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ABSTRACT

This studyinvestigated the capacity amehcertaintyof Dual Drainage Model (DDMijn
urban stornwater managemebly modeling dual drainage systemdohn Streetvatershed,
Champaign ILunder major and minastorms by comparing the model performanoé
DDM to Storm Water Management Mod&WMM) andby examiningthe sensitivity of
Green Infrastructure3|) application in DDM.

Considering storm watewndl drainageluring severe storntouldreduceproperty damage
and economic loss from floodingAvailable dual drainage models occupnyeavy
computatioal burden,compel demanding agt efforts, or have no interactianbetween
surfaceand underground flow Instead,DDM is a onedimensional(1D) hydrologic
hydraulic modeljncluding innovative surfacemodules and a traditional SWMM sewer
engine.lts execution fileis merely 3.14MB, andthe programis easy to set upvith
auxiliary data fromGeographic Information System (Gl$jowever, herewas only one
case study and no assessment on model performance.

Therefore, in this studg 458acredual drainage systeimm JohnStreetwatershedwvas
assesselby DDM, comprising26 blocks, 76 streets, 66 inlets, 68 males and 6¢onduits.
The stormwater runoff from overland, on street and in sewer weraparedo those in
SWMM under 2year, 10year, 50year and 10§ear60-minuterainfall. Hydrograph and
statistical erragwere used to visualize and quantify thedel performanceA sensitivity
andysis for Gl was conducted undéve scenarioswith different catchment and sewer
conditions. Results showed DDM worked better under major-inigimsity stormspy
providing the closest total runoff volunas SWMM (-1.21% error)and a conservative
estimation okurfacepeakflow. Unit changan Gl properties (percent imperviousjction
head hydro conductivityporosity,etc.)resulted irupto 0.3 unit changef overland runoff
during minor storrg, supportingthatDDM is sensitve to Gl. More case studies witleal
observatory data are recommend@dDDM futureassessment

Former observations suggest: i) using DDM for urban dual drainage modeling during major
stormsandii) adding Gimodulein DDM future development. This studs/of importance

to hydrologist, agineers andesearcherbecause DDM provides detailed flgwoperties



and interactionslt is alsocritical to city builders, government and residents in terms of

reducingeconomidoss by identify flooding area and causes.
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CHAPTER 1 INTRODUCTION

1.1Research Question
This study focus# on modeling dual drainage system in Johme&tWatershed,
Champaign IL by DDM during different rain events. The goal of this study is to analyze
thecapacity and uncertaingf DDM, in terms of model performance compared to SWMM
and its future applicability tcl.
The following research questions wersked according to the primayyal

1 Whatis the hydrological and hydraulic responsealoél drainage system {fohn
Street Watersh&d
How isthemodel performance under minor and major storms?
Whatistheadvantage of DDM compared WMM, in terms oimodelmethod?
Whatisthe sensitivity of DDM inputs, especially @topertie®
Does DDM work better than SWMM? If so, under what condition and why?

= =/ =4 A

Whatisthe limitation of DDM? Could that be improved in future?

1.2Why Focus on Urban Dual Drainage

About 27.6 billion gallons of storm water runoff are generated daily from urbanized areas.
(US EPA, 2002US EPA, 2004)n order to provide convenient use of the rightvay,
municipal stormwater drainage systédesigned tocarry runoff from upstream land to
downstream watercourses. It consists primarily of underground sewer network, which was
sized economically accommodating minor foMensity storms.

Today, with increasing frequency of major extreme stormsexisting drainage system
could no longer convey water out of urban area promptly due to its inadequate capacity.
More than 700 cities in the United States are facing frequent combined sewer overflows
(CSO0s). Chicago encounteZ$Os over 100 days per annurot to mention the basement
flooding. This persistence of flooding during major storms brought big concerns to both
residents and city builders, regarding present value of public and private properties.

Dual Drainage system was recommended to assess flooding on major system during major

storms. (Djordjevic, Prodanovic, Maksimovic, Ivetic, & Savic, 200B;j or dj ev i |



Prodanovi i, & Maiktendsno minihiz thelpdopedty damage and
economic loss by providing a convenient overland flow path with adequate stibriage.

necessary for flood risk assessment urdeicurrent condition

1.3Understanding Urban Dual Drainage

Evaluating the surface system with inclusiohthe sewer system under major high
intensity storms was referred to as dual drainage con¢Bpmirdjevic, Prodanovic,

Maksimovic, Ivetic, & Savic, 2008 j or dj evi | , Pr odan &igurel , & Mal

1 shows the interaction of surface and sewer flow in dual drainage sytemflooding
(Schmitt, Martin, & Norman , 2004)

flooded
manhole

an street
inlets

/ I
= | manhole
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Rk«

conduit (sewer segment)

Figure 1 Theinteractionbetweersurface andsewer flowin dual drainagesystemwhen
flooding (Schmitt, Martin, & Norman , 2004)

The minor system consists primarily of underground sewer pipes, whdgsigned to
convey storm water runoffo a sewer outlet under-yiear to 1@year minor storms.
Conversely, major system, comprising primarily the overland flow path like street and
swalesjs designed t@onvey floods from overflowed minor system under severe storms
like 100yearstorm Consideing only minor system would underestimate surface storage
capacity and potential flooding risk during severe storms. Considering mainly major

system could prevent loss of life and protect properties from damage, but it also Bicrease



the budget andequires moreinfrastructure spaceélhus, combining both systems, also
known as dual drainage design, could provide quick and reliable underground sewer
drainage during minor storms and adequate flooding drainage on surface land during major
storms.

However,compared to the conventional minor sewer system modeling, dual drainage
modeling involves a wide array of complex. Firstly, it requires decision making on
overland flow path, especially for 1D major overland systé€dimdes, et al., 2011,
Djordjevic, Prodanovic, Maksimovic, Ivetic, & Savic, 2005¢condly, it involves more
efforts in model development, in terms of data and t{@&onas, Roesner, & Davis, 2009)
Thirdly, it mayuselarge comptation resources for high resolution results, particularly in
2D major overland systenf. Ch e n , Leandr o, Ghimijeval. 2pievi | ,
Jahanbazia & Eggera, 2018¢chmitt, Martin, & Norman , 2004)he tradeoffs are highly
dependent on the area of interest.

SWMM is one of the comprehensive and widely accepted minor system models. It also
allows for dual drainage modeling, although the setup requires prohibitively demanding
efforts. (Gironas, Roesner, & Davis, 2000DM is a onedimensional (1D) hydrologic
hydraulic model for simulating dual drainage in urban afidasia, Leon, & Garcia, 2015)

It consists of four modules: rainfalinoff transformation, 1D flow routing on a street
network, inlet interception and sewer routing with SWMM engine. It is an innovative
model for major system, while incorporating SWMM minor system engine. The
application itself is only 3. B and is easy to seip. It hasindependenscript foreach
individual model, which facilitates future program implementati®rogrammers could
easily modify the script of targeted individual module in DDM. For example, overland
module could incorporate rain gardens andestneodule could have pervious pavement.

However, there was only one case study and no assessment on the model performance.

More studies are called for DDM future application.

1.4Importance to Civil and Environmental Engineering
The importance of dual draiga system to civil and environment engineering is that it
could help researchers to study the hydrological and hydraulic behavior of major storm

runoff. It could be a great tool for city planseo identify urban flooding areas during
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major stormslt could prevent property damage beforehand so asdace the economi

loss fromresidentsand govenment

The importance of this study to Civil and Environmental Engineering is that it fills the gap
between dual drainage concept and usable dual dramadel. DDM is an innovative
model and easy to set uphe independent module in DDM also allows for modification
on different area of interesth. has the potential of application but has not been fully

assessed. This study filled this gap by evaludtiegootential of DDM.

1.5Contributions

The main contributions of this studye threefoldFirstly, this studynodeled dual drainage
system and evaluated its performank®deling dual drainage system is still new in
hydrological and hydraulic stigk Nota lot models and case studies were done and tested
before. This studgpplieddual drainage system John Street Watershé&hanpaign, IL

by DDM and SWMM. It worked under both major and minor storr@M presented
detaled flow time seriegn surface major system and sewer minor sysifiém.surface and
sewer interactionrestricted by inlet interception rate in DDM, walso successfully
demonstrated in the resuliscould be usefuio dual drainage system study

Secondly, this studghowedhe potential of DDM in dual drainage modelihgringmajor
storms by generahg the closest totalverlandrunoff volume as SWMM angrovidinga
conservative estimation of street floMajor system performance ibe key to flood
asseswent. Itaccords with the concerag government and residentseconomic lossn
addition,DDM presentedhigh Gl sensitivity under minor stormBDM could assess the
influence from GI properties quantitatively in terms of surface runoff and sewer rlinoff.
opers up thepossibility ofevaluation of Gl in dual drainage system under major storms.
Thirdly, this studyprovided a GIS tool boxand somepython scrips, which could
automatically extrapolateaw data and generateput files for the model. With some
modificationsto the area of interesit could save researclsea lot of modelsetup time

and efforts

1.6 Organization of This Thesis

The chapters of this thesis are organized as follows:



Chapter Introduces the research questigiheimportanceof dualdrainage system,

the concept of dual drainage systand the contribution dhis study.

Chapter gives a literature review gorevious studiesf dual drainage modeGl|
andcriteria for watershed model evaluation

Chapter 3 presents detailed datauts and methodssed in this studyT his chapter
starts with the data collection for climate, catchment and sewer system. Following
that, the basic model principles for SWMAhdDDM are introduced, with extra
highlighting on the model difference. Afteands, hydrograph and statistical error
are suggested for result assessment. Finally, sensitivity analysis is proposed to
evaluateGl potential in DDM.

Chapter 4 introduces the tools and models used in this. $dwdy drainage system

of John Street Watehned were built in SWMM and DDM. A GIS Toolbox
including python based scriptvere used to generate input files from GIS. User
Interfaces and operation window for DDM and SWMM were also presented.

In Chapter 5, three models introduced in Chapter 4, as DEWWVIM connecting
sewer and SWMM connecting street, were tested under four rain scendiobs at
Street WatershedChampaign IL. Four rain stormsy2ar60-minuterain, 18year
60-minuterain, 50year60-minuterain and 100year60-minuterain, were adopte

from Huff distribution. The results were interpreted independently in terms of
overland flow, street flow and sewer flow. The difference within models and
between models were illustrated by hydrographs and statistiors. In addition,
asensitivtyam al ysi s examined the poGkential for
In Chapter 6, the potential of DDM is examined in four aspects, DDM model
method advantage, reaction to storms, effects within DDM and GI application.
DDM demonstrated high potential for magiorm modelinglt was sensitive to Gl
properties under minor storms

Chapter Tconcludeghe results andiscussion. It states the limitation of this study

and alsanakes recommendation for fututevelopment



CHAPTER 2 LITERATURE REVIEW

The goal of tis study is to analyze the feasibility of DDM in urban flooding problems and
Gl application. Thisliterature reviewsummarized past works related to this study. It

focuesonthreeparts, currentiual drainage model&| and model comparison criteria.

2.1Current Urban Dual Drainage Models

Dual drainage modeling involves a wide array of complex. It incorporates swajace
system modeling witltraditional minor sewersystem modeling. Most works habeen
done in major system modehprovementincludingboth 1D and 2D approaches

Schmitt, Martin, & Norman,(2004) developed a dual drainage toblRi s Urfd8i mo
drainagecost effective managementlt could generataletailed2D surface rundf but
require abundant computation resources. It put emphasige anteraction between surface
and sewer flovbut require calibration of routing stepo his modelcould only be applied

in small area.Jahanbazia & Eggerd2014) built a 2D overland modeHYSTEM-
EXTRAN 2D. It also consideredurface and sewdow interaction.However, itwas only
recommended to be usedtireflood-prone areaf the target site due to high computation
burden. Nevertheleste input data for 2D modearenot available for most sites.
Conversely,CADDIES uses cellular automata technique to generate 2D surface runoff.
(Ghimire, et al., 2012l is a 2D major system model that is fagtailed andomputation
burden freequite opposite to the conventional on&shis techniquénas been appliin
several studies anshowedpromisingresults.(Liu, et al., 2015;Ghimire, et al., 2012)
However thecorrespondingewer minor systeitmodelis still under development
Compared to 2D models, 1D modgneratsrelative high resolution resultsith reduced
computation burdenEPA SWMM is one of the comprehensive and widely aceept
drainage models. It allowsDldual dainage modeling, by adding street network parallel
to the existing sewer system. However, the setup of dual drainage system in SWMM
requires prohibitively demanding effor{(§&ironas, Roesner, & Davis, 200Rgsearchers
need todelineate the overlandoilv pathbeforehandputting time and efforts in literature

reviewsanddecision makingln summary, P model occupiesnorecomputation burden



and 1D modetequiresmore up-fronting efforts.The tradeoffs betweethemare highly
dependent on the area of interest.

DDM is a 1D hydrologiehydraulic model for simulating dual drainage in urban areas
(Nania, Ledn, & Garcia, 2015he application itself is only 3.1¥IB and is easy to set up.

It consists of fourmodules: rainfatrunoff transformation, 1D flow routing on street
network, inlet interception and sewer routmgSWMM engine. It is an innovative model
for major system, while incorporating SWMM rmoinsystem engind.he consideration of
inlet interception restriction between surface and sewer interaistialso supported by
worksfromChen, Leandr (2015)& afdjtianDON used Fdrtran language
and had individualscript section for each modulewhich facilitates futuremodel
implementationHowever, there was only one case study and no assessment on the model

performance. More studies are called for DDM future application.

2.2Gl

Gl uses vegetation and soil to mimic natural hydrological processrban storm water
drainage.Runoff is absorbed and filteremh siteby soil. How velocity is reducedy
vegetation cover It is an infiltration based method, also known as Low Impact
Development (LID) and Best Management Practice (BMPypical Gl includes
Downspout DisconnectigrRain Gardens, Planter Boxes, Permeable Pavements) Gree
Roofs and Infiltration Trench.

Gl showed high potential farrban storm water management from case studies in Portland,
Nashville, New York,Pr i nc e Ge o refce(dawdy, Reesen & YParker, 2010;
Madden, 2010§51 was even adopted to conquer CSO problems instead of tradition grey
infrastructure in PhiladelphigMadden, 2010)t has beerimplementedin SWMM 5
engine since 2005, denoted as L{Rossman, 2013 xcept SWMM, none of the existing

dual drainge modelsncludeGl application

2.3Model Comparison Criteria

Watershed models amowerful tools for watershetydrologic process evaluation and
water resources management. Comprehensive guidance and criteria are availabksto as
themodel performanceg¢Moriasi, et al., 2007ASCE, 1993 Green & Stephenson, 1986;



Nash & Sutcliffe, 1970Yen, 1981)Model comparison criteria related to this study were
selected and explained in the following three aspects.

First of all, flood studies and urban drainage studies are frequently single event studies,
(Green & Stephenson, 198@istead of continuous loAgrm simulation. The objectives

of single event simulation are the determination of peak flow rate and timing, flow volume
and recession curve shag@&SCE, 1993;Moriasi, et al., 2007)n this study, these
parameters were paid special attention to when comparing model performances.
Secondly, gantitative statistics and graphical techniques l@th recommendto be
utilized in model evaluaon. (ASCE, 1993;Moriasi, et al., 2007Green & Stephenson,
1986)In this studyhydrograph works as a visual comparison of tsedes data and a first
overview of model performance, whiteveralstatistical errors are selectea quantify
modeldistinctionunder different scenais@s shown inrable4.

In addition, it is necessary to separate the surface flow from sewer flow in thenseiele
simulation.(Yen, 1981;Green & Stephenson, 1986he surface flow is related and only
related to hgrologic properties of climate awdtchment basin. Conversely, the sewer flow

is a function of hydraulic properties of sewer network. These two parts are clearly separated

module, unless the sewer manholes are surcharged and overflowed.



CHAPTER 3 METHOD OLOGY

Detailed data inputs and methaepresentedvithin Chapter 3 This chapter starts with
the data collectionfor climate, catchment and sewer system. Following tihat,basic
model principlesfor SWMM and DDM are introducedwith extra highlighting onthe
model difference Afterwards hydrographand statistical errorare suggested foresult

assessmenFinally, sensitivity analysis isroposedo evaluates| potential in DDM

3.1Data Collection

For this study, climate data, soil propestand catchent charactersvere collected for
overlandmajor system as shown irFigure2. Sewer pipeline network dat@as collected

for sewer nmor system

wRainfall Intensity

C"mate wRainfall Duration
. wSoil Type
Soll wHydraulic Conductivity
Property wSuction Head

wMoisture Deficit

Catchment
Character

wpercent impervious
wSlope

Overland
Runoff

wRunoff Volume
wRunoff Peak and Peak Time

Figure 2 DDM Overlandmoduledata inputs andoutputs including climate data, soil
property,catchment character and overland runoff



3.1.1 Climate

The rainfalldata usedn this study vere hypothesized heavy rainstorms in east lllinois.
(Huff & Angel, 1989)Single event simulation was favorably selected to midetling
problens. (ASCE, 1993)60-minuteshort duration storms were utilizeztyear, 10year,
50-year and 10§earfrequency stormsverechoseno assess the model reaction to both
minor and major stormg he 2year storm igninor low-intensity stormand the 100 year

storm ismajor highintensity storm

The total rainfall depth antthe rainfall distribution were agpted from works byHuff &
Angel (1989)andHuff (1990) whichwere recommended for use in conjunctibioff &
Angel (1989) determined the frequency distributions of storms in lllinois for different
duration andecurrence interval3.he total ainfall depths used in this studyepresented
in Tablel. Median time distribution of heavy rainfall was adaptethe area of interest.
(Huff, 1990) First-quartile storms were usethder60-minute durations.Figure 3 shows
the rainfall distributiorhydrograph ofa 100-year storm. Storms witbtherreturn periods
share similar shapesFigure3, but with smaller intensity

Tablel Meanrainfall depthin East lllinoisfor 2-year, 10-year, 50-yearand 100-year
60-minutestorm(Huff & Angel, 1989)unit in inches)
Ret Berrni|2-ye {16/ e 58 eql0Pe

6emi nu| 1. 4 2 2.7 3.1

~12.00

3 10.00 I’\\

£ 8.00 I \

£ 6.00

S 4.00 r \

fg 2.00 / N~

0.00 ‘ ‘ ‘ L S——
0 10 20 30 40 50 60
Time (minute)

Figure 3 Hypotheti@l rainfall distribution of 100-year 60-minutefirst-quartile stormin
East lllinois, adapted from the work éfuff (1990)
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3.1.2 Catchment

John Street Watershésla floodprone aredocatedsouthwest of downtown Champaign
as shown irFigure4, coveringaround458 acre. This watershed is fully developed with
both residential arem the west and urbanized ama the eastSurfacerunoff from the
north andhe southflow to JohnStreet by gravityenteringthe trunk sewers undér Then
the sewerdrainfrom west to eash John Street Trunk Sewandmergeinto Neil Street
Trunk SewerAfterwards, he sewer outflow is dischargadto the southwest branch of
boneyard Creelt.ocalized floodindhas been problematic due to the frequencysandrity
of flooding eventsespecially at the intsectionof Daniel and Willisshown inFigure5
and north of John Street keten Lynn Street and Elm Stre@@lark Dietz, Inc., 2009)

Figure 4 John Street Watershedth TrunkSewer Pipes under John Street and Neil
Street(Clark Dietz, Inc., 2009)

11



Figure 5 Flood-proneareain John Street Watershé@lark Dietz, Inc., 2009)

In this study, only thélood-prone area idohn Street Watersheghsmodeled as shown
in Figure 6. The John Street Watershddyout in GIS compies catchment delineation
shapefilessurface elevatiotayer andsewer network shapefiles. The background image
of Champaign Countyvas imported from 2011 lllinois Department of Transgton
(IDOT) Orthophotography(IDOT, 2014)The ground spatial resolution isfl x 1-ft per
pixel. Strees and blocksveredelineatedaccording tat. Surface elevation in Champaign
County wa imported from the Digital Elevation Model (DENSy Light Detectionand
Ranging (LIDAR) technology(ILHMP, 2014)The elevation irdJohn StreeWatersheds
decreasing from west to east, as shown by-blghation blue coloandlow-elevation red
colorin Figure6. In addition, Sewerayout, including manholesnletsand sewer pipelines
were adjustedfrom the SWMM model provided by Champaign Countglet locations
weredouble checketly Google Map Street Viewand onsite visitThe street geometry in

Figure7 was assigned to the whole watershed.
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Legend
®  Manholes 2
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SWMM_Conduits_2

Block 2

Discharge to

champaign_dtm_Clj [i o Q@
paign_dtm_Clip .1 Neil St Sewer

Value
s High : 800.752

Low : 669.428

Figure 6 John Street Watershéayoutin GIS(circle representsewermanhole triangle
representsewerinlets,blue line representsewerpipe andrectangulamrepresents
catchmentpackgroundmage from IDOT (2014 yurfaceeevation from ILHMP(2014)
blue representsigher elevation andred represent®werelevation

Transect Street

|I-Dverhank£|-l';hannel .

Elevation (ft)

\\\\‘;.

y 7

T T
o 5 10 15 20 25 30 35 40 45 50 55 60 65
Station (ft)

Figure 7 Streettransectgeometry (not to scalessigned taJohn Street Watershed

The area of each block was automatically recorded in GIS shapefile attributeTtable.
impervious area include the area of rooftops, sidewalks, bike pathstreets in each block.

It was measured by GIS Measure Tool and averaged three times for each block in order to
generate an accurate estimation. pbeecent impervious for each block was calculated as
the total impervious areaver the areaf each bbck.

More than 75% of the pervious land in John St watershed is covered by silt loam soil, while

the other quatrtile is silty clay loam, according to online soil surveyoinn Street

13



Watershed(USDA, 2014)To represent the worst drainage condit®oil properties of silt

loam, as shown ifable2, were assigned to all pervious aredahn Street Watehned

Other hydraulic properties are presentedTable 3. The impervious area in John St

watershed was covered mainly by brick with cement moitae pervious area was

coveredby short prairie grassTable 3 s h o ws

t he

corresponding

depression storadger both pervious and impervious arda addition, the average street

slope 1.09% was assigned to both impervious and pervioiaga This street slope was
calculated fronthe surface elevatiodatain GIS. (ILHMP, 2014)

Table2 Hydraulic il propertiesfor Silt Clay Loam(Rawls, Brakensiek, & Saxton,

1982)

Propertie Unit Vall Range
Effective S / 0.5 0.8258
(Tot al por
Effective | / 0. 4 0. 30.45 7
Saturated hinchdouou 0. 2 /
conductiv
Suction hd(¢ iah 6. 6 /

Table3 Hydraulic catchmenpropertiesin pervious andmpervious areas afohn Street
WatershedRossman, 2010)

Properties| Uni| Val Rang
Pervious Manr / 0.1 /
| mpervious Ma / 0.0 /
Pervious Steoprraeg iamh| O. O] 0. 05
| mpervious Depr iah| 0. 1| 0.0 2

3.1.3 Sewer System

Sewer network was manuallgreated according to Proposed John Street Drainage
Improvements Phase 1 and PhasdCty of Champaign, 2009There are 68 sewer
manholes67 sewer conduits anghe outfallin John Street Watershetl9 of the sewer

pipesare nain truck sewer pipesthers are mingpipes The invert elevationepreserded
retrofit John Street60in pipes)condition instead oftie original one (30in)The ground
elevation waghosen as the higher one between GIS DEM data and Proposed John Street
Drainage Improvementgports (City of Champaign, 2009)
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3.2Model Principle

3.2.1 SWMM

SWMM is a dynamic hydrologhydraulicstorm watesimulation model(Rossman, 2010)
The overland flow moduleoperates on a collection of catchment areas that receive
precipitation and generate runoff. Té®wemroutingmoduk transports this runoff through

a system of pipeso sewer outletHydrologic and hydraulikey featuresare briefly

introduced in the followingectiors.

3.2.1.1Hydrologic process

The hydrologic model in SWMM transforms rainfall to overland runoff on two
independent pervious and impervious surfaces, considering infiltration loss. SWMM
assumes catchment as a rectangular surface with constant slope and width, discharging to
a single outlet, as shown kigure 8. Hydrologic overland flow is routed as a nonlinear
reservoir as shown iRigure9. (Rossman, 2010)

The basic equation in hydrological procestheconservation of mass.

L2500 R QQ Q 3 @Y m T q
T o 0¢
Where

d = overland flow depth (ft)

ds = depression storage (ft)

t = time step (s)

i = rate of rainfall + snowmelt (ft/s)

e = surface evaporation rate (ft/s)

f = infiltration rate (ft/s)

g = runoff rate (ft/s)

W = overland flow width (ft)

S = slope (ft/ft)

n = manningdés coefficient
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In this study SWMM used Greeimpt method to calculate infiltration loss during
hydrological process. Gregkmpt in SWMM considers initial deficit, which is a fraction

of soil volume that is initially dry. It waset to 0 to accommodate DDM.

Figure 8 SWMMcatchmenscheme asrectangularsurface withconstantsope and
width, discharging to asingle outlet (Rossman, 2010)

Precipitation Evaporation
| ¢
d =" Famodf
_____ E‘-.—""“"ﬂ-"“
Infiltration

Figure 9 Nonlinearreservoirmodel forhydrological process in SWMNRossman, 2010)

3.2.1.2Hydraulic process
There are three flow routing options in SWMM, as steady flow, kinematic wave and

dynamic wave(Rossman, 2010pynamic wave, als&nown as SairVenant equations,
solves two partial differential equations for both continuity and momentum. It takes into
account acceleration (inertia), pressure forces, gravitational forces and friction forces.

Kinematic wave is a simplification of fiubaintVenant equations by reducing acceleration
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and pressure forces. This reduction causes limitations, suelssaattenuating in flood

peak,error for downstream control and backwater effect with mild slope.

Dual drainage model in SWMM only allows fdynamic wave routingdGironas, Roesner,
& Davis, 2009)However, he difference of overland flow idohn Street Watershdxy

SWMM is less than 0.1% between kinematic wave and dynamic wave.

3.2.2 DDM

DDM is a 1D hydrologichydraulic model for simulating dual drainage in urban areas
(Nania, Ledn, & Garcia, 2018)consists of four modulesainfall-runoff transformation,

1-D flow routing on a street networlkylet interceptionand sewer routingvith SWMM

engine.

The overland moduleonceptin DDM is very similar to the one in SWMMDDM uses
kinematic wave instead of dynamic wave in SWMWMhe main differencein overland

model methodk discussed iBection3.2.3 The street module solves fullopen channel
continuity and momentum equations by finite volume skaajituring sceme. Part of the

street flowis releasingoutside watershedl outfalls. Partof the street flow islischarging

into thenext streetntersectionby gravitation.Other street flow areintercepted by inlets

asthe third module in DM. The volume of flow intercepted is calculatealsedHEC-22
according to the inlet pe. There aréour inlet typesin DDM: grate, curkopening, slotted

and combination inletsAfter water enters the sewer system, DDM calls SWMM as its
fourth moduldor sewer routinglf a sewer node is flooded, the overflow wil discharged

backto its corresponding street throutieinlet. This overflow will beroutedin the street
module agairin the next time step

The connection between each module is showrigare10. One catchment could have a
couple of discharging streets, and one street could have several input catchments. This n to
n relation also works between streets and inlets. However, each inlet has its own and only

one correspnding sewer, while one sewer may have several inlets.
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Street 1 Inlet 1 Sewer a

=

Inlet 2 Sewer b

,{ Street2 Kn-n{ Inletl fn-1{ Sewer a
Q

Catchment
Inlet 3 Sewer a
Inlet 2 Sewer b
Street 3 <
Inlet 4 Sewer d

XX

_ Inlet 2 Sewer b
Street 3 <
Catchment 2<_ Inlet 4 Sewer d

Figure 10 n-n and n1 relatiorship forconnections between DDModules

3.2.3 Model Difference Highlight

3.2.3.1Subdividing

Subdividing is the key difference in hydrological modoé&sween DDM and SWMMIn

DDM, every plane is a part of the catchment linked to a surrounding street. Overland runoff
is introduced uniformly distributed in the streets surrounding the bl@dksia, Ledn, &
Garcia, 2015)Given the same catchment properties, DDM automatically disidach
catchment into smaller planes with different widtid sums up all planeoutflows asthe
overall runoff while SWMM utilized one width in each catchment to calcutateoverall

runoff.

Subdividingwould causediscrepanies in overland flowresult as higher peak, lower
falling limb and less total volum&he reason is explained in two parts. Firstly, subdividing
in DDM increasesatchment width. fie water would flowfaser and less constricted on
the catchment with long widtht would result inless infiltration andearlierpeakin total

runoff. (Rossman, 2015%econtly, subdividingDDM results in shorteflow path length.
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The flow time on ach short plane decrease and the flow speed incréhsse planes
would store less water esite and have shorter flow timBoth effects contribute to higher

peak, lower falling limb and less total volume in DDM overland runoff.

3.2.3.2Disconnecting

A summaryof modelstepsfor DDM and SWMM is shown ifrigure11. Street module
helpsDDM and SWMMto disconnect overland flow from sewer. Taéditioral inlet
interceptionmodule in DDMrestricts thisdisconnectingnteraction between surface and

sewer sgtem

SWMMwi t h dual dr a DDM
/ﬁ
oDynamic Wave ) «Kinematic Wave )
Overland oGreerAmpt Overland wGreerAmpt
Runoff " Pt Runoff winitial Abstraction
anitial Abstraction oUniformly distributed on streets
N/
~
Stre_et uNo flow if sewer has capacity Street «Finite Volume and dynamic wave
Routing uwSewer overflow back to street R outing wSewer overflow back to street
J
) A
Ssvgvl\\flel\:l «100% Inlet Interception Inlet WHEG22
; . uSStreet flow, sewer capacity and inlgt
Routing uDynamic wave Interception |"gne control
J J
~
SWMM
Sewer uDynamic wave
Routing
J

Figure 11 Modelstepsfor SWMM(left) and DDM ¢ight)

Adding street module could eliminate the error frame virtual pond assumption in
traditionalSWMM. Original SWMM assumes a hypothetical pond on top of each manhole
to store overflowed sewelischarge The virtually stored water will be discharged slowly
back to the sewer systdaterby pressureThis virtual ponctould be unreasonably large
during extreme storms. Through addstigeet network, flooding seweould now flow on

streets and enter the sewer system at downstream.
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Considering inlet interceptian DDM restricts the interaction betweenderground sewer
systemandsurface flow. SWIM assumes 100% inlet interception. Runoff on the surface
would all discharge intohe sewer system as long as it reaches the sewer maahdle
sewer still hagapacity In other words, there will be no flow on the stnesetil the parallel

sewer pipe isull. Oppositely,DDM allows street flow regardless of sewer capacity

DDM would calculate the inlet interception rate based on street flow, sewer capacity and
inlet type by HEG22. This helps to explain flooding mlow elevation street with large
sewer [ipes underneath and flooding in some street during mineritemsity storms. fie

water captured by the inlets in DDM is controlled triply by street flow, sewer cg@acit

inlet interception rate.

3.3Model Comparison Criteria

In this study,hydrograph andstatistical errors were used to assess model difference
between DDM and SWMM. irograph worlkdas a visual comparison of time series data
and a first overview of model performan®&at it is hard to tell from a hydrograph how
much the differencis and whether or not this difference is significant. To overcome these

difficulties, statisticakrror wereusedto numericallyquantifythe model difference

3.3.1 Hydrograph

A hydrograph is a time series graph showing the rate of flow versusatimepecific
location. Visual comparison of hydrograph time series provides a quick and clear
comprehensive assessment of model accuracy and diffe(¥ece.1981;Moriasi, et al.,
2007;ASCE, 1993Green & Stephenson, 1986he disagreement in peak flow rate and
overall shape fit are evident in hydrograpBsample hydrographs could be seeFigure

16.

3.3.2 Statistic Error

The determination of peak flow rate and timing, flow volume and recession curve shape
are important in watershed model assessm@&8BCE, 1993;Moriasi, et al., 2007)
Equationsused to quantify these differenca® summarized below ifable4. Although

Nash Coefficientvasoriginally developed for longerm river flow forecastingNash &
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Sutcliffe, 1970) it is one of the widely used statistical anadyisi hydrologcal study. So it

wasalso includedn Table4.

Table4 Criteria for modelcomparison(Green & Stephenson, 1986en, 1981)

N o Criteri Equati on Remar ks
1 Model eff ! O O Di mensi of
Y O Nash Coef
Wher e:
@] n o no
O no n
2 [Nor mal i z e| 0 " Di mensi or
functiag O B‘_ Coefficien
n € bet ween n
3 | Percent e Goﬁﬂﬁﬂ oI Di mensi o
4 Percent T‘O’(b ) Di mensi o
vol ume LYW prm
5 Percent G'O"Yﬁ N T Di mensi o
peaking n P

3.4 Sensitivity Analysis

This sensitivity analysis aims to determine to what extent DDM is sensiti@é towas
conductedn overlandrunoff during 2year60-minutestorm because Gl is most effective

to reduce overland runotfnder frequent storms.

Decision variablesincluded catchment characters and soil hydraulic properties,
represenng Gl usage and behavior. Their vadiend rangeareshown inTableb.

The ensitivity analysis wagonducted under five scenasiolhe first three aim@d to
compare the potential @&l under different John Street sewer conditions, while the latter
two aimed to compare it under different John Street catchment conditions. All five
scenarios are listed below, witlslhort explanation on thetharacteristis

1 Original John SeetWith Small pipes
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Original John Streatierecovered by local soil with arourltD percent imperviouslt was
a flood prone area with sewer pipameteress tharB0 inch
1 Retrofit John Seet
Retrofit John Street improved its pipeline system to deal with the flooding problem. Now
the main sewer pipaamnetes areup to 60 inch
1 RetrofitJohn Steetwith Gl
Engineered soivith betterhydraulic conductivity and high infiltration rateasinstalled
on top of retrofit John Street Model to test the influence f&m
1 Predevelopment

All catchments inJohn Street Watershegereassigned percent imperviouto represent
predevelopment condition.

M Urbanization

All catchments ifdohn Street Watershegereassigne®5 percent imperviouto represent
urbanization condition.

Table5 Decision variables for sensitivity analysis

Decision VaLower Mo d el BeUpper
| mper viousn 5 Current 96
Depression S 5 12.7 20
Pervious SI 0.1 0.9 3
Effective Sa 29. 8 31. 3 31.8
Porosity 0. 42 0.501 0. 587
Suction Heg 0.029 0.1668 0.953
Hydraulic Coni/{ 1. 34 2. 35 3.49
Manni ngos 0. 015 0.15 0. 2

Tornado Plot andJnit Change Graphwvere used to interpolate resuyltonsidering the
uncertainty in botlvariable value and rangBachvariablein these graphwasusedasan
uncertain value between its lower and upper bowile all other variablesvereheld at

its baseline alue The Tornado plot shows the result change from each variable, while the
Unit Change Graph shows the fraction of result changetbeeuncertain variable range.

Top bars infornado Ploand higher bars init Change Graph represent higher sensitivity.
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Example Tornado Plot and Unit Change Graph could been sdegure 25 and Figure
26.
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CHAPTER 4 IMPLEMENTATION

Chapter 4 introduces the tools and models used in this fudidrainagesystermof John
Street Watershedasbuilt in both SWMM and DDMin such a way that the parameters
describing the same area of different models are equivale@lS Toolox including
severapythonscripswasusedio generatenputfiles from GIS for modelsUser Interfaces

and operation window for DDM ar8WMM were also presented

4.1 GIS Toolbox

John Street Watershdalyout in GIS consistblocks, streets, manholes, inlets and sewer
pipes, a8 shown inFigure6. A GIS Toolbox was built togenerate data from G DDM

and SWMMinput files. Data and corresponding processamemarizedn Figurel2. One
python script was used teneratethe relationship between nodesdafines Another
python script was useh export datdrom GIS toinput fileslike SWMM INP file and
DDM CSV files Data requirement and format for input files asenmarizedn Appendix

A. This tool could save researchex lot time and effort in model setup process with some

modification tothe targetwatershed

4.2DDM

Dual drainage system dlohn Street Watershedhs built in DDM, including 26 blocks, 76
streets, 66 inlets, 68 manholes and 67 sewer conduits. There are three street outfalls and
one sewer outfall. The connections between sewer and streeshi@vn inFigure 13.

Upper links denote streets; Lower links denote sewer pipes, and circles represent sewer
nodes.The layout of watershed is sanmgethe one in SWMM, as shownkigure15.

DDM stores catchments, streets and inlets data in several CSV files. It uses SWMM INP
file for sewer system dat®DM readsthese input files onlpne time. It then runs and

writes outputs ira couple ofext files at every model time stepll inputs andoutputsfiles

in DDM are explainedh Appendix A. A running window of DDM is shown Figurel14.
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— Area — GIS Tool
t — Catchment |- XY Coordinates j— GIS Tool
Qo
n ' Surface Elevatior— DEMin GIS
7)
Relation to !
[ — Catchment [—] Python Script
9. | | Street Connectior, Python Script
© Node p
— Street —— XY Coordinates — GIS Tool
— Elevation — DEMin GIS
— Length — GIS Tool
— XY Coordinates — GIS Tool
— Inlets —
E — Elevation — DEMin GIS
Q
o .
n — XY Coordinates — GIS Tool
>\ H Manhole —
U) — — Elevation — DEM in GIS
—_
@) -
Relation to .
E Manholes [ | FYthon Script
— XY Coordinates — GIS Tool
— Sewer Pipe [
— Elevation — DEM in GIS
— Length — GIS Tool

Figure 12 Target chta andcorrespondinggenerationmethodin GIS forJohn Street
Watershed

=y 30
4 14 15 N 16 7 N\_ &7 P

Figure 13 Main sewerandstreetnetworkin DDM. Upper links denote streetswer
links denote sewer pipe@ndcirclesrepresent sewer nodes
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Figure 14 ExampleDDM runningwindowfor John Street Watershed

4.3 SWMM with Dual Drainage

SWMM was used to model dual drainage systerdobin Street Watershéa such a way

that the parameters describing the areas of the different models are equlvalksat
includes 26 blocks, 76 streets, 66 inlets, 68 manholes and 67 sewer conduits. There are
three street outfalls and one sewer outfall. The layoutlétn Street Watershedith

notation of blocks is shown igure15.

Two types of SWMM model were built to test the influence from outlet assignment for
overland flow. The first one, SWMM connecting streets, joined catchment outflow to the
highest elevation street node in that catchment, while the other, SWMM connectarg sew

linked overland outflow directly to the sewer system.

Most input data are same in DDM and SWMM, but there are still some minor data losses
due to model capacity. For example, DDM accounts for different slope in pervious and
impervious surface, whileMBMM used the same value. SWMM could allocate impervious
area with no depression storage, but DDM could not. Furthermore, kinematic wave is the
only default setting in DDM for overland flow, while SWMM is limited to dynamic wave

for dual drainage modeling.hese differences were reduced as small as possible when

building models.
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Figure 15 SWMMuserinterfacewith catchments, street network and sewer system
(background image from IDOT (2014); surface elevation from ILHMP (20149, blu
represents higher elevation and red represents lower elevation)
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CHAPTER 5 RESULTS

In Chapter 5, three models introducedCinapter 4 as DDM, SWMM connecting sewer
and SWMM connecting streetyere tested under fourin scenarios ajohn Street
WatershedChampaign ILFour rain storms,-gear60-minuterain, 18year60-minuterain,
50-year60-minuterain and 108year60-minuterain, were adopted from Huff distribution.
The results were intergedindependentlyn terms of overland flow, streow and sewer
flow. The difference within models and between models wWergrated by lydrographs
and statistical error$n addition, asensitivity analysie@xaminedhe potential for DDM s
applicationon Gls.

5.10verland Runoff
In Sectionb.1, bothtotal andindividual catchment overland runoff from DDM and SWMM

were compared under four raistorns. The analysisof total overland runoffaims to
examinethe impact ofmodel method difference, whitbe analysis osingle catchment
overland runoffaimsto examinghe model reaction tpercent imperviousVe expect to
get higher peak, lower falling limb and less total volume in Dokl overland runoff
than SWMM Wealsoexpect to get more overland runoff from high impervious catchment.

5.1.1 Total Overland Flow

Total overland flowfrom DDM and SWMMwere compared under four rain everds
shownby therunoff hydrograph irFigure16in conjunction with theainfall intensitytime
series Table 6 provides quantitative overland runafhd Table 7 providespercenterror
between modelsSWMM connecting sewer and SWMM connecting stregtswed
identical ovedand runoff since theyshared the same overland character #aedsame
model enge. Theywere combined andenoted as SWMMn Figure 16, Table6 and
Table7.

2-year 60-minute rain is minor storm so distinct rainfall reduction and small overland
runoff are expecteth bothSWMM and DDM 50-year and 10§ear60-minuterainevents
aremajor stormssolimited rainfall reduction and more overland runafé expected for

both models. 1:§ear60-minuterainmay show results with both characteristics of frequent
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and rare evenResultsare illustrated in three aspects, as model pevdoice, difference
between DDM and SWMM, as well &D M Geactionto different storms

First of all, DDM and SWMM were both successfully transferring rainfall to overland flow.
Figure16 displays reduced and delayedal overland runoff in both models compared to
rainfall time seriesin Table®6, total overland rundfwasreduced tdess than 89% of total
rainfall volumebecause abnsitesoll infiltration. The time to peatotal overland flomwas
delayed in both models, but only a little, bezawf the limited storage capacity filt
loam.In addition,major highintensity storm resulted in moretal overland runoffrolume

more peak runoff and less time to p&akoth models, as shown Trable6.

Secondly, DDM was more conservative than SWMMstimation overland flow peak
and total volumeTable6 displays higher peak floandless total raoff volumein DDM
compared to SWMMAIthough the higher peak flow of DDM would cause a small amount
of increase in total runoffolume the lower falling limbin DDM lasted much longer and
finally resulted in less total runoff volumasillustrated byFigure16. Another findingin
Table7 is thattheNash Coefficierawereall larger than 0.9, which suggests gayerall

fit between hydrographs

Thirdly, DDM demonstratedhe closestfit to SWMM during major storm. The Nash
Coefficient and Coefficient of Variance between models were not varyimifisantly
underdifferent storns, which suggests that the fithess of model is not sensitive to rain
intensity. However, theolumeerror between DDM and SWMMas reduced fror0.35
to-1.41 % errorandthe peak flowerror was increased froih25 to 27.2®6, comparing
minor storm to major stormDDM generatd the closest totalolume andhydrograph
shapeas SWMM while the peaKklow is much higher for conseative design criteria
during a major high intensity storm.
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Figure 16 Rainfallto overland flow transformatiom DDM and SWMMinder (a) 2yea
60-minuterain (b) 10-year60-minuterain (c) 50-year60-minuterain (d) 100-year60-
minuterain. (SWMM connecting sewer and SWMM connecting streets dhdeardical

overland flow which werecombined andlenotecas SWMM)

Table6 Total overlandrunoffin DDM and SWMM unde2-year, 10-year,50-yearand

100-year60-minuterain

22y e@fmiunt |16y e@@miunt| 56/ e @miunt | 1 0-Ye & EMi unt
ResWlat 91| o\vviml DD M SI\\/’IVM DDM| SWMM DDM| SWMM DDM
Rai nifeaan) 1. 4| 1. 4 2 2 2. 71 2.7 3.1] 3.1
%Runof| 76.169.| 82.4 77.9¢( 86.17184.1 88. 4 86. ¢
Overland , g1 o o 1.6/ 1.5 2.3{ 2.3 2.7/ 2.7
(i nch]
Pe(ﬁk‘fnso)fssysss 515.,598. 759.,933.|885./1127
T'Tes)to 108( 900 900/ 108( 900/ 900/ 900| 900
Mean Ré&é¢ 5, ds37 | 53.(50.777.375.189.4 88
(cfs)
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Table7 Total overland runoff dfferencebetween DDMand SWMMunder 2year, 10-
year,50-yearand 100-year 60-minuterain

Model \WRatnt| 2yea| 1 ea 56 ea 10¥eq
6 Oniunt| 6 Miunt| 6 @i unt| 6 Emi unt
Overland Run -9.3% 5.4% -2.5¢ -1. 4]
Peak Runoff 7.28% 16.1 22.8 27. 2
Time to Pea -16. 6 20 0 0
Mean Flow R¢ -9.3% 5.4% 2.5 -1. 4]
Nash Coeff 0.9 0.94 0.93 0. 937
CoefficienCV 0.5 0.53 0.5 0. 58
bet ween mg

5.1.2 SingleCatchment Overland Flow

Overland runoff from urbanized and rural catchmem&e compared to tesDb D M6 s

performance under different catchment properties. Urbanized catchment with higher

percent imperviousess is expected to generate higher overland runoff compared to rural

catchnent. Catchment 4 and 11 have similar aes® acres and 4.6 acteBheyareboth

located at the north side of Johmegt The plan views are shownkigurel?7. Catchment

4 consists of low or median intensity residential hows#ds 44 percent imperviousvhile

catchment 11 consists of more developed and urbanized lan8Mp#rcent impervious

Theyrepresentural area and urban araecordingly.

(5

(@Cat c hmen
dcpreer,cent

i mp

4

¢

- ('HC)gt chment
(4. 69PRereent

Ta T
1
)i m

Figure 17 Catchment 4 and Catchment flan viewin John Street Watershed
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Overland flowfrom both catchments 4 and 11 had higher peak, lower falling limb and less
total volume in DDM,similar to total overland flow as shown irFigure 18. In addition,
overland flow from both catchments 4 and 11 increag#drain intensity also similar to

total overland flow.

More overland flomwasgenerated from urbanizezhtchment 11 than rural catchment 4
as showiby the area undéiecurvein Figurel8, same as expectdeigurel8also inplies
thatthepeak flowdifferencesbetween SWMM and DDMuring different storra are quite
different In urbanized catchment 11, the peak flow differelnesveen models close in
all storms while in rural catchment 4, thiglifference is smaller in minor low intensity
storm and higher imajor storm This indicates thaDDM shows close overlandeak
runoff to SWMM in urban area under all storms, although the differisrugte significant

in rural area especialljuringrareevent

Table 8 presents the fitness of hydrographs between SWMM and DDM for catchment 4
and 11. In urbanized catchment Ngsh Coefficient is higheand Coefficient Variance
between models is lower in high intensity storms, which both indicate bettéfhiie in

rural catchment 4, it is quite the opposite and the fitness is worse in high intensity storms.
This indicates that DDM and SWMM generatel®ser hydrograph in higipercent

imperviousarea under major high intensity storm.

Table8 Overlandflow time serieditnesshetween SWMM and DDM for Catchment 4 and
11under 2year, 10-year,50-yearand 100-year 60-minuterain

Rai nf a Mo d e | FiilCatchnmCat chm
Nash Coe -1.67 5. 95
CV betwee 0.55 1.011
Nash Coe -1. 98 -3.89
CV betwee 0.59 0. 87 3
Nash Coe -2. 65 2. 71
CV bet wee 0. 66 0. 77€¢
Nash Coe -2. 88 2. 39 ¢
CV bet wee 0. 68 0. 74¢

22y e @éMi nu

16/ e@fmin

50-y e @ Emi n

10-9e &@Mi n
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