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Urban street layout is an important factor in the formation process, characteristics, and risk level of urban flooding; therefore, this
study numerically investigates the impact of street layout on urban flood risk to people and vehicles. Four typical street-layout
scenarios with areas of 3 km X 3 km are established based on a block-scale investigation. The layout types are regular grid,
irregular grid, radial, and annular. Urban inundation models are then constructed for these typical street layouts based on the two-
dimensional (2D) hydrodynamic method. Two historic, extreme rainfall events, which occurred in Beijing on July 21, 2012 and
in Zhengzhou on July 20, 2021, are used as rainstorm scenarios for urban inundation modelling. The flood risks to people and
vehicles are then calculated. Results show that, for an extreme rainstorm on the block scale, the street layout impacts the spatial
and temporal distributions of the inundation variables, which include the water depth, flow velocity, flood volume, and inundated
area. Moreover, for the same extreme-rainfall scenario, the greatest differences in the total flood volume, maximum street-water
depth, and maximum street-flow velocity caused by street-layout differences are 17.22%, 60.25%, and 61.50%, respectively.
Among the four street layouts considered in this study, the annular street layout exhibits the lowest degrees of inundation and
flood risk. For the same extreme-rainfall scenario, the proportions of high-risk road sections for adults and children in this layout
are 58.89% and 62.28% smaller than those for the layout with the largest proportion of high-risk road sections, respectively; the
proportions of high-risk road sections for the Honda Accord and Audi Q7 were 55.31% and 53.04% smaller, respectively. The
findings of this study may aid scientific understanding and development of “flood-sensitive” block-scale street layouts and urban
planning in the context of the changing environment.
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1 Introduction

In recent decades, the harm to people as well as damage to
economies and societies worldwide due to urban flooding
has been increasing continuously [1-3]. Urban flood risk is
increasing in many areas owing to global climate change and

*Corresponding author (email: liujh@iwhr.com)

© Science China Press 2023

rapid urbanization [4-6]. In all flood-prone areas, the urban
street network is the major area affected by inundations, and
these inundations pose serious threats to people and vehicles
[7,8]. Therefore, research on flood risk modelling and
management of urban streets has become an important issue
in the field of urban flooding [9,10].

Various types of losses may be caused by urban flooding,
including direct damage and indirect losses; however, the
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loss of human life is the most severe type of loss [11,12].
Many studies have shown that, in urban flood disasters,
many casualties occur on urban roads. Incidents include
people drowning in a flooded road as well as people suffo-
cating due to being trapped in vehicles washed away in the
flood [13]. For example, on July 20, 2021, an extreme
rainstorm and flooding occurred in Zhengzhou, and some
fatalities resulted from people wading in road culverts [14].
Similar incidents have been reported in Germany, the United
States, and many countries in Southeast Asia, thereby in-
dicating that road casualties caused by urban flooding under
extreme rainstorms is a common global problem [15,16].
Therefore, the risk of urban-road flooding under extreme
rainstorm scenarios requires more attention [17,18].

Many factors cause urban flooding; however, most recent
research in this field has focused on extreme rainfall and
impervious areas as well as the lack of green infrastructure
and drainage systems [19,20]. In the past 20 years, in-depth
studies have examined these aspects, and the results have
been instrumental in improving the scientific understanding
of urban flooding mechanisms. Further researched has re-
fined our perspective on these influencing factors; thus, the
effects of urban artificial buildings and microtopographies
on urban flooding have attracted greater attention [21]. Many
studies have considered the influence of the spatial pattern of
the underlying urban surface on the inundation features [22].
In particular, Bruwier et al. [21] analyzed the influence of
urban forms on surface flow in urban pluvial flooding based
on the two-dimensional (2D) hydrodynamic modelling of
2000 synthetic urban forms; their results showed that urban
forms strongly impact urban flooding. Similarly, Wang et al.
[23] explored the spatial characteristics and driving factors
of urban flooding in Chinese megacities, and Papilloud and
Keiler [17] evaluated patterns in road-network vulnerability
to extreme floods based on accessibility measures. Mignot et
al. [24] analyzed the effects of obstacles located in streets
and on fagades, and they confirmed that those in streets af-
fected the flood process significantly. Li et al. [22] studied
the influence of urban forms on long-duration urban flooding
via experiments and computational analysis. Lu et al. [25]
reviewed flood-induced transport disruptions on urban
streets and roads in Chinese megacities and discussed the
resultant lessons and future agendas. Dong et al. [8] con-
ducted experimental and numerical model-based studies on
flash-flood inundation processes for a typical urban street.
Finally, Zhou et al. [26] analyzed the effects of building
configurations on urban stormwater management on the
block scale using the XGBoost framework. The findings of
the above studies indicated that urban forms, such as street
layouts and building arrangements, significantly affect ur-
ban-flood formation processes and inundation character-
istics; thus, they influence the resultant flood risk to people
and vehicles.
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Based on current studies on the influence of urban form on
flooding, flood-sensitive and flood-resilient urban planning
may be more economical than upgrading existing flood-
defense and urban drainage-system infrastructures [27,28].
To date, more studies have been conducted on the effects of
urban-building and impervious-area spatial arrangements on
urban inundations compared with those on street floods that
directly threaten human and vehicle safety. However, to
scientifically manage urban-street flood risks, it is important
to first understand how street flooding occurs and to identify
the influencing factors that affect the risk related to people
and vehicles. Urban street is an important factor in both the
formation process and final state of the urban form. Under
extreme rainstorm conditions, the drainage system is typi-
cally overloaded, and urban streets often act as flood path-
ways and channels for surface inundation. Therefore, street
layouts significantly impact urban inundation and flood risk,
and flood-sensitive urban-street design is an integral aspect
of urban flood risk management under extreme rainfall
scenarios [23,29]. Thus, research to further optimize flood
risk management under extreme rainstorms and reduce ca-
sualties is greatly needed.

Previous studies on road networks have focused on their
functions and have considered topics such as traffic effi-
ciency and pedestrian crashes. However, these studies have
paid little attention to the impact of urban roads on flood risk,
and especially on the risk to people and vehicles [30]. In
recent years, an increasing number of studies have in-
vestigated the effects of street layouts and street networks on
urban-form elasticity. Notably, Yang et al. [31] conducted a
case study of a stormwater drainage-building-road transport
nexus in the context of urban flooding. Moreover, Bernardini
et al. [9] analyzed the influence of urban-layout pedestrian-
evacuation behaviors on flood risk assessments for riverine
historic built environments. These studies provided a foun-
dation for exploring the influence of street layout on urban
flooding.

The objective of the present study is to explore the influ-
ence of street layout on urban flood risk to people and ve-
hicles under extreme rainfall conditions based on the above
studies. Numerical experiments are conducted based on an
urban inundation hydrodynamic simulation for typical street
layouts under extreme rainfall. We combine actual ob-
servations and the results of international studies to in-
vestigate the spatial distributions of urban streets on the
regional scale and construct typical scenarios. Numerical
experiments are then conducted to provide a scientific basis
for flood-sensitive urban street design and flood risk man-
agement. Note that the street layouts considered in this study
are idealized virtual scenarios produced by software simu-
lations, which enabled objective and diverse simulation re-
sults. This approach is employed to -eliminate the
interference of different variable factors and better focus on
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the influence of street layout on the inundation process. The
flood simulation is developed with the widely used 2D hy-
drodynamic simulation method [22,23], which is recognized
as a feasible and economical research method. In addition,
this study focuses on variables that indicate the severity of
the flood itself (that is, the water depth) as well as on the
flood risk to people and vehicles. The latter are calculated
using the instability formula, based on the flood-simulation
results.

2 Methodology

2.1 Flood simulation and risk assessment

2.1.1 Urban flood simulation
The TELEMAC-2D module, which is a 2D hydrodynamic
module developed by the National Laboratory of Hydraulics
and Environment, France [32,33], was used to conduct the
urban inundation simulation in this study. TELEMAC-2D
mainly simulates 2D free surface flows by solving 2D Saint-
Venant equations; the calculation is based on a highly
adaptable unstructured triangular grid [34]. Li et al. [19]
previously verified the applicability of TELEMAC-2D to
urban inundation simulations via an analysis of classical
examples.

TELEMAC-2D utilizes the non-conservation form of the
2D shallow-water equation, including the continuity and
momentum equations [32]:
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where u and v are the flow rates in the x and y directions,
respectively, m/s; & is the water depth, m; ¢ is time, s; Sce is
the fluid source or sink, m/s; Z is the free surface elevation,
m; v, is the effective viscosity coefficient, mz/s; g is the
acceleration of gravity, m/s* and F\ and F), are the friction
terms in the x- and y-directions, respectively [32].

When the TELEMAC-2D module was used to conduct
rainfall-runoff modelling, the infiltration simulation was
based on the Soil Conservation Service-curve number (SCS-
CN) method, in which the CN coefficient was used to de-
scribe the infiltration capacity. The CN value is mainly re-
lated to the soil type and land use, and it is determined by
referring to the CN value table in the TR-55 Manual of the U.
S. Soil Protection Agency [35]. The SCS-CN formula is as
follows [32]:
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S=254x [1&0\/0 - 10], (5)

where P refers to the total rainfall amount, mm; Q is the
surface runoff, mm; A is the initial rainfall-loss rate; S is the
maximum water-storage capacity of the soil; and CN is a
dimensionless parameter ranging from 0 to 100 [32].

2.1.2 Flood risk-assessment method for people and ve-
hicles

Multiple reports on urban-flooding events have shown that
many human-casualty and vehicle-damage incidents occur
on urban roads [7,29,30]. Therefore, this study focuses on
risk assessments for people and vehicles on roads exposed to
inundation under different extreme rainfall and street-layout
scenarios. Separate flood risk assessments were performed
for adults and children. For the vehicle flood risk evaluation,
the Honda Accord and Audi Q7 were selected as re-
presentative vehicles because they are common vehicle types
with extensive reference information available from previous
studies [7,8,14,36].

The stability-criterion parameters for different people and
vehicles in flood conditions were obtained from a study by
Xia et al. [36]. They proposed a formula to calculate the
incipient velocity of people in floodwaters based on a force
analysis for people in urban floods. They then used the
toppling instability threshold to evaluate the flood hazard
degree (HD) for people in floodwaters.

The formula for the incipient velocity of the human body
during toppling instability in floodwater is [7,8,14,36]

_ h g m, a; b,
Vo= a[h_p] ’prhZ B [h_é "7,
where U. is the incipient flow velocity; % is the water depth;
pris the water density; o and § are empirical coefficients; a;,
by, a,, and b, are coefficients that reflect the characteristics of
the human body; and 4, and m, are the human height and
weight, respectively [7,8,14,36].

Similarly, the incipient velocity formula for vehicles in
floodwaters is [36]

(aym,+by), (6)
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where p, is the vehicle density; /4 is the water depth; /. and 4,
are the vehicle length and height, respectively; %, is the cri-
tical water depth at which the vehicle begins to float; and a
and f are empirical coefficients [7,8,14,36].

Based on the above formulas for the incipient velocities of
people and vehicles, the HD values for people and vehicles
were calculated as follows [36]:
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HD = min(1.0,u,/ U,), (9)

where u,is the actual flow velocity of the floodwater threa-
tening human and vehicle safety. Note that the HD value
range is from O to 1. The closer the actual flow velocity is to
the incipient velocity of the considered people or vehicles,
the larger the HD value, which indicates a higher flood risk
[7,14].

2.2 Simulation scenarios

2.2.1 Street-layout simulation

The characteristics of the underlying urban surface of an area
become increasingly complex with ongoing urbanization.
Urban microtopography is co-characterized by land type,
such as street, house, or grassland. Among them, the street
layout is the most important controlling factor in the context
of urban flooding because the street network may act as a
flood pathway under extreme rainfall [37]. The urban street
layout is affected by a variety of factors, which are mainly
related to the natural terrain, design objectives, and land-use
types; these are planned in accordance with relevant pro-
fessional standards [38,39]. To explore the hydrodynamic
mechanisms and flood risk pertaining to different street
layouts, four typical urban street types were selected for this
study based on an investigation of current urban street lay-
outs in China [40]. These layouts were regular grid, irregular
grid, radial, and annular, and are hereafter referred as S1-S4,
respectively. These four street-layout types span the main
street-distribution pattern types of Chinese megacities; thus,
they are representative layout types, according to previous
studies [41].

The Cityengine (Cityengine 2019.0) platform was em-
ployed to produce virtual idealized street layouts based on
the four typical urban street-layout types considered in this
study [42]. The Cityengine platform is a comprehensive ur-
ban-planning and design tool, and it has been widely used in
the development of digital cities and related fields. The un-
ique language used for Cityengine is called computer gen-
erated architecture (CGA) [43], and high-quality 3D building
models can be generated based on principles written in the
CGA language.

In this study, virtual idealized urban street layouts were
produced via the CGA language implemented on the City-
engine platform. The design parameters (Table 1) were de-
termined based on the urban-planning standards of China to
ensure the authenticity of the generated urban street layouts
[44]. The building and road densities were used as control
variables and were uniformly set to 50% and 20%, respec-
tively. The total length and area of the urban streets were set
to 43 km and 1.8 km’, respectively. The main, secondary
trunk, and branch roads constituted 40%, 30%, and 30% of
the layout, respectively. In all scenarios, the bottom elevation
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was set to that of an ideal terrain with a slope of 3%, de-
creasing from northwest to southeast. In accordance with the
parameter settings, four groups of 3 km x 3 km block-scale
street layouts were generated using the Cityengine platform.
The four street layouts and corresponding 3D images are
shown in Figure 1.

2.2.2 Extreme rainfall events

Two extreme rainstorms, which occurred in Beijing on July
21,2012 and in Zhengzhou on July 20, 2021, were utilized as
representative extreme rainstorms that caused considerable
losses and significantly impacted China in recent years [14].
These rainstorms were labeled BJ 721 and ZZ 720, respec-
tively. Then, the main rainfall processes of these two extreme
rainstorms were selected as rainfall scenarios to implement
simulations under extreme rainstorm conditions. The se-
lected rainfall durations of BJ 721 and ZZ 720 were 16 and
24 h, respectively, and the total rainfall amounts were 212.5
and 605.2 mm, respectively. The observed rainfall processes
of BJ 721 and ZZ 720 are shown in Figure 2.

2.3 Numerical model set-up

Numerical models of urban inundation were constructed for
the four considered urban street layouts using the TELE-
MAC-2D module. First, elevation reconstructions of the
urban street-layout data were generated using a geographic
information system (ArcGIS 10.2) platform. Second, the
land use of each considered area was classified according to
the following three categories: buildings, roads, and green
spaces. According to previous studies, the Manning coeffi-
cients of these three land-use types are 0.2, 0.05, and 0.5,
respectively. Moreover, the CN values were set to 98, 94, and
80, respectively [35,45]. The basic data preparations for the
2D hydrodynamic model are shown in Figure 3.

The basic data were pre-processed using the BlueKenue
software package, and the research area was mesh-divided
with a 4-m grid resolution, which yielded a total of 361201
nodes and 720000 grids. The main boundary parameter
conditions were as follows: a closed boundary was set for the
upstream side (west and north sides), and a free-flow
boundary was set for the downstream side (east and south
sides) [46]. No initial inundation was set on the surface, and
the total simulation time was 36 h with a 2-s time step.

The building-runoff process was generalized as follows.
During the elevation reconstruction, the area covered by
buildings was raised to a given height, such that the runoff
could not overflow from the building tops. Because the grid
was continuous, the runoff generated by the roof could still
flow to other areas. Under extreme rainstorm conditions,
almost all pipe networks were in the “full operation” state,
and the pipe-network function could essentially be ignored in
the later period of rainfall. In this study, a particular amount
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Figure 1 Planar and 3D images of designed street layouts. (a) Regular grid (S1); (b) irregular grid (S2); (c) radial (S3); (d) annular (S4).

Table 1 Main design parameters of megacity urban streets related to layouts [41]

Symbol Parameter Minimum value Maximum value General value
X1 Main-road pavement width 3.0m - 4.0m
X2 Secondary trunk-road pavement width 2.5m - 35m
X3 Branch-road pavement width 2.0m - 3.0m
X4 Curb stone height 10 cm 15 cm 15 cm
X5 Main-road red line width 40 m 50 m 50 m
X6 Secondary trunk-road red line width 20 m 35m 35m
X7 Branch-road red line width 14 m 20 m 20 m
X8 Number of two-way lanes on main road 6 8 6
X9 Number of two-way lanes on secondary trunk road 2 4 4
X10 Number of two-way lanes on branch road 2 2 2
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Figure 2 Observed extreme rainfall processes. (a) BJ 721; (b) ZZ 720.
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Figure 3 Basic data preparations for 2D hydrodynamic model (taking S1 as an example).
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of rainfall was deducted from the rainfall input to generalize
the drainage capacity of the drainage network. Based on the
above settings, 2D hydrodynamic inundation models of the
four considered street-layout scenarios were constructed. A
rationality analysis of the scenario-simulation results re-
vealed that the runoff coefficients and runoff processes of the
constructed models were reasonable and could satisfy the
requirements of the numerical experiments performed in this
study.

3 Results

3.1 Street-inundation simulation results for different
scenarios

3.1.1 Statistical analysis of inundation variables

The peak value of the inundated area (PVIA) refers to the
inundated area at the time of the maximum flood volume.
Here, the PVIA values for water depths exceeding 15, 30,
and 50 cm, that is, PVIA 5, PVIA;,, and PVIA,, respec-
tively, were determined for each of the considered scenarios.
The results are listed in Table 2.

For ZZ 720, the highest PVIA 5 value was obtained for S4
at 3.75 km’, which was 0.2 km’ greater than the lowest va-
lue, which was obtained for S3, with a difference proportion
of 5.3%. For the BJ 721 event, the highest PVIA 5 value was
obtained for S3 at 1.68 km’, which was 0.26 km’ greater than
the lowest value, which was obtained for S1, with a differ-
ence proportion of 15.5%. For PVIA;, and PVIAy,, the re-
lative orders of the values for the four street layouts differed;
the highest PVIA;, values were obtained for S4 and S3,
whereas the maximum PVIA,, values were obtained for S3
and S1, for ZZ 720 and BJ 721, respectively.

Figure 4 shows the inundation characteristic values for the
different rainfall and street-layout scenarios. Figure 4(a)
shows that the maximum total flood volume for ZZ 720 was
obtained for S1; this value was 17.22% greater than the
minimum value, which was obtained for S2. For BJ 721, the
maximum and minimum total flood volumes were obtained
for S4 and S2, respectively. Therefore, the S2 street layout
had the smallest total flood volume for both extreme rainfall
scenarios.

The water depth, particularly the street-water depth, is an
important factor in flood risk evaluation. To analyze the
flooding severity for the different street layouts, the max-
imum street-water depth values were considered; the statis-
tical results are presented in Figure 4(b). The maximum
street-water depth results were in the following order: S2 >
S1> 83 >S4 and S3 >S4 > S1 > S2 for ZZ 720 and BJ 721,
respectively; the differences between the maximum and
minimum values were 33.42% and 60.25%, respectively.

Higher-velocity flood flow typically creates a higher risk
for people and vehicles. The maximum street-flow velocities
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were determined, as shown in Figure 4(c). The results were
in the following order: S2>S3 > S1 >S4 and S3 > S4 > S1 >
S2 for ZZ 720 and BJ 721, respectively; the highest max-
imum flow velocities were 4.84 and 2.47 m/s, respectively.

Thus, the analysis of the total flood volume, maximum
street-water depth, and maximum street-flow velocity per-
formed in this study revealed that the street layout has an
important impact on the inundation variables.

3.1.2  Inundation-variable change processes

This section describes the analysis of the inundation-variable
change processes for the different rainfall and street-layout
scenarios. The change processes of the total flood volume,
total inundated area, average water depth, and average flow
velocity are shown in Figure 5.

Figure 5(a) and (e) show that the rising stages of the total
flood-volume change processes were similar for all four
street layouts. The differences were mostly observed for the
peak values and descending stages; that is, the total flood-
volume peak values for S2 and S3 were clearly lower than
those for S1 and S4. These differences also led to significant
differences in the descent stage. Figure 5(b) and (f) show no
notable differences in the total inundated-area change pro-
cesses for the different layouts. Figure 5(c) and (g) show the
average water-depth change processes for the different
rainfall and street-layout scenarios; the variable character-
istics were consistent with those of Figure 5(a) and (e).
Figure 5(d) and (h) show that the average flow-velocity
change processes had complex variation features with no
clear change rules; overall, S3 and S4 had the highest and
lowest average flow velocities, respectively.

3.1.3  Spatial distributions of maximum water depth and
maximum flow velocity

Figure 6(a) shows that similar maximum street-water depth
spatial distributions were obtained for the two extreme
rainfall scenarios. That is, the largest maximum water-depth
values were mainly distributed in the southeastern region;
however, the specific distributions differed between the four
street layouts. The main reason for this pattern is that the
study-area elevation decreased from the northwest and
southeast, and the runoff generated by the rainfall accumu-
lated along the streets to the southeast. As shown in Figure
6(a), more areas with serious inundation (colored red) were
obtained for S1. Higher maximum street-water depths (ex-
ceeding 0.5 m) were obtained for the main streets of S3. The
above results indicate that the street layout has an important
influence on the maximum street-water depth distribution in
an extreme rainstorm scenario.

Figure 6(b) shows the maximum street-flow velocity dis-
tributions for the various conditions. Significant differences
in the spatial-distribution characteristics of the maximum
street-flow velocity were obtained for the different extreme
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Table 2 Peak values of inundated areas (PVIAs) for water depths exceeding 15, 30, and 50 cm (kmz)

2567

PVIA,s PVIA,, PVIAy,
Street layout
BJ 721 77 720 BJ 721 77 720 BJ 721 77 720
Sl 1.42 3.70 0.53 2.45 0.40 1.25
S2 1.63 3.61 0.42 2.50 0.21 1.32
S3 1.68 3.55 0.68 2.34 0.28 1.38
S4 1.64 3.75 0.54 2.61 0.32 1.34
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Figure 5 Change processes of (a), (e) total flood volume, (b), (f) total inundated area, (c), (g) average water depth, and (d), (h) average flow velocity.

rainfall events. Most notably, the S4 street-flow velocity was
the lowest overall for both extreme rainstorms. This indicates
that the S4 street layout is conducive to the drainage dis-
persion of waterlogging caused by extreme rainfall instead of
the formation of serious flooding. For S3, the maximum
street-flow velocity was mainly concentrated on the trunk
road from the northwest to the southeast of the longitudinal
region. This result indicates that a trunk road may become a
main channel for flood discharge under extreme rainstorms

with the combined effect of terrain and microtopography
factors. Hence, a flood with high water depth and velocity
can form, which is a serious threat to people and vehicles. As
shown in Figure 6(b), the maximum street-flow velocity-
distribution maps of S1 and S2 reveal that the high flow-
velocity areas were mainly concentrated in the downstream
main roads, road intersections, and street corners. These
maps also show that complex factors, such as micro-
topography and street orientation, significantly influence the
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Figure 6 (a) Maximum street-water depth and (b) maximum street-flow velocity distributions for different rainfall and street-layout scenarios.

flood-flow pattern and velocity. Moreover, different street
layouts correspond to different microtopography character-
istics. Therefore, further analysis of the influence mechanism
of the street layout on flood formation is necessary.

3.2 Flood risk assessment for people and vehicles

3.2.1 Flood risk for people

Figure 7 illustrates the maximum HD distributions for adults
and children for the different rainfall events and street lay-
outs considered in this study. The spatial distributions were
similar for the two rainfall scenarios, and the HD values for
children were not significantly higher than those for adults.
For both adults and children, high flood-risk areas mainly
occurred at exits and main roads in the study areas. More-
over, the higher flood-risk areas were mainly distributed at
road intersections, which are related to the dense crossroads

in this street scenario. Owing to the spatial-distribution fea-
tures of S2, the maximum HD distribution was relatively
uniform. However, for S3, the high-risk areas were con-
centrated in the downstream trunk roads, and they were more
concentrated than those of the other street layouts. The risk
area of S4 was the smallest, and the main-road HD was
below 0.5 for BJ 721.

The road-length proportions with different HD levels un-
der different rainfall and street-layout scenarios were statis-
tically analyzed for adults and children; the results are shown
in Figure 8. The HD values were grouped into five grades: 0—
0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0. For BJ 721, the
HD proportion in the 0-0.2 range was dominant for both
adults and children and exhibited little difference between
the different street layouts. However, a clear difference was
exhibited for S3, for which the HD proportion in the 0.8-1.0
range was significantly larger, at 3.68% and 5.53% for adults
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Figure 7 Maximum hazard degree (HD) distributions for (a) adults and (b) children for different rainfall and street-layout scenarios.

and children, respectively. For ZZ 720, the maximum HD
proportions in the 0.8—1.0 range were obtained for S2 for
both adults and children, at 35.34% and 41.86%, respec-
tively. In contrast, the smallest HD proportions in the 0.8—1.0
range were obtained for S4, at 14.53% and 15.79% for adults
and children, respectively. Overall, these results suggest that
the street layout may have a greater impact on the HD-pro-
portion distribution over the street network under heavier
rainfall; however, the magnitude of this effect may vary for
adults and children.

3.2.2  Flood risk for vehicles

Figure 9 illustrates the maximum HD-value distributions for
the Honda Accord and Audi Q7 for the different rainfall
events and street layouts considered in this study. Significant
differences in HD were obtained for the different street
layouts; however, no clear differences were observed in the

results for the two vehicle types. The distribution char-
acteristics also revealed that the high-HD areas were mainly
concentrated in the downstream regions, main roads, and
corners. Further quantitative analysis is required to determine
the quantitative differences of the specific HD values.

The road-length proportions with different HD ranges for
vehicles were determined for the different rainfall and street-
layout scenarios considered in this study, and Figure 10
shows the results. For BJ 721, few differences were observed
in the grade structure for the different rainfall and street-
layout scenarios for both the Honda Accord and Audi Q7.
Moreover, the proportion in the 0-0.2 range exceeded 90%
in all cases. However, for BJ 721, the greatest HD proportion
in the 0.8—1.0 range was obtained for the Audi Q7 and S2, at
5.82%. For ZZ 720, the maximum HD proportion in the 0.8—
1.0 range was obtained for S2 and the Honda Accord, at
28.60%. For the Audi Q7, the largest HD proportion in the
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Figure 8 HD proportions for (a) adults and (b) children for different rainfall and street-layout scenarios.

0.8—1.0 range was obtained for S3 and ZZ 720, at 27.12%.
For ZZ 720, the smallest HD proportions in the 0.8—1.0 range
for the Honda Accord and Audi Q7 were obtained for S4, at
12.78% and 12.68%, respectively. Overall, for the same
rainfall event and street layout, the road-length proportion
with high-range HD values for vehicles are generally smaller
than those for people.

4 Discussion

4.1 Influence mechanism of urban street layout on in-
undation

Urban forms, which primarily include street layouts, build-
ing coverage, and microtopographies, have considerable in-
fluence on the formation process and inundation
characteristics of urban flooding, as confirmed by many
studies [8,21,22]. Previous studies have mainly differed in
terms of their research methods, the spatial variables of the
urban forms, and the statistical-representation variables of
the urban floods. This study focused on the impact of street
layout on urban flood risk and obtained meaningful findings
that are useful for analyzing the influence mechanism of
urban street layout on inundation.

The main methods employed in this field are laboratory
experiments, numerical simulation, and their combination;
numerical simulation is the more popular method owing to
its advantage of situational flexibility [47,48]. The building
spatial distribution, obstacle or building coverage, street
layout, and slope are most selected parameters used to
characterize the synthetic urban forms of these simulations.

The typical variables used to characterize urban flooding are
the total flood volume, flow velocity, water depth, outflow
discharge, and Froude number [24]. In the present study,
numerical simulations that focused on the street-layout
spatial characteristics were conducted. The street layout was
the dominant factor when generating the underlying urban
surface, and four street-distribution types were selected:
regular grid, irregular grid, radial, and annular. The building-
area proportion and road length were consistent for all four
scenarios, and the building distribution was determined ac-
cording to the street layout. The selected urban-inundation
variables included the flood volume, flow velocity, and water
depth. The influence of the street layout on the simulated
urban flooding was mainly reflected by the results of risk
elevations for people and vehicles under different scenarios

From the perspective of water balance, the total flood
volume should theoretically be completely consistent under a
particular amount of rainfall for a consistent slope and un-
derlying surface permeability. However, the results of this
study are not consistent with this theoretical conclusion. The
results show that the change processes and statistical results
for the key inundation variables differed for the various
street-layout scenarios. For different street layouts, the
floodwater spatial distributions were affected by different
floodwater paths; this generated differences in confluence
times and, thus, different flood curves. Different water
depths and velocities were obtained in specific areas, such as
streets and corners, which yielded different risk levels. This
behavior has also been confirmed by Li et al. [22] and
Bruwier et al. [21]. However, owing to the differences in the
urban forms among the different street layouts, the surface-
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Figure 9 Maximum HD distributions of (a) Honda Accord and (b) Audi Q7 vehicles for different rainfall and street layout scenarios.

inundation flow paths varied when they gathered towards
drainage outlets. Therefore, different durations were ob-
tained, which yielded different peak values and lag times for
the flooding processes. This analysis further indicates that
urban streets typically act as floodwater paths under extreme
rainstorm conditions and their distributions affect the flood-
formation process; this is also a key finding and innovation
of this study. Furthermore, the street-layout influence me-
chanism is relevant because the floodwater paths vary under
the different influence mechanisms that arise from variations
in the urban form, which is dominated by urban buildings.
Further in-depth studies and comparative analysis of this
aspect are needed.

The flow regimes are also affected by the micro-
topographies formed by different urban street layouts. Under
the effects of local topography and spatial geometric char-
acteristics, the flow velocity typically increases at points

with abrupt terrain changes, and the Froude number changes
significantly. Additionally, the flood changes from slow to
turbulence flow, and high-water depths or flow velocities can
easily form in small areas. This phenomenon has been ex-
plored in previous studies [21]. In particular, Mignot et al.
[24] observed that the Froude number of a flood involving
obstacles is closely related to the obstacle locations. The
present study also determined that higher flow velocities can
form more easily at road intersections and corners, which
may be owing to the disturbance to the flood-flow process
caused by these obstacles as well as the sudden change in the
flow regime. Further in-depth studies on the street-layout
influence mechanism on the flood process and flood for-
mation will aid scientific application of the above laws. In
addition, optimized urban-road planning based on these
findings would better support water-sensitive urban design
and aid the construction of more livable cities.
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4.2 Inspiration for flood-sensitive urban planning and
block-scale design

The underlying urban surface is a natural-synthetic landform
formed by human activities and artificial structures based on
natural terrain. After urbanization, the rainfall-runoff process
has completely different characteristics from those of the
natural state. In the context of urban flooding, the flow path
and inundation distribution are mainly affected by urban
microtopography, which is itself impacted by the relevant
urban forms, particularly the street layout [49]. By combin-
ing the findings of the present study with those of relevant
previous studies, inspiration for flood-sensitive urban plan-
ning and block-scale design can be obtained.

In the context of urban planning, flood-sensitivity analysis
under different schemes should be performed with con-
sideration to different urban forms and street layouts
[25,27,50]. Comprehensive urban development and street-
layout planning schemes may be proposed through flood risk
analysis under different scenarios. Such schemes should
combine sponge city construction, low-impact development,
and the implementation of best management practices
[51,52]. For example, this study showed that the annular
layout yielded a significantly smaller maximum water depth,
peak flow, and flow velocity as well as minimal flood risk to
people and vehicles compared with those of other street
layouts. Therefore, annular-type street layouts are preferable
from a planning perspective, with the premise of meeting
functional requirements. Some forward-looking explorations
have been performed based on this. For example, Yang et al.
[31] proposed an integrated building-information modeling

computational engine approach to infrastructure-vulner-
ability assessment related to a stormwater drainage-building-
road transport nexus in the context of urban flooding; their
approach yielded an innovative tool for urban planning.
Model construction and scenario simulation may be used
to better identify flood-prone and high-risk areas and streets
for urban flood management [53]. In cases where high flood
risk to people and vehicles are identified, street-based pre-
vention measures may be prepared in advance. For inter-
sections prone to water accumulation, manholes and warning
signs may provide risk warnings to people and vehicles [31].

4.3 Limitations and uncertainties of this study

This study had some limitations and uncertainties. A limited
number of street-layout scenarios were analyzed. Moreover,
virtual scenarios were considered, for which the complex
underlying surfaces were idealized and simplified; these may
be important sources of uncertainty. Therefore, when dis-
cussing the results of this study, the limited and simplified
street-layout scenarios should be noted. In addition, virtual
urban street-layout scenarios were considered; therefore, no
measured urban rainfall-runoff data were available to verify
the model calibration. The parameters were set based on
parameters and building-model experience derived from
actual study areas in the past and were used for scenario
simulation after reasonable analysis; however, some para-
meter uncertainties may exist. However, the method was
appropriate for the purposes of this study. That is, regularity
cognition was achieved through comparison of the results
obtained for different scenarios. Because the same set of
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parameters was used for all models, the general trends in the
findings were robust to some extent.

Finally, the scale effect was another source of uncertainty
in this study. Numerical experiments were performed on the
block scale with a research area of 3 km % 3 km. Thus, the
general trends identified in this work may be inapplicable to
a large-scale area. Overall, whether the conclusions of this
study are applicable to the overall urban scale is unclear, and
the influence of the scale effect should also be considered
when discussing the general trends of the urban inundation
simulation results. Further studies are required to analyze the
general trends and scale effects of urban inundation on var-
ious spatial scales.

5 Conclusions

With the changing environment, urban flood disasters caused
by extreme rainfall are occurring more frequently and greatly
threatening the sustainable development of cities. People and
vehicles are most at risk when urban flood disasters occur in
cities. From the perspective of the urban rainfall-runoff
process, urban inundation is deeply impacted by the under-
lying urban surface. The urban street layout is an important
influencing factor for the urban form. Therefore, exploration
of the impact of street layout on urban flood risk to people
and vehicles under extreme rainfall is important. In this
study, numerical experiments were performed to construct
four typical street-layout scenarios on the block scale. A risk-
analysis method was implemented based on human-vehicle
instability; hence, the impact of street layout on urban flood
risk was investigated. The main findings are as follows.

(1) The simulation results confirmed that the street layout
has a considerable effect on the spatial distributions of the
key inundation variables, such as the maximum water depth
and maximum water velocity, as well as the flood-volume
and inundated-area change processes under extreme rainfall
on the block scale. Under the same extreme rainfall scenario,
the greatest differences in the total flood volume, maximum
street-water depth, and maximum street-flow velocity values
obtained for the different street layouts were 17.22%,
60.25%, and 61.50%, respectively.

(2) Statistical analysis of the simulation results revealed
that the flood risk to people and vehicles are mainly reflected
in the flood-risk spatial distributions and proportion struc-
tures, especially the highest and lowest risk grades. Overall,
the irregular-grid street layout had the highest proportion of
high-risk sections. That is, the high-risk sections for adults
and children comprised 35.34% and 41.86% of the total,
respectively, and those for the Honda Accord and Audi Q7
(as representative vehicles) occupied 28.60% and 27.12% of
the total, respectively.

(3) Among the four street layouts considered in this study,
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the annular street layout had the best performance in terms of
urban-inundation characteristics and risk levels. That is,
under the same rainfall condition, the lowest flood severity
and smallest high-grade risk proportions were obtained for
that layout. For the same extreme rainfall scenario, the pro-
portions of high-risk road sections for adults and children
were 58.89% and 62.28% smaller than those for the highest-
scoring layout, and those for the Honda Accord and Audi Q7
were 55.31% and 53.04% smaller than those for the highest-
scoring layout, respectively.

From the perspective of block-scale urban planning and
design, the results of this study confirmed the impact of
urban street layout on urban inundation and quantified the
impact of street layout on the flood risk to people and ve-
hicles. The overall conclusions drawn from the street-layout
scenarios designed in this study were robust under both ex-
treme rainfall events. The findings of this study have im-
plications for “flood-sensitive” street layouts on the block
scale.

Owing to the complexity of urban hydrodynamic pro-
cesses, this study had the following limitations. In particular,
scale effects must be considered; that is, whether the con-
clusions of this study can be applied to different spatial
scales is unclear. In addition, uncertainties were introduced
by the limited extreme rainfall and street-layout scenarios as
well as the model simulation uncertainties, which must be
further studied in future research.
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