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Applicability of urban streets as temporary open

floodways

Thea Ingeborg Skrede, Tone Merete Muthanna and Knut Alfredesen
ABSTRACT
Climate change coupled with urbanization and its increasing impervious surfaces have caused major

challenges for the water sector worldwide. In Norway, an ageing infrastructure with already

insufficient drainage capacities results in large amounts of runoff during high-intensity rainfall events

causing frequent floods in urban areas. Due to limited available space to handle the future projected

increase in stormwater, there is a need to utilize already occupied space for stormwater

management, such as roads and streets, during extreme events. Limited research has been done on

the design and applicability of urban streets as temporarily flood ways diverting stormwater to the

nearest recipient. This paper will study the benefits and limitations of adapting urban streets as safe

flood ways to route stormwater by modelling an urban street as a floodway. Streets as floodways will

require additional hydraulic performance criteria and safety criteria. Performance criteria are

identified and evaluated, and a method is proposed for the evaluation of urban streets applicability as

floodways. The method can be used to evaluate the applicability of multifunctional streets used as

urban floodways and can be adapted by municipalities as a decision support tool for stormwater

management.
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INTRODUCTION
Climate change coupled with urbanization and increasing

impervious surfaces have caused major challenges for the

water sector worldwide due to the increasing magnitude

and frequency of floods (Palmer et al. ; Ryberg et al.

; Hirabayashi et al. ). Climate change in Norway

is expected to increase both the intensity and frequency

of precipitation (Hanssen-Bauer et al. ). This, coupled

with urbanization, will result in more frequent pluvial

flooding and challenges for stormwater management in

urban areas (Nilsen et al. ). An expected increase in sur-

face runoff from extreme events, both in total volume and
peak runoff rates, will result in: flooding due to insufficient

drainage capacities; degradation of ecological and bio-

logical systems; and pollution from combined sewer

overflows (CSO) (Nie ). Norway has adopted a three-

stage approach to stormwater management introduced by

Lindholm et al. () and refers to three levels of solutions

depending on the rainfall intensity and volume. The first

stage applies to everyday events, which should be infil-

trated locally, the second stage refers to medium events,

and the aim is to detain the water delaying the flood peak

and subsequent runoff response. The third stage is for

extreme events, where the aim should be to secure safe

flood paths. In urban areas, unoccupied and available sur-

face area are often scarce; hence, there is a need to look for

existing space which can be utilized for stormwater trans-

port during extreme events.
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Mark et al. () note that urban surfaces often are

characterized by obstacles such as building, sidewalks,

road camber, and drains; hence, lack of accurate represen-

tation of these drastically alter surface water flow paths

(Hunter et al. ; Turner et al. ). In addition, head

losses due from flows over or around such features are par-

ticularly difficult to represent and simulate (Vojinovic &

Tutulic ). Hence, models for urban flood analysis

require a high spatial resolution (<5 m) to simulate complex

flow paths and blockage effects (Vojinovic & Tutulic ;

Fewtrell et al. ; Turner et al. ). Mark et al. () rec-

ommend a grid resolution of 1–5 m (Mark et al. ). Since

surface flow is strongly influenced by topography and

obstacles, digital elevation models at appropriate resolutions

are central to simulate urban water surface flow (Noh et al.

). Hunter et al. () found that terrain data available

from modern airborne laser scanning, also referred to as

‘Light Detection And Ranging’ (LIDAR) systems, are suffi-

ciently accurate for simulating urban flows. However,

result accuracy is not always increased by higher grid resol-

ution, as limitations and uncertainties always will affect

flood modelling (Dottori et al. ).

Urban flooding has been analysed by several authors

using one-dimensional (1D; Mark et al. ; Guillén et al.

) and two-dimensional (2D) models (Mignot et al.

; Hunter et al. ; Fewtrell et al. ) or coupled

1D/2D models considering dual drainage (Vojinovic &

Tutulic ; Russo et al. ; Noh et al. ). Several

authors have investigated the phenomena of flooding on

urban streets (Mark et al. ; Mignot et al. ;

Gomez-Valentin et al. ), street flooding at very fine res-

olutions (Ozdemir et al. ; de Almeida et al. ), ability

of different resolutions to accurately represent street cross-

sections and street networks (Mignot et al. ; Ozdemir

et al. ) or flow at street junctions (Mignot et al. ,

). Guillén et al. () used HEC-RAS 1D and large-

scale particle image velocimetry to study the velocity distri-

bution in a street cross-section and calibrated the results

with amateur videos of an urban flash flood. de Almeida

et al. () note that the road network can be particularly

efficient in transporting water across the urban area and

therefore plays an important role.

Numerical flood models are important tools for under-

standing flood events, flood hazard assessment, and flood
om https://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
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management planning (Patel et al. ). Typically, model

flow parameters (i.e. flow depth, flow velocity and flood dur-

ation; Merz et al. ) are used to evaluate flood hazard.

The potential for damages to people, vehicles, buildings,

and infrastructure is often assessed using the concept of

flood hazard. In literature, there is a conventional agree-

ment that there is a relationship between the hazard level

for people exposed to a flood and the depth and velocity

in flood water (Abt et al. ; Lind et al. ; Russo

et al. ; Luca et al. ). Most authors have suggested a

relationship between the depth–velocity product (yvc) and

human stability in water (Abt et al. ; Lind et al. ;

Russo et al. ; Luca et al. ). For pedestrians, a safety

threshold of (v × y)¼ 0.22 (m2/s) is suggested (Martínez-

Gomariz et al. ). However, there is, to the authors’

knowledge, no studied conducted on the use of urban streets

as temporary floodways in the context of urban stormwater

management.

In this study, a methodology for this is proposed, with

the following specific objectives:

• Evaluate the grid placement and density.

• Investigate the most important hydraulic performance

criteria for an urban street used as a temporary floodway.

• Investigate the hazard criteria for safe floodways in urban

streets.
METHODS AND MATERIALS

The Damsgård area is located in Puddefjord, Bergen, a city on

the west coast of Norway with a cool and wet climate

(2,550 mm/year; Jonassen et al. ). The study area is charac-

terized by steep slopes, ranging from 0 to 468 m above datum

NN2000, mostly vegetated with grassland and forests, discon-

nected from the fjord by a strip of the urban area. Amap of the

area is presented in Figure 1. Large amounts of runoff from the

vegetated steep hillside, in addition to impervious surface in

the urban area, cause extensive flash floods and frequent

CSOs to the Puddefjord. Bergen municipality is investigating

different adaption measures to reduce the flash floods and

CSOs to the fjord. One measure is to divert runoff from the

upland areas before it reaches the urban area and route it to

the fjord as an open floodway in the existing street network.



Figure 1 | The catchment of Damsgård and the placement of the street of Damsgårdsallmenningen. (a) The catchment of Damsgård with drainage lines. (b) The street of Damsgård-

sallmenningen and the placement in relation to exiting drainage lines.

623 T. I. Skrede et al. | Applicability of urban streets as temporary open floodways Hydrology Research | 51.4 | 2020

Downloaded from http
by NTNU user
on 26 August 2020
The street of Damsgårdsallmenningen is suggested as an

applicable street segment for this study based on the follow-

ing suitability: (1) it is a straight segment leading directly to a

recipient; (2) the stormwater runoff from a large sub-water-

shed could easily be routed into the street; (3) the street

segment includes intersections and is widely used for park-

ing, which allows for flow evaluations of common urban

situations; (4) the street has a typical cross-section with side-

walks on both sides and (5) is located in an area with

frequent flooding problems. Watersheds A and B (Figure 2)

are considered suitable areas from which stormwater runoff

could be routed to Damsgårdsallmenningen.

For the purpose of this study, it is assumed that the drai-

nage system is operating at full capacity, and that stormwater

on the surface does not interact with the sewer network.

Travel time or transport from the watershed to the street is

not considered, in addition to the design of the transportation

solution from the watershed outlet to the Damsgårdsallmen-

ningen. It was assumed that there were no moving vehicles or

pedestrians in the street during the flood event.

For this study, a digital surface model (DSM) of the

street and surroundings in the resolution 0.1 m*0.1 m is ras-

terized from LIDAR data in ArcMap 10.6; for the entire

study site, a digital terrain model (DTM) and a DSM in
s://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
the resolution of 1.0 m*1.0 m were accessed from the Nor-

wegian Mapping Authority online database (Hoydedata

). Precipitation intensity and return periods are obtained

for the Florida gauge station in Bergen from the Norwegian

Meteorological Institute (Eklima ).

The precipitation events for modelling were calculated

using hyetographs as input, to ensure that the high-intensity

minutes of a storm with variable intensity were represented

in a hyetograph for 1 h rainfall event derived from IDF

curves (Kristvik et al. ). Two watersheds, Watersheds A

and B, were defined based on topography and drainage

lines. The two watersheds were split into sub-basins based

on isochrones and drainage lines. Isochrones of equal travel

time were constructed based on the topography and response

time of the watershed, where concentration is used as an

appropriate representation of response time (Singh ).

Time of concentration is found using the method intro-

duced by Kirpich in 1940 for channel flow and Kerby in

1959 for overland flow. Runoff is assumed to flow as over-

land flow until the lower boundary of the watersheds,

where it is routed to the outlet of the watershed in an

open channel, where water is transported to the street.

Watersheds A and B were divided into four and six sub-

basins, respectively. Watershed A represents the area



Figure 2 | The placement of Watersheds A and B in relation to the street of Damsgårdsallmenningen. Watershed B consists of sub-basins 1–6 and Watershed A consists of sub-basins 1–4.
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contribution to runoff to Damsgårdsallmenningen, and

Watershed B is an extension of Watershed B. Table 1 pre-

sents the study site characteristics and the watersheds’

responses. The length of overland flow and the length of

channel were found for each sub-basin of the watersheds
Table 1 | Study site characteristics

Area Size Land use Slop

Damsgård 34.389 194 km2 Built-up 48.3%,
Forest 44.2%
Open land 4.8%

–

Watershed A 276,319 m2 Forest 100% Min
M
A

Watershed B 481,036 m2 Forest 100% Min
M
A
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using a DTM with a resolution of 1.0 m*1.0 m and the

measure tool in ArcMap. The slope of the channel and the

sub-basins were found using 3D analyst in ArcGIS. Times

of concentrations are 33.5 and 27.8 min for Watersheds B

and A, respectively.
e (�) Runoff travel distance Response time (min)

–

imum¼ 0.14,
aximum¼ 86.22
verage¼ 52.29

L¼ 785 m Tc ¼ 27.8

imum¼ 0.010,
aximum¼ 86.22
verage¼ 48.05

L¼ 1,132 m Tc ¼ 33.5
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Combining the rational method with mathematical convo-

lution into what is commonly called the time–area–method

(Butler & Davies ) allows for the generation of flow

hydrographs. A synthetic hydrograph was created for each

watershed according to the time–area method. Abstractions

from storage and infiltration were included in the runoff coef-

ficient (Villarreal et al. ). A conservative runoff coefficient

of 0.5 for the vegetated area was used due to steep slopes and

high-intensity precipitation resulting in low infiltration. The

soil is assumed not saturated from previous precipitation

events (Bergen kommune ). The pipe that drains the

watershed is a 0.40 m smooth concrete pipe with a slope of

100 mm/m, and is assumed to have a capacity of 650 l/s.
Figure 3 | Overview of computational grid mesh and grid cells for the modelled street (shown a

represented by parked vehicles. (b) Grid coverage over urban obstacles with break l

resoltion of 1 m*1 m. (d) Break lines with cell face alignment in the computional gr

s://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
The capacity of the overflow is extracted from the hydrograph,

as demonstrated in Figure 4. Runoff exceeding 650 l/s is

assumed to be overland flow Damsgårdsallmenningen.

For the modelling HEC-RAS 5.0.4, 2D with a full

momentum equation with up to 40 iterations was used.

Due to low roughness on urban asphalt, steep slopes, con-

fined wetted perimeter and known cases of flash flooding

in the area, the full momentum was used for the analysis

to more accurately simulate rapid changes in velocity. The

stability of the numerical computations is strongly depen-

dent on the relationship between the time step, grid size,

and maximum iterations. The Courant–Friedrichs–Lewy

condition was used to optimize the grid size and time step
s black-circled area in Figure 1). (a) Terrain resolution with the presence of urban obstacles

ines with a resolution of 1 m*1 m. (c) Break lines placement within the computional grid of

id of resolution of 1 m*1 m.



Figure 4 | Design storm hyetograph with 25- and 100-year return periods on the left-hand side, and resulting hydrograph routed into the floodway to the right.
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for shallow water flows (Brunner ):

Cr ¼ v Δt
Δx

� 1 (1)

or

Δx � vΔt
Cr

(with Cr ¼ 1:0) (2)

where Cr is the Courant number, v is the flood wave velocity

(m/s), Δt is the computational time step (s) and Δx is the grid

resolution (m). The 2D model was set up using a compu-

tational domain defined by a closed polygon, with a

computational mesh generated from grid cells within the

domain boundary. The computational cells may be arranged

in a staggered or a non-staggered grid composed of polygons

between three sides and eight sides (Moya Quiroga et al.

). The computational mesh is drawn on an underlying

terrain model with a resolution of 0.10 m*0.10 m. The ter-

rain is extracted from LIDAR data and rasterized into a

0.1 m*0.1 m DSM in ArcMap by using the ‘LAS to raster’

tool without removing first return and surface features.

The extremely fine resolution is chosen to capture velocity

around urban features such as vehicles and curb design.

The computational domain (2D mesh) was constructed of

a total 29,810 cells, from a staggered grid composed of rec-

tangular cells 1 m*1 m, which generated a grid with the
om https://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
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maximum cell size of 1.85 m2, a minimum cell size of

0.3 m2
, and an average cell size of 0.98 m2, see Figure 3.

Different placements and shapes of the mesh were eval-

uated to test the sensitivity of grid placement to ensure that

waterflow was not disrupted by the border of the compu-

tational grid. Break lines were placed along the edge of

the sidewalk (curb) to ensure cell face alignment with the

terrain difference between street and sidewalk.

It was assumed that gutters, roof, and streets did not sig-

nificantly contribute to the runoff volume compared with

the large upstream catchment area. If the precipitation

volume falling on the studied area is small compared with

the input hydrographs volumes, their effects will be very

small (Mignot et al. ). Only the synthetic hydrograph

is used as the boundary condition, since the volume from

precipitation on the street is also assumed negligible, due

to the small area contributing compared with runoff from

the watershed.

The roughness coefficient of the entire area is set to

0.016, as suggested for rough asphalt (Chow ). The

roughness coefficient is the most common calibration par-

ameter used in HEC-RAS 2D modelling. As no observed

flow can be used for calibration, a sensitivity analysis was

performed with different roughness coefficient values to

test the model sensitivity for roughness coefficients and

the corresponding uncertainty in the results. Higher Man-

ning’s values resulted in lower velocities but did not affect

the results and the value of 0.016 chosen.
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The open floodway would be activated for precipitation

events not handled by the sewage system in Bergen, which is

designed for 20 years. Therefore, a design storm of the 25-

year return period was chosen to model the effect of a

small storm exceeding the overflow (Owatershed) capacity.

In addition, a 100-year storm was used to evaluate the

floodway performance during an extreme event. A climate

factor of 1.4, to account for an expected climate change in

the design, is applied to precipitation data from Florida,

which is the recommended climate factor for durations

less than 3 h for Hordaland county (Kristvik et al. ).

Design storm hyetographs were constructed for a 25- and

a 100-year return period and are presented in Figure 4.

The model was run for two different flooding scenarios:

25-year and 100-year return periods. The time step was 0.1 s

for all the simulations, which was the smallest time step

available in HEC-RAS 5.0.4 during the simulations. Finally,
Figure 5 | Maximum velocity simulated in the street segment for different return periods and

Watershed A for a 60 min storm with T¼ 25 years. (b) Maximum velocity distributio

(c) Maximum velocity distribution (m/s) in the street with runoff fromWatershed B fo

runoff from Watershed B for a 0 min storm with T¼ 100 years.

s://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
the product of the resulting water velocities (v) and water

depths (h) in addition to maximum velocities were analysed

for each watershed and the return period to evaluate the

impact of using the street as an open floodway.
RESULTS AND DISCUSSION

With the implementation of infiltration and retention

measures from steps 1 and 2 in the three-step strategy for

stormwater management (Lindholm et al. ), abstractions

should be subtracted from the stormwater hydrograph. The

synthetic input hydrographs represent the direct runoff that

is considered routed to the street segment included abstrac-

tions from overflow and stormwater management measures.

Figure 5 presents maximum velocity conditions for a

storm with 60-min duration with 25- and 100-year return
contributing areas. (a) Maximum velocity distribution (m/s) in the street with runoff from

n (m/s) in the street with runoff from Watershed A for a 60 min storm with T¼ 100 years.

r a 60 min storm with T¼ 25 years. (d) Maximum velocity distribution (m/s) in the street with
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periods for each Watershed A and B. In Figure 5, velocities

are used to represent the hazard potential in the street for

the evaluation of pedestrian safety and to represent flow

around vehicles. During the initial stages of the flood, the
Figure 6 | Hazard potential in the street for Watershed B with a 100-year return period. (a) Ma

(b) Maximum hazard potential from velocity (m/s) in the street from Watershed B, T¼
25 years. (d) Maximum depth–velocity product (m2/s) in the street from Watershed A

T¼ 25 years. (f) Maximum depth–velocity product (m2/s) in the street from Watersh

om https://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
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maximum hazard conditions were found at the upper

boundary of the street, the inlet where stormwater would

reach the floodway (Figures 5 and 6). This indicates that

the design and placement of the inlet is important, and
ximum hazard potential from velocity (m/s) in the street from Watershed A, T¼ 100 years.

100 years. (c) Maximum depth–velocity (m2/s) product in the street from Watershed A, T¼
, T¼ 100 years. (e) Maximum depth–velocity product (m2/s) in the street from Watershed B,

ed B, T¼ 100 years.



Figure 7 | Flood velocity as hazard potential around urban obstacles. (a) Hazard (m/s) from Watershed A, T¼ 100 years. (b) Hazard (m/s) from Watershed B, T¼ 100 years.
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safety measures such as walls and levees should be

considered.

The first event (T¼ 100 years) was used to evaluate if the

street could be considered a Safe floodway during the design

storm. High velocities (in the range of 6–7 m/s) are present;

however, these are mainly in the driving lane and behind a

larger object such as cars, and lower at the sidewalk

(Figure 4). The second event (T¼ 25 years) was applied to

demonstrate flow conditions during a precipitation event,

which is just large enough to activate the street.

The event results in velocities in the range of 4–5 m/s,

with low depth profiles, which indicates that even for a

small storm (i.e. T¼ 25) hazardous velocities are expected;

in addition, these happen at relatively low depths.

However, the results indicate that the size of the

upstream watershed is an important consideration, as

Watershed B results in significantly higher velocities, both

in the driving lane and on the sidewalk. This indicates that

the use of multiple streets as floodways might be beneficial

instead of using one major floodway to reduce maximum

flow and velocity. A multiple floodway system would result

in a larger total flooded area, but at a lower hazard exposed

to the public.

High velocities at low depths are considered more

dangerous than high depths coupled with low velocities

due to sliding instability (Martínez-Gomariz et al. ).
s://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
The depth–velocity product threshold in the street is less

affected by depth due to the magnitude of the peak velocity.

Velocity is the dominating parameter in hazard potential,

which is also evident in Figure 6. However, there are some

cases where the depth–velocity would indicate hazard

where only maximum velocity does not. This indicates the

importance of considering more than one hazard threshold.

The total hazard area should consider a union of both.

Using the hazard criteria with low hazard (v¼ 1.51 m/s)

corresponds to a maximum depth of 0.146 m (ym) if depth–

velocity should not exceed 0.22 m2/s, which is 4.6 cm higher

than the maximum depth of 10 cm recommended in the

Copenhagen cloudburst management plan (The City of

Copenhagen ). A maximum depth of 0.1 m results in

an allowable velocity of 2.2 m/s, which is significantly

larger than 1.51 m/s defined for low hazard. In Norway,

curb height varies from 4 to 10 cm, and in this case, ym
would result in a water surface of 4.6–10.6 cm above the

sidewalk and thus exposing basement windows and floor

to ceiling windows to the floodway. To avoid this issue,

municipalities should aim to design floodways where maxi-

mum depth do not affect private properties (ym¼ curb

heightþ height from cross fall).

From Figures 6 and 7, it is evident that flow conditions

around parked vehicles induce an elevated hazard potential.

This indicates that it would be beneficial with a parking ban



Figure 8 | Velocity distribution in cells with 2.0 m*2.0 m grid for with DW using a time step of 0.1 s. (a) Velocity distribution in one 2.0 m*2.0 m cell with a diffusive wave equation using

0.1 s time step. (b) Velocity distribution around a car with 2.0 m*2.0 m grid and a diffusive wave equation using 0.1 s time step. (c) Velocity distribution in the grid mesh with

2.0 m*2.0 m cells and a diffusive wave equation using 0.1 s time step.
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on days when high-intensity precipitation is expected. The

results show that using a depth–velocity product as hazard

criteria, the street segment can only serve as a floodway

for Watershed A (27 ha) with parking on both sides of the

street. The resolution of the terrain model showed to be

important for the model accuracy. In HEC-RAS 2D, the

model accuracy is mostly dependent on the resolution of

the terrain model, not the computational mesh cell size.

Figure 8 demonstrates that HEC-RAS 2D distributes velocity

within a mesh cell.

Finer grid cell sizes were considered and tested, but with

the HEC-RAS limitation of minimum time step of 0.1 s, the

model was not stable for cell size smaller than 1 m*1 m, as

demonstrated by high courant numbers (Table 2). Coarser

grid sizes were also tested to evaluate the effect on compu-

tational cost and accuracy.

The evolution of water depths and velocity at two repre-

sentative control points throughout the simulation using the
Table 2 | Model parameters from grid-sensitivity analysis for Watershed B with a 100-year ret

Cell size (m*m) Number of cells Equation set Time step (s)

0.2*0.2 732,953 Full momentum 0.1

0.5*0.5 117,038 Full momentum 0.1

1.0*1.0 29,810 Full momentum 0.1

1.5*1.5 13,574 Full momentum 0.1

2.0*2.0 7,657 Full momentum 0.1

0.2*0.2 732,953 Diffusive wave 0.1

0.5*0.5 117,038 Diffusive wave 0.1

1.0*1.0 29,810 Diffusive wave 0.1

1.5*1.5 13,574 Diffusive wave 0.1

2.0*2.0 7,657 Diffusive wave 0.1

om https://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
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diffusive wave approximation and the full momentum

equation at grid resolutions of 0.2, 0.5, 1, 1.5 and 2 m were

used to investigate the numerical stability of the model.

The diffusive wave is more stable at a higher courant

number than the full momentum (Brunner ). The differ-

ence in velocities is greater than the difference in depths for

both equations for all sets excluding the full momentum

with cell size 0.2 m*0.2 m, which appeared to be conver-

gent. It was evident that the relative difference in depths

from the diffusive wave is of a lesser magnitude than with

the full momentum at different grid sizes. As noted in pre-

vious studies on urban flooding, there is noticeable

reduction in model performance at very fine-grid resolutions

up to 1 m over the entire domain in this case.

Resolutions 2.0 and 1.5 m do not properly represent the

wetting front for both equations, thus resulting in a rapid

increase in velocity at 30–35 min compared with the slow

build-up at 20 min with the other resolutions.
urn period

Run time (hh:mm:ss) Maximum velocity (m/s) Courant number

58:25:23 13.5 6.75

05:23:14 6.7 1.34

01:25:28 6.5 0.65

00:49:53 6.5 0.43

00:29:09 6.4 0.32

25:06:34 10.5 5.25

03:02:58 10.1 2.02

00:40:36 7.48 0.75

00:20:20 7.81 0.52

00:06:55 7.87 0.39
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Table 2 and Figure 8 illustrate the importance of a grid

size sensitivity test and how the grid size affects the accuracy

of the results. In addition, coarser resolutions might yield

correct peak velocity, but are not fully able to represent

the increase in velocity over time. This study was conducted

on a steep street where the local or convective acceleration

is expected to affect the results. The results from the differ-

ent model runs verified that there is a correlation between

grid size and inability to simulate velocities. This is likely

due to HEC-RAS limitation of minimum 0.1 s time step.

This indicates that grid sizes below 1 m are unsuitable for

urban modelling in HEC-RAS, and the terrain resolution is

more important. The results indicate that for urban areas

with rapid water movement, coarser resolution of the com-

putational grid than the terrain is preferred, in

contradiction to previous studies where grid size is selected

at the same resolution as the underlying terrain (Moya Quir-

oga et al. ; Patel et al. ). For the model to accurately

simulate velocity changes in the boundary between the driv-

ing lane and the sidewalk. The cell’s face should be parallel

to the edge of the sidewalk (curb) to induce overflow only

when the water depth exceeded the curb height.

Fewtrell et al. () note that urban environments often

are characterized by high spatial-height variability and the

method of grid interpolation, and the elevation model is of

great importance, and at a coarser scale greatly affects the

building representation (Fewtrell et al. ). However,

HEC-RAS RAS-mapper utilizes a TIN model to describe

the terrain, and the triangular representation of the street

cross-section does not represent the street as a continuous

line. Therefore, the model might overestimate the storing

and depression during the wetting front. This could be the

reason for the slow build-up of velocities.

A correlation was observed between the presence of

urban obstacles and hazard potential; however, it is impor-

tant to note that in this study, such obstacles were

represented as continuous ‘walls’ where, in reality, the

water would flow around the tires and under the body of

the vehicle. This could result in substantial lift and pressure

conditions under and around the vehicles, whereas in the

model, water can only flow around or over the vehicle. A

comparison between the DSM and a clean DTM was not

conducted in this study but may be done to study the

effect of a forecast-based parking ban and to examine how
s://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
much the urban objects affect the results, but this is outside

the scope of this study.

The delay caused by the transportation of runoff to the

street was not considered in this study but should be con-

sidered. In addition, the effect of debris or erosion of the

street has not been considered. The floodway should be

tested with storm events of lower duration than the lag

time to simulate a flood from a storm where the rain

would have stopped before the floodway is activated –

thus, a situation where a pedestrian might not expect flash

flooding since it is no longer raining.

At high volume and velocity of runoff, the spillover from

the street in the intersections into adjoining streets is evi-

dent. This does indicate that the design and layout of

intersections is an area of floodways which requires more

research, and different designs for the confinement of

water and safe crossing could be considered (i.e. use of elev-

ated pedestrian crossing as water levees). The results offer

much potential for using urban streets as floodways by rout-

ing in street perpendicular to the slope will reduce peak

velocity. The findings indicate that even at steep slopes,

streets could be suitable as floodways due to the sidewalks

curb height effect in reducing hazard conditions. Moreover,

floodways might be even more suitable for streets with a

lower slope, however, then flood duration and flood intru-

sion will be important for performance criteria.
CONCLUDING REMARKS

The results presented in this study show that HEC-RAS with

a grid size of 1 m*1 m over a street segment of 146 m is a

suitable tool to simulate the use of an urban street as a flood-

way, however with some limitations. Grid sizes of 0.2 and

0.5 m are unsuitable for urban modelling of street segments

in HEC-RAS due to the limitation in time step values lower

than 0.1 s, whereas grid sizes above 1.5 m did not represent

the wetting front adequately. The results show that the com-

putational grid does not require the same resolution as the

terrain, which can save computational cost, but also high-

lights the need for good terrain models. For modelling of

urban flood, the accuracy of the results depends on the

underlying terrain and the density of the computational

grid sizes. The sensitivity of the results to grid size should
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thus be investigated in all projects. To assess how the water

moves around minor terrain features and objects, different

sizes of computational mesh and grid placement should be

tested in each study. For sub-grid modelling of urban

flood, cell faces should be parallel to the terrain features.

The study identified several performance criteria for

which the applicability of urban streets as floodway should

be evaluated. The most important hydraulic performance

criteria found were: flood velocity, flood depth, transpor-

tation capacity, total flooding extent, flood duration, and

activation frequency.

To decide if a floodway can be considered safe, the con-

cept of hazard potential for pedestrians and the public was

utilized. The study has identified the importance of using

appropriate hazard criteria for the evaluation of hazard

potential. Velocity was identified as the dominating factor

affecting hazard potential for pedestrians when urban streets

are used as a floodway. Other factors affecting the hazard and

damage potential of the floodway were flood depth, depth–

velocity product, total flooding extent and debris.

It was found that either transportation capacity or

hazard potential was the restricting design criteria for an

urban street as a temporary floodway. Thus, when planning

safe floodways, planners must choose between the level of

safety and the hydraulic performance of the floodway.

Higher velocities and larger flow increase the hydraulic per-

formance of how much floodwater the street can handle, in

addition to increasing the hazard potential. Other findings

from the study:

• A correlation between hazard on the street and the pres-

ence of urban obstacles (represented as vehicles). Urban

obstacles affected flow distribution and increased

velocity.

• High hazard potential is found in the street, but due to

the curb height a substantial lower velocity is present at

the sidewalk, thus indicating that urban streets can be

made suitable floodways by the implementation of elev-

ated curbstones.

• Different placement floodways on the street significantly

affect the hazard potential. Floodways in urban streets

would be safer if they are on streets which are perpen-

dicular to the slope of the terrain, thus resulting in

lower velocity and lower hazard potential.
om https://iwaponline.com/hr/article-pdf/51/4/621/730693/nh0510621.pdf
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• HEC-RAS is an efficient tool for mapping floodways and

identifying existing floodways in the terrain.

The use of steep urban streets as floodways would there-

fore not be recommended without the substantial

implementation of flood safety measures, such as levees or

elevated pedestrian crossing, and elevated curbs. Municipa-

lities should include maximum flow depths and velocities in

political regulations and design criteria in urban areas, both

in open floodways and for surface flow for when only the

major system is operational (e.g. sewer at capacity or block-

age). The study has demonstrated that there are several

suitable hazard criteria for urban environments in the litera-

ture (Martínez-Gomariz et al. ) and that HEC-RAS is a

suitable and efficient tool for depth and velocity mapping

in urban areas.
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