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PREFACE 

and Services. 1"h¢ development of the modified n'.LuDAs_mode1 as wen as its 

_BCP1,'A. V 

The author provided technical direction for: the _pr.9iec.t_a.s a 1iaijson'9it»ic_er», 
supplied data for testingand‘ prepared this vsuthritary‘ 'r,ép_or’_ti._v_ 

_ 

_'
’ 

iii 

_ 

report is based on a draft contract report submitted _by Bessett‘e.,e 

Crevier, Parent, iTang’uay and Associates (IBCPTA) to the Department o__f Supply
_ 

testing and sensitivity‘ analysis was done by Mr. G. P,_atfY,:i.nd Mrs. L. Rayrnond of



MANAGEMENT PERSPECTIVE 
Compu‘ter models that are to be used for engineering design should be 

verified" correctly in order to establish confidence in the results.‘ repojrt 

gives ‘the verification oi a new technique and shows clearly that reliable results 
are obtainable for a modifiedurban runoff model (ILLUDAS) by using lower cost 
_de1sk-atop computers.- 

The results can be used wherever runoff rates and quantities must be 
comlputed from rainfall events. 

_ 

T. M. Dick, Chief 
Hydraulics Division



ABSTRACT 

The standard version of the ILLUDAS model written for the IBM 360/75 
_' r:o'm”puter‘ was modified and adopted ‘to a Hewlett-Packard’ 9330 desk-top 
computer. The modified model was verified on a test catchment and subjected

V 

to a sje‘nsi't'ivit3y analysis. 
For a small catchment with simple flow routing, the modified model 

performed equally as well as Conventional models requiring large computer 
systems. 

RESUME 
on a modifié la yersion normale du modéle ILL-UDAS écrit pour l'ord_inateur 

IBM A360/75 et on l'a adaptée 5 un ordinateur de pupitre Hewlett-Packard 9830. 
On a véritié le modéle modifié sur une prise d'eau d'essai et on l'a soumis a une 
analyse de la sensibilité. 

Pour une petite prise d'eau ‘a cours simple, le modéle Imodifié a fonctionné. 
aussi bien que les modéles classiques qui nécessitent des Systémes informatiques’ 
puissants. 

vii .
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Adaptation of the ILLUDAS Model to a Desk-Top _. , ;

— 

J. Marsalek 

.. INTRODUCTION 

A. Inrecent years many computer models _for simulation of urban runoff.,ha_‘ve, 
been developed. As the requirements on sophistication ..o_f .--these models 
increased, so did.l_the_freqi’lirernents_.,on computers‘ .run"these. models. on A 

the one hand, there: was; some concern «-that «further "increases in .thei:use _. of urban 
modelsmight be impeded -because smaller municipalities -and engineering

I 

would find -theause of large comm‘ercial."co‘m_puter facilities -.e'ither,..too. ' 

I_ expensive or inconvenient. o On the other -hand, -smaller desk-top’ joomputer$_sfare
I 

Vvbecoming widespread and affordable even for small offices._ It was therefore. 
,siilggested,~‘ that -an increased. ._ use or .-runoff’ . models would be encouraged bjy’ " 

' 

"adapting one of -these models to a: desk-_top_com_puter-.. - ,selected;_ for
I 

this purpose. had to be relatively‘ simple and well accepted by‘ the .engineeri_ng 
profession. Both these objectives are met by the -ILLUl__)AS_ (II_.l1no‘,is'gUrban 

D.ra,i,nage Are,a»Simu,l.ator) model,.whi<:h was developed by the" Illinoisistate Water 
Survey_.(5). . 

-. . 

The development of aidesk,-top computer. , version of the -ILLUDAS m.0.del 
was contracted by the Departnnent of supply. and-Services. to the engineering 
company Bessette. Crevier, Parent, Tanguay and-Associates (BQPTA). Theterrns 
of reference of this contract may be summarized asfollows: V 

(1) Develop a desk-top computer version of the ILL_UDAS model. _. 

(2) Verify this ILLUDAS version on a test catchments.
I 

(3) Conduct a sensitivity analysis of this ILLUDAS version. 
The report that follows presents the results of the contractual study 

conducted by BCPTA. 

DESCRIPTION OF THE MODIFIED VERSION OF MODEI. 

The new. ILLUDAS modelversion, which was modified for _use on a desk-top 
computer, not only retains all the features of the original .l_l,l.upAs model (.l.,9_7u

‘ 

version," ref. 5). but also : adds --some new features to the original. -model. 
Consequently-,--. the description of the modified version,-;s_t_ar.t_s with an de,s;cr~ip_ti,on of 
the original version followed by a description of newly added features.-



' 

described as follows‘: -~ 

of Runoff '
. 

For runoff calculations. the catchment under investigation is divided into 
subcatdifnents, ‘which represent homogeneous surface elements contributing to a 
single sewer pipe. On each subcatchment, two types of areas are considered: 
direé_tl'y- connected paved areas -and pervious (grassed) areas. Runoff calculations 
for each ofthese'two areas differs 

‘ ' ii ' " " I

' 

For directly} connected paved "surfaces, ”tW70%i5h:Y§iCéla':tac”tors' needto be-. 
evaluated - thearea» the; oftraiiel fromithelfarthest-‘point to the inlet. 

‘A 
»iniorm'at}Io'n,.’a-“c’uriv_e of-.;the';tfa'\j’r‘el_ tir‘né>to i"n'1et:=.t/erisus -the ‘<-zontributing 

can be approximated by a straight . 

the é’tota1-contributing area with the V‘ 

' step funcition‘,—§vhere‘.the'length of ‘the 
step5"is.a«c‘omputationa1¥'tirne. stépfduring which the raintau intensity is assumed 

’.:t§'53e“'¢0nStant- * i 

“ i ' 

l A" 

rainfall . pattern is: reduced‘ for losses. On paved areas, the losses 
consist of 'tlie»'i_nit_ial surface -wetting’ loss the depression storage loss; Both 

I 

b 
are typically cornbined treated as the initial abstracV_tion:loss 

whiéh isfisjubtractediirorn the rainfall‘piattem§"’.‘l‘he'reinainder at rainfalljwill then 

as runoff from the paved area. 
' “ 

I 

'

' 

The_developrnerit of the runoff hydrographwis in_ Fig. land may -be‘ 

5'91 " i 

‘ii Al '. 

* 

Q2 =A 
til A2+ i2 Al 

Q" = An+i2 ‘An_l +'é'u+in 
\‘ 

where Q is the runoff flow rate, i is the sUpi>ly1 rate, (the rainfall intensity minus 

the losses 1 is), A the contributing varea,"“a‘nd'the’st1bscripts. oo'Fr‘espond» to the time: 

ssteixtoounted from -the-.st.art*'of the.storm'.'. 
‘ 

' ‘ ” 

1he calculation_-of runoff» ‘from pervious (grassed) areas is very similar. to 

that de-'s~‘d.ibed. ab°ve._f°r paved 3,-eas, Ag.‘ain,—a'c1irve o__f 
‘ thetravela time to inlet 

-2-
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versus the contributing area is constructed. The rainfall pattern, however, 
requires some modifications. First, the supplemental runoiff from impervious 
areas draining onto pervious areas is added torthe rainfall "input for pervious 
areas (see Fig. 2). The rainfall pattern_ is then reduced for_=th'e_ initial abstraction 

_ 
loss and infiltration losses. The initial'abstractio_n'loss m_ust- be considered first, 
before any infilt__ration takes place. Infiltration curves‘ were developed for ' 

hydrologic soil groups A, B, C D, as 'cJassified- by the U.S. Soil 

Conservation Serv_ice._ "In order to ‘use these infil'tr,ation curves" .properly, the 

_ 
antecedent moisture conditions «prévailinglatgtlwei timeof particular‘ storm have 
’to‘b'e'evaluate,d am! classified, shown in Table l.."—-The‘ antecedent? moisture ‘ 

condition indices shovvn in Table 1 are based on the .Tc_umulative:— rainfall that 
occurred during the five days preceding the storm. fa 

’

I 

I 

- Table 1. _Moist.ure"Co’nditioi_ns.'for Per-vious Areas (lief; V4)‘. 

. 

_ 

" 
r “ " 

’ 

Total Rainfall 
Number - Description During 5 Days 
— 

' " 
D 

- Precedinv Storm 
_ 

(in._ 

T. Bone Dry 7 
_” 0

1 

Rather Dry 
r 

' 

r 

0 to 0.5i V 

Q3 Rather Wet , 
: I__o.45 t.o_:1-0'

' 

4 'Saturated‘ , over 1.0 

The rainfall pattern reduced losses represents the supply rate, which is 

then used to derive the runoff hydrograph for pervious areas. 
The runoff hydr_ographs"' from paved and pervious areas are combined for v_

‘ 

each Subcaitchment»-as arsingie hydrograph, -which’ thenbe'cfo_me§ an input“ to-the . V 

. server network. 

f 
Flop‘;

_ 

_ A simple storage routing technique used to transfer -t_he»hy.drogra__ph from 

one» input point to the next; For this pu_rpose_,:a storage-discharge [curve is 

‘developed for each reach of channel or pipe between 'the'input"points._ First, the 
' 

Mjaming equation is used to develop a stage-discharge curve for thereach under . 

-4-
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considgratim. From‘ the reach length and cross.-sectional dimensions, _the 

storage-discharge curve is ‘then calculated, assuming uni_iorm,flow‘in the reach. 

Errors caused by‘ this ass_umption_ arepminimized by keeping the tirnet increment 

and the reach_len'gth.a.s §hortaspracticable‘(5)._ Vi 

‘ H 

I ' 

~ 

‘ 
‘

. 

The _.t‘_9_l.1'tAiI.\5g. procedusre is shown Fig. 3. ‘_up'pe‘r curve, 

0 Qun "Q21", is a section or the inflow.‘ hydrograph, at the upp_e.§g.~._1',‘:'¢,f the reach‘, 
lower curve. :0 Q15;ltQ2°ut, i_s"a section of the outflow hyd_rograph’a_t the 

_ qgwer end of the’ reach. the notation-in Fig. l3,yone can 

7 Qlin A" .= .%rQ1'out 4‘,‘.T'51 " 

. 

. 
(2). 

' “As Qun and [it are’ |<no'Vf_'vn 51 can be eicprelssfed in terms ,Aof.,Ql°u-t using , 

the ,stor'a‘ge'-discharge cfurve, Eq. 2 can be solved for Q1 out; V 

‘ 

‘ ' 

7- 

b 

"For the next: time step, 
V 

’ 

l 

’

l 

'-(Qlin+ Qzin" Qloutl.“/2 +51 ‘ Qzout“/2'* 52 » 

_; 

A‘ .'The' left of 3 isknown and theright side may be solved for 
._ 

‘ 

using the storage:-4-disdjarge relatiuighip-‘to evaluate. $2.’. I Using thisstepsbysstep 

sprocedure, all ordinates ‘of the downstrearn hydrograph-can be -determined‘. 

. 

A 

_ ILLUDAS model also incorporates udetentiofiibasins inthythe. t_,. 

A‘. 

system". ‘In the analysis of an existing -sewer system, the model accumulates the 
flows greater the reach capacity, for each "reach in the catchment. 

maximum volume acc'um'ulated is reported in the output‘ and is equivalent to the 
'de:tention’stora,g'e‘ required to keep the system operating at capac-ity; 

New Fumes at the luoatfied n.LuDA$s Model a 

A 

For a new .drainage‘ d_esign,vthe user may specify the"y_olume of detenstion 
storage «allowable at any point in the -. catchment. The .'model 

_ 
then 

incorporate that, volume of storage .;.i_nt’o ;the1 :design_. ‘by filling.‘ the 
A 

allowable 

storage withincomins flows. 
-‘ .- . 

'- 
' 

-

' 

Practical applications of IL-LUDAHS inmany-projects lundertaken by BCPTAV 

indicated that the model versatility could be .sign:__i_f;icantly:_ enhanced by adding.’ 

some new 'fe'at‘ures to the ‘original model (1974 versioh). VThese features are 

‘described in the following sections (3); 

-5-
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Multiple hyetographs - me. inputdata structure‘ has been modified to 
accommodate multiple hyetographs. Every.subcatchm'ent— (Le. ever-‘y 'reaAc-,h) may i 

have its own hyetograph.! feaftureqis partAicularly'*’use'ful'for investigating the 

effects of spatial rainfall distribution on runoff-. ’_ 

" ' ‘ 

V 
Injmtof inlet 

‘ - Schemati_zation of large catdmments may require 
more than .150 reaches- allowed by the ILLUDAS model. To istudynsuch large 
.catchments,55they may have to first be divided into smaller units. ‘The runoff 
‘from the --segment then consideredltas an input, in the form of 

l 

inlet 

5 hydrojgraphs./‘to thefdownstream segments. .-'l'hus>this feature makes it possible to 
simulate;runoff_'f_rorn very large catchments by sequential simulation 

- The original model allows the vuservto 
from‘ different soil“groups"to describe infiltration characteristicsjof .a 

‘particular _modified version allows the. user to describfe sfoil inf_i_l_tration 

by: _l-lo_r_ton's parameters,‘ 16,‘: C 
-‘and’ l_<,'where fo is-‘the ‘initial .infiltra_tion rate',51_ C is ,

. 

the final infiltration rate,'a,nd k is 't_h_e_ rate of decfay.".i 

CIbioe»of computations 
l 

2 - There was some concern expressed 
that"’.the ILLUDAS computationof inlet times for i_mperfiIi‘ous surfaces might. yield,-to

’ 

unreali§ti§ally short times (3). Consequently, an computation ‘procedure, 
' 

.

‘ 

'the.kinematic~ wave equation, was included in the modified ’mo.delin the following'_ 

form: 5
. 

' 

.. 
~ 0.6 036 

J 

. 

- 

. 

l

_ 

T. = q 

‘ 

(1 . 

' 

Z, 

1 5°-i 
. r

r 

Ti is the inlet time (min), L is the lengthof (:t),_7‘n t'he‘§ - 

‘ roughness coe'ff_icient;' and s is thé sl°De (rtItt)"‘o_f the 
*1 

in Compared with ‘the original "model cornpu'ta‘tion’,"3:‘1'the"kinematic‘ wave '_’.

‘ 

‘equation yields longer ‘times for_'impervious-areas shorter‘ times for pervious 
_§ ‘ 

I 
‘ . _ 

- 

-' 

I 

areas. As discussed later. the usejof the kinematic wave ‘equation leads to 10918? 

.....fi peak flows.



~ ~ 
Dry flow) - When dealing with hydraulic problems in 

_ 

combined sewers, it is necessaryto consider the‘ dry weather flow. A new option 
was therefore added to the modified model, allowing the user to ‘specify the total 

A dry weather flow generated in the catchment. This total flow is then distributed‘ 
to individual reaches in direct proportion to the Céntfibuting area for each 
reach. ° 

- In the original version, the doyvnstream pipe diameter 
has to be equal to or larger than the upstream diameter; constraint was 
removed in the hydraulic design mode of __the modified version. From the 
practical point of view, such a feature imay particularly useful w_here_ storage 
is to the system. ' 

' 
' 

' ' 

n - ..thes'gfari;alysis -of existing .sew_er system 
(referred to as the E-VAL‘.mode)7,7frur:ioff_¥_"floy(s in excess of the‘; capacity are 
storedon the ‘street surface to'.the=.t-sewér;‘r.syster.n only when the 
runoff iiowtaiis-below thejpipe .capacity'. 7’1rhe—modiiied'€v.erfsion used the 
.cal<_:_ulation offthe depth or eforfthe t_ypicel ‘in 

7 Fig. .4.’ - t_ 

Pressure - An ;approximat_é of pressure ',flov;li;was V~ 

added the modified model Yérsion. In this analysis, referred to as‘ the 
mode, the sewer systemis allovved tosurcharge and the corresponding hydraulic 
grade line is determined. Although the proce_dure_'is not- very exact, it aflows a 
quick evaluation of hydraulic conditions in the analyzed sewer system. 

.

l 

of simulated and hydrographs - A new. subroutine 
serving for the evaluation of goodness of betweehvsimulated and 
_hydrographs ‘(Was addedflto the model. The goodness of"fi't isevaluated using the 
‘following six parameters: 

Qobs/Q-Sims Vobs/Vsims Tubs/Tsiflma R9 R59 

where Q is the runoff peak flow, V is the runoff volume, 1' is the time to the 
runoff peak flow, R is the correlation coefficient, Rs is the special co'rrela‘tio'n . 

-9- 
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coefficient, ISE is the integrallsquare error, and subscripts obs and sim refer to 
observations and simulations, respectively.‘ Definitions of the sta'tist—i<:a.jl 

parameters R, R5 and ISE are given in the Appendix. 

presentation of results 
I 

-h The output ofsimulation results the 
» original, model_w_ajs completely revised- Both_s_imulated andeobserved hyd,r’og’raphs 

s can beiplotted for a fast‘ visual inspection. " 

In vsummiary, the modificat-ions "outlined ‘above increased the vérlsatility of 
the i1,_.l_.l_J_DAS model without .greatly affecting the basic computations included in 
the original model. Possible exceptions to this statement are the optional 
calculations of inlet times‘ "from the kinematic: “wave equation and the 
approximate pressure flow analysis. " 

Mooiriiso i1.LuDAs Pliiocnnu. 

In this section, a general description of the interactive modified ILLUDAS 
program islgiven. This particular model version was prepared» ’1n?‘£h.e ~BASIC7 

. 

C9”rn'pu'ter-ilanguage by-"BCPTAJ*__Consuiti,ng_ Engineersfor la‘. particular.-‘desk.-tfo'p 
"computer." 

. For other 
T 

computer ‘systems, model ‘may; reciuire 
modifications. The agency which prepared. this repor_'t:jhas,.~neitherthemandate

_ 

nor resourcesoto undertake such‘ modifications for various user sysjterns. Such a 
I" 

task could be efficiently handled by cofiiputer consultants at ‘relatively idw costs. 
For "brevit'y,‘the program listing has been omitted ifro"r‘n-this report. ’ 

-The-‘ 9 

program listing for the modified II_.1_.UDA~S_'rnodel and descriptions or variables . I 

and sample runs can be obtained, free of charge, by writing to the Hydraulics 
Division, National Water Research Institute, P. 0. Box 5050, Burlington, Ontario, 
_L7R:uAs. -A 

— Computer Hardware Description 

The modified ILLUDAS program was prepared by BCPTA for the computer 
system shown schematically in Fig. 5. The heart of the system is an HP.983O 
computer. The program files are read sequentially using an internal cassette 
drive and loaded into the system memory that has been expanded to 16K bytes. 
Matrix and character string manipulations arehandled by two external ROMS, 

-11-
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shown in 5. Once afeile is loaded, it is executed in a sequential manner. An 
ex_ter-najl_ cassette rnemory is used to load or zstorev data. -.Simulation results are 
printed on a 132-ldnaracter line printer. 

V 
i

' 

. Interaetive Program Features 

program asks for. various input data which are entered in a free-format. Any 
syntax .e‘r‘rorsare:_brought to the user's attention. The input data can be printed 

. 

u stored on tape. Once‘ the checking of’ input data the user 

_ __.the simulated§nd-obs¢rvédsh¥dr08I‘§Ph5-
' 

I’ ‘program was completely rewritten in the BASIC language and 23 
.file's that could be loaded and executed sequentially; 'tina1.Vntodi11iaed. yersion 
contains oVjer ‘.1500 statements-. 

A 

’ It 
» 

' 

1 .. 

F‘ 

The flowdwart of the- modified ILLUDAS program‘ is shown in Fig. 5,, 

VERIFIcAnoN or me uoomiiao ILLUDAS ‘MODEL 
One of the study; objectives. was to verify the modifiedidesketophoomputer 

‘l'he version of ILLUDAS operates in an interactive mode. The
_ 

transfers the __oontrol to the simulation part of the ‘prograrni .At the ‘end of the
‘ 

simulation,’ the user regains control of the program. options afiailable at
V 

; _ point 'ine1ude:sto'rage'o1 runott hydrographs ontape and'aistatistieai analysis of 

: ‘ 

—:The- original" ILLUDAS model (1974) contained about 11.09 Fortran-5sta;ta.. .- 

“ '?'me"nts and required '220'K bytes’ of core vizhen ‘run on and [BM 360/7_5_ coinputer5.(;5]),7 
"rogadapt this model to an desk4top oomputer.t maibri revisions were The

i 

‘K 

’ 

_ 
' 

version of the‘1LLUi5As model on a Canadian urban test catchment. The 
> . 

_ 

~ r 

Catchment selected for this purpose was the Mta1vern'cat.chment, which had been 
’ 

monitored for a number ofyears. Furthermore,. simulation results_obtained with 
the Storm Water Management Model (SW MM)‘ were available for the Malyern 

'~ 

_ 

- 

résti1.tst.r.obtained with the modified ILLUDAS model. 
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Test Catdlment ‘ " 

. urban test. catchment is a modern residential development ~ 

ljocatédb B.ur‘lington, Ontario. Runoff from the catchment has beenuménitbred 
“for. a .nu_mber of_ years... ilwflonitoring results as well as detailed catchment 

. characteristics havebeen reborted, elsewhere (1, 2). .'jAbrief desCription_-bf” -"the" ' ‘ 

cstcn.mehtT isggiven‘ below. ‘ 
'

r 

b 

"The Malverncatchment an area of 23.3 ha (57.6 acres)" of “which 7.§§’ha '

" 

(19.5 gems) is; impervious.“ catchment is gelit:ly“"$1:§p:ing '(s=0.Dl')1thé~7 
njortheast.-southwest direction; local slopes, howevet,- def>en'd en the ‘gt 

lots. The 5911 in the <:’at,chment can be characterized as a well—drain_ed 
-_lobfa‘m. A summary of catchment surface characteristics is given 
estimates at pertinent hydrolbgic parameters ‘used in earlier studifi rvarle--giyen in 

_ y 

Table 3. 
l

' 

Table Malvern Catchment Sur-face Characteristigs 
. ,....,,. r * 

- » -- ~ » 

_ ,,.,:.._ , .- 
. - 

. _ . : VW4,_ j_ , 

'jiArea. 

s.ufi-Lace. ._ Im erivious“ . 
. A-Perviious 3 

_ 

Caxchmmt 
(acv 

y 

(ha)_- 
0 

(as) 
‘ 

(ha) s '9‘ 

backyards» - 0 
- iiyiamio 

. 12.18‘ 0 
is 

.-’_Front«;yards.._-» — 

,9 «. .- »- - _s“.00,> 3.24: .- ~13;.9] 
‘Driv..eWays~ ‘i 

. 3.10. 
; 

0.1.25, .- 
. 

V 

' 

-. 
l 

. 

-.0: 
: _:5.=4

, 

Roofs 3.10 33.23 
i 

._ A- 
_ 

514,4‘. 0

‘ 

;S.i.de,walks ‘.62 0.66 - - 2.8 . 

Streets 6.68 2.70 ‘ ' 

-. , V,.- '- « 

_ 
. 
~-011.6 

v 
' 

19.50 77.89 33.10 
' 

ii3.?a"2"_ 100.0 

7
. 

_ 

_.'I"he' A/catchment is served. by a tree-type conve_r.ging netwdrk of storm‘ A, 

sewers. Table}! lists basic characteristiés of this sewer ne‘tWo"r'|r._ 
V 

The sewirersagre‘
_ 

‘made of concrete Vpipes; their roughness is characterrizled by 1 "the" Manning 
roughness Cbefficient n=0.0_l3. 

515--



‘l'able_ 3. Cat¢;hm_en_t- - of ~Pgrameters Used. 
Studies 

1», 
. 

A: 

\ 

- 

_ 

Pervious- 
J 

Imper-vious 
A. 

i 
' 

p_ 
b 

_ _ 

Area ' Area 

Ground.-$1696 (rt/tiiiiriiii 
;_ 

'o._o3_ 
_ _o..o3. . 

overland Flow Length (ft) 4143.3" I ,. . 143.3,... _. 

M'anning.‘n_fojr. povejrland Flow ; 
iv A 

0.25 
_ 

_. s p. 0.013 

-Surface Depression Storage (in.) 
_ 

Q.-184.“ 0.Q2O 
'Hor:'t_on's ‘Parameters 

_ v 
_ 

A 
_

_ 

:°”<1n./h)_ 
i 

. 

.' 3.00, . _ - 

r.<:n-/h> o-:2 - — 

.'.<..».~<s7l).. t . _ 0-00.115. t 
r 

.- 

Rainfall/Rmofl Events. 

Twelve events were selected ,-for the ojthe modified‘iLLU'DA‘S 
model.- Characteiristics of these events are: in" Table

I 

i 

‘It. should be stressed thattall the verification ‘ events have a fairly 

frequency of occurrence; most severe event produced a runoff peak with a 

return_ period of about onesyear.
' 

On the __average, the verification storms produced a rainfall depth‘ ofabout 
16 mm (0.63 in.) and their duration was slightly over four: hours. The average 
five-d‘ay'antjecedent rainfall was about 16 mm (0.63 in.)._ ' 

Runoff Simulations with the Modified ILLUDAS 

The selected rainfall/runoff events were reproduced,‘ for the Malvern 

catchment,‘ by the modified version of ILLUDAS which was run on_a Hewlett- 
Packard programmable calculator (l'i6'K_ "bytes). 

_ 

"Details 
‘ 

of_ these 

simuliationsfollow.
' 

Malvern .catchment was subdiiiided mo 40° subcatchments which were _ 

drained by #0 sewer pipes. The characteristics of these subcatchmjerjts are 
shown". 

in Table 6. 

"-16-



~ 
Table 4.: Ma!vern~Catdxm'em - Storm" 

Pipe Num_ber_ Diameter Length , 
Slope 
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1%flfl¢ 09 Nhflvern((:wudunent - ffiscrettuwfinn for HLLLELAS Shnuhmfimns 
(1973 11:03, let. 3) ” V‘ 

' Subcatchment Total Impervious Area Contributing .. Maximum_ Length 
Number Area Directly Connected Pervious Area* of Travel on- 

. 

’ ' ’ 

9 - 
‘ 

‘ 

Impervious Areas 
(acres) (acres) (acres) (ft) .1 

1 1.07 
1 

- 0.50 
0 ' 

0.20. 
' ” 208” 

2 1.82 0.62 1 0.25 08 
13 

_ 1.56. 0.53 0.22 . 272 
' 

0. 1.56 0.54 0.21 312 
5 - 0.63 0.22 10.09 - 175. 
6 0.92 . 0.33 0.12 230 
7 1.08 0.39 1’ 0.15 » 262 
8 1.69 0.60 0.23 276 
9 

_ 

0.76 0.27 0.10 ‘ 200 
10 1.11 0.07 0.13 

' 

283 
11 11.25 0.53" 0.15 313 

5 12 . 1.00 0.59 0.18 270 
» 13 1.20 0.56 0.13 286 
10 1.07 0.50 

_ 
0.12 0. 262 

15 _’ 1.08 0.69 0.17 302 
16 1.50 ' 0.70 

' 

0.17 
0 

' ‘ 305* 
17 1.93 0.77 0.20 " 

- 317 
18 1.27 . 0.39 . 0.18 265 
19 

V 

1.10 0.35 ' 0.17 203 
’20 1 

1.37 0.02 0.20 280 
21 . 2.23 0.72 - ’0.32 

' 

_ V 
.298 

_22 1.29 
_ 
0.06 _ 0.17 V”. 202 

.-23 ' 0.05 0.16 A’ 0.06 120
_ '20 1.37 0.50 0.17 . 227 

- 25 
V 

1.07 0.50 0.11 329 
’26 _l.60 0.07 0.25 280 

' 27 1.99 . 0.57 0.30 330 
28 ' 

2.10 0.60 0.30 — 351 
29 ' 0.56 0.16 0.08 130 
30. 2.00 0.69. 0.36 ' "313 

. 31 
‘ 

1.67 0.51 0.20 310 
'32 ‘ 

0.69 
V 

0.22 0.10 160 
33 1.98* 0.63‘ 0.23 V 335 

__ _30. 
_ 1.65 ‘f 0.53 . 0.20 323 

'. 35 1.01~ 0905;: 0.20 280 
36» 1.88 0.03 0.30 ’320 
37 V ‘1.00 0.33 0.23 -250' 
38 1.01 0.33 0.23 255 
.39 2.05 0.57 0.00 309 
00 

, 
1 72 0.61 0.23 

*§r00t yards 
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Inlet tirne§ impervloug a_nd pervious areaswere determined using 
'the'.proéédure;’7in tlre 7<$r1ig"inal 11.L'uD'As‘ ni¢de_1.. »1:ojf1_mp¢ry1oTug Areas-, the" inlet 

.tin'1es..varied from 2.5 minutes . to 3.3, minutes... . 
Fpr ..p.éfvio,us __,a1"eas, the 

’ca'lculatioi1 "was limited the»fro_nt yard3—§fily',%-s_ince Vbaplkyards were unlikely to " 

runoff for the étbrrrifi lstudied. inlet 1t'ime_f6r4.‘fr.ont yards?
1 

wags 16.8 'minutes. 
' ’ ’ 

‘ 
7 

‘ ' 

_ 
The;rur1c5ff:s11r1ul31tionVrestllfilafé 7 and plbtted in Fig.‘ 8. A

Z 

disE:u$si’:6n'_Vof verification results follbws. 

Table ‘-77.‘ 

Event‘ - 

Daté Ref. 13) 

2’ 

l’_eak Flows. 7-‘

_ 
Rlmff .V91t!mé$ 1 

Verifi<:aticn Results Obtained with the Modiiieid u.L_uoAs 

.Ti111es to 1-'.’_eal< 
1

1 

Number 

(cfs) 

8732.40 

25.26 
3.415 

33.52 
10.35 
10.47 
3.47 
9.54 
31.32 

(27.21 
15.11 

‘ 3.31 
bu 

h-

- 
_N 

(cfs) 

33,5 
21.5 
‘7.9 

5.4 
8.5 
9.3 
6.9 
8.1 

37.14 

23.1} 

18.5
fl 

Qobsv Qsim Qobs 
‘s.im 

1. 17 
.1.of7 
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1‘. 2'3 

'1. 13 

0.94 
.1. 1.3 

6.35 
-1.15‘ 

0.32 
__1..12‘4 .4 

Vans 

541
‘ 

25 
19 

35 
110 
44 

46 
32 
an 
15 

36 
20. 

300. 
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100 
300 1 

200 
100 
2:00 
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925 
133 
2.83

V 

48 
23 
26 

79 
102 
no 
48 
33 
39 
14 

39 

137 

sim‘ 
3 

(1:3) 

c.9778
8 

77°. 
9233. 

969]‘ 

A411" 

557: 

393 
7-32 ' 

o_'11f 

-023 
‘316 

955 

.. v'A 
'7 

. . obs 
A 

sim 

.113 

1.07 
0.93 
1.03’ 

1.09‘ 

0.95 
0.97 
1._15 

1.115 ' 

0.92 - 

1.13 

Tobsi 

.~ 42,. 

9117; 1 

' 

313? " 

437"’ 

11452 

27; ; 

34:’ 1.

' 

3 54+: 

13. .. 

‘l'.~ 51m" 

92.: 3 

.' 116' 

_ . .31__o 

. 2425 

344 -: 35.5 

145 

:35 
' 30
9
9 

52 

Tabs’ T... ‘sxm

5 
-2, ; 

e:+’
1 

7.12 

+_+++ 

"i" 

N-1:-1:-woow 
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. _.. 

Sta_ndard»i,._::._ . 

1 9.93 

Coefficient 31 5- 

Var«ia’t.ion' (965) 61115 ' 

315.247 15.53 

11.11 

11.2 

"V 00 

71.08 18.75 

44 

1 28 

63506 "“ 

77709.7 
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The simulated runoff peak flows were on the 1ave'r_age about ll percent 

smaller than the ob.ser'v_ed_ ones,h’Wfifh‘iti1e coefficient of ‘variation of 19 percent. 
goodness“" offit the"same' repoirted earlier forothei-'..‘ runoff 

m_0dels;.(‘l, '2). The deviavtion .betwe_enf observed andgsirnulated’ results largely 

a 

causedfbyg poor results forhtwo feventélfof 1ow.“’reir{fal_1 intensity. "Without these
' 

tfwoaevents;-tvhe mean error in the simulated peaks was reduced to 5 per'cent. 
A 

‘It 

' 

‘should -b_e recognized that deviations between simulated and observed results “are 

ejaused not only b.y..m”ode111ng” bias'bu‘t‘=alsoby; er‘r‘orsIin the observed rainfall and 
runoff.‘ Such errors‘ may havefcontributed to poor’ results obtairied'for"=th'e__. 

f 

events discussed here. 
‘' 

Note also that while the observed peak filowsj represent finstant_a_n,eoiis L 

peaks. the simulated peak flow\s-are averaged’ over the computationai time
' 

"l"hus'there is ‘an inherent tendencyifin the simulated peak flows to mderestirnate 

iobserved 

ones. The-coefficient ofdgivarviatiori, about the"rnean’,.of the ratio Vfdbs/Vsi-m* was 
Simulated runoff volumes 

d 

ere about percent than ; 

7.5‘peréent.:,_' Thisflunderestimatiori may have ribeeryarifected by an o’verestirnationj_ 

or losses onv.ir‘nperv1ous.-areas. Notethat a possibledunficlercatch of_f”thevc'atch'rn‘ent . 

rain gauge would also contribute to low si‘mulated: runoff volumes. 

Times to runoff peak were simulated" fairly fac<:urat'ei_y. On the average, 
the difference between simulated and observed times was ‘less _- than one minute _ 

and the standard deviation was about six minutes. 
‘ 

, 

1:.-‘A-j" 
‘ The statistical ‘parameters recommended ‘by Sarma,,_Dell_eu_r.and ‘Rae (#)‘_for_ 

evaluation of the goodness of fit of ‘simulated observed hydrographs‘ were 

also studied. ‘For. this purpose. timing of the"sirnuléited hydrographsnwas first 

adjusted to minimize the integra1!'¢sdua_re“error. The resultilng changes in ti'min'g 

were characterized by a mean time shift of 0.83 minutes and a standard 

devia'tion of six minute_s._ this adjustmentytfme goodness of fit of all of the V 

simfulatedf ob§erved“hydrogr‘aphfs ‘rated as “good ‘to‘,very'good’.
' 

‘Attempts to ‘improve .sirnu1atAioi1"-results’ by -‘account-ing"itor §'the'-.a’ntecedentd 

‘moisture conditions failed, as such‘ ‘considerations 7 affect only runoff from 

perviou_s~areaswhich did not contribute- significantly to thecatchment runoff. 

Finally, the verificationlresults presented ‘are affected by two limitations 
'- 

a‘, relatively small number of events‘ and their fairly - high frequency . of 

in none of the selected events did the pervious areas contribute 

significantly toithe total catdiment runoff. 
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‘COMPARISON BETWEEN ILLUDAS AND swulu smumnous 
FOR MALVERN CATCHMENT 

The simulation results obtained for the Malvern catch,m,ent with the 
modified ILLUDAS model can be further evaluated by comparing them with those 
obtained earlier with the SWMM model (Table 8). Such. a c'or..n1>ar.is.on is of 
particular interest because the SW MM model is perhaps the most widely accepted 
and applied urban runoff model. Thesignificance of this comparison Should‘ not 
be overstated, because the SW MM model, in its entirety, has a mudi wider scope 
than the ILLUDAS model. -1 There are. however. practical. applications inwhich 
the desk-top computer versionof II.-«LUDAS may be successfullyused to replace a 
much more complex model. 

,ra61¢l.a. Comparison for VV._.e‘ri”ficatio;n Results ‘with the Iuubhs 0 

1121.3) 

2 . . 

A _ 

. 

V 

I 

.VRlm.<‘>if_Volumes 
‘ 

V 
I 

Péak ' 

'-Emmi - 

. 

~~ »~~6 ¥€”+~” ‘ "T" ‘j”f‘“i'Tflf£‘
_ .Number Q1, 05+ 05/62, v, vs vs/v,‘ T T5 T5 - T, 

1 (as) (as) 1113) (1:31 (min) (min) (min) 
‘ *1" m33.5- f34.50f 1.0299AA4s 343 49 500’ 1.0239 42 

" 
- 2 

» 

2_ 21.5 22.40 -1.0419 23 770 24 4001 1.0265 ‘122 122 
'

0 
3 7.9 3.30 1.0506 20 zss’ 20900 1.0302 110 -110 

_ 

'0 
'4 5.4" 5.40 _1.0000 79 969 

‘ 

80 200 1.0029 _310 .321 +11 
15.« 3.5-‘ 8.80 1.0353 102 411 103 700 1.0126_ 425 412 -13 

1'“ 
6_ 

, 
9.3 9.40 1.0108 40 667 41 400 1.0130 355 354 - 1 

» 

"' 
‘ 

7. 6.9‘. .6.9o 1.0000 .4s'39s 49 200 '1.0166y.145 143 + 3 
L 

fV~” 18 s.1_' 9.60 1.1352 33 732 32 800 0.9724 35 
V 

44 4 9 
1‘ '9 37.41 38.66 1.0337 39 011 39 629 1.0153 0 28 - 2 
1 .10 23.4 23.51 1.0047 14 023 14 413 1.0282 9 9 0 

11 13.5 13.55 1.0027 39 316 39 901 1.0149 9 9 0 
12 7.1 7.47 1.0521 17 9551 18 470 1.0287 52 54 + 2 

'0flean 15.63 16.12 1.04 42 324 42 377 1.02 137.00 137.58 0.53 
aawau ' 

. 

‘ 
”

V 

1Devia,t_ion 11.11 11.37 0.05 25975 26163 0.02 145.32143.73-. 5.95 

Coefficient of '

, 

Variation (96) 71.08 70.53 61.37 61.02 1.56 106.07104.47 - 4.87 

_*fSubscript' 1 réfers :6 the ILLUDAS model 
‘l'Subsc‘1"‘ipt_ 5 refers to the SW MM model (Runoff Block)



on" the average, the runoffoipeaks simulated ‘by"ILLUDA'S' were about 3.7 
percent smaller than ‘those simulated Similarly, the runoff volumes, 

produced by ILLUDAS were about 1.6 percent smaller. In a more detailed’ 

H 

"V 

eitaminationfthese differences were found,’ statistically insignificant at a 95 
~i$ereent,»confidence-=level.l v * 

I 
-I t

. 

V?-‘. Times‘ to ‘peak by ILI‘.—"UDAS* a”"lndT'SWMM“were- practically“ 

identical-. « 

"",l'hus' “onefmay conclude that -for a simple simulation‘ of runoff" from, 
' 

iifnperirious’ areas -and an .op'_e'n-channel -flow routing -in“ a converging“ sewer 

network, the modified ILLUDIAS lmodel»pro:duc'ed results 2il.i.n_b,st identical with 

ithose oi_$tained;.with-ithe—'Ruhott ;B_loj<;l<—' or the —pSWTMM‘:=.m,odel-.~. 
' A

I 

>7 
creme §!9D1i?1ED_“-LUDA5 new 

An -»’eitperimental"sensitiAvity of ILLUDIAS-model was 
coriduetéjgl for"th;e“‘ Malvem ‘catchment. "Ij1‘this a_nalysis,~ the -selected input: i_ — 

. parameters were varied. over a wide range of values‘and}tl_1e, resulting efiect_s 

the model output were studied. This -t?yp.e%fo'f_- infor_rnation is. useful for model " 

users, because _it_indicates.. which inputparameters s-trongly affectlthe modelling 

therefore should be specified quite ‘accurately. Other parameters -- 

may be just roughly estimated.‘ _ p 

_

. 

‘ 

In‘ particular, the following _factors affecting‘ the ILLUDAS simulations 
were studied: 

A g 

_ 

l 

I 

' 

H 
.

' 

Design ‘rainfall input Return perfii0_dV. 
-’ Storrn_duration

. 

"I 

- Time distribution of rainfall intensities 
- Time step J‘ 

H i 

A I
' 

Hydrologic and ‘ 

hydraulic pa'rar"neters - Initial loss‘. 
p U 

‘ 

- Antecedent moisture and infiltration 

-b Inlet time.
I 

- Pipe roughness 
I 

,Sii’nula'ti_0n techniques - Discretization of the catchment 
’ ' -' 

' "Simulation mode 

._2#_- .



~ 
Numerical values of input parameters and a description. of various * 

‘simulation techniques used in the sensitivity analysis are given in Table 9. The 
best estimates of input parameters that were used in a reference simulation are ' 

also listed in Table 9. The results of the sensitivity analysis follow.
A 

Table 9. Sensitivity -0 Variati0ns_in Input Parameters . 

Reference . 

Parameter . 

_ 

_Simulation Variations 

' 

Period (‘years’) ‘ _' 5 ’2H 10 
. Duration (h) ' 1 0'-5’ 3 
_IntensitybDistrib4ution tp’/107* 

A 

0.52 o,o3_ Q;-_2’5 
V 0.77‘ 

Time Stepi'(rfi_in) 2 
A 

- 1‘ 5 
V 

30 

liydrologic and Hydraulic Efaraine_te'rs 
A 

.'
0 

..Ir1:itAi'al'l"ibs‘t.1":a1"<‘i:Z-!ti'oin (in.’) -ixmperv:ous 10.02 
, _;o no.1 "$0.25 

_ 
- 

‘ 
‘ 

' 

A 

»'Pervi'o’us_._0_._.l84_ _0 ' 

0,2 f‘ 0.50__ ' 

. sou Infiltration Curve 
_ _ 

' 

, 
0 . 

0' 

* ”(Acr;ording‘ to the Soil Group) -SWMMT A B c D 
Ahtecedent, M_oisture:' Conditions . l 

I» 

— 

_ 

'2 3 1: 

Inlet Time 
‘ 

2 V 
_ 

‘ 

mi 0.1’ Ti 0.3 ti 3'11 '1"w'e 

_sS;ewer Pipe Roughness - 
- 

‘ r 

0.013 0.010 0.015
' 

simu1a.ticsn‘f_T;.e':c3rini

0 

_V 

0 
01‘ 

Discretization Level" 
‘ 

-(_No.: of-l;Z__l__e_ments) - 15 1 5 40 
V’ 

Sirfiulatiyén-Mod? ' 
’ 

1 
0 

2 .3 
V 

V 

I 

(Design) ‘(:‘\naly- (Press. 
_ _ 

, 
2 sis) Flow) .. 

i 

_ 

V 

= 
' 

' {Oyerall Distribution_after Mitéi 1(3) 
'0 H 

l - 

u 

’ 1' Soil Infiltration ‘Described by Data in Table 3 - 

- -

‘



Rainfall Input 
__ 

The ‘se1ecti__o‘n ‘eta design teintali input (design tsngm)y to’ be _a subjjwweclt 
°f C575/fl‘°VeT$Ys 9f the C_I"_i_‘t.;!C.iS,rTI'A Of" the design _st_orm approach centres on 
the -underlying assumption that ‘the return’ of a storm event and of the 
resulting runoff event are identical. Additional criticism stems from rrsomewhatn 
arbi-trary definitions of the parameters of. design storms. {The purpose of the 
discussion presented here is ho't'to e'xfa‘mine‘ the ‘fu_ndar’fi‘enta;ls of design" storms, 
but simply to _demonstrate the effects of Variations in designstorrn parameters 
on simulation "results." ' 

' 
’ ' ' 

4‘ 
" 

'_ 

V 

‘The design storm used in this study was that developed :?l'Vl.itci' ('_3)7t‘cs',r. 

Montreal. 
I 

A 

‘ 
I H’ V l 

‘Return '- As the residential drainage is typically’ designed "gorhev'ents 

with return periods 'ran’ging.'f,rom"2. to 10 years, the same range- was used: in the 
sensitivity analysis. The 5-year return periodrgwasitaken t_he»refe'rencé!yal'ue_.;§‘ " 

Simulation resultsvobtained for various§'.‘lreturn shown _1';n~‘_~'_l'able” 
‘ ' 

ll). Both runoff peak flows and volumes increased ‘by 40’ percent to 50"perc’ent 
with a return period increasing from 2 to years. 

Table 10. Sensitivity of Runoff. and volu.mesl.to — 

Return Period 

Riainfall Return Period 
I 

Runollfuflll-lllealt Flow. Rmt1noft»Ah\(olume 
‘(years)’ n 

s (as) news) a t 

. (£9) 
“ 

06») 

2 66.6 79 = 67 zoo - ;77 
5 84.5 100 

‘ 

87 600 .100 

10 A 100.5 d 119 111_9oo -'12s 

‘-= -‘The selection of the de‘si:gn'»stor‘m duration is tfairfly arbitrary. 

In lthisflstudy, the storm duration was varied. Srornx 0.5 to ;. about -three hours. 

For the design storm employed here, Tthestorm duration does not a_.£..feCt the peak
' 

rainfall intensity, but it does affect the totjalprainuial-pl depth. 

The simulation results obtained for a 5-year stor'm’awith. durations varying 

from 0.5 to 3 hours are summarized in Table 11. It is of interest to note that 

while the simulated peaks were not affected by the ‘storm duration,— the simulated 
a 

runoff volumes increased with an ,inc‘rea_sing storm duration. The volumetric 
rtlttoffcoefficient, however, remained Constant. 

“’ -25-



~ 
i 

_ 

Tatile nil. Sensitivity of Runoff Hydrograph to 
A 

Durafim 

Duration Peak‘-Flow -Runoii Volume Volumetric. 
V 

' 

_ . 
V 

' 9 

Runoff 
1 _(_n). 

.» (cfs) (96) (:13) .(9s). coemeient 
oi.i511_ 

i 

7 

33.9 99 74 600 85 03!: 
1.03 84.5 10a 37 soc 1oo 0.351 -9 

3,031 , 85.5 101 
A 

98 zoo 112 0.35 ._ 

7 

intensities‘ Th_'e 1pp.1distiri1siition11 bi ’ 

during a de‘si‘gn'§s'to'rjm is typically- described by two P§'3I'§i§“t'1:_rs I-fa _di$tril>Lu>1:io'_!jI:'-:_
j 

funétion :of:t__‘en derived‘ fthe rainfall 

L :t'1i:¢1_.-'re1at_1§e.- bi‘ tl"1ei.pea'"k. 1‘nté§1§ity. '1fhefi11t"¢1ji}si't'§»-ia_1s'tri1:jutié:‘a‘-'_ 

iised .:'here,"v‘IaS,’_fl1at'_d§v§!§ped_— by'1Mitci"1(;3)_éhd oo9u1dib¢’11dejscra1;ed-tor 9 

i 

1 

ir1_=;ife_I1‘én<::e’iisto1*'1’n' as ro11§wse 
1 ’ 

..__s5 

where .1 is _the_' 4_rainfail".-intensity,(in./h) a?.9..19 (nun). A

' 

- before iaf-terfF1e:in.teinsifY 'P'eiak..« in_tensigy‘:d.i$t_rii7u.t-ion’~for'a:* 
-desijgn sto‘r_m ofla particular retain -period‘-an'd‘idi1raLfi_o.n, Athfen, de§ig'ner.£irs{"se1¢¢§ p;

“ 

_ of intensity peak and “then i:'alculates- intensities for Vagious times 
before .iand1a_fier f_~the peak-«. " 

.jEb.i', the purpose of this»bs_t?udy,1;four different timinge:of_‘.ti1e’intensity peak 
‘Vere considered; These timings are described‘by"a ratio tp/T, where tp is the 

__Vpt_irne to peakand is'the~stor‘m duration.‘ The -four 'disti'iButions used can be‘: 
' 

- des¢rib'ed'a's follows,: I 

.Fully advanced distribution (tp/TV = 0.03) 
' 

Advanced distribution . (t p/ T = 

Centred distribution 
' 

(tpl T -"= 0.52)? reference 
Delayed distiribiltion ‘ ~(t‘p/T=.10.77) 

_ 

Runoff peaks and volumes simulated for various intensity distributions are 
listedin Table 12. The lowest and volumes were found for the fully 
advanced ‘distribution when the peak intensity coincided with Vmaxirnumli 
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due to high infiltration and the filling of surface storage. The peak flows 
.ifi§re_a.sed with iliCl‘éasing" values’ o‘r‘t"pIT;f §“'rhe rate or increaseivin peak flows 

A 

for tpv/T»,>O.5!. The total the peak-‘flows for the 

and_.delayed distributions was? ~per‘ce_nt:~. . 

-e - I 

~ 
.- .Sensitivity or -Rmoff Pealéfaixd-“Volumes mo. Timing offli 

H 
. , 

A 

_ 

. 

i 

. 

A 

volume 1;: 
Relative ffime 01 Runoff Peak l'f'low 

_ Runioff Volume Runoff from_ 
Peak Intensity t P/1' 

‘ ' ' 

~ 

, 

,~o*.»-03;." 
.. 

A 

~ ~59-.5 tgszs’ ~ '.:-s"3.78ob... 
A 

;.96 
- ~. 7-200.» 6; 

0.25 so”.3- ~~:_§5‘ "\'85‘J.‘8/TOO 93 .9~spoo' 
' -..o.52~,._ __ . s4i.5—.-»:’rg1*oos:»-.»l : 877600’, 1oo;..;.=.;...:1—;~:6oo~;L I00 

-.9.~z7_-, 85.8 : 102 . 3:9%'_oqo._._f; .192- _v :13.1op_i_ -.f122— 
_V 

Simulated total runoff volumes proved to be barely 
V 

bsensitivie to 
distribution of -inten_s_i_ties. The difference ; 

r'uno:fi' lyqlumes
_ 

V 

.andj;_d'el'ayeddistributions__was "only 6 percent. ,.Markedly.*differe‘nt 

results gsvere ‘noticed, for volumes of runoff-gfrom,-.j=pervious 'parts~f.of:».the’ 
b 

'_ c_atchm'ent. __The;volume.simulated.-for thexfully. advanced? amounted_ 
V toione half of ‘t_hattcorresp.onding to thebdelayed distribution; V " 

’‘__l’ime step - The rainfall input is discretized into short time in'ter—.va‘ls,-= which in 

the case of the ILLUDAS model are.id'enti;ca_l' with the computational time step 
used in-simulation, -' The ILLUDAS manual l.b(5,)-offer_s-Vfsomeb guidance in the 

selection {of the time step"-_'_it should" be as, short.-as the quality of the rainfall 

data will ‘allow and "ideally "it should be _l/ 2 to. 1/3 of the average inlet-_tirn‘e~.for-e 

paved areas-.«~ ., 
V 

_ 

' 

.~ 

A 

:7 . 

-1 

‘In the sensitivity analysis, the time step-vwas var:ied._fromr 1-to» minutes. 

‘The results of all sitnulat:i<);I1$f;al7<;3'i$hO_.V(n~in-T ab_le*}l3., _h 

i 

x 
' 

i’

b 

The simulated peak flows "were" fairly tlengbtih :_0f the ‘timed - 

step. tvv/;o_shor’test ti_me steps, land zA%mifiutes, met'the7cr?iteria.fo1‘-:.thletime 

step 'identical:_results.__Q Further increases in the 
producedbunrealistic 

results. 
s

l 

_ 
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~ 
Table 13. of Runoff Hydrografll Parameters t0 

Time Ste? 

Rufioff Peak Flow Ruhoff Volume 
Time Lag* 

(:13) (96) 
a 

(min) 
«1 85.5 - 101 

V 

37 400 100 
l l

4 
2 84.5 100 87 600‘ 100 
5 73:1 92 = '88 300' 101 

10 
' 

' 

50.3 71 39 soo 102
‘ 

so or 35.6 
V 

liz 
95.2991 ““lqqfl:. 

Time step 
__ 

(min) (Cfs) (96) 

OOUI-k 

..em;.;:5 rm; 1., nmdigiamensiiy 1 

islirhjulated jvlolumesi were barely by of; the”tim'e‘—
V 

A 

“"l'able'_l‘3)-i The effects of thetirnelétép on times to 
' 

‘ 

- vim.-_a1‘so fairly smau. 

Hyd”ro1§gic'.am'i Plydrauilic Parameters 1 

'_'pl_"‘l'he.'follo\v‘irig. four parameters vare—coriside_red- tf_1fis‘section:' V‘ 

"abs_tr€‘ac”'tio_r1 loss, infiltration. for various antecedent moistiire "c;or_1ditiofns," the 
inlet _tirme,{an'd the sewer pipe ro11ghhess.; first‘:twjo'paramé"ters._ar'e Pertinent 

1 to 'tl1ef calculatiori of losses t_hevcat'c'hm_en’t; the lasttwo affect flow rooting on 
the surrdge a;'.we11 as in sewers.

_ 

- The initial- abstraction loss varies clepe1'1dii’ig,on"thg 
‘¢ia'tC_hmefitw_sU§ia§e.~ For impervious areas, theloss varied from o. to 6 mm (0 to 
7o'=.25,1n..).. ;Oh’pervious areas‘,.t_l_ie loss varied ff_ro_rn o_ to 1-2”mml go to oi.,5in.).~1'he'. 

. results of visimlilations for variious initialilosses are giwien iri _‘l_'a_ble -1 1.4 for both 
':’1dv;s. and volurries. _It can be inferred from Table 14 the simulated "peak 
flows‘ "v1'Ierebarel:y_ affected',‘.even by large v_ariations the ini_,ti_al loss. «One 
.sh',ould "bear in rnincl, however, that fliese results were obtained for the centred 

" 

fully advanced distributiori. 
rainfall distribution_ and that different results could be obtai_ir1ed,p e.g., for the 
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A about 27 percent; Sdch a variation'ocr:urs because raintaii exrzess 

' 

moisture condi_t_ions were considered together.‘ Altogether, 20 possible combina- 

.‘Table 14. sensitivity of Runoff Peaks and *vo1umes'to-"1mtia‘1’» 

I-ma! Abstracmw * 0 0 0 Runéii ‘Flow R““9fi’...V°1!1m¢ 

_1mperVi¢US Pervicus V/¢ishte€1.h‘n‘ni:n’iI 3 
"r'°“‘~“"r°’ 7"."‘?‘o‘:{‘r"?f-We "f" “"” 

0.00 
0 ‘ 

0.00 
‘ 

. 0,00 _39.0. 105 94'200, 103 
0.02 0.180 0.07 »su.5 100 87 500 100 

0.10 0.204 _4 0;13 
' 

‘iabsutz .i00_ 82 000,. 90. 

0;25 0.50’ 
» 0{32 ._ [7s.0_’ §2_ 63 s0o_‘ 730, V 

simulated runoff 
‘ 

volumes wereymore sensitiveto the ‘initial abs‘t'ra{rftia:j 
_ 1 

(see Table III), The range of Variation in simulitéd runot-fwvvoiumes ‘a_.rnounjt'ed~'ito3.,j""'«-'
’ 

in direct proportion to the initial ‘loss. 

Infiltration aid anteizedent conditims - 1n_ffltration_ and antecedent 

tions or soil groups and antecedent moisture conditions’ were considered. Such a 

set of 20 sitmulations repeated for three different - a 5-year sterm (the 
reference storm), 'a“l0'-‘year storrn and, finaiiy, backyards tiirectl_y ‘_oonne<:ted_ to 
streets.’ results of -an 'simulations are given-in tame; 15-17. disctissjon 

of resitiits starts with peak flows follows/ed runoff 
_ 

' 
' A 

The results of runoff peak simunlations are-siijmrnarized in Table 15 for the 
5-year storm and the existing catchment -drainage.’ It‘ is interesting to note that 
even for‘ a large variation in the soil type: and‘ anteéedent 'moisttIre 

the runoff now; did not very muéh.‘ The smallest peak" represented "92 

peréent of the reference. value; ‘the largest peak‘! represented 117 percent of the 
' 

reference. 
' value. soilftheerfange of peak flow variaétiionshdue to" V 

the ‘variations in the antecedent‘ moisture eonditions did not exceed 24 peréent. 

Sirni1ar_l_y, "for any“ antecedent rnoistur_"e' condition,‘ the range -of peak tier} 

variations "for various soils did not'exceed"1’9 percent. When‘ all" 20 peak flows, in 

this-set'were"groupe,d ‘together. ihéY..C0Uljd by 3. rnean 
Obf‘ 

(Dig 

the reierencepeak) and the standard deviaticn or 0.08. 
" A " 
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Table 15. Runoff Peak Flowsand Volumes for iiariousn and 
Moisture ‘for Pervious Areas (Front Yards) 

- 5-Year .S1u;*m ' 

Antecedent ‘

. Moisture 1 2 3 -4 ‘ 

_ 

Index_ 
5

‘ 

sou" 
' 

Flow Peak F_lov_v ;éa;k Flow Peak Flfow. Infiltration ‘ '8 8 

V " 
‘Curyen ;‘(ci'fs)‘._ (95) (cfs)__ 

SWMM 84.‘-5 
’ 

-100 89.8 
V 

105 93.5 - 1,11’ 93-.5 
. 

111 I 

77.5‘ 92 77.5 92 81.3 -95 85.7 103 
77.5 92 77.7 f9_’2 -83.8 _"99 88.5 

' 

105. 
y" 7"7_.9 92 82.3‘ ” ‘-97 88.4 105 

_ 

95.3 11.4 
for 

n 
u: 

>- 

. ; 1I_;‘\'.vp1gn1a:‘ R‘._v1_o1u,me’ 7 yoiuiré ” 

195) (:91 (73 1 (95) 
SWMM _. _'87“566_W1(1o1 1971007100 ‘98 9011.113" 113» 

75 ‘ooog "87, 75 260' 
, 87 84 90a 97 94 ooo" 107 

V 

The was repeated for 10-year stor_m.(‘l."able 16)1wi,,t_h similar 
resultsg The variation in peak 

A. flosys ‘simulated for various soil" groups and 
.antece_dent’moisture conditions. _in;g-eased, _.3t¢r1* ilittlfe. For allizo peak flows, the 

1i01,"gf..the _refer_enc_e_VpeakAf_low, and the standard deviation was 0.10. A

- 

(_;::s_)__ (95) (cfs) 196) V 

$8,, ,,.;87_y.7 '_1o,4_‘ _.97.1_ 115 98.5 1157 1 

75000 __87 75 000 _87 so 700 92 90 400; 1034 

75 5o9...'87 
. 83100 95 94 -300‘ [108 104 500 "119; 

_ 
84100 95 :92 900 105* 107100] 122 109-500 _129_ 

. 

_ laclg of“ sensitivity 5; 
‘ 

simulated runoff peaks. "to. infiltrationvavaisdjy If 

‘- moisture was somewhat surprising.‘ A Closer examination of the 
cat<:hment‘A;dra‘inaVge 

j pattern indicated that only the. front yards cont_ril_)uted 
. effectively to the total runoff. The runoff from backyards is much too delayed ‘ 

to contribute effectively to the catchment peak Consequently, the, 
effective catchment area contributing to the peak flow is only 11.11 ha 
afimpervious area .‘+ front yards) and the imperviousness of thi_s"a_rea

_ ' 

percent. Changes in i.nfilfration th.e;r_e£ore affect runoafift from Qn1Y.’29 percent of 
the effective area and have a limited effect on the total catchment runoff. I

. 
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Table l6_._ Fldws» and Volgjnfhes for Va1fious_ Antecedent 
‘ 

‘ ” 
Moisture tat 1>;erv1ous ‘Area; 15r.amed:_; (Front Yetids) 

‘ ‘ 

1 * 

Moisture 
A 

1 2‘ ; 

' 3 ~- * W11- 

‘ 

Index 
2 2 

'

' 

'- C Peak Flow‘ Peak, PM 1 

7 Pe;1k‘F1‘o"w' ‘
4 

lfifiltrationi. _ , 

- 

. 

- 

_ 

. 

b

' 

~ (#5) ~(t?6)1 »2.2<2.<1.=.fs22>;t«1t: 1%) <¢7fs>t 1 2196) 

. SvIMM_ 92.2 100 100.7; 109 7102.24 111 11o2._1-2».,.1;.11 
" 

79.5 as 
__ 

79.6 as» 1 

‘ 

85.5, 94 95.9.". ;ff1o4 

229.5 "35 _.__s1.3 
1 

1 _9o,_5 9.8 93.5 . 107 
32.0 1_ 39‘ 88,6 

: 

95 . 1 93.7 
. .107 -1o5_._1__ ‘l_1.l¢_?

_ 

_s9.4 97 " 9715 ".'1_§6[ 105.8 3115- 21o.s;‘9§'_1-’.‘11ts 

_on.a:> 

1 AR. VVol11me 
’ 

_ 

V(olu111e :‘R-,.
b 

1:?) 1 (96) ttt’) 
J 

’JV:"A;(—f‘t§.»):_.:1(?6) . 
’ 

(.§éi 

‘SWMM ’‘ 7111900100 122 000* 111 1124.066 .111 
2 I 2 

931ooo_ 33 9311001 :83. 1.102-oooh 9111.113 760. -102 

93 ooot 3,3 
‘ 

95 ooq H35‘ 
2 

107 v8QQ_-vii. 9'5 .118'+ro.o 210.5 

95 100 ‘$5 1d5’5dd_ _9a 
A 

.119 30.11 107‘, i13.o_ 5'00 117‘ 

107 ooo 
‘ 

95 117 900 , 1115 
‘ "132 909 119' "135. 2001 121

2 
U’ 

.0. 

°=,> 

.. 

One would ‘expect that orufiofi peaks ‘from gatchments 'w_ith 'lérg"e5r1 

contributing‘ ptervioust 
' 

afeas would be 'r'n'ore.1‘2sen'§iti\'}e' to ¢h,a,nge‘s in‘. $911 

infilti-ation..1 . To pursue 
j 
this point 

' 

7furt_he_r,I a hypothetical cétchh1ent' was" 

investigated in. the last séries of isimolatitbghs. hypot_het;ical catchfnentoiés 

identical ‘with’ the 'M‘a1‘ver'n "c’:a'tchm:ent‘ tjtu aspe¢t§‘“§£cept’ fési ‘;1;r;;:1;rjé;;ge"t*t;t‘

' 

.baf:<:kya1rd§‘i'io”nfiectéd"cl‘ir¢ctly’i:o the "streets; /1hu's‘ i.:ntire.}'pérV1t$u*s‘ .a‘réa (15.45 

'|‘1a'i.—=1%66-percent ‘of-‘thé—tot‘al‘-Eatchmefxzt aréa) ’wa;+.:7eitect1v,é1y2 oontriliuting’ to the 

catchmerjt r1.1no'ff.‘The results -of simulations-'fo'_r" the hypothetical éatchitfxént a1r_e_ . 

. given Table.-17 and . indicate of.‘-peak.’ flows: to both 

“cha1"act_<-Lristics a:1tl"tI1e°’afii't¢a'_t:f<e.é1entmohtuteobnditioiis. Ihétange ofpéé1k‘.fA-lo\1r 

vjaraations for} soil grotip and »;ar1aus'anit¢ce&¢fit vmoisturé conIc'1;ijt11.E_>]r1s 

"-to bérceht-2 Similafly, the Iflojw: variations for 

I par"t1c'u:1.'ar* antecédent 'm6i§tlIfé oonditiofis. aV1nd.'.tva11'io1_1‘s éoils iixéréiséd 5,52 

Percen't:‘*"~" " " ' 

J 4' 

. 
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‘fable 17. Runoff Peak Flows and Volumes for Various Soils and Anteoedent 
' 

Mo‘is'tur_e for Pervious V 

T (Frorlt Yards)
i 

3 

' i 

— 5-Year Storm‘ ' 

Antecedent ' 

M_’Qist‘ure '1 2 3 4 

Soil 
A A Z Z 

Pealcflov/; 
I 

Peak5Flo_w -Peak l§io\v . Peak 1=.1¢s;_7 Infi1tration'_. 15:51 1951,; (cfs) (951 7 (5:51? 1951 "'C“‘?’_Y9_'_d 
5 

~ 
.5 

_ 
A 

, 
_, SWMM 93.2" 1oo 109.1 112 

V 

1-15.12 C-123 115.0 123 
77.5 33. 77.5 83 ._s1-.4 87 100.9 198

A 
13 77.5 33- .7715 83‘ 83.4 [95 105.5 1131 
c T 77.5 33 34.7 91 1051.2 113. .12_3.s 133' .D 

ii~(:ttfi4f1M7‘f(95) 

SWMM 110 560 1ob°“* 153 1100- 139'” 151 9.o°o7‘1,a5. 152 1100 1115 
75 ooo 59 75 ooo 59 83 800 ‘*75 113 

~

~

~ 

(?§)p 

i 

(1_.:5:.<»)”i’fi (95) 

-s5’.3__- 93‘ .1pz;‘1s11ol 125.1 1735" 133.5 1113 7

~

A 
3 _75 ooo ‘59 75 0110 59" "1_o—1- 91- "139 700 ‘.125. 

1 c '- 75 000' 59' 492,500 sap 11103500 -1'35‘ 300 4153;)D ». ~95 soon 37‘ 133 500'-12I** 198 1oo,“179 'i298‘6oo ‘I89 

Runoff volumes were found to be only slightly more sensitive to soil 
1 infiltration than peak flows. For the -5-year storm and the existing catchment 
drainage,-.the range of variations in runoff volumes due to various soil groups and 
isantecedent moisture conditions was 32 percent. Theiresul-ts obtained for 10-s

. 

‘ y'ear.storm‘ were ‘practically identical. As discussed for peaknflows,-the portion
. of the ‘catchment effectively contributing «to 

A 

the total runoff is 
impervifous, and anywherefrom 83 percent to 100 percent of the total _runoff is 

» c'ontribu‘te’d by the impervious areas. Consequently, the variations in runoff from 
the perviousi area havea limited effec‘t.—.on the total runoff. 

Finally, the h_ypothetical case with backyards. draining directly: onto the
I 

’stre9f_§ was s't'udied’(see Table 17). As .e_xpe,c-ted, much larger variations in runoff 
volumes were found. In fact, the runoff volumes varied by a factor of 2.7. .' F - 5 
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lnl.et-time- -5 The inlet» t_i>me, 1s_a/_,f.;ai,'r.1y imqp.9rt-ant—--:par‘amet_;er contrpls the 

speed of rurioii-.in.sijbcatd1merit_s,.. In ‘ttiefs,<,einsii»tiv_ity ahalysis, two approaches to 

_calculat_ing- i/n_1¢et times wer.é[oo..nsidered -f the’ Aexpressio'ns‘built5into- the origirual 

m’od'el'ahd'th‘e’ kiiieriiatic wave equatioh 4)W.*. 
A ‘ ' ‘

H 

_ 

-in" the original ILLUDAS model,‘ thje iniet time’ Ti is calculated'froi1:1:':the 
‘ 

-V following ’expressi9'hs: 

ililmperyious Surface A 
' T. 

‘

f 

* 
I 

(.l.&‘l"86V)V£‘VrO_‘.aE:73':X:S‘lZ2;X60 

L004 ' 

_P_:.erviqu_s: . 
._ 

. 

_(7_) 

.V 

wherg. Ti. thei in_let time; (min‘),. L is overland flow (ft), the « 

— slop‘e_~.of- the trAave11e:cl’.°|t_3ia.th a_nd is the Ma_._n,nin’g coef_jic;jent;: 

f f 
f 

iollowingttivejsétsioiv;aiGs;s,t§i;f_i:iiei
J 

Ti; » ‘o'3'}‘-Ii; _l " 3113?. kwe 

ltwheifg theifirst, four were calcglated from ’Eqs.'i6=andv 7 .(i_.é..'" 

. 
_ _1]~.LUpA$'_ app_roagh) and the__ iasi time, .1‘ i kwé; corre_§p.orids_ 

to,-the kiriemgtic’ Wave 

A.,_equatiqn:..(Eq.:,4).I;It of interest to n9te=that ‘_irfip¢rviqus ‘areas, the mean 

-inlet. =1:-ime7‘Vl'ii ‘was abgut ‘twice’ as" long as thé'm'eani time iéalcuilatfed fromifiq. 

~ Res,u_1,ts. 91 runofi:..5si‘fnul_ati9ns.for ’vari’o_Us 
in"l"abl’e‘3_18,. 

we 

4, The cun¢_i£‘=pe";iks Vtvaritejd éonsidérably with— varying. ihletr mes. «By the f 

- .~-i'nlet':~tim'e «Ti -jriom 'i‘-i,t‘vthe-rundfifpeaks=were:_:i'eduCed "at iactér oi 

two.-.. Thevikinematictvwavéi equation’. producedga runoff peak ajgout 20 percent V 

-.‘.small<:ri'than>~<fliat ti) flieprigrinal iigodel Gomputatiofisq 
*' ‘.- 

= 
'- 

. 
‘in.-inletti-tmesfdjdi rIo'tsa'Nf-fe.Git rungff v6Iu"'rnes.-at.-}all»(see{.’Tal§}e '18). 

P - __The -pipe”:"roughnessj'-jafiects‘the fldfw. 
t76VhL‘ltiI'j'g:-..i’r’t sewers; the 

isensitivitfy analysis','.ithe;roughnéS$ .\vas"7vaif'i’e'd. in 
three‘ steps: ‘.n=Q..Ql and 

' 0;0‘l»5.:. 
va1ues~'oi pip’earo§.IgAhne§s. are Shoiwh 

in Table Z19. “ 
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_ Table 18. Sensitivity of Peale Volumes to Inlet ‘l"l_me 

Calculation Procedure 

iiulriletilime 
' 

‘1z..;.£1p..1. Flow 
.1 1' 

1R1uno1f1f Volume Calculation '7 ‘ ' 

_ 

' 

.

‘ 

_ 
_ » 

(cts) 
b 

(96) (ft3) ‘ 

($5) 
1’ 0.1. Ti. 

. . 

_ 115.9 137 87 eoo loo
p ‘ 

0.3 Ti 94.2 0 lll 87 512 loo 
‘l'i* 84.5 

V 

loo 
_ 

37 512 
A 

loo 
time.’ A 

59.5 32 
I 

_ $871616‘ 
_ 1 loo: 

33‘ Ti 2 
_ 

_ 57,0 67 
p 

87 519 _. loo 
*'l‘i = Inlet time as calculated theoriginal ILLUDKS . 

+1" 
i ikwe 

’= »I_nliet'V time‘ calculated from the kinematic waveequ,ation' 

__ r.1.1..19.s...1.1.1., of Runoff: Peaks tosewer 

Séwer-we , _ ;f=s:v..; "sE6r_mM 
, 

1 

_' 11116353? 

Roughness ‘Peak’; Flow vNumb_er_ of" . Peak» Flow Number of" 
’ Changes in . : Changes in 

_ Commercial 1 Commercial 
. 

» ' 

' Diameters* 1 M Diameters‘?
' 

(Méhhing n) (cfs) a,('%) = p 
1 

(cfs (96) .

l 

’ 

0.010 37.1 103.1 -10 91.3 1199.0 .-l2 
--o.ol3- 84.5 100.0 . o 92.8 100.0 0 

- 

p 

0.015 
_ 

84.1 99.5 + 4” 921.0 99.1 + 2 
" *(+) sign means increases in diameters (by ‘one increment) 

('6) sign means reductions 

"Effects of the pipe roughness‘ on simulated peak flows were rather small. 
. Intact, by increasingithe pipe roughness from 0.010 to 0.015, the total peak flow 

’_ 
.' _rh'u_§h;'1more' significant. changes could be fou_r1d'for individualcsubcatchments and 

4 

Sewer» pipes. Consequently, the'model was run in the design mode, and changes in _ 

was reduced by only 3.6 percent. Although the total peak flow didvnotldiange 

commercial pipe sizes resulting from changes in the ‘pipe roughness were 
examined. By reducing the roughness from 0.013 to 0.010 and by using the 
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commercial "pipe sizes; 
' 

'1 

Out“ of reacuhhes: were desighedd srnaller 
- diameters. An increase in n from 0.013 ‘to? 0'.ol'5“‘resultedt infian increase 9:, tour“ 

pipe sizes. : lt—¥Would- appear that althoughlthe changes the pipeeroughnvess do 

not "greatly affect the catchment; ‘peak flojw,_ they,may’ haye some leconoernlcal 
significance because_ of a number of changes in the individual pipe diameters. 

simulation 

’ "In this category, two simulation aspects};/ere .<_:on,siclered-H - the ‘level’ of 
‘ 

« catchment discretization and thehsimulatilon The former aspec;.t";iepencls_ 
to afllarge extent on‘ the judgement olfthe model user», and the latter "_then 

V‘ 

follows from requirements o£;;a‘parti”eular.'model .a_,pplif<_:ation._ 

Disc.‘ I. ‘gfion level - The discretizatien-/is H/ined-here as the suhdiiilsiionhofv 

the catchment into a number of subcélt¢hments',, each‘ of, which has a- 
cor‘respondil'?Ig .s,ewe_r— ipipejor drainage. In‘ -the sensitivit-y‘anal‘ysis,}four cliffereht 

levels or discretizatian were usecl; i 

. _

i 

' 
’ 

_ 
1,- 5, 15 and 4Osubcat<:_,hmeI_1ts (pip;e's)_.

_ 

Using these levels. of discretihzatifon,;jrunofi simulations were done: -for the 5-. 
year‘ st‘_orrn*,»- 10-year storm, and the 12 actual events used in the Verification . 

. 
study. The results oi'.th.e‘se sitiiillations are sumrna.ri>2e<l,in Tables 20 and 2.1. 

'

. 

Table 1). Sensitivity of Peaks and‘ Volume; of 
_- 

Nunaberfer f 

" pa. F1.;..i 
e 

assassin Vo1§::rne
_ 

subcatchments e 

‘V -‘ ~ ~ 
hdlpipes); ,~ _ __(cfs)_ <96». (:9) (96). 

' ” ’ 

‘7"2.'s ii” - "87 524 r'.1oo 

"5 i 77.5" s9 " i 

‘.87 e22”""“ "floo 

15 
“ ' 

" 
84,5 ”9'7‘.*5‘ A”-z37'6.12' "160 

40 
' " ‘ 

‘ ’8”6.7 
‘ 

.100 t 

" ""s7"§27 

e-.36-'-V



~ ~ 
Table 21. Sensitivity of Runoff Peaks and Volumes to of 

Catchment Discretization - Verification Events 

' 
' Coefficient 

of Variation 71‘.-1 59..5 12.4 51.1 51.3. 0.3. 
._.. 

-*1'_he -subscripts refer» to the number of subcatchments 

subcatchments. 1 
A’ reduction in the,-number of subcatchments from 40.=t‘o .1 

resultediinb the‘ reduction of peak flows by 10. percent and. :1-6 percent _fo_r,._th'e '10.- 

year and 5-year storms, respectively. In the‘ case of verification_ storms. the 
peak flows were reduced by 3‘percejnt. For verification storms of low intensity 
which produced runoff peaks less than 0.015 m3/s/ha,; the differences between 
runoff peaks simulated for land 40 s11bcatch'ments were negligible- 
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Ev... 9.... Flows (.30 
3 to 

R552: v.i......;9i(i?T. 
No’ 

Q4013 Q1 Q1/Q40 - 
V40 V1 ‘_'1/V4,0. 

; _33.5 23.5“ 
V 

0.35 43 300 43 500: 1.00 

2 21.5 13.4 0.35 . 23 300 23 900' 1.00 

3 7.9 7.9 1.00 
’ 

20 300' .20 300 0.93 

4 35.4 5.7 1.05 30'000_ .80 000_ d1.00 
5 3.5 3.9 1.05". 102 400" 1023000 1.00 
5 

‘ 

9.3 59.7 »1.04 
’ 

40 700' 40 700 1.00 
7 5.9 7.0 1.01 

_ 

':48_400‘ 443 400' 1.00 
3»- 'f13.1 9.5 1.13 33 700 1.00;) 

9 
' 

37.4 30.1 0.31_. 
_ 

39 000 39 100 -1.00—. 

.10 
2 

23.4’ 13.3 . 0.30 
i"" 

14 000. .14-100 V1.01A"'_ 
‘ 

11 ._. 13.5‘ 17.0 
_ 
0.92 

' 

339 300 39 400 1.00 '. 

_12_ if .. ,_7.1 ‘7.4 1.04 ___ 
' 

13 000 13 000 
V 

1.000 

naean 15.5 14.1 'o.97 
V 

. 42 400 42 400’ 

Standard 
’ 7 

. 
. . 

Deviation V » 11.1 3.4 0.12 25 900 
_ 

25 000 0.003. 

‘As expected; the" peak flows became smaller with a decreasing number of’
M I



; 
‘As discussed earilierf Iiiuons m6£Ie1‘3egn ‘be run in ‘three 

‘medes __ana_lysis“and surch'arg&e;rn‘odes.; ‘In the "design mode, the ‘model 
d;ia'met'e_r" necessary to_¢onjLey ,‘ine‘1nc5r+.ing, flow. 

‘ 

In the analysis 
méde, the flows above pipe rare .stored‘ odiside the _S.yst_ern and 
reenter'wnen the flow_s'fa1_'i' below the pipe capacity} aaaea‘susciiaege 

mode attempts to'a‘ppro::rirnate the press‘ur_iz9ed fl‘o’\iv by ¢afIg_‘:u_lating' the 
of the gradeline reqnired ‘tdcbnyey the‘fl‘oiv‘s_ exceeding the full.-pipe 

» capacity. 

storrns. Théplvresiilbts are fflgiyien in Table 22. 

A’ 
A 

Storm 

Mode ‘ 

« 

1 .- 

» 

; (cfs). (IIIiII_)_‘ iv (CifiS)__p (96)" 

15.~.r'.Deéign;,.7.39.5 
_ 

,1opf”' "$5 '92.2,°p1oo 
" 

Iv “4_o'
A 

2 - Analysis 49.0 53 
p 

34 - -35 .-49,oV A53 . 

3.-¥?»Pressure‘ = A -. 
1_ 

- 

j 
~~ 

_ . 

Flow 89.3 106 30 107.0 116 ‘35 

The results for the mode areaof little interest-, because. theipeak 
’ new is controlled by the. capacity or the outfall pipe (Q:a9 cfs=l.-392 m3/_s).. The 
other; an modesyielded more ‘interesting i resul-t‘s,."' T;he:: approxim_.'ate‘v1E19wrouting 

‘under-isureharge speededup runoff and were}‘«lO.;pei:cet1td~‘;t9 
4 

Pflfiefitihifihér‘ than*3thosef obtained“-in _fir_e*design. mode“ (i;;e. an .openv-channel
I 

- _U-SUMMARY AND ¢oNCL:Us1'eNs 2. - 

A standard version ILLUDAS;mode‘i was modified for operation inanp 

interactive mode on a- desk—top compiiter HP 9890. (l_6K=-bytes Am'e'm<_>Ii'y) with 

peripheral devices. The modified model version not only‘ retained all the features 
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A 

“. 

of the original model (1974 version) but was further expanded for a numberof 
new features. These new features ‘interactive program’ operation, 
multiple rainfall hyetographs, input of hydrographs from upper reaches, optional

' 

calculation of inlet times from a kinematic wave equation, storage of flows on 
street surface, approximate analysis of pressurized flow in sewers, dry‘ weather 
flow, and statistical analysis of simulated’ and observed hydrog‘r7aphs—. 

The modified ILLUDAS model was verified on the Malverntest catchment 
with good results_.- Most of the verification events represented medium *storm;s 
with a fairly high frequency of occurrence. On theaverage,-A the si_mulated runoff 
peaks and volumes were about 10 percent and -5 percent ‘smaller thanithe 
-‘observed’ ones, respectively. The simulated times to "peak flow‘ corresponded. » 

.f3il’lY C-.lojsel’y to the observed ones. ‘ 
V * ‘I 

The verification results obtained with‘ the modified iLI_;UDAS' model were
‘ 

cornparedtswiith‘ those obtained earlier with "tl'le'Runoff' -Block of the -SW MM
V 

A 

-Although the SWMM model reproducedithe Malvern data slightly ‘betteri tfh'an7the 
‘ AILLUDAS _:rnodel,, this gdi_fferf.ence was statistically. insignificant. It can ‘be 

concluded" ' 

that a7psi_nall' _urban_ catchment '\vi‘th runoff . controlled “the 
impervious area and an open-channel flow routing in sewers, the "imodified 
ILLUDAS jrnodel pe'r*form‘ed as .well__ as the -‘Runoff Block of the model. 
’ 

- x A_'sensitivity analysisiof the'moditi'ed_'iLLuDAs model was undertaken for 
the catchmient studied; The analysisldealtvwith the effects of the design storm. 
‘characteristics, hydrologic and hydraulic parameters, and sim'ulation techniques 
on simulated hyidrographs. 

Both runoff peaks and volumes increased *‘significantly with an increasing. 
return period of the design storm, 5Runo_f;f-' ‘we're practically‘unaffectediby-. - 

the storm duration, by time steps shorter‘ than ‘the’ mean. inlet-time_ for paved 
areas and by intensity distributions ;w_itha the peak occurr-ing later. ‘thanin the first 

» quarter of thevstorm dui-a'ti‘o'n;. Tirne steps larger than the mean inlet time" for 
impervious areas" ‘intensity distributions with -peaks in the first ‘quarter 
resulted in reducedipeak flows. Runoff volumes incre'a.sed'sign'if_icja'ntly iwith and 
increasing storm duration and delay in the intensity peak,-but were unafé-fected by 
the time step. 

i 

" '

I 

' 

A 

The hydrologic and hydraulic parameters included the initial abstraction 
loss, infiltration and antecedent moisture, inlet times‘ and pipe roughness. 
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The initial loss hardly. affected.the.peak—flows', but ha;.d_~ 3. .m.o_r.e pronounced 

Qeffect on" runoff volurin'es‘... For the catchment studied_,~_the effects of “the; soil 
infiltration_ .and.ant_ecedent,moistu_re conditions on -_runoV,f-pf; peaks and volur_n'es were 
not pronounced. For‘ avfull ran'ge”of antecedent moisture conditions an_djth:e: Soil 

. 
1'18 .di.$p.eI*sion. of simulated .'p,e.a|_<e IJOWS ,and,.vo1umlese about the 

mean could be ccharacterivzedv, by .variation _coefficients of. 8 ’pe.r'¢enLt a.r_,n;c_l, 12 

.perce'_nt,,respectiv.ely.,1 The ;mean' valueslc;wje_rje within»2_ percent ;:of,the "values 

j.obtained. for the reference conditions: (i.ei tl1é~3bfest',es_t-ifriatés-9i‘param'eter5). It . 

should be stressed that the catchment -.oonfigu'ration';is rsuctir ;that_ runoff from’ 

b3CkYal‘ds_;is. rather delayed and hardly oontrihutes "to. .th¢’C3fchm.entTtufiQ:i1-s:.-The 

-«remaining contributing part of-_ lthe1c__'avtchr,nent is _highly_irvnper_vious «and_therejf_ore 

runoff from this part is barely affected by ‘variations in soil infiltration. For a"- 

hypothetical case, r‘uno'ff from .bac.kyard§ was directly eco_nveyfe‘_dvto _.1_;he‘ streets. . 

..The mean pe'ak-flow for all soils and .ante_cedent moisture. Conditions-. exceeded 7 

_ ggthe reference -peak by 5 percent and the ;coeffic‘ient,of..variation increafsedto _20 

percent. runoff volumes were affected ,,even.. more. ‘l'he_ mean‘;-"volume 

»represented] 1.12’-of -the refere.nCe..voiume and the coefficient of variation was 39 

- Variations in inlet times. affected; runoff pejakfs. but not runoff. volumes- 

Theilopvtiojnal» calculatiort or inlet times from the . kinematic equation 
l 

resulted in peak f_low's~_about— 20,percen_t_smaller than t'ho’s_e ca_1c_u,l.ated .frorn'the 

original procedure. A

e 

Variations in the sewer pipe roughness did not- greatly affect the catchment 

§_lf.ll|'|9f_f peak, but resu‘_l_t_e_d a enqmber of pipe size‘ <‘;h‘anges_in individual reaches-.~ 

ewould. appearf thlat: the choice, of the. Sewer pipe roughness may have some 
‘impact on the drainage costs. 

Among the.,sim_culation tech,_ni_ques,3_.the;,eff§$:tS'.Qf catchment discretiiati‘on 

c and .simulation. ‘mode on the sirnulajted runoff ligydrographs, were stiudieds 
i RUn°f;f 

,, slightly} decreased with a decreasing ‘number; of: subcatchmentso Rmoff 
1 volumes» ,remained the _\sarhe- i. 

_._.;A_mong.the .simulatio_n modes, th_elhighestcpeal<if19l-+13 were _§btaln¢d_ 
f0lflthe 

A 

V 

pressure flow mode, followed by the .desig_n-‘rnode. The analysis mode_.lim_ited. the 

. pecavki-fr-lows to, the._outtal1-pip‘: ¢aP’oc.ity-_;- V
i 

; 

A¥des¢r-iption- of the v.co'mpute.r hardware lusiod in t_hi5v5?"-dV~3"_‘1th¢- P*98'am 

flow chart are given in Figures 5 and 6, respectively. ‘A complete program listing 
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~ ~ 
is‘ available on request from the Hydraulics Division of the National Water 
Research Institute. 

_ 

In summary, runoff simulations for small urban catchments and 
\ 

V 
channel flow routing can be accomplished on a small desk-.-top computerewith 

large computers; 

R», 1. Marsalek, J; 1977. Ma_1_vern.ur_ban test catchment, Volume I. Research 
Report No. .57,‘ y‘Ca,n.a.da.—On,_t_a‘rio 

I 

Agreemiént Research 
9 

Program, 

_2. Marsalek, J. .1979. Malvern urb'a_n.—_test c,atch_ment,r Volume 11.‘ Research 

results fully comparable with those obtained with more complex models 

Report, ‘No. 95, < Canada-Ontario. .Ag'rIeement'A Research Prcglram-_,. '

' 

F 

‘ 

’ Ottawa. 

»

\ 

3. Patry, G. and L. Raymond. October. 1979. ILLUDAS model study. 
submitted_ by Bessette, C-revier, Parent, Tanguay and 

‘ Associates to the Department of Supply and Services, Ottawa. 
_

’ 

4. sarma. P. 3., J.Vl. Delleur and A.'R. Rao. 1968,. An evaluation 
runoff models for small urbanized watersheds._ Water Resources

_ 

.— 

— Researchtclenter, Purdue University, Lafayette, Indiana. 
_5.. "l'erst'riep, L. J._;B.VStall.e l97”#. urban drainage 

simulator, ILLUDIKS. R Bulletin No. 58, Illinois State Water survey-,,‘ 
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STATISTICAL MEASURES 4) 

‘a’ linear relationship between two V variables, the observed 
variable. 9. the computed variable, C, the‘ linear correlation coefiicient R. is 
defined as:

‘ 

N
. 

N 
V- Z Oici -

1 

V‘ .__, _, i=1 R ‘ N” N T 
.1 

1/5 
N of‘ - X oi N; 

I: 1
' 

where'N is the number of observations of O and C. The the value. of R is 
"to either +1 or;-.1, the» better the agreement between the two variables. 

The special correlation coefficient-, R5, is defined “as: 

22 O-ifci - X 
R : 1 ._ 

S 
' 

: 2 
. § 

°i 
1: 

The closer the value of R5 is to +1, the better the agreement the 
observed and computed variables. 

' A 

Fi_n_a_l_l_y, the integral square error (ISE) is defined as: 

N ,2 1/2 

_ 
2(oi - C1) .100 

151-: =-51 e

N 
X 0; 

i=1 

V 

The smaller the value of _1SE_, the better the agreement- between the observed and 

calculated variables. ,

. 

Numerical values of the statistical measures are qualitatively evaluated as 

follows: 

-44- ..



R R5 ISE. 

0.99 5. R <1.0 0.99 5 Rs 3 1.0 09s<< [SE g___ 3.090 Excé;1e§t- . 

0.95 .5 R <.o.99 0.95 ,5 Rs.,<_ 0.99 3.090s-_ ISE 5 5.09:. Very gqod. 
0.90 .<. R <_ 0.95 0.90 5: 35 -< 0.95 6.-09,6‘<-I_SE 5 10.090 Good 

- 0.35 .<. R s 0.90 0.85 5; Rs 0.90 10.09s< 1513 5 25.09:. Fair 

0.005 a_.s;0.s5 0.00 5: Rs‘-: 0.85 25.0% <- 151-; Poor



~~~~


