAL FORMULA

Since 1889, the rational formula has become guite popu-
lar due to its simplicity andé has been traditionally applied
in most North American cities for determfning stofm sewer
sizes. “Ihs_ form.has remained unchanged although improve-
ments have been'sought in-defining the coefficient m, later
referred to as Fhe runoff coefficient C, the time of concen-

Eratiqn te of storm-waters, and the maximum rainfall inten-

sity. . Some success has been achieved by improving Eguation

(3) through the development of the Intensity-Duration-Fre- .

quency (I.D.F.) curves. This has permitted the rainfall in-
tensity and hence the peak rate of runoff to be {flated with
‘a recurrence‘interval. Few improvements, however, have been
made with the runoff coefficient and the time of coggentra-
tion. The interpreéation of these parameters have been usu-
ally left to whe judgement, of the person using the formula,
and this has led to-significant variatiqps.in‘the amount of

peak runoff calculated.

Fd B

in acres: r is the maximum intensity of



The Rational Method 'is expressed -with the following
equation:
_ _ s
Q = CiA | A4

-
-

the maximum rate of runoff in tublic feet

whgre Q
per second *
C = fhe runoff cogfficient'which expresses the
ratio of peak runoff rate to average critical
rainfall rate with values ranging between
0.0 and 1.0 ' o ‘
i = the average critical rainfall intensity'in'
inches ﬁer hour for a specified return
frequency and with.a duration equq}'to the
time of concentration of the wate;ghqﬁ in
consideration ‘ — ‘
A = the watershed area in acres tribuﬁary to
the point of design " 7
The conversion factor which converts acrés-inch/ﬁour into
cubic feet per second is egqual to 1.008 anﬁ és usually neg-
lected. However, for metric unité of ha-mm/hr.., é'conver-.
sion factor of 0.000278 1is needed to convért the rgﬁoff f

rates. into units of cubic meters per second.
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A2 APPLICATION OF RATIONAL METHOD FOR SEWER' DESIGNS IN
SMALL,URBAN‘WATERSHEDS :

Traditionally, the computatlon of flows in urban wat-

ersheds begins 'upetream at the first section of the pipe

_system and proceeds downstream. . The time of concentration

of the flow that travels from the most upstream sub-wat-

, -
ershed to the first pipe section is mainly determined by the.-

time for flow that travels overland from the edge of the de-

velopment over grass areas {backyards and frontyards) and
street surfaces to a storm sewer inlet which is connected to
the first pipe section. This perlod.of overland flow time

has been traditionally referred to, as the\_'inlet'time'.
. ; S

Flows downstream of this “inlet area' travel entirely
through the ‘storm sewer system. The time that flows are.
. . ~

travelling through the sewer system has been traditionally

referred@ to as the 'travel time’. The total time of concen-—.

tration downstream of the first pipe section is therefore
equal to the sum of the inlet time (ti) and the travel time
(tt):
- . + . - A.s
tc t1 t _ .
]
Since the time of concentration is defined as the long-

est travel. tlme when all flow paths are considered, it must

be compared at each de51gn p01nt with the total time of con-

_centrat1on from all upstream watersheds and the longest tlme

_is then selected as the local time of concentration.

\’ ~
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The velocity of overland flow is uépall‘ much .smaller
phéh the vélociiy-of flow in the storm sewer. ~ The inlet
time can therefore be'comparatively long and constitute ;
large bercentage of the total time of concentration of the
wagershgdléspecial;y when its size is small. The ASCE De-
sign Manual No. 37 (1870) reported that the inlet time used
for design %prmaily varies between 5 to 30 minutes, 'gith 5
to 15 minutgkomost commonly used.} In densely déveloped are-
as, an inlet tiﬁé of 5 minutes is often reported. - In well
developed areas with refgtively flat slopes, an inlet time
of 10 to 15 minutes is cbmmon, and in residential areas with
flat slopes and widely spaced street inlets, 1inlet ﬁime of
20 to 30 minutes is customary. |

In otder to determine fhe peak runoff %ate of a partic-
ul&r return frequency for the des@&n of storm sewers én an
- urban é:ainage area, the following steps, as illustrated in
Figure A.l are in general followed:

1. The area °‘that contributes flow to the storm sewer
section 1s defined; ' |

2. An appropriate runoff coefficient is determined based
on the so¢il cha;acteristiés and percentage of imper-
vious surface of the agginage aréa;

3. A unifo&ﬁlf disfributed.rainfall is assumed to occur
long enough for runoff from.ail _parts of the area to

-

contribute at the design point; this period of time

-
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are listed as follows:

1.
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is the time of concentration t., which is the longest

travel time for water to travel from the hydrautical-

ly most distgnt point of the watershed to the point

of deéign. In urban drainage designs, it is composed

of the time for flow to travel overland from the most

distant point of the watershed to the first storm

‘sewer inlet (% ), and on through the storm sewer sSys-

tem to the design point'(tt). -

By means of tc, the maximum average rainfall intensi-

-ty, with duration assumed to be equal to tc, is ob-

tained for the chosen return frequency from the In-

3

tensity-Duration-Freguency curve;

the Rational Formula is applied to calculate the peak

‘runoff rate.

Assumptions

Several major assumptions used in the Rational Method

-

Rainfall

Rainfall is assumed to berspatially and‘témpo-
rally distributed over the entire watershed and storm
duration. In order to obtain the maximum discharge,
the duration ofArainfall is assumed to be equal to

the time of concentration, but in reality, real storm

durations can be quite variable. It can be shorter .
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or longer than the time of concentration. The rain-
fall intensity also normally varies éonsiderably dur-
ing a real storm, but an average rainfall intensity
is used in the Rational‘Methdt

Runoff Fregquency

The return frequency of computed peak runoff_

rates is assumed to be the same as the return fre-
quency of the rainfall. In reality, the return fre-
guency of rdnoff is also dependent on other factors

such as the antecedent moisture condition of the soil

" due to rainfall precipitation prior to the storm

event.
Timeiof Concentration

As stated by Kuichling, for drainage areas of
moé;raté sizes, the peak fate of runoff occufs when
the time of concentration tc is reached. In some
situations, this assumption depends on thé shape of
the watershed. A higher peak flow can be obtaind by
choosing a different flow path to determine the time
of concentration. For the example given Figure A.2,
a shorter flow path has resulted'in a higher runoff
value (Mechler 1976). Also, this assumption is true

oniy wvhen equilibrium conditions exist.



FIGURE A.2

Runoff Coefficient

It is assumed in the Rational Method that the
runoff coefficient is independent of the combined ef-
fects of surface imperviousness, -depression storage,
soil type, soil moisture condition and infiltration,
rainfall intgnsity, and duration of storm on the
amount of runoff and can be represented by a simple
fraction. “Also, although it is clear that some of
these parameters are quite variable with time, the
runoff coefficient is usually assﬁmed to have a con-
stant value.

The Rational Method uses only a weighted average
runoff coefficient to estimate the rate of runoff
from non-homogenebus watersheds. This assumes tRat

the watershed is homogeneous.
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A.2.2. Limitations

One of the major limitations of the Rational Method is
that it only provides an estimate . of the peak discharge - a
single point on the runoff hydrograph. The shape and volume
of the runoff hydrograph cannot be defined as in other more -
complex methods, which 51mu1ate runoff hydrographs. ‘

" The Ratzonal Methed is also llmlted to small areas due
to ;he assumption that rainfall is uniformly aistributed
over the entire watershed. A uniform rainfall is true only
for small areas and storm durations. Unfortunately, the
maximum area of watershed for which the Rational Method ap-

plies has never been clearly defined. A’ wide range of

‘sizes, ranging from 200 acres - (American Iron and Steel In~

Stitute 1980) to 5 square miles (Wwilliams 1950, Corrugated
Steel Pipe Institute 1972) have been recommended. Clarifi~
cation regarding this limitation is essential.

The Rational Method is limited to the analysis of homo-
geneous watersheds. For a non-homogeneous watershed, The

Rational Method can only use a weighted average runoff coef-

‘ficient for runoff estimations.
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Table B.1

Average Runoff Coefficient for -
Use in the Rational Formula

=~ (ASCE 1970)

Description of Use

Runoff Coefficilents

Business:

Downtown areas

Neighborhood, areas,
Residential: '

Single.family areas

Multi-units, detached

Multi-units, attached
Residential (suburban)
Apartment dwelling units
Industrial:

Light areas

Heavy areas

Parks; cemetaries

Playgrounds

Railroad vard areas

‘Unimproved areas

0.70 to 0.95

.
H R

oo 00 00
OO0 00
()

(o]
s NoNaNeNoNa)

Character of Surface

Runoff Coefficients

Streets:
Asphaltic
Concrete
Brick

Drives and walks

Roofs

Lawrts; Sandy soil:
Flat, 2%
Average, 2% to 7%
Steep, 7%

Lawns; Heavy soil:
Flat, 2%
Average, 2% to 7%
Steep, 74

a

0.70 to 0.95
0.80 to 0.95
0.70 to 0.85
0.85 te 0.85
0.75 to 0.95

'0.05 o 0.10
0.10 to 0.15
0.15 to 0.20

0.18 to 0.17
0.18 60 0.22
0.25 to .35
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Table B.3

Runoff Coefficients for Use in Rural Hatershedsv
~ (Schwab et al 1971)

values of C in Q = CiA

Topography s
and oy Soil Texture -
vegetation Open sandy  Clay and silt Tight
loam = Toam clay
woodland - T '
Flat 0-5% slope 0.10 0.30 . 0.40
Rolling 5-10% siope - 0.25 0.35 0.50
Hilly 10-30% slope 0.30 0.50 . 0.60
Pasture : _
Flat 0.10 » o 0.30 0.40
Rolling 0.16 0.36 . 0.55°
Hilly 0.22 0.42 0.60
Cultivated : _
Flat 0.30 0.50 0.60
Rolling | 0.40 0.60 0.70
Hilly 0.52 0.72 0.82
Table B.&

-
C in Terms of Rainfall Intensity
{Rossmiller 1980)

Variation of C with I_

Average P b 1 SRO C
a
Iotensity
in./hr. in ino in. in in
0.0 0.0 0.0 0.0 0.0 0.00
0.5 0.5 0.5 0.0 0.0 0.00
1.0 1.0 0.5 0.5 0.0 0.00
1.5 1.5 0.5 0.5 0.5 0.33
2.0 . 2.0 0.5 0.5 1.0 0.50
2.5 2.5 0.5 0.5 1.5 0.60
3.0 3.0 0.5 0.5 2.0 0.67
3.5 3.5 0.5 0.5 2.5 0.71
4.0 4.0 0.5 0.5 3.0 0.75
4.5 4.5 0.5 0.5 3.5 0.78
5.0 5.0 0.5 0.5 4.0 0.80
5.5 5.5 0.5 0.5 4.5 0.82
6.0 6.0 0.5 0.5 5.0 0.83




A

1 e .

e

Table B.5 -

C in Terms of Rainfall Duration

(Hoa§_1959, Mitci 1974)

Equation Land Use
by ' Pervious Imyervious
Hoad .C = ¢/(t+8) C = 0.5t/ (t+l5)
Mitel C = 0.98/(t+4.53) C = 0.78t/(t+31.17)

Table B.6
(Rossmiller 1980)

Hydrologic Soil Group X

39
61
74
80

o 0O o o

- 281
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Table B.7

Roughness Coefficients used in Kerby's Formula
(Kerby 1959)

n in Kerby Formula

Type of Surface

0.02
0.10
0.20
0.40
0.60

0.80

smooth impervious
smooth packed soil
pooOr grass cover
pasture
timberland

deep forest with dense grass

Table B.8

Resistance Coefficients used in Izzard's
Formula {(Izzard 1946)

Surface . Value of Cr s
. Very smooth pavement 0.007
Concrete pavement 0.012

Dense bluegrasé turf 0.060

A
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Appendix C

THE EFFECT OF ANTECEDENT MOISTURE CONDITIONS ON
RURAL WATERSHEDS .

A joint study by the Department of Civil Engineering of
“the University of Ottawa and the Institute of Rural Engi-
neering of the Federal Polytechnique School of Lausanne
(EPFL)} has been conducted to develop a methodology for the
- hydrologic modelling of flood ‘control alternatives with
short records of data. The method 1is first applied. to two
watersheds located near Geneva: the Seymaz 'and Foron.
Three years of detailed rainfall énd streamflow records
(1977-1980} and twelve years of rainfall precipitation data
(1865~-1976) are available for the Seymaz, but very little
data are available for the Foron: data calibrations are
therefore mainly carried out for the Seymaz watershed. With
completion of calibration, design flows are generated for
the analysis of flood control alternatives.

Previous studies of the Seymaz watershed have been car-
ried out by the EPFL (Sautier, 1979a, 1979b). 1In these
studiesl the rainfall and flow data collected at several lo-
‘cations within the basin have been statistically analyzed
and 1ntensity-Duration-Frequency curves, Precipitation-Fre-

guency curve, and Peak Discharge-Freguency curve are ob-

- 283 -
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i

tained. The unit - hydrograph method has ‘also been used to
model two real storm events measured witﬁin the watershed in
1977 and 1878, respectively. . The uﬁif ﬁydrograph‘obtained
can be used to cglculate-hydrographs for other storﬁs; how-
ever ‘it cannot be applied to anaiyze fﬁture land use changes

and flepod control facilities. The éomputer model HYMO is

therefore selected and appliéd in tgr.secqnd stagé of the

study.
Some of the findings of the study-are summarized in the.

following sections.

f
C.1l DESCRIPTION OF STUDY AREA

The Seymaz watershed is situated on the north-east bor-
der of the City of Geneva (Figure C.1). Its total area is
38.4 sg.km. comﬁrising of 80% of rural area in the upstream.
-part (upétream of Pont Bouchet) -and 20% of urban area in the
downstream part of the watershed. The rural part 1is at
present used mainly for vineyards, farming, and recreation.
The urban part 1is mainly' residential with 50% of industrial
use. The basin is relatively flat with .a general slope of

less than 2%; the major soil type of the rural area is of

highly permeable limono-sand and silty-limoneur. o
4
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C.2  CALIBRATION

The Seymaz wategsﬁed is discretized according to land

‘use and soil‘ type and wherever possible at 1ocation$ where
the magnitudes of flows are of interesg. Cross—séctions
along the Seymaz are measured and are used in HYMO for roﬁt-
ing. Runoff producing'rainfall and runoff data are selected
for célibration.

The main parameters used by HYMO for simulating the ru-
noff hydrograph, namely K, tp; and CN, are obtained by cali-
“brating ana verifying with the measured data for the rural
areas. The runoff hydrographs ‘simulated are compared with

the measured data.and close calibrations for two of the cal-

ibrated events are shown in Figures C.2 and C.3.

C.3 FLOW PREDICTIONS

After the calibration§ are completed, the calibrated K,
tp, and CN values are used to predict flows for designs us-
ing the Precipitation-Freguency curve that is obtained by
the EPFL (Figure C.4). .With this curve, the total rainfall
precipitatiﬁn that is expected to exéeed.forl.ahy given re-
turn period can ‘be obtained. For all return frequencies,
the total depth of precipitation is distributed according to
j a standard real storm pattern that has a duration of 12

‘hours.

. —————— ———vmaa
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In current practice, it is common to assume, either by
fact or implication, that the return frequency of the deéign
flow will have the same return fregqguency as.the total rain-
¢all. This assumption is not necessarily true since the

saturation level of the soil also dictates significantly the

amount of runoff from a storm (Patry and McPherson, 1979);,

Since HYMO uses the Curve Number. , to calculate the volume of
runoff, consideration must be given to the selection of CN
on the basis of the antecedent moisture condition (AMC}),
which in turn determiﬁes_tﬁé 'correct' return freguency of
the design flow.

An attempt is therefore made to investigate the excee-
dence probabilities of design £lows and soil moisture condi-
tions for summer storm events. The p:pcedure involves seQ-
efal steps. First, instead of claséifying the moisture
jevel of the soil in three discrete ranges of values as sug-
gesteé by the SCS procedure (SCS 1971), the Antecedent Pre-;
cipitation Index (API) is used to express the saturation
level of the soil; hence, a relation of CN and one specific
moisture condition (i.e. API) is established for each meas-
ured event; second, an exceedence probability function for
the range of API values expected during the summer season of
each year 1s established: hence, the exceedence probability
of the CN values for the given watershed can also be{estab-

lished; third, the exceedence probabilities of the max imum

PSRRI
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soil moisture condition (API) and of the design rainfall can

< .

.be combined to approximate the design runoff rates.

. N '
C.4 RELATIONSHIP OF CN AND API -

Using the historical rainfall data, the value of CN can
be related with one specific magnitude of ﬁoisture condition
for the Seymaz watershed. The API 1is used as an indﬁcator
of the saturation level of the soil. For individual storms,
Kohler and Linsley (1951) proposed that

P = bR + BP, + ... + bP _‘ c.1

2 t't
where bt is a constant that is less than unity, P is the to-
tal precipitation occurring t days prior to the storm under

consideration, and bt is assumed to be a function of time.

The soil moisture level is considered to decrease exponen-

tially with time during periods of no rainfall precipita-
tion. The API on a day-by-day basis is therefore:

API(i) = K . API(i-1) c.2
where  API(i)

)

antecedent predipitation index

for current day;

API(i-1} = antecedent precipitation -index
for previous day:
K = recession factor ranging

normally between (.85 to 0.98.

If rain occurs on any day, the amount of precipitation
(P) is added to the index

API(i) = K . API(i-l) + P(i-1) C.3
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3
L4

Since only a fractloﬁ of the prec1p1tat10n is infiltrated,
an index of~prec1p1tat10n Flnus runoff should be more accu~
rate.than using the total precipitation alone. However, the
minor improvements gained do not justify the added computa-
tion (Linsley et al, 1875).

The API on any day theoretically depends on prec1p1ta—
tion over an infinite antecedent period, but if a reasonable
initial value is assumed, the computed index will approach
the true value within 30 days. To ensure that this is cor-
rect, several initial values of API, nameiy 15 mm, - 30 mm,
and 60 mm, respectively, are used. The same value of API 1is
approached within five weeks of calculation.

By calculating the API of each storm event used for
calibration and by using the calibrated CN value of the

storm event, 2 relationship between the API and CN can be

established. A plot of these peints is shown in Figure C.5.

With this curve, the corresponding CN number for a known API

can be determined.

C.5 RETURN FREQUENCY OF API

in order to obtain the return frequency of API, 15
years (1964-1978) of rainfall precipitation records measured
during the summer season at Meinier station are analyzed by
calculating the daily API with Bquation C.3. The maximum

API prior to storms with rainfall larger than 1.5 mm {since

0
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this is the value when runoff occurs as determined by EPFL

in the 1979 Report) are examined. The maximum API, prior to

a storm during the summer season (seasonal maximum) of each

year is selected and statistically analyzed. The probabili-
ty, or return £frequency, of API calcuiated is plotted in
Figure C.6. It can be observed that the worst API expected
to return every year 1is approiimately in the range of 20 mm.
For a probability of 50%, the worst API is approximately 43
mm, which is expected ‘to return every Lwo years.

The return frequency of API defined in two other man-
ners are also explored. it is possible to define the excee-
dence curve in tefms ofqthe mean API during the summer seaf
son as a whole (seasonal mean) as well as in "terms of the
maximum monthly mean API during each summer season (monthls
mean) . The two probability curves obtained are also shown
in Figure C.6. It cén be seen that the exceedence probabil-
ity cufve defined for the maximum seasonal API 1s most con-

servative while that defined for the seasonal mean during
[

" the summer season is least conservative.

Since CN is related directly with API, the return fre-
quency of CN corresponding to the various leQéls of API can
be defined.

The above study demonstrates a methodology of selecting
the API and CN to overcome some of the -difficulties of de-

fining the pre-development flow. However, a methodology for
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deriving the true return frequency of the flow simulateé by
a design storm is still to be i}lvéstigated. This prelimi-
néry study constitutes the bas'i's on which further research
is now being carried out by Mr. D. Jobin, a graduate student‘
at the Department of Civil Engineering, University of‘Otta-.

wa.. : ‘f
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Appendix D

STEPS OF APPLYING SHM

D.1 MARKEAM, ONTARIO

D.l.1 - Determination of Peak Runoff Rates

The steps for determining the peak runoff rates bv
means of the SHEM peak dlscharge eguation are shown as
follows™:

1. Determine thé tofal rainfall precipitation PRECIPE— as
shown in ?igﬁre D.1 for the 1 in 5 vear design storm
disﬁributéd with Keifer and Chu's method, the total
depth of rainfall PRECIP is 1.85 inches (47 mm.).

2.-betermine the total runoff volume Q - the runoff factor
R is first determined as shown in Figure D.2; for a
percentage imper;iousness ;f 30% and a 1 in 5 yeé% design
storm, the runoff factor R is 0.36; ﬁhé total runoff

volume in depth is
.Q=1.85 in. x 0.36 =-0.66 in. (16.8 mm.)

3. Determine the peak factor P (Figure D.3) - using.Figures
-~5.8 and 5.9 given in Chapter 5, the peak facto?s P for
the imperviousness of 30% are interpolﬁted; P for sub-
watershed sizes of 18 ac. (7.3 ha.), 48 ac. (19.4 ha.),

and 144 ac. (58.3 ha.) are 2.5, 2.2, and 2.0, respectively;

- 297 -
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P for other sub-watershed sizes are determined in a similar
manner.
4. Calculate the peak runoff rates - the peak runoff rate for

each sub-watershed is calculated by multiplying P with A

and Q:
Sub-Watershed Peak Factor Peak Runoff
ATrea A ' P Rate
(ac.) (ha.)  (cfs per ac. per in. runoff) (cts) . (cms)
18 7.3 2.5 30 0.9
48 19.4 _ 2.2 ’ 70 2.0
144 58.3 2.0 190 5.4

D.1.2 Determination of Runoff Hvdrograph

The hydrograph at the outlet of the development is
calculated by multiplying the ordinates (Q/QP aq@ t/tp) of
the SHM dimensionless hydrograph with the peak runoff rate
which has been determined in 'the last section (190 cfs{ or
5:4 cms) and the time to peak at the outlet. The time to
peak for this watershed area of 144 ac. (58.3 ha.) and 30%

imperviousness is determined based on Table 5.2 of Chapter 5.
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A time to peak of 74 mihutes is determined. The ordinates‘

of the runoff hydrograph at the outlet are calculated as

follows:

SHM Dimensionless Runoff Hydrograph at Outlet
Hydrograph

. /tp Q /Qp | Ti::/u; (21171&) Floz/gatissfzms)

. , P P

30 - .01 22.1 .05
.45 .02 33.1 B |
.50 -.035 36.8 .19
.60 .03 - 543 .27
.70 .07 51.5 .38
.80 .12 58.8 .65
.90 .40 66.2 2.20
.95 .80 69.8 4.32

1.00 1.00 : 74.0 5.40

1.05 .84 . 77.2 4 .56

1.10 .60 80.9 3.24

1.20 .35 88.2 : 1.89

1.30 .25 95.6 1.35

1.40 .18 102.9 .97

1.50 .13 110.3 - .70

1.60 .10 117.6 .54

e e A e
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D.2 . PINETREE, ONTARIO

D.2.1 Determination of Peak Runoff Rates

1.

Determine the total rainfall precipitation PRECIP - as
shown in the last section, the total,rainfall precipita-
tion of the. 1 in's vear Keifer and Chu design storm dis-

tribution is 1.85 inches (47 mm.).

.Determine the total runoff volume Q - average impervious-

ness ratlos are first determlned for each sub-watershed
of the Pinetree development; the runoff factors R are then
Obtained as shown in Figure D.4; the runoff volumes Q in

depths are calculated by multiplying PRECIP with R.

Area of Average Runoff Factoer * Runoff Volume

Sub-Watershed Percentage R Q

(ac.) (ha.) Imperviousness (in.) (zm.)
46 18.6 547 .58 1.07 27.3
83 . 33.6 437 .48 .89 22.6
175 70.9 387 520 .78 19.7

3." Determine the peak factor P - using Figures 5.8, 5.10,

and Slll in Chapter 5, which give the peak factors for

. imperviousness of 25%, 50%, and 70% respeétively, the peak
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‘facfﬁrs for the different sub-watersheds are detgrmined
by interpolation (Figure D.5). .
4. Determine ﬁhe peak runoff rates - the éeak runof £ rafe

for each sub-watershed is.calculatéd'by multiplying P

with A and Q:

Sub-Watershed Peaﬁ Factor .Peak Runoff

7 Area A P . Rate

(ac.) - (ha.) (cfs per ac. per in. runoff) (cfs) {cms)
46 18.6 . 2,15 106 3.0
83 33.6 ' 2.0 148 4.2
175 70.9 | 1.9 - 260 7.4

D.2.2 Determination of Runoff Hydrograph

Since the peak runoff rate from each sub-watershed is
now known, byfdetermining the time to peak of each sub-
watershed with Table 5.2 of Chapter 5 the runoff hydrograph
from each sub-watershed can be easily determined by following
fhe same procedures demonstrated'in Section D.1.2. 1In this
example, only the runoff hydrograph at the.outletr(l75 ac.,
70.9 ha.) is determined. The time to peak determined with

Table 5.2 is 75 minutes.
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Figure D.5: Determination of P (Pinetree, Ontaric)





