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ABSTRACT

Utrban -development may lead to changes in local hydrology and water environment.
Increasing levels of impervious surfaces in urbé.n areas result in a higher volunle of runoff
‘with higher peak discharge, shorter travel time and more severe pollutant loadings.

- In this study, Storm Water Management Model (SWMM) developed by the
Envuonmental Protectlon Agency (of the United States) was used to simulate the runoff
and transport storm water through dralnage networks by performing hydrologic and
hydraulic analyses of storm water. SWMM is a dynamic"rainfall-runoff simulation model
used for single event or long- -term (continuous) simulation of runoff quantity and quality
primarily in urban areas. The City of Rookee was chosen as the study area. Ramfall data
(SRRG) was available for the penod (1977-2007) from the hydrometeorologlcal
observatory of the Department of Hydrology, IIT Roorkee. The rainfall data was analysed
to-calculate design storm for different durations and return peribds. Annual maximum 24
hours rainfall was also used in simulation. Gumbel’s Extreme Value distribution was used
tu find out 5 yrs, 10 yrs, 1 Syrs and 25 yrs return period rainfall. Hourly distribution factors
provided By Indian Meteorological Department (IMD) and Central Water Commission
(CWC) were used for the distribution of rainfall within 24 hours. The design return period
was taken as 5 years. For I-D-F the design intensity for 30 minutes duration was taken as
101.1 mm/hr and for 24 hr maximum rainfall was 173.11 mm/day..-

v GIS was used to prepére study area maps and to delineate the sub-catchments.
-Digital Elevation Model (DEM) and Digital Surface Model (DSM) were generated .using
| spot elevations. According to the natural drainage pattern, the study area was divided into
three sub-catchments having different flow ditections;- l) [IT, Roorkee. campus and
surroundings area up to 'So_lani Rtver, 2) from BSM College up to the railway st_ation
southwa:ds and 3) from BSM'Coliegc_no'rth wards up to Soluni River. The selected désign
storm was used for storm water simulation : using SWMM. Because of no flooding
: ob.'s}erved in sub-catchments 1 & 2, only sub-catchment 3 was analysed further. Simulation
shows that the part of the sub catchment 3 (in Ambertalab area) remalns flooded (95 cm at
node J3 and 80 cm at node J4) for about 1.5 hours. . .

v
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CHAPTER-I
INTRODUCTION

1.1 General
Floods are natural events that have always been an integral part of the geologic
history of the earth. Flooding occurs along the rivers, streams, and lakes and coastal
areas, in alluvial fan, in ground-failure 'areas such -as subsidence, in areas influenced
by structural measﬁres, and in afeas having inadequate drainage system. Urbanization
influences the rainfall-runoff process in urban catchments. As a result of increasing
impervious area the magnitude of runoff volume is increasing and time to peak is
decreasing. With the continuous change in urbanization and climate, rainfall showing
a changing trends and urban flood control has become a very.severe problem.

An urban area 1s by definition, an area of concentrated human act1v1ty, which
18 charactenzed by extensive impervious areas and manmade watercourses. The result
is an increase in runoff volume and flow that may result in flooding watercourse and .
‘habitat destruction. Urban flooding may create considerable infrastructural and large
economic losses in terms of production. Most of the urban flood occurs .due to ill
designed and/or insufficient drainage system. Depos’ltions of silt in drains aggravate
the flooding problems in urban areas. In many cases it has been observed that the
growth of the city is haphazard having improper planning and drainage facilities.

Urban Hydrology might be defined as the study of the hydrologlcal processes -
occurring within the urban environment (Putra, 2007). The engineering objecti'l/es
‘when dealing with urban hydrology is to provide control on peak flows and maximum
depths at all locations within the drainage system. The h)ldrologic problems that rnust'
" be solved to address these objectives are the predi»ction of runoff peaks, volumes, and
hydrograph anywhere‘in the drainage area. TlleSe problems are often separated into
those 1nvolv1ng the surface dramage system, for which rainfall must be converted mto
an overland flow hydro graph and those mvolvmg the channel or sewer system, which
often may be handled through convent1onal flow routing technique. Estimation of

base ﬂow in urban dramage system also requires spec1al consideration because water

| .may enter the channel both as infiltration (seepage into a conduit from ground water)
and as dOIIlCSth sewage. , ,

Simulation and modellmg of urban ﬂoods are essent1al to understand the

bottlenecks in the dramage system and also to estlmate the extent of ﬂoodmg Several

1



mathematical models are widely used to model the dynainics of rainfall-runoff and
flood generation process. In this study, use of SWMM model was ehvisaged to
-simulate the storm Watér and GIS was used to study the drainage pattern and for pre
and posf processing of data and results. | |
1.2 Introduction to Urban F looding Modelling
Floods -are triggered by- inany causes. Heavy rainfall, tropical storms, snow or ice
melt, dam bréak, mudslide, insufficient capécity of transportation and storage are all
among the major flooding origins; Geographi'cally, there are three main types of
flooding: Riverine flooding happens when extreme rainfall attacks a river basin,
Urban flooding is triggered when surface ruﬁoff exceeds the capacity of drainage
systems, which happens when heavy rainfall poufs on sewers with the limited |
capacity, br even medium rainfall falls on poorly plahned or operated drainage
sjstems, and Coastal flooding takes place when heavy rainfall on inland encounters
storm surgeé frofn the sea (Linmei, 2003). |
Urban flood Modelling is complicated and there are many factors that should be
- considered while modelling the urban floods. The following physwal processes
should be taken into account whlle modelling urban flood:

> Rainfall-runoff processes;

> Flow in separate,-or combined sewer systems;

> Fiow along drains and surface streams;

»> Flowor ponding_ in other open surface spaces;

» Flooding in basement or other underground structures, and

> Flow exchange between different parts of the drainage systems.

An urban flood model may have two sub-models: 1) Hyd1~ologiéal routine which
include -many components like rainfall, sub—catchments characteristics, runoff
hydrogréphs etc. and 2) Hydraulic routine which include surface drains, undergroﬁnd
sewer, junctioﬁs etc. : | | |
1.3 Flood management |
.Flc.)ods'notl only happeﬁ in river Basins, the risk of urban flooding is also inoreasing
due to' rapid urbanization. Unlike river ﬂoods,_ urban ﬂopding ..hapliaens more

. }fr'équently and causes lafgé‘alnbuht of accumulated damage, though the damage per
event is relatively smaller éomparéd’ with the se%{ere conséque‘nces caused by river
ﬂooding. II.IA addition, urban ﬂboding has brutal impacts on municipality's activities
when it happensA. Therefore, more atténtion Should be paid tp it.



Some researchers and representatives of people who have been flooded think
that minor adjustments to the way urban drainage is managed are not enough and that
a major change in attitude is necessary. They argue that piped systems can never
economically be designed to cope with all storms and that there is an unrealistic
expectation that flooding should never happen. Instead, people should accept that
flooding in some places is normal. Rather than attempting to prevent flooding by
building bigger pipes, planners should aim to manage excess water on the surface and
direct floodwater to areas where it will do the least damage, such as ‘sacrificial’
storage areas in parks and car parks.

1.4 Examples of Major Urban Flooding in Recent Years

On 26 July, 2005 Mumbai received a record- breaking rain of 94 cm in one day. The
disaster pulled India’s financial capital to a grinding halt. The flooding and
subsequent mudslides wrecked havoc upon all who live in the city. (Deaths 1000;
affected 20 Million; Missing 100; Evacuated 52,000; Financial Loss US$ 1 Billion)
Fig (1.1). |

In year 2003, a heavy rainfall coupled with high water levels in River Gash
caused a large damages to Kassala city, Sudan. During the flood period 79% of the
city was flooded lea{ring 80% of the population homeless Fig (1.2).

On July 23, 2001, a total of 620 mm rainfall was recorded in a spar of only 10
hours at Islamabad. The water level of Lai Nullah and its tributaries remarkably rose
and all houses and some road bridges along the way were swept away. The flood has
been the largest and heaviest among the recorded floods, and thus can be taken as a

national disaster in Pakistan.




: 1 5 Geneses of urban ﬂoods

‘ Followmg are the main causes of urban ﬂood as reported in the llterature and observed

Rainfall over short perlod of time, or an ice or debris ] Jam causes a river or stream

to overflow and flood the surrounding area. _
Urban’ floods occur within six hours of a rain event or after a dam or levee failure.

Flood occurs in urban areas when pro longed rainfall over several days is intense.

- As land is converted from fields or- woodlands to roads and parkmg lots, it loses

_ its ability ‘to absorb rainfall these combined effects causes urban floods.

Urbanisation i 1ncreases runoff to six times over that would occur on natural terram

Urban floods occur,when the sewer system capac1ty is.insufficient to drain the

. storm water as general.

1.6

' Topography, soil conditions, and ground cover also play important roles. Most

urban floodmg 1s caused by slow—movmg thunderstorms repeatedly moving over
the same area, or heavy rains from hurricanes and tropical storms. Urban floods
on the other hand, can be slow or fast-rising, but generally develop over a period
of hours or day.s.‘ | |

Objectives of the Study

The broad objective "of the study is to carryout urban flood modelling The city of

Roorkee has been selected as a case study. Followmg are the explicit obJectlves

i
ii.

i

Study of dramage pattern using GIS in the City of Roorkee
Design storm analy51s and

Study of urban floods by storm water modelhng using SWMM

1.7 Methodology

i.

ii.

oo i

For the first obJect1ve SRTM data shall be used and the avallable remote
: sensmg data in the Department of Hydrology and from Google Earth will be
used to prepare the dramage pattern. . v
In the second objective, SRRG data for the last 10 years shall’ be analysed for
~the demgn storm to update the earher work. Annual 24. hours maximum |
: “ramfall values shall also be con51dered for the des1gn storm. Gurnbel’
" Extreme Value d1str1but10n wrll be used to calculate the various return period -~
rainfalls. ,
: Usmg the results of (i) and (11) to study the urban floods, storm’ water will be
: srmulated for the selected desrgn storm using SWMM software



| - CHAPTER-II
URBAN FLOOD MODELLING: A REVIEW OF METHODS AND MODELS

2.1 - Literature Review: Urban flood modelling _
Urban development may lead to changes in hydrology and eco-hydrology of urban
conglomerations. Increasing levels of impervious surfaces in urban areas result in a higher
volume of runoff with higher peak discharge, shorter travel time and more severe pollutant
loadings. Urban .imperviousness is very important parameter to manage for urban
Watershed vand the related water environr'nent. Lee ot al. (2003) eXplained how directly
connected impervlous area (DCIA) can affect runoff volume. The British Lloyd-Davies
rational Method assumes that the (DCIA) contributes 100% runoff for whole urban
catchments. The oldest and still wid_ely used mcthod for storm drainage design is the
Rational Method that was first introduced by the Irish engineer Mulvane (1850). The
American Kuichling (1880) and the British Lloyd Davies (1 90'6). While .the American
Rational Method uses the runoff coefficient according to runoff characteristics and total
lan_d area, Lloyd Davies method' only consider 100% of runoff from the DCIA.

~ Bennis and- Crobeddu (2007) developed a new runoff simulation model based on
.the improved rational hydrograph method. It represents the urban catchments as a linear
system where the impulse response function is rectangular-shaped, with duration equal to
the time of concentration. The runoff is computed wi’rh a convolution product between the
rainfall intensity and the impulse response function of the catchments. It explicitly
considered the contribution of pervious and impervious areas, time of variability of
rainfall, the initial abstraction and infiltration. | | o |

In a study carried by Ole et al. (2004); a combination of GIS and 1D 'hydrodynamic
" model has been used to constitute a cost efficient system for planning and management of
dralnage system suffermg from urban ﬂoodlng The result was easily understandable flood
- inundation maps (Dhaka and Bangkok c1t1es) Also, Ole et. al. (2004) concluded that only

a few proj ects have dealt w1th modelling of urban ﬂoodrng in developing countries. Some

of the few case. studies deahng with modelling of urban ﬂoodmg which includes both the “ .

- pipe network system and extended surface ﬂoodmg are: Bangkok; Dhaka City; Fukuoka.
and Tokyo (Japan); Harris Gully (USA); Indore (Indla) and Playa de Gandia (Spain).
These studres modelled urban flooding as a one—drmensmnal (1D) problem '

Haprng and Jranzhong (1999) developed an Advanced Urban Flood Dynarnrc

S1mulatlon Model (UFDSM) It is a new type model to calculate and forecast urban storm

5



water and flooding water, which has been applied primarily in some cities in China.
Compared with traditional method, UFDSM/GIS is very efficient in data input, output,
stormg, searching, displaying and analysing.

Hsu et al. (2000) developed an urban inundation model, combining a storm sewer
model VSW'M.M, two-dimensional (2D) diffusive overland-flow model and operations of
pumping stations to simulate inundation in urban areas caused by the surcharge of storm
~ sewers and outlet pumping stations. SWMM is employed to solve the sform sewer flow

component and to provide the surcharged flow hydrographs for surface runoff exceeding
“the capacity of the storm sewers. The 2D diffusive overland-flow model considering the.
non-inertia equation with Alternative Direction Explicit numerical scheme is then used to
calculate the detailed inundation zones and depths due to the surchaiged water on overlé.nd
surface. The combined model is suitable for analyéis of inundation on ﬁ_rban areas due to
overﬂow of storm sewers and flooding caused by failure of pumping stations.

The 'integration of SWMM model with GIS for Kansas City- and Missouri resulted
in a more effective way of gathering and storing data, creating data files, and displaying
rhodelling results. Finally, with the City maintaining the modell‘i'ng information within
their GIS, future master plans will benefit from the up-to-date information (Jennifer,
1994). -

SWMM was used with HEC-FDA software Thomas, (2002) to calculate expected
annual' flood dameges associated with existing conditions and proposed'alternatives to
flood control projects. The Southwest Louisville Flooding (Ohio River, U.S.A) Study
provided a special challenge because of the large number of structures in the study area
(.68,000), the size of the study area (32.0 sq. mi), and the large 'amount of data being
ge'nerated from the lurban hydraulics software (SWMM), whieh modelled a combined

| sewer area with over 216 miles of pipe with a diameter of 18” or greater and over 4,800
sewer manholes. |

In study by Kartika, E., 2006, ‘in IITR eampus SWMM was used to‘simulat'e
rainfall-runoff processes and evaluated the drainage system. The model worked

successfully and gave good result. In study by 1. R., Putra, 2007, SWMM was used to

evaluate dralnage system of Sekanak catchrnent the study showed great potential of

SWMM to evaluate the efﬁc1ency of the dramage system. v A
~ An urban storm water model usually requires extensive spat1a1 data because of the
complex1ty of urban- surfaces flow paths, and conduits. Many of these features are

geographlc in- nature; therefore Geographlc Information Systems (GIS) is requlred in

6



urban flood modelling A good overview of the concepts of GIS and database technology
and their apphcatlon in the field of natural systems hydrology was glven by Singh and
‘Florentmo (David et al., 2001) GIS has a long hlstory of use in water resources field.
However, application of GIS in urban storm systems has been limited because of the need
- for large, extensive, and detailed spatial and temporal database. Use of GIS in urban
storm water modelling is a' growing technology designed for storing, manipulating,
analysing, and displaying data in a ‘geographical context. It can be characterized as a
software package that efﬁmently relates geographic information to attribute data stored in
a database. To make ‘GIS a more prominent feature in urban storm water modelhng, urban -
storm-water engineers have to work with GIS specialists and eventually be trained by
~-them. |

Urban areas always present some risk of flooding when rainfall occurs
(Satterthwalte 2008). Bulldmgs roads, infrastructure and other paved areas prevent
‘ ramfall from 1nﬁltrat1ng into the soil — and so produce more runoff. Heavy and/or
prolonged rainfall produces very large volumes of surface water in any city, which can
easrly overwhelm drainage systems. In well developed crtles this is rarely a problem
because good prov1s1on for storm and surface drainage is easily built into the urban fabric,
with complementary -measures to protect against flooding
2.2 therature Review: Hydrodynamic modelling .

In study by Cevsa ‘and Miguel, (2007), Environmental Protect1on Agency storm
water management model (SWMM) calibrated with measured rainfall and surface runoff
flow data, used to check the accuracy of the results obtained by-'an’algorithm developed _

usmg the Mac-Cormack expllclt finite difference method to solve the kinematic and

- diffusion wave govermng ‘equations for both overland and open channel flow. The results

obtained from SWMM are in good agreement with the results obtained from applying the
MacCormack algorlthm '
| H. J., Fouad and M H - Rabi (2002) developed a newly accuracy—based dynamrc

time step estimate for one d1mens1onal overland flow kinematic wave, its function of the

‘mesh size, watershed slope roughness excess rainfall and time of concentration. The new =

criteria were developed by comparmg the con51stent formulatlon of the Glarkln-Cracnk
'ercholson numencal solution of the krnematrc Wave equatlon to the characteristic mesh-
based_analytlcal ‘solutron.- This method is aimed at solving the problem of stability criteria

in solving kinematic wave overland flow solution.



~ Distributed parameter rnodels are classified according to (1) the description of the

runoff processes and (2) the dimensionality of the flow description (Hawes et al. 2006). In
the first case, models are classified as-detefministie, stochastic, or mixed, depending on the
: degree of certainty with which the runoff processes are described in the ‘model. In the
second case, n"lodels are classified as either one-dimensional (1D) or two-dimensional
(2D). For the simulation of runoff in very small watersheds, both ‘typesvof mode] typically
employ the kinematie wave approxirnation to the Saint Venant flow equations. This
method involves numerically solying the continuity Or mass 'balance equation using a
uniform flow approximation to compute flow velocity. 1D runoff models are hased on the
assumption that runoff from a watershed can be treated as a set of 1Dflows and that these
flows may be integrated to provide a simulated hydrograph at the ontlet of the watershed.
" This concept.is generally impleme‘n'ted in a distributed parameter model in one of two
ways The first mvolves defining the model elements such that they form cascades,
whereas the second 1nvolves the use of a flow routmg algorithm to determme a single
outflow direction for each element based on the local topography In contrast to the 1D
models described above, 2D models route flow 1mphc1ﬂy and are mathematrcally more
complex However, 2D models simulate the Spatlal distribution of overland ﬂow more
realistically and with greater accuracy than 1D models do.

2.3 Rev1ew of Urban storm water models

There are literally- hundreds of models developed by academic 1nst1tut10ns regulatory
-authorities, governmental department, and engineering consultants that are capable of
simulating water quality and quantity in an urban catchment. The models chosen below
‘represent a wide range of capablhtles spat1al and temporal resolutlons A more detalled
description of the capabllltles of these models is prov1ded below
' DRM-QUA. it is developed by US geological Survey. It is Distributed Routing Rainfall-
Runoff rnodel (DR3M), used for water quality and quantity routing (Zoppno, 2001).
 HSPF: Hydrological Simulation Program-Fortran (HSPF ) was developed in mid 1970s by
US EPA to model broad range of hydrologlc and water quahty processes in agricultural
| and rural watershed Urban watershed can also be simulated. It is considered the most
comprehensive and ﬂex1ble model of watershed hydrology and water quahty avallable it is
_ -4 a contlnuon”s.watershed hydrolo gy and water quahty 51mu1at1on package
o Mtke—SWMM th1s package combines MIKE 11 and the Well known SWMM model to
strengthen Mike 11 in one- d1mens1ona1 unsteady flow rnodelhng, which solves the

shallow water wave equations using implicit ﬁm_te difference scheme, replacing the
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temi)eramental EXTRAN module in SWMM. The combined model can perform hydroio gib,
hydraulic and watef quality analysis of storm water and waste water drainage 'éystems.
00S: the Quality-Quantity Simulator (QQS) can perform cbntinuous or single event
simulation using five- mlnute time intervals. In can simulate flows in plpes and' channel
using an 1mp1101t finite difference approxunatlon of the kinematic wave equations, storage
routing, backwater analysis and pipes under pressure. Quality routlng through channels
and pipes, storage and recelvmg water is performed using plug flow.
SWMM:, SWMM was developed by a consortium of American engineers for the US
Environmental Protection Agency (EPA). It has been applied globally for storm water
planning, ’design‘a'nd rehabilitation purposes. It is a mathematical model capable of
- representing urban storm runoff including sewage storage and treatment and combined
sewer overflow phenomehon It will be used in this study and explained in detail later. _
Wallingford Model: Walhngford model is a suite of models developed at the Hydraulics
Research Instltute Walhngford United Kingdom. The Wallingford Procedure describes
the hydraulic design and analysis of pipe networks for both new schemes and existing
éystems. It can accommodate both storm water sewers and combined sewers. The whole
package provides a fang'e of methods from which a series of calculation techniques can be
selected to suit the conditions of any particular design scheme (Zoppuo, 2001, Linmei,
2003). | |
STORM: 1t Wé.s developed in Hydrologic Engineering Centre in 1977 by the US Corps. of
~ Engineers, storage, treatment, overflow model is capable of simulating runoff and
pollutant loads from urban and rural watersheds in response to precipitation. It is a
; cbntinﬁous'modei and 1t can be used for single events. There is no attempt to route runoff
along the caféhmeni. Thxc.e' methods are available for calculating‘ the hourly runoff;
coefficient method, soil-complex-cover method and unit hydfo graph method. 'I"he runoff ‘is
a linear relationship between runoff and precipitétion minus rainfall (Zoppuo; 2001).
Co'mparison: of functionality and aéceésibility of some storm water model was given in
table (2.1)." R |
2.4- Hydrologlc Methods Used for Storm Water Modellmg
This model is used m estlmatlng quantmes of storm water runoff from urban dramage
areag a;nd— —other small watershcds This model is based on conservation of mass, usually
'satlsfy continuity equation. ThlS accounts for various hydrologlc processes that produce

runoff from urban areas. These mclude rainfall, abstraction, evaporatlon infiltration,



detention storage and nomlinear reservoir routing of overland flow. Details information
about hydrologic models was given in this chapfer. »
Table (2.1) functionality and accessibility of some urban storm water models

(Source; Zoppou 2001)

Model name Functionality - Accessibility
Planning | Operation | Design = | Public commercial

DRB-QUAL N \ V
[ FISPF v 7 7

MIKE-SWMM v N v v
QQS N N ?

STORM v N

SWMM V v v

Wallingford N N N

2.4.1-Rainfall-Runoff Processes

Runoff is that fraction of the rainfall which moves over the surface or through the soil
fowards water features. For most purpose, runoff refers to surface runoff only. Runoff
occurs when the rainfall exceeds the demands of interception, eﬁaporation, infiltration, and
surface storage. Runoff bccurs after the intensity of the rainfall exceeds the rate at which -
water can infiltrate the soil. Infiltration is the entry of water into the soil surface. The
movement of the water downward through the soil profiles is called percolation. When the
intensity of the rainfall exceeds the inﬁltrétion rate, the excess rainfall begins to pond on
the soil surface. This water fills the small depreséions caused by irregularities in the soil
surface. The volufne’of Waterv.that is temporarily held in these depressions is called surface
storage. When the rainfall ceases, the water held in surface storage will either infiltrate
into the soil or evaporate. The volume of water that exceeds the volume of surface storage
‘becomes surface runoff. Runoff may begin as rélativély uniform layer of water moving’
over the soil' surface calléd sheet flow. Gradually the water begins to concentrate into
. small channels. ) |
They are two _groups of factors - affecting runoff processes, namely storm
characteristics and watershed characteristics. The storm characteristics that influence
runoff are intensity, duration, and areal extend of thé storm. Watershed characteristics that

influence runoff include size, shape, land;topography, soils, and vegetation. As the size of a
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watershed increases, total runoff volumes and peak runoff rates increase. Watersheds that
‘are'_' long and narrow w111 generally have reduced peak runoff rates compared to more
compact watersheds of the same size, because 1t takes longer "for runoff nfrom'the‘most"
remote point of the watershed to reach the outlet. The time required for runoff from the
most remote point of the watershed to reach the outlet is called the time of concentration.
| If the Storm has duration less than the time of concentratlon of the watershed, peak flows
~will be less than would oceur for a storm of the same intensity with duration equalling or
exceeding the time of concentration (T¢). Topography of the watershed also influences
runoff rates and volumes. | | _ |
Watersheds with an extensive network of steep channels will produce greater
runoff rates than watershed with few channels or one having mild slope. Watershed with
deep, permeable soils \i_rill produce less runoff than Watersheds,with thin soil overlying
less permeable materials. Vegetation influences the rate and volume of runoff because it
retards the flow of the runoff over the soil surface. ‘There are many methods used for
runoff computation, relevant ones are discussed further in the followmg section.
2.4.2-Rational Formula _ _
The rational formullapfor estimating peak runoff rates dates from the 1850s in Ireland and
' was introduced in the United State by Emil Kuichling in 1880: Since then it has become
-the most widely used method for des1gmng dramage facilities for small urban and rural
watersheds (up to 300 ha (Kartlka 2006). Peak flow is found from:
Q=K CHFA : BOR)
~ When US customary units are ‘u'sed then conversion factor Kc¢ =1.008 to convert acre
mch/hr to ft3/sec 18 routmely 1gnored This conversion is the basis for the term rat1ona1
method. ‘ ' | |
Where,
'Q = the peak' runoff rate (cusecs or cumecs)
I= Ramfall intensity is that for the time of concentratlon of the total area drained.
Kc = conversion factor (1 0 acre in/hr = 1.008 cfs, and 1.0 ha mm/hr 0.00278 cms) |
The ratlonal for the method lies in concept that apphcat1on of steady, uniform 4
. rainfall 1nten31ty w111 cause runoff to reach it is maximum rate when all parts of the
R watershed are contrrbutmg to the outflow at the point of de51gn That condmon is met after
elapsed time t. the time: of concentratlon which usually is taken as the time for a drop of
water to ﬂow from the most remote part of the Watershed to the point of design. At this |

| t1me the runoff rate matches the net ram rate.
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Rainfall intensity
It has been observed that shorter the duration of critical rainfall, the greater would be the
expected average iritensity'-dufing the period. For example, during a 30 minute rainfall,
some 5 minute period, or any period less than 30 minutes length, will have average rainfall
intensity greater'than that of the wholé storm. The critical duration of the storm will be
which produces maximum runoff. This duration is eciual to the time of concentration, since
shorter periods do not allow the whole area to contribute Water; and longer duration will
- give smaller average rainfall intensity. The pio‘blem thus reduces to one of establishing a
relation between time of. rainfall duration and probabie or expected rainfall intensity. For
the design purpose high intensities are of importance.
Time of Concentration '
‘Time of concentration is defined as the time required for rain falling at the hydraulically
most remote location in the watershed to reach the outlet (Larry, 2001). It is determined
from the hydraulic chafacteristics of the principal flow path, which typically is dividéd
into two parts, overland ﬂow,and flow in defined channelé; the times of flow for each
segment are added to obtain t.. Many formulae have been used for computation of tc. Like,
-l. Kinematic wave time of concentration formula |
= 093N

o gos | - 7 22)

2. Kirpich formula _ .
£.=0.0078*[ 4 1 | ‘ 2.3)
- - So"3g5 : ‘ - | - oo
S = Slope ft/ft, 1= rainfail intensity in/hr, n = Manning roughness and 1 = length of flow
path ft. o ' -

3. National 'Resources' Conservation Service (NRCS) formula.
t.= 1.67¢, - - ‘ o 04y
4= g (SHD” N |
. 1900wf°' _ _ | ' 2.5) ‘
Where, ' ' : o
“tc =time of concentration
- travel length (ft)
S = slope ft/ft
t;= watershed lag time
w; = average waters‘l;ed slope (%)
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Calculation of flow time in storm drains can readily be estimated by knowing the
type of pipe or chann'el,_' slope size, and discharge. The estimation of inlet time is
frequently based on judgernent; reported values vary from 5-30 minutes. Densely
developed areas with irhpervious tracts immediately adjacent to' the inlet might be
assigned inlet periods of 5 min, but minimum value of 10-20 min is more usual. For a |
critical area, the time of concentratioh is based on two components: these components are
inlet time 1. e., the time required for the rain water to flow over the land surface and enter
the drain at various inlets and the time of flow. The time of flow is the time. required for
water to flow through the drain from the starting point up to the critical section under
examination. In this study; time of concentration .for overland flow in the sub-catchment is
worked out using Kjrpich Formula.

The Runoff Coefficient ‘C’ |

The runoff coefficient C in the rational formula is the portion of precipitation that makes
its way to the drain. Its-value depends on a large number of factors such as permeability of
the surface, type of ground cover, shape and size of catchment, the topography, the
. geology, antecedent moisture condition, recurrence interval, land use, and amount of urban
development, rainfall intensity, surface and channel roughness, and duration of storm. It is
also to be rerhenabered that runoff coefficient tends to become larger as rain fall continues
due to filling of depressions in impervious surfaces and saturation of the upper layers of
exposed soil. The value of ‘C* commonly adopted for use in Rational Formula is given in
_the following table.

Advantage of rational Method Simple, Quick and give good estimate. The dzsadvantage
‘of the Method, runoff coefﬁc1ent tend to be more opinion than fact, time of concentration
also hard to estimate and more over factors are very dependent on local conditions |
2.4.3- SCS Curve Number (CN) Method | |

The . U.S. Soil Conservation Service (SCS) in 1975 developed three procedures for .
estimatino' runoff volume and peak rates of discharge from urban areas. They are known
collectwely as, Technical Release- 55 (TR-55) and 1nd1v1dua11y as the graphical method,
chart method, and tabular method. The method was edlted in 1986 to incorporate more |
vers1ons for accurate est1mat10n of runoff in urban areas. (TR—55) presents simplified
procedures to calculate storm runoff volume, peak rate of discharge, hydrographs and
storage volumes required for ﬂoodwater reservoirs. These procedures are applicable to
. small watersheds especially urbamzmg watersheds in the United States. TR-55 provides

a number of techniques that are useful for modelhng small watersheds. ‘It utilizes the SCS |
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runoff equation to predict the ;.)eak rate of runoff as well as the total volume. TR-55 also
~ provides a simplified "trabula'r method" for the generation of complete runoff hydrographs.
(The SCS is now known as the National Resource Conservation Service, or NRCS: the

former name is used here because of its widespread use in the literature and well known).

Table(2.2) Values of Runoff Coefficient ‘C’ (Source: IRC: SP: 50-1999)

S1. No. - Description of Surface Value of ‘C’
i) Watertight surface (concrete or bitumen), steep bare rock 0.9

ii) Moderately steep built up area with about 70% impervious | 0.8

iii) Flat built up area with about-60% area impervious 0.55

iv) Unpaved area along roads - 7 0.3

V) Green area (loamy) : A . 103

vi) Green area (sandy) ' ' 0.2

vii) LaWns and parks : 0.15

The basic equation for computing the excess rainfall or direct runoff from a storm water
by SCS method is given as follows: _
P.= (P-1) | ’ - (2.6)

P-I+S
Where

P. = excess rainfall in inches (always less than or equal to the depth of precipitation P)
I, = initial abstraction before ponding (in), for which no runoff will occur
S = potential Maximum storage (in)

By study of results from mdny small 'experimental watersheds, an empirical relation was

_ developed.
I,=0.28S en
On this basis
- P.= (P-028) . o ' (2.8)
: P+08S ‘ : :
S =z [1000 - 10] : o S (29)
'CN . '

z = conversion factor (z = 1 for cfs, z = 25.4 for metric system)
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Ltmttattons of SCS CN Metlzod

> _S1nce dally rainfall data were used in the development of the equation the time

| -distribution and duration of storms were not considered. If -all other factors are
constant, all storms having the sanle rainfall magnitude but different duration or '

_ intensity will produce equal amount of direct runoff volume. Whereas rainfall intensity
does have an effect on the hydrologic response of the watershed..

» The equation tends to over predict' runoff volume for a discontinuous storm, because it
does not account for the recovery of soil storage caused by infiltration during periods of
no rain; 4 _ | v | ‘

> The CN procedure does not work Well m areas where large proportion of flow is

. subsurface, rather than direct runoff. - | |

» Since the SCS curve numbers were developed from annual maximurn one-day runoff
data, the CN procedure- is less accurate When dealing with small runoff events.
| The SCS runoff equation is widely nsed in estimating direct runoff because of its

simplicity, flexibility, and versatility. The hydrologic data used to estimate CN are
normally available in most ungauged watersheds. Since CN is the only parameter required,
the accuracy of runoff prediction is entirely dependent on the accuracy of CN.

2.5- Hydrodynamic Modelling Methods of Urban Storm Water |

' - This model used to calculate the ﬂow rate and water levels for descnption of propagation

of flow in t1me and space. Klnematlc Diffusion Approx1mat10n or full Dynam1c wave

modelling is nsed to simulate flow in storm drainage systems and flows as general. Flow
propagation along river cliannel ‘or an urban Watershed drainage system is an unsteady '
non-uniform flow, unsteady because it varies in time, -nonﬁiniform because flow properties-
such as Water surface proﬂle (elevation); velocity, and discharge are not constant along the

" channel. This model solves continuity equation Eq. (2.10) as well as momentum Eq. (2.11)

- or energy equation as codpled system of equation This model describe the spatial

»‘Vanabihty of the process, it allows full consideration to backwater effects and pressurized
flow by solving the full Saint Venant’ S equations

| Continuity Equatzan. ' : | : o
0A. 00 . S 2.10)

_,.E{+_a%_%q e B
Where, .

A = the cross sectlonal area of the Channel ‘

' Q- = discharge at the section



t = time

X = ‘Distance

q = lateral inflow per unit length.
Momentum Equation: |

‘* Z_’;+v*2_; Z—::g*( s s, ) 2.11)

Where, '

v = velocity

h = water depth

g = acceleration due to gravity
s, = bed slope |

S, = friction slope

x = distance

t = time

Flow through the sewer network is considered as one dimensional flow (1D flow).

One Dimensional distributed routing method has been classified as:

i.

ii.

Kinematic Wave Routing,. which governs the flow when the inertial and
pressure forces are not important, when the gravitational forces of the flow are
balanced by the frictional resistance force. It is useful when the slope are steep
and back water effect negligible Eq. (2.12)

S =S, S (2.12)
Diffusion Wave routing, is used when the pressure force is important and
inertial force remaim'n'g uﬁmpoﬂmt Eq (2.13). Both kinematics and diffusion

wave models are helpful in describing downstream wave.propagaﬁbn when

the slope of the channel is greater than (0.01. %) and there are no wave

1ii.

propagating upétream due to disturbance such as tide, turbulence inflow, and

reservoir operation. | '
L v e
ox- Lo o - :

Dynamic wave model, when both inertial and pressure forces are important

‘such as in mild-sloped rivers or sewer network, and backwater effect, from

downstream disturbances are not negligible, then both the inertial and pressure

force terms in the momentum equation are needed, under this circumstances
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the dynamic wave routing method is required, which involves numerical
- solution of the ﬁ.rll Saint Venan’r’s equation Eq. (2.11).
2.5. l-Numerlcal Solution of St. Venant’s Equation :
~ These part1al differential equatlons {Eq. (2.10) & (2.11)}, were developed a century ago,
~ have only been recently applied to general hydrologic engineering problems, because, it
was not possible to solve these equations efficiently without high speed digital computers.
 Basically there are two types of numerical solution methods or finite difference techniques
'used in solving the differential equations encountered in the kinematics wave
approximation of the Saint Venant’s equation ; they are the explicit and implicit scheme.
Explicit Scheme: Explicit methods applied to the governing equations nsually resulting in
linear algebraic equaﬁons from which the unknowns can be evaluated directly or
seqnentially without iterative computations. This method ls simpler butcan be unstable,
which means that small values of Ax and At are required for convergence of the numerical
-procedure. ‘ - |
: Inlplicit Scheme:Implicit finite-difference method advances the solution of the St.
Venant’s Equation from one time line to the next simultaneously for all points along the
time line. It involves nonlinear. algebraic finite difference equations which involve
iterations and stable for large computation steps with little loss of accuracy and hence
works much faster than the explicit method.l However, mathematically this method is more
complicated. A major difference between implicit and explicit methods is that implicit
metllod are conditionally stable for all time steps, where as explicit method are
numerically stable only'for time steps less than a critical value determined by courant
condition. N | |
In wurban " ﬂooding simulation, the hydrological l.proc_esses “are separated
E conceptual'ly from the hydraulic of the drainage system. The computation of the surface
runoff from rainfallv can be carried out by standard surface runoff model e.g. time/area,
kinematics or linear’res'ervoir' models. Rainfall from each sub-catchment is then used as
| input for the dynamic model, simulation ﬂows in the pipe and street system The runoff
from the catchments is entered in the model either on the street or directly in the sewer
: dependmg on the layout of the dralnage system. '
2.6- Recommendatlons of IRC
Indian Road Congress (IRC: SP: 50-1999) gives some of the current practice bemg

followed in some metropohtan cities in India as follows -



i. Bombay: the mﬁoff coefficient adopted in fully developed area is. 1.0. In less
developed areas the coefficient is wbrked out which may range. between 0.58 tor 1.0.
The critical intensity of rainfall is considered 50 mm/hr and the ffequency of the
storm 2 times a year. '

ii.  Madras: the inteﬁsity of rainfall adopted is 25 mm/hr. this roughly corresponds to
rainfall intensity of 60 minutes duration with a frequency of 1 in 1.25 years.‘

iii.  Delhi: the average value of runoff which is adopted for different category of drains is

as follows:- . .

a) Internal drains (0.177 m’/ha) . 1 cft/acre

b) Intercepting drains (0.132 m*/ha) 0.75 cusec/acre
¢) Main drain (0.88 m*/ha) ' 0.5 cusec/acre

the above values have been workéd out on the following assumpfion; rainfall intensity
6f 30 minutes duration at the rate of 2.5 (62.5mm) per hour occurs once in two years.
Time of coﬁccntration 30 min minutes and thé average runoff coefﬁcient adopted is 0.6.
2.7-A Review of Storm Water Management Model (SWMM)
2.7.1 Introduction
The Environmental Protection Agency Storm Water Management Model (EPA SWMM)
is a dynamic rainfall-runoff simulation model used for single event or long-term
(continuous) simulation of runoff quantity and quality from primarily urban areas. The
runoff component of SWMM operates on a collection of sub-catchment areas that receive
precipitaﬁon and generate runoff and pollutant loads. The routing portion of SWMM
transports this runoff through a system of pipes, channels, storage/treatment devices,
pumps, and regulators. SWMM tracks the quantity and quality of runoff generated within
each sub—catchmen‘t',‘ and the flow rate, flow depth, and quality'of watef in each pipe and
channel during a simulation period comprised of mﬁltiple time steps. The storm water
ma'nagemenf modél (SWMM), was originally developed for the EPA between 1969 and
1971 and was the first éompreh_ensive model of its type for urban runoff analysis. SWMM
main window was given Fig (2.1) and physical features in Fig (2.2).
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Figure (2.1) The EPA SWMM main window
Application History
SWMM is a comprehensive computer model for analysis of quantity and quality problems
associated with urban runoff. It has an impressive longevity. It has been used in scores of
U.S. cities (Kansas and Missouri) as well as extensively in Canada, Europe, Australia and
elsewhere. The model has been used for very complex hydraulic analysis for combined
sewer overflow mitigation as well as for many storm water management planning studies
and pollution abatement projects, and there are many instances of successful calibration
and verification. SWMM simulate runoff and transport of storm through drainage network
by performing hydraulic and hydrologic model analysis of storm water in the drainage
system.
SWMM Conceptual Model
SWMM conceptualizes a drainage system as a series of water flows between several major
compartments. These compartments and the SWMM objects they contain include:
i.  The Atmosphere compartment, SWMM uses Rain Gage objects to represent rainfall
inputs to the system.
ii. The Land Surface compartment, which is represented through one or more Sub-
catchment objects. It receives precipitation
iii. The Groundwater compartment receives infiltration from the Land Surface
compartment and transfers a portion of this inflow to the Transport compartment. This

compartment is modelled using Aquifer objects.
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iv. -

The Transport compartment contains a network of conveyance elements (channels,
pipes, pumps, and regulators) and ,stora_ge/treatment units that transport water to

outfalls. Inflows to this compartment can come from surface runoff, groundwater

: interﬂow sanitary dry weather flow, or from user—deﬁned hydrographs. The

Not

‘components of the Transport compartment are modelled w1th Node and Lrnk objects.

all compartments need appear in a particular SWMM model. For example one could '

~ model just the transport compartment, using pre-deﬁned hydro graphs as inputs.
Hydrological Modellmg Features SWMM

SWMM accounts for various hydrologlc processes that produce runoff from urban areas.

These 1nc1ude

i.
ii.
il

iv.’

Y
Vii.

Viii.

ix:

Time-varying rainfall.
. Evaporation of standirlg surface water.
Snow accumulation and melting.
Rainfall interception from depression storage.
Infiltration of rainfall into unsaturated soil layers.
Percolation of infiltrated water into groundwater layers.
. Interflow between groundwater and the drainage system.
Nonlinear reservoir routing of overland flow. -
Spatial variability in all of these processes is achieved by dividing a study area into

a collection of smaller, homogeneous sub-catchments.

Hydraulic Modelling Fe eatures

- SWMM also contains a flexible set of hydraulic modelling capabilities used to route

runoff and external' inflows through the drainage system network of pipes, channels,

storage/ treatment units and diversion structures These include the ab111ty to:

Handle networks of unlimited size.

i
i

il

v,

' Use a wide variety of standard closed and open co.nduit shapes as well as natural -
channels. | _ o .
Model special elements such as storage/treatm_ent units, flow dividers, pumps,
weirs, and orifices. | - |
'Utlhze en:her krnematrcs wave or full dynam1c wave ﬂow routmg methods
Model various ﬂow regimes, such as backwater surchargmg, reverse flow, and

_ surface ponding. - A g
Apply user—deﬁned dynamic control rules to simulate the operatron of pumps

orifice opemngs and welr crest levels
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Figure (2.2) Example of physical objects used to model a drainage system

SWMM Requirement for Urban Flood Modelling
i. Study area map (including, area, imperviousness, slope, roughness, depression storage
and infiltration)
il. Rain gauge network (rainfall series).
iii. Catchments & Sub-catchments delineation.
iv. Sewer networks and locations.
v. Nodes (junctions, outfalls, dividers and storage units).
vi. Links (conduits, pumps, orifices, weirs ahd outlets).
vii. Transects & Controls.
viii. Observed Data for model calibration & verlﬁcatlon (observed hydrographs)
SWMM Salzent Features
1. Freely available in public domain
ii. The model performs well in urbanized areas with impervious drainage, although it has
been used elsewhere. Worldwide application
iii. It incorporates infiltration models — Horton, Green-ampt and SCS CN method.
iv. Flow routing both kinematics and dynamic wave routing.
v. Very good graphical user interface.
Limitations
i. Two dimensional flows cannot be modeled.
ii. It cannot directly read/write the data from/to any GIS format.
Assumptions

i. Overland flow and channel flows are assumed to be one dimensional.
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~ii. Always the pipe flows are assumed to have backwater effects and are modeled with
full dynamic wave. ‘ , _V |
' iii; Flow from sufface to the chan_nels takes place only at the speciﬁe nodes defined.
. Typical Appltcatmn of SWMM |
Since its 1ncept10n SWMM has been used in thousands of sewer and storm water studies
' throughout the world. Typical apphcat1ons include:
1. Design and sizing of dtainage system components for flood control.
ii.  Sizing of detention facilities and their appurtenances for flood control and water
» quality protection. | |
ii. F lood:plain mapbing of natural channel systems. ‘
v, ‘Designing control strategies for miiﬁmizing combined sewer overflows.
V. Evaluating the impact of inflow and inﬁltration on sanitary sewer overflows.
Vi. Generating non-point source pollutant loadlngs for Waste load allocatlon studies.
2. 7.2 Overv1ew of Computatlonal Method used in SWMM A
Sulface Runoff
* The conceptual view of surface runoff used by SWMM is illustrated in Fig (2.3) below.
Each sub-catchment surface is treated as a nonlinear reservoir (NLR). Inﬂow
comes from precipitation and any designated upstream sub-catchments. There are several
outflows, including infiltration, evaporation, and surface runoff. The capacity of this
: ';reservoir;' is the maximum depression storage, which is the maximum- surface storage
.prov1ded by ponding, surface wettlng, and interception. Surface runoff per unit area, Q,
occurs. only when the depth of water in the "reservoir” exceeds the maximum depressmn
“storage, dp, .in ‘which case the outflow is given by Manmng s equation. Depth of water
otfer the subfcatohment (d in meter) is contiuuously updated with time (t in seconds) by
coupling the continuity-equatior_l and Marining’s equation and soltling. numerically a water

balance equation over the sub-catchment Eq. (214)
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Figure (2.3) Shows Conceptual view of surface runoff computatibn.

o d,—d,, +W s," x[dj_l +1/2(di-di. )P (2.14) |
A 10000724 .
- Where,

d = is the depth of water in the sub-catchment (m)
W = sub-catchment width (m) |
n = Manning’s Coefficient for overland flow resistance
So = average sldpe of ground (m/m) |
A = area of sub-catchment (ha) .
I = rainfall intensity (m/s) 4

- The excessive depths (d) in NLR model are determined at each time step with the
Newton—Raphson 1terat1ve method and the correspondmg flow rates at the outlet of the
reservoir are computed. with Manning’s.
Infiltration - ,
Infiltration is the process of rainfall penetrating the ground surface into the unsaturatéd
. soil zone of pervious sub-catchments 'areas. SWMM offers three choices for modelling
 infiltration: ' |
_ Horton ’s Equation _
ThlS method is based on empirical observati'ons' showing that infiltration decreases -
exponentlally from an 1n1t1a1 maxunum rate to some minimum rate over the course of a
long rainfall event. Input parameters requlred by this method include the max1mum and
minimum 1nﬁ1trat10n rates; a decay coefficient that descrlbes how fast the rate decreases

over time, and a time it takes a fully saturated 3011 to completely dry

23



Green-Ampt Method

“This method for mo_delling infiltration assumes that a sharp wetting front exists in the soil
column, separating soil with- some initial moisture content below from saturated soil
above. The input parameters required are the initial moisture deficit of the soil, the soil's
hydraulic conductivity, and the suction head at the wetting front.

- Curve Number Method |
This -approach is adopted from the NRCS (SCS) Curve Number method for estimating
runoff. It assumes that the total infiltration capacity of a soil can be found from the soil's
tabulated Curve Number. During a rain event this capacity is depleted as a function of
cumulative rainfall and remaining capacity. The iﬁput parameters for this method are the
curve number, the soil's hydraulic conductivity (used to estimate a minimum separation
~ time for distinct rain eventé), and a time it takes a fully saturated soil to completely Adry.
Flow routing

Steady State
Steady Flow routing represents the simplest type of routing possible (actually no routing)
by assuming that within each computational time step flow is uniform and steady. Thus it

- simply translates inﬂqw hydrographs at the upstream end of the conduit to the downstream
end, with no delay or change in shape. The Manning equation is used to relate flow rate to
flow area (or depth). This type of routing cannot account for channel storage, backwater
effects, entrance/exit lossés? flow reversal or preséurized flow. It can only be used with
dendritic conveyance networks, where each | ‘
node has only a single outflow link (unless the node is a divider in which case two outflow

links are required). This form of routing is insensitive to the time step employed and is
really only appropriate for preliminary aﬁalysis using”'long—térm continuous simulations.
Kinematic Wave Routing | | _

This routing method solves the contimuity equation along with a simplified form of the -
momentum equation in each conduit. The latter requires that the slope of the water surface
equal the slope of the conduit. The maximum flow that can be conveyed through a conduit

| is the full-flow Manning equaﬁon yalue. Any flow in excess of this entering the inlet node
is éither los‘t' from the system or can pond atop the inlet node and be re-introduced into the
conduit as capacity becbmes available. Kinematic wave routing allows ‘flow and area to -
vary both spatially and temporally within a conduit. This can result in attenuated and

: deléyed outflow hydrographs as inflow is touted .thro‘ugh the channel. However this form

- of routing cannot account for backwater effects, entrance/exit losses, flow reversal, or
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. pressurized _ﬂow, and is also restricted to dendritic network layouts. It can usually
-maintain numerical stability with moderately large time steps, on the order of 5 to 15
minutes. If the aforementioned effects are not expected to be significant then. this
alternative can be an accurate and efficient routing method, especially for long-term
simulations. ' |
Dyndmic Wave Routing _
- Dynamic Wave routing solves the complete one-dimensional Saint Venant’s flow
'equations and therefore produces the most theoretically accurate results. These equations
consist of the continuity and momentum equations for conduits and a volume continuity
equation at nodes. With this form of routing it is possible to represent pressurized flow
when a closed conduit becomes full, such that flows can exceed the full-flow Manning
_ equation value. Flooding oecurs when the water depth at a node exceeds the maximum
available depth, and the excess flow is either lost from the system or can pond atop the
node and re-enter the drainage system. Dynamic wave routing can account for ehannel
storage, backwater, entrance/exit losses, flow reversal, and pfessurized flow. Because it
couples together the solution for both water levels at nodes and flow in conduits it can be
-applied to any general network layout, even those containing multiple downstream
diversions and loops. It is the method of choice for systems subjected to significant
backwater effects due to downstream flow restrictions and with flow regulation via weirs
and orifices. This generality comes at a price of having to use much smaller time steps, on
the order of a minute or less (SWMM will automatically reduce the user-defined
maximum time step as needed to maintain numerical stability).
Surface Ponding . |
~ Normally in flow routing, when the flow into a junction exceeds the capacity of the system
to transport it further downstream, the excess volume overflows the system and is lost. An
option exists to have instead the excess volume be stored atop the junction, in a ponded
” féShion and be reintroduced into the system as capacity.permits. Under Kinematic Wave
‘ flow routing, the ponded water is stored simply as an excess volume. For. Dynamic Wave
routmg, Wthh is influenced by the water depths mamtalned at nodes, the excess volume is
assumed to pond over the node with a constant surface area. Th1s amount of surface area is
~ an input parameter supplled for the junction. Alternatlvely, the user may wish to represent
the surface overflow system exp11c1tly In open channel systems this can include road
| overflows at brldges or culvert crossings as well as additional ﬂoodplaln storage areas. In

closed conduit systems surface overﬂows may be conveyed down streets, alleys, or other
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surface routes to the next available storm water inlet or open channel. Overflows may also
be irhpodnded in stlrface depressions such as parking lots, back. yards or other areas.
2,73 Computdtional Steps of Hydrology and Hydraulics _
- The drainage-area is divided into several sub-catchments and associated with the drainage
channels receiving water from the tributary sub-catchments. '
1. rainfall is added to the 5_ub—catehment accordiﬁg to the speciﬁed hyetogrdpﬁ:
o dy=ditr At ' ’ (2.15)
~ Where, . : |
" d, = the water depth after rainfall _
dt = the water depth of _sub-c_atchm%t at time t |
rt = the intehsity of rainfall in time interval At
2. inﬁltrationb f; is cotriputed using Green-Ampt Model, Horton or Curve-Number
For Green-Ampt: |
Fy=(S * IMD)/(i/Ks — 1), for I > Ks
f,=Ks (1 + (S * IMD)/F), for [ <Ks, F > F's
Where,
f= actual infiltration rate
f, = infiltration capacity (mm/s)
I= rainfali intensity (mm/s)
F= eumulative infiltration volume in the event (mm)
F= cﬁmulative inﬁlttation volume to cause surface saturated (mm)
" IMD = initial moisture deficit for the event (fraction)
" S = average capillary suction at wettmg front (mm of Water)
- Ks = saturated hydrauhc conduct1v1ty of the soil
3. If the resulting water depth of sub-catchment d; is large than the spec1ﬁed detention

- depth dq and outﬂow rate 1s computed usmg Manning’s equatlon '

‘v—149 (d; dd) Pt | | (2.16)
n V
And | o ,
Qu=v*w*(di-dy) o 2.17)
Whete - ‘ ' S o :

'V = the veloc1ty

Manmng S RouOhness Coefﬁment
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. S = the ground sl'ope ratio
‘W = the width (length / longiﬁldinal of water travel in catchment)
Qs = the outflow rate | |
4. the continuity equation is solved to determine water depths of the sub-catchments

p resultlng from rainfall, infiltration, and outﬂow thus;

dt+At dl - Os *At _ (2.18)
p .

Where A is the surface area of the sub-catchment
' 5.' Step 1-4 are repeated until computations for all sub-catchments are completed. .

6. inflow (Qm) to the catchment is computed as a summation of outﬂow from trlbutary ‘
sub-catchments (Q; ;) and flow rate of immediate upstream channels (Qg)

=% Quit ¥ Qg | (2.19)

7. The inflow is added to raise the existing water depth of the channels aceording to it is
| geometry. Thus, |
Y=Y+ Om At - | | (2.20)

' As

Where, Y and Y, water depth of the gutter

| As=1s the mean water surface area between Y; and Y,

8. The outflow is calcuiated-, for the channel using Manning’s equation

y= 149 (R)~/3
- "
Q:=Vv*Ac

- Where Qg = is the flow in ;che gutter
. Ac=1sthe cross-'section"area of channel at Y,
- Si = the invert slope of channel
R= hydraulie radius ..
9. The con'tinuityv equation is solved to determine the water depth of the channel
resulting .from the inflow and out flow. | B
Yt+ A=Y+ (Qin—Qo) AL At o - @2
| } As S :
‘For Kinematic Wave Routmg, contmulty equation and 31mp11ﬁed form of momentum are
solved for each channel ' ’

, Continuity Equation:
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o4 .99 _

o . ox
Momentum Equation _
S = So or Q= ad’

A = the cross sectional area of the section
Q = discharge at the section
t = tirne
x = Distance ‘
q = lateral inflow per unit length.
St = friction slope '
S, = bed slope
o and 3 = are kmematrc wave parameters ‘
The above equations are combmed together to produce an equation with Q as the only
unknown variable.
10. Step 6-9 are repeated until all the gutters are finished
11. The flows reaching the point concerned are added to produce a hydrograph
coordmate along time axis.
12. The processes from 1 to 11 are repeated in succeeding time periods until the
- complete hydrograph is computed. | o
2.8 Storm Water Dralnage Des1gn
The design of the dramages system involves (i) estimation of the total d1scharge that the
system will require to drain off and (ii) fixing the slope and dimensions of the drain to
have adequate capacity to carry the discharge and afford proper maintenance.
The discharge is dependent upon intensity and duration of precipitat_ion characteristics of
the area and time required for such flow to reach the drain. The storm water flow for this
purpose may be determmed by using the rational method, hydro graph method, and rainfall
runoff correlation studies, d1g1tal computer models and empmcal formulae. The empirical
formulae that are available for estlmatmg the storm water runoff can be used only when
comparable conditions to those for which the equations are derived initially can be
. assured. Of the dlfferent methods available, the rational method is most commonly used
and serves the purpose of des1gn | |
Any method requlres that ex1st1ng rainfall data of the concemed area is analysed to
- permit a sultable forecast. Urban storm dralns are. not des1gned for the peak flow of rare

occurrences such as 100 years or 50 years — as is the case with: des1gn of 1mportant
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- structures such as bridges or weirs. However, it is neeessary to provide sufficient capacity
to prevent too frequent a flooding of the drainage area. There may be some water
accumulation on the roads when fhe rainfall exceeds the deéign value whieh has to be -
‘ permitted. The frequency of occurrence which can be permitted varies from place to place,
depending upon the importance of the place and the expectancy of the public. Flooding at
any time, however, causes inconvenience to people but they aecept it once in a while
- considering the éavings affected in drainage costs. The areas such as important junctions,
areas having basement, substations etc. should be considered as ﬁnportant areas and higher
frequency of flooding should be adopted in the desrgn

- 28.1 Hydraulic Design of Drains

DeSIgn of drain section

. Capaciry of the drain is normally designed using manning’s formula

Q=v*A

VA= 149 .R2/381l2
n

Where,

Q= discharge in cumecs

V=mean velocity in rrl/s

N= Manning’s roughnees coefficient |

R= hydraulic mean radius which is area of flow cross section divided by wetted perimeter.
S= gradient of drain bed

A= Area of flow cross section in m>

Table (2.3) average values of Manmng s coefficient for various surfaces

(Source IRC: SP: 50- 1999)

No. | Type of Surface ' - Value of n
1) | Brick pitched drain - : 0.017
ii) | Plastered brick surface o " 0.015
ii1) | Plastered brick surface with neat cement finish o - 0.013.
iv) | Concrete pipes up to 600 mm diameter : 1. 0.015

- v) | Concrete pipes above mm drameter : B ~0.013
vi) | Dry rubble masonry e ' - 0.033

vii) | Dressed ashler surface ' . 0.015

viii) | Dry stone pitching C , S 0.020
ix) | Kutcha drain - 5 - . --0.025
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- Stl‘ea haracte : ROUghnegS Coefficients “p» for Channe‘ls (éburc :
S aCteristics _ — . ource: Chow, 1959)
Concrete . ' ' Typical “n” value
: ' - 0.
gravelvbottom with sides concrete *
mortared stone ' _ 0.023'
riprap 0.033
Natural stream channel
clean, straight stream : | - 0.03
clean, winding stream : ’ 0.03
- with weeds and pools 0.04
-with heavy brush and timber ' 0.05
flood plains o ' 0.1
pasture ' 0.035
field crops 0.04
light brush and weeds - 0.05
[ dense brush | 0.07
dense trees : , - , 0.1

While deciding the drain sections it is not sufficient that they are sufficient to carry the
required discharge. Minimum and maximum velocities, minimum’ free board, maximum-
- section of drain, channel shape, economic sections (for lined drains), cross slope in bed

and silt pit required special attention of the designer.
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' CHAPTER—III
STUDY OF DRAINAGE PATTERN AND PREPARATION OF SPATIAL DATA

| »7 3.1 Locale of study area
The selected study area is the c11;y of Roorkee which is a small but pleasant and
" peaceful place with the grand spectacle of Himalayan ranges stretchmg in the east and
north-east The glamorous. part of the Roorkee town is the Upper Ganges Canal
which ﬂows north-south and d1v1des the city into two parts Ganges canal with its
raised embankment flanked with huge masonry lions is a spe01a1 attractlon of the city.
‘Roorkee comprises of two administrative units: |
i. Roorkee Municipal Board and
il. Roorkee Cantonment Board.
Because of the englneermg background and mstltutlons located in the City,
' Roorkee has emerged as a famous centre for manufactunng engmeerlng and scientific
instruments mainly for survey and drawing purpose.
3.1.1 Location | | '
Roorkee lies at 29" 52° N Latitude and 77° 53" E Longitude, with a total area of Aab(-)ut
16.84 Km” and total pepulation of ‘abou't 115000 capita (20010ensus); It lies on the
righf bank of the River SOIani and on the left bank and right bank of upper Ganges
. -Canal and 274 me;cefs above the mean sea level. It is situated 172 kilometres to the
‘north of Delhi, Cap1ta1 of India, on. the Delhi -Dehradun—Messoune highway and 55
~ kilometres Roorkee—handwar—Rlshlkesh road takes off from Roorkee which further
' leads to Badrinath, Kedamath Gangotri, Yamunotn (all Hindu. pllgnm places) The
Mount Himalayas in  the north side, the Ganges River in the east side and the Yamuna
| River in the west have acted. as natural boundarles for the region. Because of these
this region has become fertlle ‘Indo-Gangetic plam Presently, Roorkee is in
Haridwar dlstrl_ct-of Uttarakhand State. The nelghbourmg districts are Saharanpur in
" the west, _Muzaffarnagar in south, Dehradun in north and Bijnofe in the east side Fig.

3.0,
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| Figure (3.1) location Map of Roorke City

3.1.2 Climate _

The climate of Roorkee resembles that of the state generally, though modified by its
northern position and proximity to the hills. Being sub mountain district, with higher
latitude than any other portion of the plains, it has a longer cold weather. Because of
having longer cold season, presence of Upper Ganga canal, Solani River and healthy
vegetation, the climate is somewhat on the humid side. Winter season may be
considered to begin from November and continue up to month of February. The
coldest months in general are December and January when the minimum temperature
is around 2° C. A rise of temperature experienced from the beginning of March, which
indicate the starting of summer. Summer season, witnesses minimum humidity around

10% during day time and a maximum temperature up to around 40° C. Rainy season,
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Though rains occur almost throughout the year, but 15™ July to 15™ September is the
general duration in which monsoon rains are prominent. Annual average rainfall is

around 110 cm. A typical climate of the town, as explained above, is shown in Fig
(3.2).
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Figure (3.2) variations of temperature, rainfall and relative humidity during year 2007
in Roorkee city

3.2 Data Collection and Field Investigations

For storm water simulation, field investigations and inspection were conducted. The
information regarding capacity, elevations, and condition of existing runoff channels
and/or conduits, topography, size and shape of drainage area, extent and type of areal
development, profiles, cross-sections, roughness data on pertinent existing streams
and water courses, and locations of possible ponding areas were collected. Adequate
information regai'ding soil conditions, including types, perviousness, and vegetation
cover was also collected. Outfall and downstream flow conditions, including high-

water occurrences and frequencies were also obtained from the field and with
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Figure (3.3) Administrative Boards of Roorke City

discussion with inhabitants of the areas. Maps and charts showing necessary detailed
topography and other essential featureé of the areas about drains were obtained from
the City authorities and other Institutes. Satellite imagery and contour maps were also
obtained for delineation of sub-catchment and development of higher resolution
Digital Elevation Models (DEM) for determination of volume, depth and areal extent
of flooding.
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3.3 Delineation of catchment and drainage networks
3.3.1 Digital Elevation Model (DEM) and Digital Surface Model (DSM) generation
SRTM data was analysed using spatial analyst of ArcGIS and the flow directions,
flow accumulation and watershed boundaries were obtained Fig (3.5). To generate the
DEM & DSM of higher resolution for simulation, a new point shape file was created
having the spot elevations obtained from the drainage map (from Irrigation Research
Institute IRI) and values collected using GPS. Using spatial analyst extension of Arc-
map, the surface was generated using inverse distance weighted method Figl (3.4).
This SWMM does not support GIS and has no import functionality of GIS
data. Hence, a surface was generated from the digital elevation model wherein the
surrounding buildings were elevated to suitable height, considering that the water

shall spread only along the roads. This data was used later for computation of flood

extent.
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|
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Figure (3.4):- Surface map of simulation area
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3.3.2 Delineation of Sub-catchments

The natural drainage pattern was extracted from the DEM data and field
investigations using ArcGIS hydrologic analysis, which shows that the study area is
comprises of three sub-catchments of different flow directions namely 1) east Gang
Canal IIT, Roorkee campus and surroundings areas this drains to Solani River, 2)
west Gang Canal, from BSM College up to the railway station this drains on
depression southwards and, 3) from BSM College north wards up to Solani River and

this drains to Solani Fig (3.5).
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Figure (3.5) Map of Sub-catchment of the city
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3.3.3 Delineation and digitization of drainage network

Pan data of IRS (C), available at the Department, was georeferenced with the help of
Landsat data Fig (3.6). Drainage networks were delineated from the SRTM data. This
was verified with the Pan data and with field investigations. The drainage networks

were digitized and stored in line shape files. Roads, Railway, and Highway in the

study area were also digitized with help of line shape files.

Drainage map of part of the study area was obtained from the Irrigation
Research Institute Roorkee and is shown in Fig (3.7). Spot elevations were also given
in the map; the map was scanned and imported to Arc-map. Supplérnentary survey

was done using GPS for determination of the locations of nodes and for finer

adjustment; the data was added as a new layer to GIS Software.
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Figure (3.6) Drainage Network and digitized Highway, Roads and railway in Roorkee

. City
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Figure (3.7) Part of drainage network obtained from IRI, Roorkee

3.4 Conclusion of drainage pattern study

The study of the drainage pattern obtained from SRTM data (though having a course
resolution of around 83 m) indicates a water divide in old city i.e right side of the
Upper Ganges Canal. Therefore two sub-catchments were delineated in this area. One
is draining through the thickly populated city core and another one in the south east
direction Fig (3.5). The left side area of the canal drains at a different point in

downstream of river Solani, thus, these areas were considered as a separate catchment
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for further analysis. The arrows in Fig (3.8) show the direction of flow of natural
drainage. Statistics of the sub-catchment are given in the following table (3.1).
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Figure (3.8) Natural drainage pattern and digitized drainage network of study area

Table (3.1) Statistics of sub-catchments

Sub-catchment Area (ha) Total length of drains ( m) | Average Slope (%)
Sub-catchment-1 410 2700 ' 0.65
Sub-catchment-2 130 2100 0.4
Sub-catchment-3 343 4000 0.5
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~ CHAPTER-IV
DESIGN STORM ANALYSIS

4.'71 General

The design storm for urban drainage 1is ﬁsualIy based on rainfall of 2 to 5 years recurrence
in;cei'val. Where potential damage or functional requirements need a more severe critérion,
~a greater design recurrence interval should be used. Rainfall intensity should be
determined frorh"the best available intensity-duration-frequency curves. In this study,
>design storm anal)fsis was conducted using rainfall records of the Observatory of the
E Départment of Hydrology. The Design storm of various return périods are calculated using
SRRG data and 24 hsurs maximum rainfall during the period 1977 to 2007. The Gumble’s
extreme value distribution is used for calculating rainfall depth of various return periods.
The details are provided in subsequent sections.

4'.2 Gumbel’s Method of Extreme Value ‘ .
This extreme value distribution was introduced by Gumbel (1941) and it is commonly
known as Gumbel’s Distribution. It is one of the most widely used probabiiity
~_distributions function for extreme values in hydrological and meteorological studies for
prediction of flood peaks, maximum rainfalls, maximum wind speed, etc. Gumbel defined
a flood as the rnax_imﬁm of the 365 daily flows and the annual series of flood flows
constitute a seljies of largest values of flows. According to this theory of extreme events,

the probability of occurrence of an event equal to or larger than a value x, is;

PXo=xg)=1-¢—e? S I (4.1)
| In which y is dimensionless variable given by ' 7 | :
y=a(xa) - | R (42)
a=%-0450050, | (4.3)
0=12825/0y | | | | 4.4)
Where " ' | ’

X =mean and dx = standard deviati‘onk of the variates X.

The values of X with arecurrerice interval T is used as , '

Xo= %K oy - I @)
Where - ‘ » | ’

Ox.] = stahdard»deviati‘on of the sample of size N

K = freqﬁency factor expressed as |
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Y1—¥n
Sn

yr=-InfIn(T/(T-1))] ' (4.7)

K = (4.6)

V= reduced mean, a function of sample size N and is given in'table (4.1) for
N — a, ¥,—0.577.
S,, =reduced standard deviation, a function of sample size N given in table (4.2 for
N - a, §,—1.2825. /
These equations are used under the following procedure to estimate the maximum rainfall
depth corresponding to a given return pefiod,
1. Assemble the rainfall value and note the sample size N. Here the annual maximum
daily rainfall is the variates X. find X and oy.; for the given data
Using table (4.1) and table (4.2) determine ¥, and S, appropriate to given N.

Find yt for a given T using formula (4.7)
Find K using formula (4.6)

A

5. Then using formula (4.5) determine Xr.

4.2 Design Storm Analysis Using SRRG Data

Gautam (1997) analysed SRRG data of the Hydrometeorological Observatory of the

Department of Hydrology during 1979 to 1996. This work was updated using the SRRG

data from 1997 to 2006. During the period 1997-2006, a total 43 storms were used for

analysis. From the above 43 storms the representative storm for each year was found out

for the selected duration (Appendix- I & II). Maximum depth for durations 15, 30, 45, 60,
120, 180 minutes were worked and are presented in table 4.3a. The intensities were

calculated and are presented in table 4.3b. Thus, the total length of rainfall data analysed

for intensity-duration-frequency analysis was of 28 years.
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Table (4.1) Reduced mean Y, in Gumbel's Extreme Value Distribution

(Subramanya, 2004)

N 0 1 2 3 4 5 6 7 8 9
10 04952 | 0.4996 | 0.5035 | 0.507 | 0.51 0.5128 | 0.5157 | 0.5181 | 0.5202 | 0.522
20 0.5326 | 0.5252 | 0.5268 | 0.5283 | 0.5296 [ 0.5309 0.532 0.5332 | 0.5343 | 0.5353
30 0.5362 | 0.5371 0.538 | 0.5388 | 0.5396 | 0.5402 0.541 05418 | 0.5424 | 0.543
40 | 0.5436 | 0.5442 | 0.5448 | 0.5453 | 0.5458 | 0.5463 | 0.5468 | 0.5473 | 0.5477 | 0.5481
50 | 0.5485 | 0.5489 | 0.5493 | 0.5497 | 0.5501 | 0.5504 | 0.5508 | 0.5511 | 0.5515 | 0.5518
60 | 0.5521 | 0.5524 | 0.5527 | 0.553 | 0.4433 | 0.5535 | 0.5538 | 0.554 | 0.5543 | 0.5545
70 | 05548 | 0.555 | 0.5552 | 0.5555 | 0.5557 | 0.5559 | 0.5561 | 0.5563 0.5565 | 0.5567
.80 0.5569 | 0.557 | 0.5572 | 0.5574 | 0.5576 | 0.5578 0.558 0.5581 | 0.5583 | 0.5585
90 | 0.5586 | 0.5587 | 0.5589 | 0.5591 | 0.5592 | 0.5593 | 0.5595 | 0.5596 | 0.5598 | 0.5599
100 0.56

N= Return Period in Years

Table (4.2) Reduced Standard Deviation S in Gumbel's Extreme Value Distribution

(Subramanya, 2004)
N o | 1 2 3 4 5 6 7 8 9.
10 0.9496 | 0.9676 | 0.9833 | 0.9971 | 1.0095 | 1.0206 | 1.0316 | 1.0411 | 1.0493 | 1.0565
20 | 1.0628 | 1.0696 | 1.0754 | 1.0811 | 1.0964 | 1.0915 | 1.0961 | 1.1004 | 1:1047 | 1.1086
30 11124 | 1.1159 | 1.1193 | 1.1226 | 1.1255 | 1.1285 | 1.1313 | 1.1339 | 1.1363 | 1.1388
40 1.1413 | 1.1436 | 1.1458 | 1.148 | 1.149¢ | 1.1519 | 1.1538 | 1.1557 | 1.1574 | 1.159
50 1.1607 | 1.1623 | 1.1638 | 1.1658 | 1.1667 | 1.1681 | 1.1696 | 1.1708 | 1.1721 | 1.1734
60 11747 | 11750 | 1177 | 11782 | 1793 | 1.1803 | 1.1814 | 1.1824 | 1.1834 | 1.1844

- 70 1.1854 | 1.1863 | 1.1873 | 1.1881 1.189 1.1898 | 1.1906 | 1.1915 [ 1.1923 | 1.193
80 | 1.1938 | 1.4945 | 1.1953 | 1.1959 | 1.1967 | 1.1973 1.108 1.1987 | 1.1994 | 1.2001
90 1| 1.2007 | 1.2013 | 1.202 | 1.2026 | 1.2032 | 1.2038 | 1.2044 | 1.2049 | 1.2055 | 1.208
100" | 1.2065

- N= Return Peridd in Years
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Table (4.3) a Rainfall Depth Used for Computation of Design Storm (SRRG data)

Serial Years Max Depth (mm)

No. . 15 min '30min | 45 min | 60 min-| 120 min 180 min
1 2006 30 50 60 70 - 90 122
2 2005 40 50 55 46 42 56
3 2004 20 30 42 56 72 40
4 2003 26 40 46 52 19 21
5 . 2002 16 20 30 ‘40 56 68
6 2001 20 40 43 46 . 72 81
7 2000 20 40 52 60 90 95
8 1999 18 34 24 26 28 23
9 1998 . 20 40 50 52 66 80
10 1997 20 30 40 . 41 - 46 53 .
11 1996 30 54 . £68.00 81 113.00 118.00
12 1095 - 35 60 63 57.5 -96.30 104.30
13 1994 23 41 58.00 66 86.50 116.50
14 1993 13 23 .32.85 40 55.65 56.15
15 - 1992 24 46 59.00 75.5 114.00 126.40
16 1991 20 36.75 49.5 55.5 72.30 77.00
17 1990 35 66 80.00 93.9 | 107.40 118.35
18 1989 252 31.2 35.80 40.3 43.85 5450
19 1988 21 38 55.00 67.5 94.05 116.85
20 1987 20.75 39.25 53.75 62.5 74.50 76.85
21 1986 19.75 29.75 33.95 | 34.25 34.30 37.65
22 1985 21.5 26 28.8 31.3 31.60 49.00
23 1984 - 10 15,5 |-20.00 17 21.00 21.68
24 . 1983 20 40 50.00 60 101.00 128.50
25 1982 20 36 47.50 54.5 67.60 70.20
26 - 1981 30 60 . - 90 118.5 51.15 63.00
27 1980 -20.7 35.2 40.55° 46 74.00 85.60
28 1979 - 315 56.5 62.1 70 93.10 85.70
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Table (4.3) b Intensities Corresponding to Maximum Depths (SRRG data) .

Serial Years - Maximum Intensity (mm/hr)

No. 15min | 30min | 45 min | 60 min | 120 min 180 min
1 2006 120 100 80 70 . 45 40.67
2 2005 160 100 73.33 46 21 | 1867
3 2004 80 60 56 56 36 13.25
4 2003 104 80 61.33 52 8.5 7
5 2002 64 40 40 40 28 22.67
6 2001 80 80 57.33 46 36 27
7 2000 - 80 - 80 69.33 60 45 31.67
8 1999 72 68 32 26 - 14 7.67
9 1998 80 80 66.67 52 33.5 - 26.67
10 1997 80 60 53.33 41 23 17.67 -
11 1996 120 108 980.67 81 - 56.50 39.33
12 1995 140 120 84 57.5 48.15 34.77
13 1994 - 92 82 77.33 66 - 43.25 38.83
14 1993 - 52 46 43.8 40 27.83 18.72
15 1992 96 92 78.67 75.5 57.00 42.13
16 - 1991 80 73.5 66 . 555 36.15 25.67
17 1990 140 - 132 106.67 93.9 53.70 39.45
18 1989 100.8 62.4 47.87 40.3 21.93 18.17
19 1988 84 76 73.33 675 | 47.03 38.95
20 1987 83 78.5 71.67 625 | 3725 25.62
21 1986 79 59.5 | 45.27 34.25 17.15 12.55
22 1985 86 52 38.4 31.3 15.80 16.33
23 1984 40 - 31 26.67 17 10.50 - 7.23

24 1983 80 80 66.67 60 50.50 42.83
25 1982 80 72 63.33 54.5 33.80 23.40.
26 1981 120 120 120 118.5 25.58 21.00
27 1980 - 82.8 70.4 54.07 46 37.00 28.53
28 1979 126 113 82.8 70 46.55 28.57

The Gumble’s extreme value method was applied on rainfall depth series (table 4.3
a) and the results of various duration and return period were estimated. The compiled

results .are provided in Table 4.4a. The corresponding intensities are given in table 4.4b.

Table (4.4) a Rainfall depths for different durations and return periods, using Gumbel’s
Extreme Value Distribution (SRRG data)

Duration | Mean of | Standard : Rainfall Depth in mm
lin : rainfall Deviation | 5 vears 10 years 15 years | 25 years 50 years | 100 years
minutes series | of series | K=1.499 | K=2.25 K=2.67 K=3.2 - | K=3.9 K=4.6
15 23.23 [ 6.81 | 29.27 33.90 | 36.51 39.74 44.08 48.38
30 39.58 12.37 50.55 58.96 63.70 69.58 77.46 85.28
45 | 48.93 16.01 | 63.12 74.00 80.14 -| 87.74 97.94 108.05
60 . 55.72 20.97 74.32 88.56 96.59 | 106.55.| 119.90 |  133.16
120 - 66.10 2850 | 91.37 | 110.73 | 121.65 | 13519 | 1563.34 | 171.35
180 | 76.62 3333 - | 106.17 | 128.81 | 14159 | 157.42 | 178.64 | 199.71
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Table (4.4) b Rainfall intensities corresponding to the maximum depths as given in table
(4.4) a.

Rainfall intensities in mm/hr
Duration in S years 10 years | 15 years | 25 years | 50 years 100 years
minutes :
16 117.08 135.58 146.02 1568.96 176.31 193.62
30 101.10 117.91 127.40 139.15 154.91 170.55
45 84.16 98.67 106.85 116.99 130.58 144.07
60 74.32 88.56 96.59 106.55 119.90 133.16
120 45.69 55.37 60.83 67.60 76.67 85.68
180 35.39 42.94 47.20 52.47 59.55 66.57

For N=28 years, from table (4.1) and (4.2) Y, = 0.5343 and S, = 1.1047

The Intensity-Duration-Frequency curves (I-D-F) were plotted using tables 4.4 and
are shown in fig (4.1). The Intensity—Duration curve (I-D) was also plotted using table
(4.3) b and is shown in figure 4.2. ‘

250 4 Intensity-Duration-Frequency Curves
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Figure (4.1) Intensity-Duration-Frequency Curves (using SRRG data during 1979-2006) '
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Figure (4.2) Intensity Duration Curve (using SRRG data during 1997-2006).

- 4.4-Design Storm Analysis Using Annual Rainfall Data

Annual daily maximum rainfall data for 30 years (1977-2007) were obtained from
the observatory of the Department (table 4.5). The series was analysed using Gumbel’s
Extreme Value distributions to find the maximum rainfall depth for specific return periods.
The results are tabulated in Table 4.6. .

Twenty four hour distribution factors provided by Central Water Commission
(CWC) and Indian Meteorological Departmeﬁt (IMD) ‘were used to find out the
distribution of rainfall within the 24 hours. The distributions are provided in tables (4.7)
and (4.8).

In this study 5 years return period rainfall depths were used for storm water
modelling. The depth calculated from SRRG data and maximum daily data with CWC and

IMD distribution factors were used as the design storm for the city of Roorkee.
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Table (4.5) Maximum Annual 24 hour’s rainfall depth

- Sl No. - | Maximum Rainfall
(m) Years {mm)
1 1977 76.8
2 1978 1565
3 1979 99.5
4 1980 90.6
5 1981 195.4
6 . 1982 76
7 1984 76
8 1985 93
9 1986 : 63.8
10 1987 80.5
11 1988 1565
12 1989 241.5
13 -1990 148
14 1991 138.2
15 1992 171
16 | 1993 97.5
17 1994 263
18 1995 134.6
19 1996 123.6.
20 1997 125.0
21 1998 121.6
22 - 1999 40.1
23 2000 ' 120.0
24 2001 121.6
25 2002 | 170.0
26 2003 90
27 { 2004 110.6
28 2005 - 115.8
29 2006 - 224
30 2007 77.5

Tablé (4.6) Maximum 24 hours Rainfall of Different Return Periods Using Gumbel’s

Extrenme Distribution

Sl. No. | Return Period | | Maximum Daily Rainfall in (mm)
T 5 years TR
2 Toyeas | . 20021
3 » 15 years : 229.59
4 25 years : o 25492
5 50 years B 2886
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| Table (4.7) Twenty four hours rainfall distribution using CWC distribution factor

" Cum. RF = Cumulative Rainfall

Incr. RF = Incrementai rainfall

48

Rainfall in (mm)
Dis.tribut- 5 years 10 years 15 years 25 years
Time F;c::'t]or CumRF | IncrRF | CumRF | IncrRF | Cum RF | IncrRF | Cum RF | Incr RF
1 0.17 29.45 29.45 35.57 35.57 39.03 | 39.03 | 43.34 43.34
2 027 46.77 17.32 | 56.49 20.92 61 .99 2296 | 68.83 | 25.49
3 0.36 62.36 15.59 75.3& -] 18.83 82.65 20.66 91.77 22.94
4 0.43 74.48 12.13 89.96 14.64 98.72 16.07 | 109.62 17.84
5 0.48 ‘ 83.15 8.66 100.42 10.46 110.20 11.48 | 122.36 12.75
6 0.53 91.81 8—.66 110.88 1046 | 121.68 11.48 | 135.11 | 12.75
7 0.58 100.47 8.66 121.34 10.46 133.16 1148 | 147.85 12.75
8 0.63 109.13 8.66 131.80 10.46 144.64 11.48 | 160.60 12.75
9 0.67 116.06 6.93 140.17 8.37 153.83 9.18 | 170.80 10.20
10 0.70 121.25 5.20 146.45 6.28 160.71 6.89 | 178.44 7.65
11 0.73 126.45 5.20 152.72 6.28 167.60 6.89 | 186.09 7.65
12 0.76 ' 131.65 5.20 159.00 6.28 174.49 6.89 193.?4 7.65
13 0.79 136.84 5.20 165.28 6.28 181.38 6.89 201.39 765
14 082 | 14204 | 520 | 17155 | 628 | 188.26| 6.89 | 200.03 | 7.65
15 0.84° 145.50 3.46 175.74 4.18 192.86 4.59 | 214.13 5.10
16 0.86 148.97 3.46 179.92 4.18 197.45 4.59 | 219.23 5.10
17 7 0.88 152.43 ‘ 3.46 184.10 4.18 202.04 459 | 22433 | 5.10
18 0.90 .155.9b 3..46 188.29 4.18 208.63 - 4.59 229..43 5.10
19 0.92 159.36 3.46 192.47 | 4.18 211.22 459 | 23453 5.10
20 0.94 162.83 1 3.46 196.66 4.18 2156.81 )4.59 239:62 5.10
21 0.96 166.29 3.46 200.84 4.18 220.41 4.59 | 244.72 5.10
22 0.98 169.76 3.46 205.03 4.18 225.00 4.59 | 249.82 5.10
- 23 v 0.99 171.49 1.73 207.12 2.09 22729 | 230 252.37 2.55
24 1.00 17311 1.73 | 209.21 2.09 | 229.59 2.30 | 254.92 2.55




Table (4.8) Twenty four hours rainfall distribution using IMD distribution factor

Rainfall in (mm)
i Distribut- 5 years 10 years - 15 years 25 years

Time f;toztnor CumRF | IncrRF | CumRF | IncrRF | CumRF | IncrRF | Cum RF | Incr RF
1 0.43 73.57 73.57 88.91 88.91 97.58 | 97.68 | 108.34 | 108.34
2 053 | o175 | 18.18 | 11088 | 21.97 | 121.68 | 24.11| 13511 | 26.77
3 0.60 103.87 12.12 125.63 14.64 137.75 | 16.07 | 152.95 17.84
4 0.65 112.52 8.66 135.99 10.46 | 149.23 | 11.48 | 165.70 12.75
5 0.70 | 120.31 7.79 ‘145‘.40 9.41 159.57 10.33 | 177.17 11.47
6 0.73 125.50 5.19 | 151.68 6.28 166.45 6.89 | 184.82 7.65
7 0.75 129;83 4.33 156.91 5.23 | 172.19 - 574 | 191.19 6.371
8 0.77 133.29 3.46 161.09 4.18 176.78 4.59 196;29 5.10
9 O.>79 136.76 3.46 165.28 4.‘i8 181.38 '4.59 201.39 5.10
10 0.81 | 14022 | 3.46 | 169.46 | 4.18 | 18597 | 459 | 20649 | 5.10
1 7 0.83 143.68 3.46 173.64 |  4.18 190.56 4.59 | 211.58 5.10
12 0.85 146.28 2.60 176.78 3.14 194.00 3.44 | 21541 3.82
13 Ol.86 148.87v 2.60 179.92 3.14 1 197.45 344 | 219.23 3.82
14 0.88 151.47 2.60 183.06 3.14 | 200.89 3.44 223.06> 3.82
15 0.89 154.07; 2.60 186.20 3.14 204.34 3.44 | 226.88 3.82
16 0.91 156.66 2.60 189.34 3.14 207.78 3.44 230'7Q‘ 3.82
17 0.92 "159.26 2.60 192.47 3.14 211.22 3.44 | 234.53 3.82
18 | 004 | 161.86°| 260 | 19561 | 3.4 | 21467 | 3.44| 23835 | 3.82
19 0.85 164.45 2.60 198.75 3.14_ 1 218.11 3.44. 242.17_ 3.82
20 0.96 166.19 . 1.73 200.84 2..09‘ 220.41- 2.30 | 244.72 2.55
21 0.97 167.92 1.73 202.93 2.09 222.70 - 2.30 | 247.27 2.55
22 0.98 169.65 1.73 205.03 2.09 225.00 2.30 -249.82 2.55
23 0.99 171.38 1;73 20712 2.09 227.29 2.30 | 25237 2.55
24 1.00 173.;1 1 1 .73; 209.21 ‘ 2.09 | 22959 | 2.30 254.92 2.55

Cum. RF = Cumulative Rainfal

Incr. RF = Incremental rainfall
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A CHAPTER-V
URBAN FLOOD SIMULATION USING SWMM

Simulation and modelling of urban floods are_essential to understand the bottlenecks
l' in the drainage systeni ‘and also to- estimate the extent of 'ﬂooding. Several
'-mathematical models are widely.used to model the dynamicsof rainfall-runoff and

ﬂood generatlon process. In this study, SWMM was used to 51mu1ate the storm water.

A review of the model is presented in Chapter II. The following sectlons discuss the

application of SWMM ' to simulate the urban flood using the results of

Chapter IIT and TV. | |

5.1 Input Data and Parameters for SWMM

5.1.1 Rain gauge station

Rain Gages supply prec1p1tatlon data for one or more sub catchment areas in a study

region. The rainfall data can be either a user-defined time series or come from an
_external file. Several different popular rainfall file formats currently inuse-

supported,»as well as a standard user-defined format. . ) -» @ )

The principal input properties of rain gages include:

1. rainfall data type (e.g., intensity, volume, or cumulative . ‘
2. recording time interval (e.g., hourly, 15-minute, etc.). i
3. source of rainfall data (input time series or external file).
4. name of rainfall data source.

There are two raingauge locations in the City. These are located in the
Department of Hydrol'ogy; IIT Roorkee and at the Govt Inter College in the old city.
The length of the data in GIC observatory is very small. Hence, the data available at
the Department of Hydrology Observatory was used in the study

Selected Design Storm: Rainfall analysis was done in chapter-IV. The Time of -
concentration for the longest drains for overland flow was calculated as follows using
Kiroich formula, -

] =100 meter, S= 0.005

t—00078*[ I’ 4
S0:85

=0.0078*[ (100*3.28)"" J=5min 11-sec
. ) (O 005)0 385
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The average velocity of the conduits is calculated as 2.12 m/ s and the total length

of conduits is 2200 meters for sub-catchment 3. The tlme of concentration for channel
flows is computed by total length/ average velocity i.e. 17 min 18'sec.

| Total tc is the sum of overland flow time plus channel flow time which is 22
min 29 sec. So the time of concentration for the longest sub-catchment 3 is 22 min 29
“sec. Hence, 30 minutes duration was taken as design duration for choosing the design

storm intensity. ‘ » V
- Five years return period was adopted for further analysis. For 5 yrs return
period and 30 min'duration the intensity of rainfall (SRRG data) is 101.1 mm/hr (table
" 4.4 b and Fig 4.1). Simulation shall alsb be carried out for the maximum 24 hrs
rainfall of 5 years return period (i.e. 173.11 mm/day; table 4.6). Twenty four hour
distribution. factors provided by Ceht_ral ‘Water Commission and Indian
Meteorolo gical Department were used to distribute rainfall within the 24 hours (tables
4.7 & 4.8). . - |
5.1.2 Details of sub-catchments
- Sub-catchments are hydrologic units of land whose topography and drainage system
elements drain to a single discharge point. The user is supposed to divide the study
- area into an _appfopriate number of sub-catchments, and for identifying the outlet
pt)int of each éub-catchment. Discharge outlet points can be either nodes of the
drainage system or other. Sub-catchments. Sub-catchments can ‘be divided into
* pervious and irhﬁervious subareas. Surface runoff can infiltrate into the upper soil
.zone of the pervious subarea, but not through the impervious subarea. Impervious
areas are themselves divided into two éubareas - one that contaihs depression storage
and another that does not Runoff ﬂbw from one subarea into a sub-catchment can be
‘routed to the other subarea or both subareas can drain to the sub-catchment outlet

' The analy51s (m Chapter—III) shows that the study area is compnses of three
sub-catchments of different flow directions. The study of ‘the drainage pattern
obtained from SRTM data indicates a water d1v1de in old city ie. rlght side of the

Upper Ganges canal. ThlS has been verified by ﬁeld 1nvest1gat10ns and survey.
: Therefore two sub-catchments were delineated in this part of the city. One i is draining
| ‘through the thlckly populated city core and another one in the south dlrectlon Fig
(5.1). The left side area of the canal drains to a dlfferent pomt in downstream of river
~ Solani.. Thus these areas were cons1dered as separate sub catchments for further

) analy31s The schematlc of catchment used i in simulation is shown in.



Infiltration of rainfall from the pervious area of a sub-catchment into the

- unsaturated upper soil zone can be described using three different models: Horton,

VGljeen-Amp't and SCS Method. In this study Gfee'n-Ampt model is used. Necessary

soilvparameters for the model were taken from a study conducted by Kartika (2006)

and are presented in table 5.2.

To Depression
02
v

15 Roorkee City Subcatchments

“J14

Figure (5.1) Schematic diagram for the sub-catchments in Roorkee city.

- Table (5.1) Sub-catchments input parameters

Sub-catchment Area (ha) Width (m) Impervious (%)
ST | 1251 310 60
S2 1535 230 60
S3 432 550 60
34 272 375 70
S5 173 260 70
S6 21.62 390 75
S7 314 540 60
S8 1318 270 50
89 9.92 225 ~70
ST0 1134 215 60
S11 23.05 350 45
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 Table (5.2) Soil properties at Roorkee City (Kartika, 2006)

Depth Textural analysis ‘ USDA
" [Sand % Silt % Clay % |

[0:00 66 z 122 Sandy loam
30.00 21 12.6 1153 Sandy loam
60.00 85 46 106 | Loamysand
7500 | 94.05 175 T | az Sand

| 105.00 62.1 1.8 36.1 Clay

| 120.00 77.1 ~ 123 10.6 , Loamy sand

Based on this data, sandy loam is considered as the representative soil type in

the city. Various parameters used in Green-Ampt methods are then taken from the

- table 5.3 o

Table (5.3) properties of Sandy Loam soil as obtained from literature (Source:
SWMM, 1993) |
Soil texture class K 1 O FC WP
Sand : 4.74 193 | 0.437 0.062 0.024
Loamy sand : 1.18 2.4 0.437 0.105 0.047
-Sandy loam . 143 4.33 0.453 0.190 | 0.085
loam. ‘ 0.13 3.5 0.463 -0.232 0.116

| silt loam - 10.26 T6.69 0.501 10284 . |0.135
Sandy clay loam ' 0.06 8.66 0.3.98 0.244 0.136
Clay loam 0.04 8.27 0.464 0.310 1 0.187
Silty clay loam ' 0.04. 10.63 0471 0.342 _{ 0.210
Sarldy clay 0.02 .9.45 | 0.430 0.321 0.221
Silty caly o ' 0.Q2 11.42 0.479 0.371 0.251
clay | o001 12.6 0.475 "0.378 1 0.265

- K = saturated hydraulic conductivity
y = suction head '
@ = porosity, fraction

. FC = field capacity, fraction
WP = welting point, fraction

5.1.3 Junction nodes o

3 Juncnons are dralnage system nodes where links ] JOlIl together Physwally they can
represent the confluence of natural surface channels, manholes in a sewer system, or
prpe connectron ﬁttmgs Extemal mﬂows can enter the system at Junctlons Excess

Water at a Junctlon can become partlally pressurlzed while. connectmg conduits are

- 53



: sureharged and can either be lost from the system or be allowed to pond atop the .

junction and subsequently drain back into the junction. Junction parameters and input

data were given in tables (5.4) and (5.5).

‘Table (5.4) Junction Properties

Area

Name User-assigned junction name as shown in Fig (5.2)

Inflows Assigned time series, dry weather to the junction. Assumed to be zero

Invert El. | Invert Elevation of the junction (meters) :

Max. Maximum depth of the junction (i.e., from ground surface to invert,
{ Depth in meters)
| Initial Depth of water at the Junctlon at the start of the simulation (meters)

Depth Assume to be zero :

Surcharge | Addition depth of water beyond the maximum depth that is allowed
| Depth before the junction floods. This parameter can be used to simulate

_ bolted manhole covers.
Ponded Area occupied by the ponded water at the junction after flooding
OCCUrs.

Table (5.5) Nodes input parameters

Node Invert el. (m) | maximum depth ‘(m) Iatitude - longitlide
J1 269;29 1.2 29 52 03 77 52 45
2 -267.24 1.2 295223 77 52 56
I3 263.15 1.2 295229 77 53 05
J4 261.35 1.2 29 52 41 77 5256
J5 2582 1.5 29 52 54 77 52 54
J6 260;8 1.5 295303 77 52 41
J7 265.65_ 1.5, 29 52 46 77 52 38
J8 266.73 1.3 295215 77 52 58
J9 265.6 1.3 29 5224 77 53 04 V
01 254 Free outfall

5.1.4 Outfall nodes

Outfalls are termmal nodes of the drainage systemn. used to define final downstream

‘ boundanes under Dynamlc Wave flow routing. For other types of flow routmg they

o behave as‘a _]unctlon Only a smgle link can be connected to an' outfall node:-

The boundary condltlons at an outfall can be descrlbed by any one of the followmg

d_ stage relationships:

o the crmcal or normal flow depth in the connectmg condu1t
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e afixed stage elevation
 atidal stage described in a table of tide helght versus hour of the day
o auser-defined time series of stage versus time. '

. The pnn01pal input parameters required for outfalls are given in the following table.

Table (5.6) Outfall Propeities

Name - User-assigned outfall name

Inflows Assigned time series, dry weather to the outfall. If any

Invert El. Invert Elevation of the outfall (meters)

Tide Gate If any

Type Type of outfall boundary condition:

5.1.5 Conduits -

Con.duité are conveyance system. Their cross-seetional shapes can be selected from a
variety of standard open. and closed geometries Irregular natural cross-section shapes
are also supported. For conduits properties see tables (5.7 & 5. 8)

Table (5.7) Conduit Properties

Name : User assigned conduit name as shown in fig (F.2)
Inlet node S Name of node on the inlet end 'of the conduit (which is
normally the end at higher elevation)
Outlet node Name of node on the outlet end of the conduit (which is
_ ' | normally the end at lower elevation)
| Shape . The geometric properties of the conduits cross section.
‘| Length Conduit length as Shown in table (5.8)
Roughness Manning’s roughness coefficient.
Inlet offset - ° | Height of the conduit invert above the node mvert at the
- upstream end of the conduit (meters)
Outlet offset - Height of the conduit invert above the node invert at the
. - downstream end of the conduit (meters)
Initial Flow Initial flow in the conduit if any.
Maximum Flow Maximum flow allowed in the conduit under dynamic wave

routing (flow units) use zero or leave it blank if not applicable
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‘Sub-catchment -3

2

RG1
.

Figure (5.2) Details of the sub-catchment -3 used in simulation

Table (5.8) Conduits input paiameters

Conduit length (m) | width (m) | depth (m) shape
c1 710 2. 1.2 .|  Rectangle
Cc2 . 1580 2 1.2 Rectangle
C3 - - 290 - 2 1.2 Rectangle
C4 ' 620 : 2:5 1.2 - Rectangle

" Cs 570 2| 15 |  Trapezoidal
C6 780 T 32 15 = Trapeioidal.
C7 484 2. 1.5 : Rectangle
c8 365 2 1.3 - Rectangle
C9 542 2 .13 Rectangle
5.2 Output of the Model

. Basic SWMM oﬁtput cénsists of hydr_ographs and lpollutogréphs'(concen'tration VS. .
ﬁime) at any desired node in the drainage system. Depths and velo'cities' along conduits
and depths of nodes and. many other parameters are also available. The output can be

viewed either in tabular form or graphical from as per requirement of the user.
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5.3 Simulation and Results )

- 5.3.1 Pllot simulation study in the study area _

In the prel1rn1na1'y run of the model for the entire c1ty, no ﬂoodlng was observed in the

su_b-catchment 1 and 2 using the des1gn storm calculated from SRRG data and using

annual maximum 24 hours for 5 years (as »welllO y‘ears) return neriod. Flooding was

-observed only in the sub-catchment 3 -at node J3 and J4 (Fig (52) This 'area is the city

| core and is fully developed area and having maximum ‘impervious areas. The drainage

,system is not sufficient to drain the generated storm runoff and detalled study was

- conducted for this sub- catchment

. In order to have a check for mass balance, ‘the flood prone sub-catchment -3

was selected. Rational formula was used to compute the peak runoff from the sub-
_ catchment and the results were compared with SWMM results The results were
found well within the acceptable range (table 5. 9)

~ Table (5.9) comparison between peaks runoff computed using SWMM and. Rational

K Formula for SRRG data. ' '

Sub- Area Runoff C Qp Qp | Difference { % diff.
catchment | . (ha) | | (SWMM) | Rational - |
S1 1251 [0998  [335 3.49 0.14 4
S2 51 0088 |3.88 417 |-029 7
S3 [432 0981 |10.85 1186 |-1.01 9
s |22 1000 | 7.23 7.64 2041 i
S5 173 |1.000 | 465 |48 . |-025 5
86— [2162 [1000 [592  |608 028 |3
[s7 (314 [0991 817 |87 _ |-034 _ |-
S8 18.18 ~ | 0.956 | 438 78 048 |0
S9 992 |1.000 |271 278 - | -0.11 25
S10 |1134 |0994 (295  [315 |02 |7
SIL- 2305 | 0.940 5._4 _ 606 | -66 12

S. 3 2 Slmulatlon of urban flood in sub catchment 3 using, SRRG data - e

| The detalled m—depth storm ‘water s1mulatlon ‘was conducted in the sub- catchment
" The output of 31mulat10n for S years return. period, 30 minute durat1on ralnfalls using

SWMM are g1ven in Append1x I a..
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SWMM uses Non-linear reservoir model (NLR) for éomputation of runoff
from sub-catchment (Bennis, 2007). The NLR model conceptualizes the urban sub-
catchment as a reservoir having the rainfall as input, rainfall abstractions, and runoff
as output. The depth of water in the reservoir is found coupling the continuity
equation and Manning’s equation Sensitivity study was conducted to see how much
Manning’s coefficient affect the runoff generation process in the sub-catchments; the
results were given in appéndix IV. Fig (5.3 & 5.4) shows response of the parts of the
sub-catchment (S1-S11) as shown in Fig 5.2. These hydrographs are used in SWMM

as input to the corresponding nodes for hydraulic routing of the storm water.

Subcatchment Runoff
|- S1 beatch S2 53 S4 Sub S5 O  SubcatchS6 |

12.0

-
g
>

@
>

Runoff (CMS)
L

8 8 . 10
Elapaed Time (hours)

Figure (5.3) Sub-catchments runoff for S1 to S6
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Figure (5.4) Sub-catchments runoff for 87, S8, 89, §10 S11 and S2
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Total inflow to each node is the sum of upstream link flow and lateral flow
(sum of directly connected sub-catchments). Fig (5.5) shows a representative
hydrograph of lateral inflow at node J3 (wherein S3, S6 and S7 are contributing). Fig
(5.6) shows the routed link flow from C1 to C4. It is evident from the figure that the
node J3 is surcharged and there will be ponding atop the node. The total inflow to
node J3 is shown in Fig (5.7). |

Node Lateral Inflow
[~——tode J3 —Node J4 _}

g
o

@
>
—
Wt

Laterat Inflow {CHMS)

-ﬁ"“%

50

] ) 2 4 6 8 16
: Elspsed Time (hours) :

Figure (5.5) Lateral inflow to node J3 and J4
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Figure (5.6) Conduits flow from C1-C4.
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Node Total Inflow
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Figure (5.7) Total inflow at various nodes in the sub-catchment 3

If a downstream conduit doesn’t have sufficient capacity to drain the totai
inflow at the node, the surcharged water accumulated atop the node as flood water.
The flood hydrograph at the node is the difference between total inflow to the node
and maximum capacity of draining conduits at the downstream. Flooding was
observed at node J3 and node J4. Fig (5.8) shows the flood hydrograph at node J3 and
J4.

Node Flooding
[=——Node 3 ——nNodeJa |

Flooding {CMS)
~N
(=]
a

3
Elapsed Time (hours)

Figure (5.8) flood hydrograph at node J3 and node J4
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SWMM is capable to show the water surface profile for any given or defined
path along the drainage system. Fig (5.9) shows the water surface profile from
junction J1 to J4. The profile clearly shows the surcharged conduit between J3 to J4.

Water Elevation Profile: Node J1-J4
9 3

4

=it

¥ g 8

Elevation (m)

200 400 600 800 1,000 1,200 1,400
Distance (m)

05/28/2008 02:15:00

Figure (5.9) Water surface profile between node J1 and node J4
5.3.3 Simulation of Urban Flood in Sub-catchment 3 using 24 hours’ maximum
annual rainfall
Since CWC distribution factor doesn’t gives any flooding; the results here were only
shown for IMD distribution factor. In SWMM the rainfall is assumed to be uniformly
distributed over the sub-catchment. Fig (5.10) shows the rainfall hyetograph for 5 yrs

return period maximum 24 hours over some of the sub-catchments.

Subcatchment Rainfall
[——— Subcatck §1 ~———— Subcatch §3 ~—=— Subcaich §5 ~—— Subcatch 56 ~——— Subcalch §7 |

Rainfall (mmmr)
)
E=1
>

0 5 10 15 2 23
Elapsed Tme (hours)

Figure (5.10) Sub-catchments rainfall.
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The Figures (5.11 & 5.12) show the response-of sub-areas S1 to S11 of s&b;
catchment -3. Lateral flow and conduit flow are shown in Figures (5.13 & 5.14). The
total inflow hydrograph at junction J1 to J5 are shown in Fig (5.15). The flooding was
observed at node J3 only (Fig 5.2), the flood hydrograph is shown in Fig (5.16). The
detailed outputs for annual maximum 24 hrs rainfalls were given in Appendix III b &

C.

) Subcatchment Runoff ‘
' { Subcatch S1 Subcatch 52 Subcaich 3 Subcatch §4 Subcateh$5 O Sub s6 [
8.0 -
6.0
5.0 ﬁ\
g \
=
Z -
T 40 {—— &
; \
B N TN \
A N\
1.0 ’ . \_\\\__—
0.0 +
] 5 10 . 15 20
Elapsed Time (hours)

Figure (5.11) Sub-catchment runoff for S1 to S6

Subcatchment Runoff
Subcatch S8 Subcatch S11 Subcateh S10 SubcatchS9 @  SubcatehS3 |

Runoff (CMS)

Elapsed Time (hours)

Figure (5.12) Sub-catchment runoff for S7, S8, 89, S10, S11, and S3
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Node J3 Lateral Inflow
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Figure (5.13) lateral inflow to node J3.
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Figure (5

.14) Conduits flow.
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Figure (5.16) Total flood hydrograph at node J3
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5.3.4 Comparison of the results of simulated Storm Water

Flooding was observed at two nodes (node J3 and node J4) using SRRG data, and one
node J3 using annual maximum 24 hours data distributed using IMD distribution
factor. However, no flooding was observed using CWC distribution factor. The
volume of flooding using SRRG data is the maximum volume of flooding (10276.44
mm-ha) in sub-catchment 3. The volumes and flooding time are presented in table
(5.10). :

Table (5.10) Comparisdn of results of SWMM simulation

Return period Design Storm | Volume of flooding Time flooded
(mm/hr) mm/ha (min)
J3 J4 J3 J4
5 years 30 min 101.1 10276 185 73 43
(SRRG)
5 yrs 24 hr IMD *73.57 6001 0 76 0
5 yrs 24'hr CWC *29.45 0 0 0 0

*Maximum in one hour

5.3.5 Computation of flood (iepth and extent

The total inflow hydrograph at node J3 Fig (5.7) and lateral inflow to node J4 Fig
(5.5) were introduced to the cofresponding nodes I3 and nodes J4 as time dependent
inflow. The tofal inflow and lateral flows are given in table 5.11 and table 5.12. These
were routed along the road as compound section (road plus drain Fig 5.17 & 5.18) to
the node J4 considering that the ponded water will find its way only through the road.
The road side were accordingly raised sufficiently to accommodate the ponded water
(i.e. 2 m approximately). After the routing, the resulted profile of flood water between
these nodes is given in Fig (5.19). This exercise was carried out for SRRG as wéll as

annual 24 hrs rainfall (IMD) data.
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Table (5.11) Total inflow to node J3 Table (5.12) Lateral inflow to node J4

Hours Total Inflow Hours Lateral Inflow
(CMS) _ (CMS)
00:05:00 0 00:05:00 0
00:10:00 0 00:10:00 0
00:15:00 0 00:15:00 0
00:20:00 0 00:20:00 0
00:25:00 0 00:25:00 0
00:30:00 0 00:30:00 0
00:35:00 0 00:35:00 0]
00:40:00 0 00:40:00 0
00:45:00 0o - 00:45:00 0
00:50:00 0 00:50:00 0
00:55:00 0 00:55:00 0
01:00:00 0.21 _ 01:00:00 0
01:05:00 5.55 01:05:00 0.96
01:10:00 10.84 01:10:00 - 1.65
01:15:00 18.54 01:15:00 2.47
01:20:00 25.38 01:20:00 3.33
01:25:00 32.09 01:25:00 4.12
01:30:00 38.79 01:30:00 4.93
01:35:00 41.1 01:35:00 5.05
01:40:00 42.55 01:40:00 5.18
01:45:00 43.96 01:45:00 5.31
01:50:00 45.38 01:50:00 5.44
01:55:00 46.8 01:55:00 5.57
02:00:00 48.14 02:00:00 5.68
02:05:00 42.84 02:05:00 4.82
02:10:00 36.25 02:10:00 ' 4.03
02:15:00 29.63 02:15:00 3.18
02:20:00 23.03 02:20:00 2.39
02:25:00 16.45 - 02:25:00 1.61
02:30:00 9.99 02:30:00 0.79
02:35:00 7.98 02:35:00 0.71
02:40:00 - 7.04 02:40:00 0.63
02:45:00 6.2 02:45:00 0.54
02:50:00 5.37 02:50:00 0.45
02:55:00 4.55 02:55:00 0.37
03:00:00 3.74 03:00:00 0.3
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Transect J3
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Figure (5.17) Compound section at node J3

Transect J4
[ overbank &+ Channel ||
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Figure (5.18) Compound section at node J4
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Water Elevation Profile: Node J3 -J4
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Figure (5.19) Flood water surface profile between node J3 and node J4 using

compound sections (depths are taken from the bottom of the drains)
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A comparison of the resuits of routing of the flood hydrograph along the

compound section are given in table (5.13). The result of flooding using SRRG data

were imported into GIS to determine the areal extent and the result are shown in Fig

(5.20).

Table (5.13) result of SWMM routing of flow along compound section

Station | Cumulative | Total | Depth of | Depth of flooding Time flooded
Distance depth | drain (m) (m) (min)
from node of SRRG | Annual | SRRG | Annual
(m) water max. max.
(m) 24hr 24hr
Node J3 0 *2.15 1.2 0.95 (0.71) 73 76
Oold _
station 100 2.14 12 0.94 (0.77)
road
(Amber
talab) .
200 2.10 1.2 0.90 (0.71)
250 2.10 1.2 0.90 (0.71)
Node J4 300 2.30 1.5 0.80 (0.01) 43 0
(Avas
vikas)

*Total depth was given for SRRG data only
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Fig (5.20) Extent of flooding along the road for SRRG data.
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: CHAPTER-VI
SUMMARY & CONCLUSIONS

6.1 General ‘
Floods are natural events that have always been an integral part of the geologic history of .
the earth. Floods not only happen in river basins, the risk of urban ﬂooding is also
increasing due to rapid urbanization. Unlike river floods, urban flooding happens more
~ frequently and causes large amount of accumulated damage, though the damage por event
is relatively smaller compéred with the severe consequences'caused by river flooding. In
'additioh, urban flooding has brutal impacts on municipality's activities when it happens.
In this context, a study was undertaken to carrjout urban flood modelling and the city of
Roorkee was chosen as the case study. | | |
-The Em‘/ironméhtal Protection Agency Storm Water Mahagement Model (EPA
SWMM) is a dynamic rainfall-runoff simulation model used for single event or long-term
“(continuous) simulation of ruhoff quantity - and quélity from primarily urban areas.
SWMM has many applications word over, specifically in sewer and storm water studies.
SWMM was used to study the urban ﬂooding in the City of Roorkee. GIS was also used
for studymg the drainage pattern in and around the City. It was also used as a pre and -
post data processing tool.
6.2 Findings of the. Study
: Following are the summary and conclusions of the present study:
i SRTM DEM data Pan Data (IRS 1C) was analysed using spatial analyst of
| - ArcGIS to find flow directions, flow accumulation and watershed boundaries.
Highef re‘solut~ion- "DEM & DSM were also prepared using spot elevations
obtained from the drainage map (from IRI) and values collected using GPS.
ii. The study of the drainage pattern indicates -a water divide in old city i.e right side
| ‘of the Upper Gahges Canal. It was also verified with fhe field survey. Therefore
two catchrh'ehts were delineated in this area draining in different directions. One
s drammg through the thlckly populated c1ty core and another one in the south.
direction. The left side area of the canal drains to River Solani, but at a different

point in downstream of the river.
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iii.

iv.

vi.

Design storm analysis was carried out for the City using SRRG data and 24 hours
annual .maximum data obtained from the Départment of Hydrology. Gumbel’s
Extreme Value Distribution was used to find the design storm of various retufn
periods. The design storms for 5 years return period was 101.1 mm/hr (for 30
minute duration) using SRRG data and 173.11 mm/day was using 24 hours annual
maximum rainfall data. . |

The study revealed that there was no flooding found in sub-catchment 1 and 2.
However, there was ﬂoodihg in the city core (sub-catchment 3) at node J3 (Old
station road, Ambe_r talab) and node J4 (near Avas vikas). The maximum volume
of flooding was. found 10276.44 mm/ha for SRRG data and 600imm/ha for
annual 24 hours rainfall. ‘ ’
This.volume of flooding was routed along the roads as compound section (having
drains Aplus road). The maximum depth of flooding was found to be 0.95 meter
aBoVe the road at Old station road, Ambertalab and 0.80 meters before AvasVikas
colony. Ponding in the area remains for about one and half hours.

The EPA SWMM Wés successfully applied and the results were cross checked

with alternate methods.

6.3 Future Scope of Work

i.

il.

iii.

iv.

Use of fine resolution DEM is suggested for more accurate delineation of flood

drainage pattern and flood depth computations.

Simulation of storm water was done only for major drains having width and depth
greater than one meter, minor drains may also be considered in futuré'studies;

‘Calibration of infiltration parameters was done using soil properties; however -

observed runoff hvydrograph might calibrate the model better.
Drainage sysfem of Roorkee requires- a revisit to the design in order to

accommodate the increased storm water attributed to urbanisation.
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Appendix HI
a/ Output of SWMM output files (5 yrs return period 30 minute duration).

- EPA STORM WATER MANAGEMENT MODEL - VERSION 5.0 (Build 5.0.005b)

Analysis Options
"~ Flow Units ............... CMS
Infiltration Method ...... GREEN_AMPT
'Flow Routing Method ...... DYNWAVE

Starting Date ............ MAY-28-2008 00:00:00
Ending Date .............. MAY-28-2008 23:00:00
Report Time Step ......... 00:05:00
Wet Time Step ............ 00:30:00
Dry Time Step ............ 01:00:00
Routing Time Step ........ 300.00 sec

s e sfe s ok sk okosk ek sk sk sk sk skosk skosk sk ke sie sk Volume Depth
Runoff Quantity Continuity hectare-m mm
sk ok ok sk ok ok sk skook sk skokoosk ok ok sk skeosk sk sk sk sk sk sk sk _—
Total Precipitation ...... 23.313 101.000
Evaporation Loss ......... 0.000 0.000
Infiltration Loss ........ 0.655 2.837
Surface Runoff ........... 23.782 103.035
Final Surface Storage .... 0.010 0.045
Continuity Error (%) ..... -4.868
************************** Volume Volume
Flow Routing Continuity hectare-m = Mliters
ook skeskeokok ok ok sk sk kokok skok ok sk ok kok kR —
Dry Weather Inflow ....... 0.000 0.000
Wet Weather Inflow ....... 23.786 237.862
Groundwater Inflow ....... 0.000 0.000 -
RDII Inflow .............. : 0.000 0.000.
External Inflow .......... ' 0.000 0.000
External Outflow ......... : 13.382 133.825
Surface Flooding ......... 10.461 104.615
‘Evaporation Loss ......... 0.000 0.000
Initial Stored Volume .... 0.000 0.000
Final Stored Volume ...... 0.002  0.024

Continuity Error (%) ..... -0.253



Subcatchmeﬁt Runoff Summary

Total Total Total Total Total Runoff

-S4
85
- S6

- S11.

‘Node Depth Summary

_ Precip Runon Evap Infil Runoff Coeff
- Subcatchment mm mm mm mm  mm
S1 101.000 0.000 0.000 2.443 103.003 1.020
S2 101.000 "0.000 0.000 2.973 102.891 1.019
S3 101.000 0.000 0.000. 3.203 102.728 1.017
101.000- 0.000 0.000 2.065 104.427 1.034
101.000 0.000 0.000 1.994 104.449 1.034
101.000 0.000 0.000 1.439 105.060 1.040
§7 101.000 0.000  0.000 2.828 102.958 1.019
S8 101.000 : 0.000 0.000 4.122 101.114 1.001
S9 101.000 -. 0.000 -0.000 '1.696 104.262 1.032
S10 101.000 0.000 0.000 2.718 102.989 1.020
101.000 0.000 0.000 4.676 100.228 0.992
Totals 101.000 - 0.000 0.000 2.837 103.035 1.020

Depth  Depth

’ J6

0.39 096 25496 0 02:01

Average Maximum Maximum Time of Max Total Total
HGL Occurrence Flooding Minutes

7
3

0
0
3
4
0
0
0
0

0
0

Node Meters Meters Meters days hr:min . mm/ha Flooded -
J1 0.20 0.67 269.96 . 0 02:00 0
12 022 075 267.99 0 02:00 o
I3 0.61 1.50 264.65 0 01:14 10276.44
- J4 0.61 1.50 262.85 0 01:24 185.40
I5 - 040 096 259.16 0 02:01 0
- 022 072 261.52 0 02:00 0
J7 - .0.18 . 0.59 26624 . 0 02:00 0
J8 029 1.06  267.79 = 0 02:00 0
J9 037 146 267.06 0 01:59 0
01 -0



Conduit FIOW Summary

Maximum Time of Max Maximum Length Maximum Total

Flow Occurrence Velocity Factor /Design  Minutes
Conduit CMS  dayshrmin  m/sec . Flow Surcharged
Cl1 3.88 - 0 02:00 273 1.00 0.45 0
C2 7.21 0 02:00 3.69 1.00 0.54 0
C3 ' 13.16 0 02:28 548 1.00 1.04 79
C4 17.28 0 02:01 8.11  1.00 0.83 0 -
C5 542 0 02:00 322  1.00 0.38 0
Cé6 22.68 0 .02:01 5.66 1.00 0.45 0
C7 441 0 02:00 2.11 1.00 0.29 0
C8 7.24 0 02:01 5.52  1.00 0.73 0
9

C9 11.83- 0 02:00 455 1.00 0.99

Flow Classification Summary

--- Fraction of Time in Flow Class ---- Avg. Avg.

Up Down Sub Sup Up Down Froude Flow
Conduit Dry Dry Dry Crit Crit Crit Crit Number Change
C1 -10.02 0.00 0.00 0.38 0.60 0.00 0.00 0.75 0.0015
C2 0.02 0.00 0.00 0.82 0.16 0.00 0.00 0.49 0.0017
C3 0.02 0.00 0.00 0.26 0.72 0.00 0.00 1.24 0.0034
C4 0.02 0.00 0.00 0.28 0.70 0.00 0.00 1.26 0.0030
Cs 0.02 0.00 0.00 0.82 0.16 0.00 0.00 0.58 0.0012
Cé6 0.02 0.00 0.00 0.27 0.71 0.00 0.00 1.42 0.0016
C7 0.02 0.00 0.00 0.98 0.00 0.00 0.00 0.34 0.0009
C8 0.02 0.00 0.00 0.75 0.23 0.00 0.00 0.70 0.0029

C9 0.02 0.00 0.00 0.78 0.21 0.00 0.00 0.60 0.0035
Highest Continuity Errors :

Node J4 (-0.39%)

Node J2 (-0.23%)

Node J5 (-0.09%)

Node J9 (0.03%)

Node J3 (0.03%)

Time-Step Critical Elements

Link C3 (62.84%)

- Link C4 (0.16%)

Routing Time Step Summary
sk ko R o R KR KK K

Minimum Time Step 1 2440 sec

Average Time Step : 132.26 sec
Maximum Time Step - : 300.00 sec
Percent in Steady State : 0.00

- Average lterations per Step : 2.08

Analysis begun on: Wed Jun 18 08:26:19 2008
Total elapsed time: <1 sec



Appendix 111 .
b / output of SWMM for annual 24 hrs data using IMD distribution

EPA STORM WATER MANAGEMENT MODEL - VERSION 5.0 (Build 5.0.005b)

_ Analysis Options

dokskokok ok kkok sk kokokok ok sk

. Infiltration Method ...... GREEN_AMPT
Flow Routing Method ...... DYNWAVE

Starting Date ............ MAY-28-2008 00:00:00
Ending Date .............. MAY-28-2008 23:00:00
- Report Time Step ......... 00:05:00
' Wet Time Step ............ 00:30:00
Dry Time Step ............ 01:00:00

- Routing Time Step ........ 300.00 sec

**********-*********;k****** VOhmle Depth
Runoff Quantity Continuity  hectare-m mm
3% sfe sk ok sk ok sk skeske seosk sk skosk skeslesk ko sk ke ke skok sk e e
Total Precipitation ...... 39363 170.535
Evaporation Loss ......... 0.000 0.000
“Infiltration Loss ........ 1.230 5.331
Surface Runoff ........... 38.129 - 165.190.
Final Surface Storage .... 0.701 3.035
- Continuity Error (%) ..... -1.772 ‘

*f¢ 3k 3k ok ok ok ok ok ok ok ok skok sk sk sk skokok sk sk sk skosksk ok Volume VO]UIne
Flow Routing Continuity ~ hectare-m  Mliters
************************** e
Dry Weather Inflow ....... 0.000 - 0.000
Wet Weather Inflow ....... 37.948  379.485-
Groundwater Inflow ....... - 0:000 0.000

- RDII Inflow .............. - 0.000 0.000
External Inflow .......... 0.000 0.000
External Outflow ......... '31.857  318.572

. Surface Flooding ......... 6.002 60.016

Evaporation Loss ......... 0.000 0.000
Initial Stored Volume .... 0.000 - 0.000
Final Stored Volume ...... .0.144 1.438 "

Continuity Error (%) ..... -0.143



sk e sk sk ks sk sk sk sk sk sk sk sk ok sk sk sk sk s e she sk ok

Subcatchment Runoff Summary

sk s sk sk skeosk sk ok sk sk sk skoskock skosk ke e skeskeskosk sk sk ok

Total Total Total Total Total Runoff
Precip Runon Evap Infil Runoff Coeff

Subcatchment mm mm mm mm mm
S1 170.535 0.000 0.000 5.535 165.465 0.970
S2 170.535 0.000 0.000 5.535 164918 0.967
S3 170.535 0.000 0.000 5.535 164.574 0.965
S4 170.535 0.000 0.000 4.151 166.975 0.979
S5 170.535 0.000 0.000 4.151 167.107 0.980
S6 170.535 0.000 0.000 3.459 168.301 0.987
S7 170.535 0.000 = 0.000 5.535 165.103 0.968
S8 170.535 0.000 0.000 6.919 162.444 0.953
N 170.535 0.000 0.000 4.151 167.442 0.982
S10 170.535 0.000 0.000 5.535 165.225 0.969
- S11 170.535 0.000 0.000 7.610 161.212 0.945
Totals 170.535 0.000 0.000 5.331 165.190 0.969
sk ok ok ok o ok sk ok ok sk sk ok ok ok ok
Node Depth Summary

*k ok ok sk sk sk ok sk sk sk sk sk sk skosk sk sk

Average Maximum Maximum Time of Max Total Total
Depth Depth HGL Occurrence Flooding Minutes

Node Meters Meters Meters days hr:min mm/ha Flooded .
J1 0.13 0.52 269.81 0 02:00 0 0
J2 0.15 0.59 267.83 0 02:00 0 -0
J3 0.52 1.50 264.65 0 01:19 6001.69 76
J4 0.55 1.49 26284 0 01:59 0 0
J5 | - 0.37 091 259.11 0 02:01 0 0
J6 0.15 0.55 261.35 0 02:00 0 0
J7 0.12 046 266.11 0 02:00 0 -0
J8 0.19 .~ 0.80 267.53 0 02:00 0 0
Jo 0.24 1.00 266.60 0 02:00 0 0

O1 036 091 25491 0 02:02 0 0



sk ok ok sk o ok ok sk skook ok ok sk sk skesfeosk skoke

Conduit Flow Summary
ek skoskoskok skook kokoke skok skok sk kosk ok ok

Maximum Time of Max Maximum Length Maximum Total

‘ Flow Occurrence Velocity . Factor /Design  Minutes
Conduit - CMS days hr:min - - m/sec Flow Surcharged
Cl 274 0.02:00 247 1.00 0.32 0
- C2 512 0 02:01 2.86 '1.00 0.38 0
C3 13.11 0 02:32 546 1.00 1.04 96
c4 1676 0 02:00  5.60 ~1.00  0.81 -0
Cs 377 0 02:00 2.57 1.00 0.26 0
Cé6 2053 002:02 549 1.00 041 = 0
- C7 3.08 0 02:000 1.87 1.00 0.20. 0
- C8 5.18. ¢ 02:00 5.00 1.00 0.52 0
0

C9 8.46. 0 02:00 3.68 1.00 0.71

" ot s s e s ok ok st ok ok ok sk ok ok ok ok o sk et ok ok ok sk ok

- Flow Classification Summary
Cockckoskockok ok skoskock ok kokskok ke sk sk skeskesieok ks ke ok

—- Ffaqtion of Time in Flow. Class ---- Avg. Avg
Up  Down Sub- Sup Up Down Froude Flow

‘Conduit ~ Dry Dry Dry Crit Crit Crit Crit Number Change
- C1 0.01 0.00- 0.00-0.51 0.48 0.00 0.00 1.01 0.0003
C2 0.010.00 0.00 0.99 0.00 0.00 0.00 0.51 0.0004

- C3- 0.01 0.00 0.00 0.00 0.99 0.00 0.00 -1.56 0.0011
C4 0.01 0.00 0.00 0.00 0.99 0.00 0.00 1.63 .0.0009
Cs 0.01 0.00 -0.00 0.99 0.01 0.00 0.00 '0.57 . 0.0003
C6 0.01-0.00 0.00 0.00 0.99 0.00 0.00 1.80 0.0004
C7 0.01.0.00 0.00 0.99 0.00 0.00 0.00 0.35 0.0002

- C8 - 0.01 0.00 0.00 0.62 0.37 0.00 0.00 - 0.99 0.0006

C9 ~0.01 0.00 0.00 0.95 0.04 0.00 0.00 0.69 0.0008



Appendix HI
¢ / output of SWMM for annual 24 hrs data using CWC distribution

EPA STORM WATER MANAGEMENT MODEL - VERSION 5.0 (Build
5.0.005b)

o sk sfe ok skook sk ok sk skosksk sk sk sk ok

Analysis Options

©oskeskoskoskeockskokok kskkosk ok sk sk ok

Flow Units ............... CMS

Infiltration Method ...... GREEN_AMPT
Flow Routing Method ...... DYNWAVE

Starting Date ............ MAY-28-2008 00:00:00
Ending Date .............. MAY-28-2008 23:00:00
Report Time Step ......... 00:05:00

Wet Time Step ............ 00:30:00

Dry Time Step ............ 01:00:00

Routing Time Step......... 300.00 sec

© kR sk ok kok sk sk sk ok sk sk sk sk skosk sk sk sksk sk sk sk ok VOlume Depth

Runoff Quantity Continuity hectare-m mm
Total Precipitation ...... 39.379 170.605
Evaporation Loss ......... 0.000 0.000
Infiltration Loss. ........ 1.231 5.334
Surface Runoff ........... - 37.445 162.226
Final Surface Storage .... 0.940 4.074

. Continuity Error (%) ..... - -0.603

, sk sk e ok ok sk ok ok ok skeok ok skok skosk sk sk R sk skook ke sksk ok VOlume VOlume
Flow Routing Continuity - hectare-m Mliters
************************** —
Dry Weather Inflow ....... 0.000 0.000
Wet Weather Inflow ....... 37.127 371.275
Groundwater Inflow ....... 0.000 0.000
RDII Inflow .............. - 0.000 0.000
External Inflow .......... 0.000 0.000
External Outflow ......... - 36944  369.441

~ Surface Flooding ......... 0.000 0.000
Evaporation Loss ......... 0.000 0.000
Initial Stored Volume .... 0.000 0.000
'Final Stored Volume ...... 0.224 2.244

. Continuity Error (%) ..... -0.110



sk 3k s sk sfe sk sfe ok sk ok sk sfe sk ook skok kok ok skok skokoskeok ok

Subcatchment Runoff Summary

sk e ok sk ok ok o o 3 ok ke e s s s s ok sk sk sk ok sk ok ok s ok sk

Total Total Total Total Total Runoff
. Precip Runon Evap Infil Runoff Coeff
Subcatchment =~ mm ‘mm mm mm mm

S1 170.605 ~ 0.000 0.000 5.539 163.097 0.956
S2 170.605 0.000 0.000  5.539 161.917 0.949
S3 170.605 "0.000 0.000 5.539 161.351 0.946
S4- ~ 170.605 0.000 0.000 4.154 163.813 0.960
S5 170.605 0.000 . 0.000 4.154 164.046 . 0.962
S6 170.605 0.000 0.000 3.462 165.454 0.970
S7 170.605 0.000 0.000 -5.539 162.258 0.951
S8 170.605 0.000 0.000 6.923 159.411 0.934
S9 170.605 0.000 0.000 4.154 164.958 0.967
S10 170.605 0.000 0.000 5.539 162.509 0.953
S11 ~170.605 0.000 0.000 7.616 158.187 0.927
Totals 170.605 0.000 0.000 5.334 162226 0.951
ok ko ok Kk ok ok ok ok ok

Node Depth Summary

seokokokokokoskokdokokkkokokskokok

Average Maximum Maximum Time of Max Total Total
Depth Depth  HGL Occurrence Flooding Minutes -

Node Meters Meters Meters days hrimin mm/ha Flooded
J1 0.13 026 269.55 0 02:01 0 0
J2 0.14 029 267.53 0 02:02 0 0
I3 0.53 ~ 1.20 264.35 0 02:03 0 0 .
J4 059 131 262.66 0 02:04 0 0
J5 039 0.76 258.96 0 02:05 0 0
Jo - 0.14 0.27 261.07 0 02:00 0 0
J7 0.12 023 265.88 0 02:00 0 0
J8 - 0.18  .0.39 267.12 .0.02:00 0 0
J9 022 .0.48 266.08 .0 02:01 0 0
0

o1 039 0.76 254.76. 0 02:06 O



sk ok o ok sk ok ok ok ok ok ok sk sk sk ok sk ok ok ok ok

Conduit Flow Summary

ook e ok o ok ok ok ok ok sk okokok sk sk sk ok ok ok

Maximum Time of Max Maximum Length Maximum Total
Flow Occurrence Velocity Factor /Design Minutes
Conduit CMS days hrrmin  m/sec Flow Surcharged

Cl1 0.98 0 02:01 2773 1.00 0.11 0
C2 1.84 0 02:02 1.24 1.00 0.14 0
C3 12.20 0 02:04 5.09 1.00 0.97 0
C4 © 13.68 0 02:05 529 1.00 0.66 0
C5 1.28 0 02:01 393 1.00 0.09 0
Cé6 14.96 0 02:06 499 1.00 0.30 0
C7 1.06 0 02:00 0.89. 1.00 0.07 0
C8 1.88 0.02:00 460 1.00 0.19 0
0

C9 3.08 0 02:01 1.84 1.00 0.26

sk s ok ke sk ke sk skok ok skok skl sk sk skosk sk skosk sk sksk ok

Flow Classification Summary
***************************

- -— Fraction of Time in Flow Class ---- Avg. Avg.
"Up Down Sub Sup Up Down Froude Flow

Conduit Dry Dry Dry Crit Crit Crit Crit Number Change
C1 0.01 0.00 0.00 0.25 0.74 0.00 0.00 1.03 0.0001
C2 0.01 0.00 0.00 0.99 0.00 0.00 0.00 0.49 0.0001
C3 0.01 0.00 0.00 0.00 0.99 0.00 0.00 1.55 0.0009
C4 0.01 0.00 0.00 0.00 0.99 0.00 0.00 1.65 0.0006
CS 0.01 0.00 0.00 0.99 0.00 0.00 0.00 0.55 0.0001
Cé6 0.01 0.00 0.00 0.00 0.99 0.00 0.00 1.84 0.0003
- C7 0.01 0.00 0.00 0.99 0.00 0.00 0.00 0.34 0.0001
- C8 0.01 0.00 0.00 0.28 0.71 0.00 0.00. 1.01 0.0002

C9 0.01 0.00 0.00 0.99 0.00 0.00 0.00 0.67 0.0002



Appendix IV Study of manning’s “n”

The figure shows that with increase of Manning’s “n” in impervious surfaces the

generated surface runoff decreases significantly and vice versa. While for pervious

there is no significant change in the Runoff volume. This is mainly due to contribution

of impervious area to runoff generation. -

Manning's Roughness Coefficient -Depth of Runoff
0.25 - 0.25
N-per=.01
N-per=.05
0.2 ‘— N-per=.1 L 0.2
b N-per=.2
—%— N-Imp=.03
> 0.15 —6—N-mp=.05 } 0.15
8 ~—&— N-Imp=.1
5 —8—N-Imp=.2
0.1 h —=— N-Imp=.01 - 0.1
0.05 - - 0.05
0 T T Y 0
5 6 7 8 9
Runoff Depth (mm) '

N-Perv

Figure shows the result of study for Manning’s “n”

Table (4.13) shows the runoff for different values of Manning’s Coefficient “n” for
pervious and impervious surfaces in the simulation area.

Runoff Depth (mm)
“N»
impervious “N” pervious

0.01 0.02 0.03 0.05 0.1 0.2
0.01 8.4 8.4 8.4 8.3 7.85 7.2
0.05 8.1 8.1 8.1 8 7.7 7
0.1 7.6 7.6 7.6 7.6 7.1 6.4
0.2 6.5 6.5 6.5 6.5 6.1 5.4
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