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Abstract 15 

A 1D hydrologic-hydraulic model for simulating dual drainage in urban areas is presented. It 16 

consists of four modules: (1) rainfall-runoff transformation, (2) one-dimensional (1-D) flow 17 

routing on a street network, (3) flow interception at street inlets and (4) flow interaction between 18 

surface water on the streets and the underground storm-water system by interfacing with the 19 

EPA-SWMM5 engine (Environmental Protection Agency-Storm Water Management Model). 20 

The hydrologic model (first module) transforms rainfall to runoff using the kinematic wave 21 

approximation and simulates the infiltration process with the Green-Ampt method. The street 22 

network model (second module) is based on a finite-volume shock-capturing scheme that solves 23 

the fully conservative Saint-Venant equations and can be used to model both subcritical and 24 

supercritical flows. The inlet model (third module) uses the HEC-22 relations to compute the 25 

amount of water intercepted by inlets. The formulation of boundary conditions at the street 26 

crossings is generalized and can be used for any number of streets, any combination of inflowing 27 

and outflowing streets, and flow regime (e.g., subcritical and supercritical flows). Flow 28 

interaction between surface water on the streets and underground storm-water system is achieved 29 

by interfacing the proposed model with EPA-SWMM5. This interaction allows flow to enter 30 
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from streets to the underground storm-water system and vice versa. The proposed model has 31 

several potential applications such as the identification of critical zones for flooding (e.g., zones 32 

with high water depths and flow velocities) in urban developments and can be used to take 33 

appropriate measures for drainage control (e.g., to increase number and/or size of inlets), to 34 

determine the consequences of different degrees of inlet clogging, and to assess flooding hazards 35 

through the application of suitable hazard criteria. A summary of criteria used for storm-water 36 

hazard assessment is presented. To demonstrate the dual-drainage model’s potential an 37 

application is performed in a catchment of the metropolitan area of Chicago, IL. The results 38 

obtained are promising and show that the model can be a useful tool for storm water 39 

management and flooding hazard assessment in urban areas. 40 

 41 

Introduction 42 

Urban catchments in rainy climates are commonly exposed to flood threats. In lowland areas 43 

urban flooding is often associated with an inadequate drainage system, in most cases due to 44 

inadequate inlet capacity. Urban flooding may cause material losses in the form of public and 45 

private property damage and even human casualties. Furthermore, street flooding may interfere 46 

with traffic and in some cases, may jeopardize pedestrian safety. To identify critical urban 47 

flooding areas (e.g., zones with high water depths and/or flow velocities) so that appropriate 48 

measures for flow control and drainage (e.g., to add inlet grates) can be taken, hydrologic and 49 

hydraulic (H&H) modeling is often required. In many instances H&H modeling could involve 50 

large urban catchments making it necessary to increase computational efficiency without 51 

sacrificing accuracy. For a flood modeling tool to be practical, the flooding analysis needs to be 52 
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done in a relatively short time frame so that flash flood warnings can be issued and traffic 53 

redirected to reduce emergencies and facilitate the work of first responders.. 54 

A number of researchers have addressed the problem of modeling pluvial flows in urban areas. 55 

Although the idea of studying flows in urban areas involving surface (overland) and subsurface 56 

(pipe) components and their interaction has been around for several decades, Djordjevic et al 57 

(1999) first advanced it, using the BEMUS model for surface flows and a sewer model that 58 

allowed for computing pressurized flows. The interaction consisted in the connection between 59 

manholes and computational cells in the surface. At about the same time, Hsu et al (2000) used 60 

the SWMM model to simulate pipe flow and, when pressurized, to generate the flows that a 2D-61 

non-inertia model conveyed over the surface. A drawback of this approach is that the flow is not 62 

allowed to re-enter the sewer system. Schmitt et al (2004) studied flooding in urban drainage 63 

systems by a combination of 2D model for surface flow and 1D model for pipe flow in which 64 

manholes were connected to 2D elements. A year later, Djordjevic et al (2005) presented a 65 

1D/1D model (SIPSON) to simulate dual drainage in two parallel networks (streets and pipes) 66 

linked through nodes representing a group of inlets. In this work, the hydrological component 67 

was not described in much detail, and inflows to and from nodes were computed with the help of 68 

weir and orifice formulas. The possibility of a manhole lid to be removed was also taken into 69 

account. Aronica and Lanza (2005) simulated urban flows by using a 2D model addressing only 70 

surface flows and analyzed the effect of including or not the inlets (i.e. sewer system with 71 

assumed unlimited conveyance capacity or with no sewer system). No explanation was given for 72 

computing inlet capacity. Kumar et al (2007) combined the EXTRAN module of SWMM and 73 

another 1D module for river flows with a 2D model for surface flow, linking them with an 74 

interface using weir formulas. More recently, Chen et al (2010) studied the combined 75 
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consequences of pluvial and fluvial flooding combining the SIPSON model (Djordjevic et al, 76 

2005) for pluvial flooding and 2D, non-inertia UIM model for fluvial flooding. The latest 77 

research work has been devoted to the numerical and experimental study of the flow interaction 78 

between the street and the underground sewer system (Bazin et al, 2013 and Djordjevic et al., 79 

2013) as well as the hydraulic characterization of storm water inlets (Martins et al, 2014).   80 

The model presented herein has characteristics similar  to the one presented by Djordjevic et al 81 

(2005) since a street network conveys surface flows and interaction is allowed with underground 82 

storm-water network. From a modeling standpoint, the main contributions of this work are as 83 

follows: 84 

1) Rainfall-runoff transformation (hydrological module) is simulated by computing overland 85 

flow in two parallel planes, including infiltration process. Subcatchments are composed by the 86 

portions of blocks that pour to the adjacent street (Nanía, 1999 and Nanía et al, 2004). The 87 

representation of subcatchments is made simple to facilitate its implementation in large urban 88 

areas. 89 

2) Runoff generated in the subcatchments (item 1) is incorporated uniformly distributed and 90 

routed through the streets. A 1D formulation is used to route the flow on the street network.  91 

3) Flow distribution in four-branch crossings of the street network involving both supercritical 92 

and subcritical flows is computed using empirical relationships presented by Nanía et al (2004, 93 

2011) when applicable. The formulation of boundary conditions at the street crossings is 94 

generalized and can be used for any number of streets, any combination of inflowing and 95 

outflowing streets and any flow regime. 96 

4) Inlet flows at streets are simulated using the HEC-22 formulation (FHA, 2001). 97 
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5) Flow interaction between surface water on the streets and the underground storm-water sewers 98 

is simulated by interfacing the street network model with the EPA-SWMM5 engine. 99 

In order to illustrate the capabilities of the model, it was applied to a catchment in Dolton, a 100 

southern suburb of the metropolitan area of Chicago. The watershed considered in this analysis 101 

drains to drop-shaft CDS-51 in the Calumet TARP (Tunnel and Reservoir Plan) system which is 102 

managed by the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC). The 103 

topography of the zone is quite flat and mainly subcritical flows are expected to take place most 104 

of the time. 105 

 106 

Model description 107 

This work aims at developing an integrated model to simulate the hydrology and hydraulics of 108 

urban drainage systems. This integrated model has four modules. The first module is a 109 

hydrologic model, which transforms rainfall into effective runoff depending on surface 110 

characteristics (e.g., slope, roughness, paved/unpaved surface area). The resulting runoff from 111 

each block is distributed over the respective street and is used as input for the hydraulic street 112 

model (second module). The street module routes the flow over the street network.  The third 113 

module estimates flow interception at inlets, which conveys street runoff into the underground 114 

storm-sewer system. The intercepted runoff is used as input for the storm-sewer model which is 115 

modeled using the EPA-SWMM5 engine. A brief overview of these modules is presented next.  116 

First module: hydrologic model 117 

The hydrologic model transforms rainfall to runoff considering both impervious and pervious 118 

surfaces and simulates the infiltration process with the Green-Ampt method (Chow et al, 1988). 119 

The depression storage (initial abstraction) is also considered in order to obtain the effective 120 
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rainfall. The transformation from effective rainfall to runoff is made considering overland flow 121 

on two independent equal-length sloping planes, one pervious and one impervious, and using the 122 

kinematic wave approximation of the Saint Venant equations (Chow et al, 1988). The 123 

subcatchments are delineated as part of the blocks which are computed simply based on 124 

polygons defined by the surrounding streets, which in turn are determined by the position of the 125 

street junctions (crossings). Runoff is introduced uniformly distributed in the streets surrounding 126 

the blocks, therefore impervious and pervious areas are not directly connected to the sewer 127 

system. 128 

Second module: street flow routing  129 

The street module solves the one-dimensional open-channel flow continuity and momentum 130 

equations that for non-prismatic channels or rivers may be written in vectorial conservative form 131 

as follows (e.g., Chaudhry 1987, Leon 2007, Leon et al. 2006, 2010a): 132 

S
FU
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                                                     (1) 133 

where the vector variable U, the flux vector F and the source term vector S are given respectively 134 

by: 135 
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   (2) 136 

where A = cross-sectional area of the channel; Q = flow discharge; p  = average pressure of the 137 

water column over the cross sectional area;  = water density; g = gravitational acceleration; So 138 

= slope of the channel bottom; Sf  = energy slope , which may be estimated using an empirical 139 

formula such as Manning's equation; and Fw = momentum term arising from the longitudinal 140 

variation of the channel width. 141 
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The governing equations (1)-(2) are solved using a Finite Volume (FV) shock-capturing scheme 142 

in an identical way to that presented in León et al. (2006, 2010a, 2013). The FV scheme used is 143 

the second-order MUSCL-Hancock method with the MINMOD Total Variation Diminishing 144 

(TVD) pre-processing slope limiter. The FV-shock capturing scheme used ensures that mass and 145 

momentum are conserved. For the boundary conditions at the street crossings an identical 146 

approach to that presented in León et al. (2009) and León et al. 2010b) was used. These 147 

boundary conditions use the equation of energy, equation of continuity and the theory of 148 

Riemann invariants. These boundary conditions can be used for any number of streets, any 149 

combination of inflowing and outflowing streets, and any flow regime (e.g., supercritical flow). 150 

For more details about these boundary conditions the reader is referred to León et al. (2009, 151 

2010b). From a hydraulics point of view, the main interest is in estimating the average velocities 152 

and water depths in the area under study. Because of this, it is expected that a one-dimensional 153 

unsteady flow model is appropriate for this application.  154 

Flow distribution in four-branch crossings of the street network involving both supercritical and 155 

subcritical flows is computed using relations presented by Nanía et al (2004, 2011) when 156 

applicable. This is a relevant new contribution to urban drainage models. 157 

Third module: inlets  158 

The third module comprises a model for estimating flow interception at inlets, which leads street 159 

runoff into the underground storm-sewer system. The inlet module in the proposed model was 160 

implemented according to the HEC-22 manual (Federal Highway Administration, 2001). The 161 

HEC-22 manual comprises a wide array of storm drain inlets. Overall, inlets can be divided 162 

(Federal Highway Administration, 2001) into (1) Grate inlets, (2) Curb-opening inlets, (3) 163 

Slotted inlets, and (4) Combination inlets. Grate inlets consist of an opening in the gutter or ditch 164 
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covered by a grate. Curb-opening inlets are vertical openings in the curb covered by a top slab. 165 

Slotted inlets consist of a pipe cut along the longitudinal axis with bars perpendicular to the 166 

opening to maintain the slotted opening. Combination inlets consist of both a curb-opening inlet 167 

and a grate inlet placed in a side-by-side configuration, but the curb opening may be located in 168 

part upstream of the grate. The inlet module of the current proposed model includes grate inlets, 169 

curb opening and combination inlets. The grate types implemented include P-50, P-30 and 170 

curved vane.  Any other type of inlet and grate type can be readily implemented in the model, if 171 

necessary.  172 

Fourth module: storm-water system  173 

The current version of the street network model so-called Street Flooding Model (SFM) is 174 

coupled with the EPA-SWMM5 engine through a coupling interface which manages the flow 175 

intercepted by inlets in the following way: 176 

1) Intercepted flow by inlets enters in the nodes of the sewer system (manholes). By default, 177 

it is assumed that every inlet is connected to the nearest manhole, but it could be 178 

configured by the user. 179 

2) Flow enters the node only if the node is not flooded, this is, if the hydraulic grade line is 180 

lower than the ground elevation. 181 

3) If a given node is flooded (hydraulic grade line is either higher or equal the ground 182 

elevation) the flooded volume computed by SWMM5 is incorporated to the street 183 

network through the inlets connected to the flooded node. The flooded volume is 184 

distributed evenly between all the inlets connected to that node and in the time between 185 

interface callings. 186 
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The coupling interface calls the SWMM5 at a pre-defined time step which could be as low as the 187 

computing time step (less than one second). However, such small coupling time would increase 188 

excessively the computing time because a “sleeping time” of 1 second is allowed after the calling 189 

of the EPA-SWMM5 engine in order to allow for writing of some required files. A coupling time 190 

of 10 seconds was found to be not too short to penalize computing time and not too long to have 191 

a decisive influence on the results. Therefore, in case of flooding, the flooded discharge is 192 

updated as often as the coupling time. 193 

 194 

Criteria used for the surface storm-water hazard assessment 195 

The main objective of an urban drainage system is to safeguard the security of the citizen’s 196 

activities, which means: avoiding water entering buildings and houses, allowing pedestrians to 197 

walk unobstructed and permitting traffic to move safely. In some cases it is also used to avoid 198 

pollution in urban areas with combined sewers.  199 

In principle, urban runoff should be such that the hydraulic parameters i.e. depths, velocities or 200 

some combinations of depth and velocities remain below certain advisable limit values. There is 201 

not much research in the literature about safety criteria for the drainage flow in urban zones. The 202 

following criteria could potentially be used to assess flood-induced hazards: 203 

Criteria based on a maximum admissible depth 204 

Concerning material damage and its minimization we can accept as a maximum depth, a flow 205 

depth for which urban runoff does not enter commercial and residential buildings. 206 

Denver’s criterion: The Urban Storm Drainage Criteria Manual of Denver, Colorado (Wright-207 

McLaughlin, 1969), establishes that in local streets depending on the category of the streets of 208 

the studied sub-basin, a flow depth is allowed so that the free surface of the flow does not 209 
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overcome the level of the ground floor of residential, public, commercial and industrial buildings 210 

unless they are waterproofed, and a maximum 45.7 cm (18 inches) over the lowest level of the 211 

street is permitted. This criterion becomes more restrictive in streets of a higher category. This 212 

limit seems to be established based on the minimization of traffic problems, bearing in mind that 213 

driving a car in streets with flow depths larger than 45.7 cm would be both dangerous and 214 

unsuitable.  215 

Clark County's criterion: The Hydrologic Criteria and Drainage Design Manual of Clark County 216 

Regional Flood Control District (CCRFCD, 1999) establishes for minor storms that local streets, 217 

narrower than 24 m, can transport water up to a depth of 30 cm, measured along the gutter flow 218 

line. 219 

Austin's criterion: In other cities, like Austin, Texas (City of Austin Dept. of Public Works, 220 

1977), the criterion of leaving the crown of the street free in such a way that emergency vehicles 221 

(fire trucks, ambulances, police cars) will be able to move along this zone is commonly used. So 222 

an implicit maximum depth is defined by establishing a permissible spread of water ranging from 223 

0 (not exceed crown level) to 7.2 m depending on the street type. 224 

Mendoza’s criterion: Nanía (1999) proposed a maximum admissible depth of 30 cm (about 12 225 

inches) given the characteristics of the city where it was used (Mendoza, Argentina) and 226 

following the city of Denver's criterion. 227 

Criteria based on flow depth and flow velocity as a combination 228 

Témez’s criterion: Témez (1992) defines a “dangerous flooding zone” as a zone where a serious 229 

danger of human life loss or significant personal injury exists. This zone is defined by a flow 230 

depth greater than 1 m, by a flow velocity greater than 1 m/s and by a product of flow depth 231 

times flow velocity (i.e. specific flow discharge) greater than 0.5 m
2
/s. This criterion was created 232 
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to be applied to floodplains. A limit depth of 1 m would be excessive in a densely populated 233 

zone like the suburbs of Chicago since such a depth, even without taking into account the 234 

velocity of flow, would most likely cause substantial material losses. In this criterion, the product 235 

of flow depth times the velocity of 0.5 m
2
/s would be less restrictive than the product of the 236 

maximum depth of both former criteria times the maximum velocity proposed by Témez (i.e. 237 

0.30 m
2
/s and 0.45 m

2
/s, for Mendoza and Denver, respectively). 238 

Abt’s criterion: Témez’s criterion of Vy < 0.5 m
2
/s for flow depths between 0.5 to 1 m was 239 

apparently inspired by the experiments carried out by Abt et al. (1989) to identify when an adult 240 

human could not stand or maneuver in a simulated flood flow. Flow velocities of 0.36 to 3.05 241 

m/s and flow depths of 0.49 to 1.2 m were considered in the experiments. For these flow 242 

conditions, Abt et al. (1989) found that the product of flow velocity times depth which resulted 243 

in instabilities was 0.70 to 2.12 m
2
/s, depending on the height and weight of subjects. According 244 

to these values, using a limit of 0.5 m
2
/s independently of the height and weight of a given 245 

subject, imply considering a factor of safety ranging from 1.4 to 4.2. 246 

Clark County criterion: The Hydrologic Criteria and Drainage Design Manual of Clark County 247 

Regional Flood Control District (1999) established that for minor storms and local streets 248 

(narrower than 24 m) that the product of flow depth in the gutter flow line times the average 249 

velocity should be less than or equal to 0.55 m
2
/s. This value is a little greater than the value 250 

taking in Abt’s criterion, so we will consider Abt’s criterion as a reference. 251 

New South Wales criterion: The Floodplain Development Manual of the New South Wales 252 

Government (2005) in Australia, proposed a starting point for the determination of hazard 253 

categories in floodplain zones, indicating that zones with floodwaters which have either depths 254 

greater than 1m, velocities greater than 2 m/s or depths greater than [1m – 3/10 s * velocity 255 
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(m/s)] should be categorized as high hazard zones. In light of this criterion, the limiting depths 256 

for Mendoza (0.30 m) and Denver (0.45 m) are achieved with velocities of 2.33 and 1.83 m/s, 257 

respectively, therefore the joint consideration of this criterion and the limiting depths would be 258 

approximately equivalent to a maximum velocity of 2 m/s.      259 

No slipping criterion: Nanía (1999) proposed a momentum-based criterion taking into account 260 

the stability to slip by a pedestrian in the presence of the urban runoff, which is defined by: 261 

2

3
2 23.1

s

m
yV       (3) 262 

Stability to tilt criterion: the Hydraulic and Hydrologic Engineering Dept. of Technical 263 

University of Catalonia (2001) carried out a study in order to analyze the spacing of gutters in 264 

the City of Barcelona. In this study, a hazard criterion taking into account the stability to tilt of a 265 

pedestrian (ability to stay upright) in the presence of urban runoff was defined as: 266 

s

m
Vy

2

5.0      (4) 267 

 268 

Evaluation of the model  269 

The primary objective of this section is to illustrate potential applications of the model. Four 270 

typical applications could be: 271 

1) Identifying critical zones that would need attention when most of the inlets in the urban 272 

watershed are clogged with debris. This would require using the first and second module 273 

only.  274 

2) Analyzing the hydraulic performance of an actual surface drainage system when most of 275 

the inlets are well maintained. 276 
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3) Determining the optimum surface drainage system (number, type and position of inlets) 277 

in order to achieve a safety criteria against surface stormwater hazards.  An optimization 278 

algorithm would be required. 279 

4) Determining the optimum sizing of a sewer system (e.g., diameter of pipes) for a given 280 

inlet system. This would also require an optimization algorithm.  281 

The model was applied to an urban catchment in the Village of Dolton, a southern suburb of the 282 

metropolitan area of Chicago. This watershed was previously used for hydrologic and hydraulic 283 

studies of the Tunnel and Reservoir Plan (TARP) conducted by the Ven Te Chow Hydrosystems 284 

Laboratory, University of Illinois (Cantone and Schmidt, 2011). 285 

Project storm 286 

In the current application the triangular storm hyetograph proposed by Chow and Yen was used 287 

(Chow and Yen, 1976). The storm which is depicted in Figure 1 has a duration of 80 minutes and 288 

a maximum intensity of 45.72 mm/h at 30 minutes and it is a simplification of the storm that 289 

occurred in Chicago on July 2nd, 1960.  290 

Characteristics of the CDS-51 watershed 291 

CDS-51 is the name given to the dropshaft that captures the pluvial waters from the sewer 292 

system of the suburb of Dolton. The main characteristics of the CDS-51 watershed are presented 293 

in Table 1. 294 

The street network which is depicted in Figure 2 is composed by 267 blocks (or fraction of 295 

blocks), 454 nodes (street crossings) and 637 streets, being the total area modeled of 3.549 km
2
 296 

(approx. 2.22 sq. miles). Due to lack of more detailed data, the characteristics of the entire 297 

watershed were assigned to every block. Similarly, the cross-section depicted in Figure 3 was 298 

assigned to every street. It is worth mentioning that every block can have their own 299 
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characteristics and every street a different cross-section but keeping the same order of every part 300 

(sidewalk, curb, gutter, street, gutter, curb, sidewalk). 301 

The street network was defined using DEM data with a resolution of 0.91x0.91m (3x3 feet) with 302 

the following procedure: (1) For a given  aerial photograph or a shape file of a previously 303 

digitalized street network the geo-referenced coordinates x, y and z of every junction (node) are 304 

extracted; (2) by combining these coordinates and the morphology of the network (i.e. links 305 

between streets and nodes; and links between blocks and nodes), the street lengths, street slopes, 306 

angles between streets, area of blocks, and other necessary parameters are computed. The 307 

Manning coefficients can vary from street to street, however in this application a value of 0.015 308 

was adopted for all streets and sidewalks, which corresponds to concrete. In the whole street 309 

network only 120 nodes (street crossings) have four branches. Flow distribution in a particular 310 

type of street crossing (four-branch, two inflows forming a right angle) is computed using 311 

empirical relationships developed by Nanía et al (2004, 2011). In this case, the number of such 312 

crossings varies in time from 25 to 50 because of the alternating flow direction in some streets.  313 

Inlet Characteristics 314 

Three scenarios with inlets were considered: 315 

1) One pair of inlet is considered in every street which is located at 90% of the street length 316 

in the direction of the longitudinal bed slope (Scenario 1b).  317 

2) Two pairs of inlets are considered in every street and are located at 50% and 90% of the 318 

street length in the direction of the longitudinal bed slope (Scenario 1c). 319 

3) The actual number and position of inlets is considered (Scenario 2). 320 
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In all cases the transversal slope of the gutter was 8%, grate type P-30 according to HEC-22 321 

(FHA, 2001), grate size of 0.60m of width by 0.30m of length, with no curb opening and no 322 

depression (type I according to HEC-22 classification). 323 

Characteristics of the sewer system 324 

The sewer system is presented in Figure 4 and it consists of 723 nodes and 722 conduits. In the 325 

case of actual inlets, 823 inlets were considered which are connected to 324 nodes. Manning 326 

coefficient adopted for concrete sewer conduits was 0.015. They could also vary from conduit to 327 

conduit accordingly. 328 

 329 

Results 330 

In this section, the results of four different scenarios are presented to demonstrate the potential of 331 

the model. The simulated scenarios were: 332 

1) Not considering sewer system: 333 

a. No inlets (only first and second module). This scenario could be used to find 334 

critical areas in the case that 100% of inlets are clogged.  335 

b. One pair of inlets per street: (first, second and third module) no interaction 336 

between surface and sewer system is considered. This scenario and the next one 337 

could be used to design the number, position and type of inlets, assuming a large 338 

sewer system that never gets flooded. The pair of inlets is located at 90% of the 339 

length of the street in the direction of the street slope. 340 

c. Two pairs of inlets per street: (first, second and third module) no interaction 341 

between superficial and sewer system is considered. One pair of inlets is located 342 
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at 50% the other at 90% of the length of the street in the direction of the street 343 

slope. 344 

2) Considering sewer system (four modules, dual drainage): with actual inlet number and 345 

position but assuming equal grate type due to lack of such data. Interaction with sewer 346 

system every 10 seconds is considered. 347 

Scenarios 1x)  348 

In Figure 5 a summary of the results of the simulations for scenarios 1a), 1b) and 1c) is presented 349 

which allows for comparing the effect of considering no inlets and 1 and 2 pairs of inlets per 350 

street. The hyetograph (rainfall) and the discharge at the end of the planes, where rainfall-runoff 351 

transformation is made, are the same for all the scenarios. The surface outflow is the sum of 352 

outflows at the outlets of the street network. As expected, a higher output flow rate is obtained 353 

considering no inlets and it diminishes as one includes more inlets. An important observation is 354 

that high peak flow attenuation is obtained by routing flow through the street network, i.e. from 355 

25 cms (output from all the planes where rainfall-runoff transformation is computed) to only 3.5; 356 

2 and 1 cms (output from the entire street network) for no inlets, 1 and 2 pairs of inlets per street, 357 

respectively. The legend in Figure 5 represents: Rainfall = hyetograph (intensity times watershed 358 

area); Street Network inflow = sum of the discharges at the end of the planes (rainfall-runoff 359 

transformation, first module); Intercepted by inlets (1 inlet) = sum of discharges in all the inlets, 360 

case with 1 pair of inlets per street; Intercepted by inlets (2 inlets) = same as above, case with 2 361 

pairs of inlets per street; Street Network output (No inlets) = sum of discharges at the outlets of 362 

the street network case without inlets (or inlets 100% clogged); Street Network output (1 inlet) = 363 

same as above considering 1 pair of inlets per street; Street Network output (2 inlets) = same as 364 

above considering 2 pairs of inlets per street. 365 
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A summary of the 5 maximum discharges and corresponding peak times is presented in Table 2 366 

for comparison purposes. For instance, node 348 happens to be the one with the largest peak 367 

flow for scenarios 1a) and 1b) and the second one for scenario 1c). Regarding the peak flow for 368 

node 348, it is reduced to approximately half from no inlets to 1 inlet per street cases and is 369 

reduced again to half from 1 inlet to 2 inlets per street cases.  370 

In Figure 6, the hydrographs in the 5 nodes with the largest peak flow, i.e. 348, 454, 343, 344 371 

and 352, for the scenario 1a) is presented for comparison purposes. All the represented nodes but 372 

454 have a single peak whilst 454 have 2 peaks being the second one the largest. 373 

In Figure 7, the hydrographs for node 454 in the three scenarios 1x) are presented. It is shown 374 

that the double peak is present in all three scenarios although it tends to be smoothed out as the 375 

number of inlets per street is increased. 376 

A summary of the 5 maximum depths (maximum in the street and in the full simulation time) 377 

and corresponding times of occurrence is presented in Table 3. Node 401 is also presented in 378 

scenario 1a) for comparison purposes. In the case of scenario 1a) nodes 375, 378 and 633 are 379 

those with largest maximum depths which occur almost at the end of the simulation time. In the 380 

case of scenario 1b) node 401 is the one with largest maximum depth followed far behind by 381 

nodes 488 and 489. In the case of scenario 1c) again node 401 is the one with the largest 382 

maximum depth followed far behind by nodes 174, 375, 378 and 633. In light of these results, it 383 

can be concluded that in the presence of inlets, the flow redistributes throughout the street 384 

network being difficult to predict beforehand the effect of including inlets despite the fact that 385 

they are placed uniformly (1 pair by street). Regarding the time of occurrence of the maximum 386 

depth, it tends to occur earlier as the number of inlets per street is increased.   387 
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Figure 8 presents the maximum depth hydrograph for street 401 in the scenarios 1x). As can be 388 

observed in this figure, the peak depth does not vary much between the three scenarios but the 389 

shape of the falling limb of the depth hydrograph shows significant differences. While the case 390 

with no inlets presents a little decrease of the maximum depth towards the ending of the 391 

simulation time, the cases with inlets present a large decrease, i.e. 0.6 m for no inlets case versus 392 

0.08 and 0.06 m for the case of 1 and 2 inlets per street, respectively. A similar behavior can be 393 

observed for street 375, which results are presented in Figure 9. Figure 10 presents the location 394 

of streets 174, 375 and 401.  395 

In Table 4, the 8 inlets with the maximum flow rate evacuated by inlets are presented for 396 

scenarios 1b) and 1c). In general, more flow rate is evacuated when more inlets are present in a 397 

given street but in the case of street 401, 2 pairs of inlets evacuate sensibly 2 times more flow 398 

rate than 1 pair of inlets. In the other streets only a little more is evacuated with 2 pairs of inlets. 399 

The conclusion here is that increasing the number of inlets in some streets could be much more 400 

effective than in others. 401 

In Figures 11 and 12, the hydrographs of maximum flow rate evacuated by inlets in the 5 streets 402 

with the largest values are shown for scenarios 1b) and 1c), respectively. In these figures an 403 

oscillating flow rate is detected for street 488 being the amplitude of the oscillation smoother in 404 

the case with 2 pairs of inlets per street. This oscillating flow condition is due to the dynamic 405 

interaction of flood waves in the street network.   406 

Table 5 shows a summary of the total water volume in every model module. In this Table, the 407 

first row is the total volume that exits through the planes where rainfall-runoff transformation is 408 

performed which is the same that enters to the street network (first module). The second row is 409 

the total volume exiting the street network through all outlets (second module). The third row 410 
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refers to the total outflow volume that exits through the inlets and hence enters to the sewer 411 

system (third module). The fourth row shows final volume stored in the street network. The error 412 

found (first row minus the sum of the rest of rows) is less than 0.388% for scenario 1a) and 413 

0.397% for scenarios 1b) and 1c). 414 

If one compares the volume of water intercepted by the inlets in scenarios 1b) and 1c) the 415 

conclusion is that the second pair of inlets in the street is much less efficient than the first one. 416 

Scenario 2) Considering sewer system (dual drainage) 417 

In Figure 13, a summary of hyetograph and main discharges in scenario 2 is presented. In this 418 

Figure, the rainfall is considered as in Figure 5; “Street network input” is the sum of the 419 

discharges at the end of the planes (rainfall-runoff transformation, first module), “Intercepted by 420 

inlets” is the flow rate evacuated by all the inlets; “Street network output” is the flow rate 421 

evacuated by all the outlets of the street network and “Sewer system output” is the flow rate 422 

exiting from the sewer system (1 single outfall in node 454). By comparing Figure 5 and 13 we 423 

can observe the effect of considering the sewer system and its interaction with the flow in the 424 

street network (scenarios 1x versus scenario 2). For instance, the maximum flow rate exiting the 425 

street network in scenario 2 (i.e. 1.02 cms) remains between the case with 1 pair of inlets per 426 

street (1.56 cms) and the one with 2 pairs of inlets per street (0.85 cms). Regarding the maximum 427 

flow rate intercepted by inlets, the case in scenario 2 gives a value of 9.83 cms which is 428 

somewhat less than that obtained with 1 pair of inlets per street (10.6 cms). The volume 429 

intercepted by inlets is also smaller for scenario 2 than scenarios 1b and 1c but the ratios total 430 

volume over total number of inlets give 55.2; 38.6 and 21.2 m
3
/inlet. It  can be concluded that 431 

although more inlets mean more volume intercepted, the actual inlet distribution (823 inlets) is 432 

more efficient in terms of economical costs than distributing uniformly throughout the street 433 
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network (1274 and 2548 inlets for scenarios 1b and 1c, respectively). The effect of the storage of 434 

the sewer system is relevant because it permits passing from a peak discharge of 9.83 cms at 435 

2160 s (flow intercepted by inlets) to approximately 5.97 cms at 3680 s (sewer system output) 436 

which means a peak flow reduction of 39% as well as a delay of the peak time occurrence of 437 

about 25 minutes. 438 

In Figure 14, the hydrographs in the 5 largest outputs of the street network are presented for 439 

comparison purposes. In general, they are not too large (maximum of less than 0.18 cms) and 440 

different peak discharges and peak times are observed. Flow in node 361 begins to appear almost 441 

30 min later than in node 454 and 372. 442 

Figure 15 represents the total discharge passing from the storm-sewer system to the street 443 

network and the number of flooded nodes. At time step 1330 s nodes begin to flood and by time 444 

step 3200 s up to 116 nodes are flooded, conveying up to 3.4 cms back to the street network. 445 

During approximately one hour at least 40 nodes are flooded (from 2200 to 5900 s) and during 446 

approximately 30 minutes at least 80 nodes are flooded (from 2700 to 4400 s). 447 

In Figure 16 the 5 nodes with the largest flooded peak flow are presented. Node 1003 can enter 448 

to the street network a maximum discharge of more than 0.6 cms and remains above 0.4 cms for 449 

approximately 15 minutes. 450 

Instabilities in Figures 15 and 16 appear because of the coupling time used. When the hydraulic 451 

grade line in a given node is very close the ground elevation but above it, that node become 452 

flooded and this situation will remain at least until the next calling of SWMM5 is produced. 453 

Meanwhile, water has been passing from the sewer system towards the streets and the hydraulic 454 

grade line could decrease below the ground elevation so that in the next calling of SWMM5 that 455 
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node is not flooded anymore. This situation being repeated over and over generates such 456 

instabilities. 457 

Analysis considering different hazard criteria. Dual drainage case 458 

Four hazard criteria were used to detect critical points: maximum depth of 0.30 m, maximum 459 

velocity of 1 m/s, maximum product of depth times velocity of 0.5 m
2
/s and maximum product 460 

depth times velocity squared of 1.23 m
3
/s

2
. Figures 17 to 20 show the time series for the four 461 

parameters used to assess the hazard of the street runoff in the 5 streets where the values are the 462 

largest. Such time series can be used to observe if either of these limits is exceeded and for how 463 

long this situation lasts. 464 

For the system used as an example, it can be concluded that criteria of stability to tilt (y*V) and 465 

stability to slipping (y*V
2
) are never exceeded whilst criterion of maximum velocity is exceeded 466 

only in street 514 for less than 10 minutes. This behavior is as expected due to the small slopes 467 

of the street network in the Village of Dolton.     468 

According to the hazard criteria defined above the more restrictive criterion is that of depth 469 

which gives 49 streets with depths greater than 0.30 m for as long as 200 minutes. Table 6 gives 470 

a list of those streets. Streets 375, 378 and 633 show depths as high as 0.75 m and it is apparent 471 

that water remains stagnant till the end of the study so a potential measure to improve the 472 

situation could be to place more inlets in a suitable position. In streets 375 and 378 no sewer 473 

systems exists so it could be advisable to design a sewer system for this area. Figure 21 shows an 474 

example of how the results could be displayed. This way of showing results can help detect 475 

quickly areas where node flooding is frequent but not a hazard regarding the maximum water 476 

depth. The opposite, this is, water depth greater than 0.30 m for a long time and no flooded nodes 477 

could indicate the areas where more inlets are needed and would also be more efficient. Streets 478 
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with water depth greater than 0.30 m and flooded nodes hardly could improve the situation 479 

adding more inlets because the existing inlets could be the responsible for that situation.  480 

 481 

Conclusions 482 

The present work describes the application of a model for simulating dual drainage in urban 483 

areas. This model consists of four modules which simulates (1) rainfall-runoff transformation, 484 

(2) one-dimensional flow routing on a street network, (3) flow evacuation by the inlets located in 485 

the streets and (4) flow interaction between surface water on the streets and underground storm-486 

water system by interfacing with the SWMM5 engine. The rainfall-runoff transformation (first 487 

module) uses the kinematic wave approximation for the overland flow routing and the Green-488 

Ampt method for simulating the infiltration process. The street flow routing (second module) is 489 

based on a finite-volume shock-capturing scheme that solves the full conservative Saint-Venant 490 

equations and can be used to simulate subcritical and supercritical flows. The inlet interception 491 

module (third module) is based on the HEC-22 equations. The underground storm-water flows 492 

(fourth module) are modeled using SWMM5.  493 

The main contributions are: the use of a rainfall-runoff transformation module which 494 

incorporates the flow generated directly to the street network; the use of empirical relationships 495 

by Nanía et al (2004, 2011) to determine the flow distribution in four-branch junctions of the 496 

street network which have supercritical and subcritical flows; the simulation of flow evacuated 497 

by inlets through the implementation of the HEC-22 formulation; and the flow interaction 498 

between surface water on the streets and underground storm-water by interfacing the street 499 

network model with the SWMM5 engine. 500 
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In order to illustrate the potential of the proposed model, it was applied to an urban catchment in 501 

the Village of Dolton, which is a southern suburb of the metropolitan area of Chicago. Four 502 

scenarios were implemented: 1a) street network with no inlets, i.e. representing inlets 100% 503 

clogged; 1b) street network with one pair of inlets per street; 1c) street network with two pairs of 504 

inlets per street; and 2) street network with actual inlets and sewer system. Cases of scenarios 1x) 505 

are examples of use of the model to decide number, location and type of inlets. Complete model 506 

can be used either to (1) verify the capacity of an actual sewer system and study the 507 

consequences of changes in an actual sewer system or (2) design a new sewer system. 508 

In any scenario it is possible to apply different criteria to assess the runoff hazard. A summary of 509 

hazard criteria is presented and four criteria were adapted to be applied to the catchment of 510 

Dolton. In this case, the application of those criteria concluded that only the criterion of high 511 

depths (greater than 0.30 m) was exceeded in 49 out of 637 streets for as long as 200 minutes. 512 

Some of the critical points correspond to zones with no sewer system. No problems were found 513 

regarding to the criterion of high velocity flows and the criteria which include the velocity as 514 

parameter given the relatively flat topography. 515 

Overall, the proposed model is shown to be a suitable tool for identification of critical zones of 516 

urban flooding (e.g., zones with high water depths and flow velocities) that could be useful to 517 

undertake appropriate measures for drainage control (e.g., to increase number or size of inlets), 518 

to determine the consequences of different degrees of inlet clogging, and to assess the flooding 519 

hazard through the application of any suitable hazard criteria.  520 
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Table 1: Main watershed characteristics. 

Characteristic Pervious area Impervious area 

Percentage of total area 42.6 57.4 

Average slope 0.0133 0.0133 

Manning coefficient 0.2 0.015 

Depression storage [mm] 12.7 1.27 

Hydraulic conductivity [mm/h] 10.7  

Effective saturation 0.418  

Effective porosity 0.412  

Suction head [m] 0.169  

 

 

 

 

 



Table 2: Top 5 nodes with maximum surface outflow discharge and peak time for 

scenarios 1x). 

Scenario 1a) No Inlets Scenario 1b) 1 Inlet Scenario 1c) 2 Inlets 

Node Qmax Tp Node Qmax Tp Node Qmax Tp 

 cms s  cms s  cms s 

348 0.737 3800 348 0.351 4000 454 0.19 2500 

454 0.654 4900 454 0.277 3300 348 0.188 3700 

343 0.637 4500 343 0.229 4100 343 0.096 3800 

344 0.498 4700 344 0.158 4700 372 0.073 2500 

352 0.215 3400 372 0.11 3400 361 0.062 3400 

 



Table 3: Top 5 nodes with maximum depth and time of occurrence for scenarios 1x). 

Scenario 1a) No Inlets Scenario 1b) 1 Inlet Scenario 1c) 2 Inlets 

Street ymax Tp Street ymax Tp Street ymax Tp 

 m s  m s  m s 

375 1.02 10200 401 0.7 2800 401 0.68 2600 

378 1.02 10200 488 0.48 5200 174 0.43 3900 

633 1.02 10200 489 0.48 5200 375 0.4 3300 

328 0.89 10200 483 0.47 5000 378 0.4 3300 

338 0.89 10200 174 0.47 4100 633 0.4 3300 

401* 0.73 3200       

Note: *Not in the Top5 

 



Table 4: Top 8 streets with maximum flow rate evacuated by inlets and time of 

occurrence for scenarios 1b) and 1c). 

Scenario 1b) 1 inlet per street Scenario 1c) 2 inlets per street 

Street Qmax Tp Street Qmax Tp 

 cms s  cms s 

401 0.223 2300 401 0.45 2600 

488 0.199 3800 488 0.225 3500 

487 0.147 4600 487 0.184 3800 

378 0.126 3000 406 0.128 3500 

79 0.126 3900 413 0.120 3000 

486 0.120 4400 190 0.120 2800 

633 0.107 3200 307 0.111 3200 

190 0.096 3100 438 0.108 2800 

 



Table 5: Global mass balance in cubic meters per seconds (cms) for scenarios 1x) and 

2). 

Item 
Scenario 1a) 

No Inlets 
Scenario 1b)

1 pair of inlets per str. 

Scenario 1c) 
2 pairs of inlets per str. 

Scenario 2)
Real inlets 

Vol. entering street 

network 
59459 59459 59459 59459 

Vol. exiting street 

network 
17554 5613 2673 3615 

Vol. intercepted by 

inlets 
0 49183 53980 45393 

Final storage in street 

network 
42136 4899 3042 10656 

Error (%) 0.388 0.397 0.397 0.345

 



Table 6: List of streets with water depths greater than 0.30 m and duration. 

Street Minutes with depth > 0.30m Street Minutes with depth > 0.30m 

63 75 375 205 

65 110 378 205 

67 200 401 205 

73 75 407 25 

74 70 408 15 

76 100 412 30 

77 110 413 25 

78 200 414 30 

79 200 415 25 

114 40 420 80 

162 45 421 110 

164 105 437 85 

165 185 438 105 

166 185 482 15 

167 185 483 195 

170 55 486 5 

190 45 487 100 

194 185 488 195 

196 180 489 195 

198 185 490 85 

202 180 616 100 

207 180 617 90 

213 185 621 45 

220 50 633 205 

221 50   
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Figure 1: Simplified rainfall hyetograph for Chicago city on July 2
nd

, 1960 (Adapted 

from Chow and Yen, 1976). 

 



 

Figure 2: Street network showing as circles the nodes with outflow discharges and with 

numbers inclusive the ones with the largest discharges. CDS51 dropshaft coincides with 

node 454 (Distance in meters). 
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Figure 3: Modeled street cross-section (not to scale). 

 

2 %
0.118 m

0.00 

10 m

street 

gutter

8 %

0.30 m

sidewalk 

5 m 

curb 

0.20 m 

2 % 



 

Figure 4: Sewer network showing nodes as circles and inlets as squares (Distance in 

meters). 
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Figure 5: Summary of hyetograph and main discharges in scenarios 1a), 1b) and 1c). 
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Figure 6: Hydrographs in the 5 nodes with the largest peak flow, i.e. 348, 454, 343, 344 

and 352, for the scenario 1a) = no inlets. 
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Figure 7: Hydrographs in the node 454 for scenarios 1a) no inlets; 1b)1 pair of inlets per 

street; and 1c) 2 pairs of inlets per street. 
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Figure 8: Maximum depth hydrographs in the node 401 for scenarios 1a) no inlets; 1b) 1 

pair of inlets per street; and 1c) 2 pairs of inlets per street. 
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Figure 9: Maximum depth hydrographs in the node 375 for scenarios 1a) no inlets; 1b) 1 

pair of inlets per street; and 1c) 2 pairs of inlets per street. 

 



 

Figure 10: Location of streets 174, 375 and 401 in the street network. 
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Figure 11: Hydrographs of maximum flow rate evacuated by inlets in streets 401, 488, 

487, 378 and 79, in case of scenario 1b) 1 pair of inlets per street. 
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Figure 12: Hydrographs of maximum flow rate evacuated by inlets in streets 401, 488, 

487, 406 and 413, in case of scenario 1c) 2 pairs of inlets per street. 

 



 

Figure 13: Summary of hyetograph and main discharges in scenarios 2. 
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Figure 14: Hydrographs in the 5 nodes with the largest peak flow in the outputs of the 

street network, i.e. 454, 372, 361, 343 and 348, for scenario 2) dual drainage. 
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Figure 15: Time series of discharge passing from the storm-sewer system to the street 

network and number of flooded nodes. 
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Figure 16: Hydrographs in the 5 nodes with the largest flooded peak flow, i.e. 862, 981, 

1003, 1320 and 1387, for scenario 2) dual drainage. 
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Figure 17: Evolution of maximum depth over time in the 5 streets with the largest 

depths. Scenario 2). 
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Figure 18: Evolution of maximum velocity over time in the 5 streets with the largest 

velocities. Scenario 2. 
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Figure 19: Evolution of maximum product of depth times velocity over time in the 5 

streets with the largest values. Scenario 2. 
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Figure 20: Evolution of maximum product of depth times velocity squared over time in 

the 5 streets with the largest values. Scenario 2). 

 



 

Figure 21: Map showing a summary of results. Dotted lines = street network; circles = 

flooded sewer nodes (diameters related to duration); lines = streets with maximum 

water depths greater than 0.30 m (thickness related to duration). 
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