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Abstract; [ Objective | Surface water flooding is caused by heavy rainfall, which has been the main type of flooding in many cities
across the world. Real urban environments are highly complex, and there are numerous parameters influencing the rainfall-runoff
processes, such as road width, orientation and building coverage. The main objective is to perform a parametric study concerning
the rainfall-runoff processes in complex urban environments, in order to gain a better understanding of the impact of urban
characteristics on the surface runoff. [ Methods ] Realistic urban layouts are generated by means of procedural modelling software ,
which parameterises the urban configurations using 11 independent variables, including the averaged street length, street
orientation, street curvature, major street width, minor street width, park coverage, etc. A shock-capturing TVD MacCormack
shallow water equations solver is used to undertake a large number of computational simulations regarding the rainfall-runoff
processes over realistic urban layouts. The dominating urban parameters that influence the time of concentration is unveiled,
which characterises the timescale of the flood formation. [ Results]In order to generalise the research outcomes, the obtained
hydrographs at the outlet of the catchment are normalised so that they are independent of the catchment area, slope or rainfall
intensity. The dimensionless time of concentration is thus only the functions of 12 independent parameters, including 11
parameters that governing the urban layouts and the Manning roughness coefficient of the ground. A sensitivity analysis, based on
the multiple linear regression method, is performed on the 2, 994 simulation cases to quantify the influence of each parameter.
[ Conclusion ] The results show that the ground roughness and the building coverage ratio are the two most important factors that
influence the urban flood formation. Their influences on the dimensionless timescale of the urban catchments’ response to rainfall
are quantified by empirical formulae. The research findings can provide useful guidelines for the design of future flood-resilient
urban environments and the improvement of existing drainage systems in cities.

Keywords: urban flooding; surface water flooding; shallow water equation; time of concentration; rainfall-runoff; flood

forecasting; precipitation; human activity

DOI: 10. 13928/]. cnki. wrahe. 2025. 10. 004 FFRFE ( FIREARS ) #R7545 (OSID) :
hESES. TVI22+. 1 XERERERS . A XEHE: 1000-0860(2025) 10- 0046- 12

Article history: Received 10 January 2025; Revised 18 January 2025; Accepted 20 January 2025; Available online 14 February 2025
s HE: 2025-01-10; fEE HEA: 2025-01-18; RAHE: 2025-01-20; MEHAEEE: 2025-02-14
Financial Aid: Technology Research and Development Program, Department of Natural Resources of Gansu Province(2023-2-08) ; The Engineering and
Physical Sciences Research Council (EP/N021614/1)
BEEHE: HlrA ARRE TR LRI H (2023-02-08) 5 FfE TRF A SRR IR % 5145 (EP/NO21614/1)
About the author: LIU Zhengjiang (1994—), male, engineer, project team leader, master degree, mainly specialized on geological disaster survey,
assessment and mitigation. E-mail: 673172339@ qq. com
EEE N XIEM(1994—), B, TR, MAHARK, #it, EEAFEMRRTERATFEN SPRGUIE T, E-mail: 673172339@ qq. com
Corresponding author: MA Lina ( 1985—), female, associate professor, project team leader, doctor, mainly engaged in theoretical studies on
geotechnical properties of special strata. E-mail: 276153631@ qq. com
LIANG Dongfang ( 1975—), male, professor, research group leader, doctor, mainly engaged in hydraulic and hydro-
environmental research. E-mail: dI359@ cam. ac. uk
BIEIEER: DmPR(1985—), 2, RIHEEZ, WHHAAK, Wit, ERNSRRMZERE LIS TAE, E-mail: 276153631@ qq. com
PRI (1975—), B, #¥, M asA, Ht, FEANFKIIZEHKASEMGE, E-mail: dI359@ cam. ac. uk
©kKditorial Department of Water Resources and Hydropower Engineering. This is an open access article under the CC BY-NC-ND license.

46 Water Resources and Hydropower Engineering Vol. 56 No. 10



LIU Zhengjiang, et al. //Numerical study of surface water flooding characteristics in urban environments

39 T b 3R WY M A AE R B E R B R

AR K

(1. HHEHFEAER, Hi 2N
A ERTRZER, HF 2N

W OE. [89)
"?‘f’:‘g\%b? Ei"ﬁi’@/%tlrkﬁ:‘] F/nuéﬁ[’g]'%4gﬁj7
BB AR FABAR BRI, 1

I R
730000; 2. FEARKF¥ THE, BHA EA  860-8555; 3. Z M
730070; 4. S AF TAEZR, EE ol

33 T M R A AR AT T - R AR 0

REF"

CB2 1PZ)

Fy#RR M | A MR R B R R AR S M T K R K, 593 T Rk
Vodn 2 3858 w‘ﬁﬁvﬁ %%ﬁm$ BEFERXERR

o [ 7] AAAFE K

W& R FERRMN B ) AR, X REAMET 1] /\Zﬂz,u‘“‘*i# BRI|TIAET S, O15FH

ﬁ&ﬁﬁ\ﬁkﬁﬁ
%R R 0 AT S R KA R K AR A,
T—J? ?’“ﬁi)&?ﬁﬁar}ill:ovbﬂf]ﬁ]éﬁi%‘fi}i L

HEmE IRTE. BBRTE.
FATRKERBRMTIEHET-Z T4,
ANCARB AR AT AR H e A RE, [£R] 4

NEEE RS BFRER AR MO AR R
Efﬂﬁ@

TR EBENGER, AT ERAGARE AT IRE T, I RTRREMR, KE

Fo@ iR Hra, B, RERICANRBE T 12 A A%, Bp 11 Az
I, AT S akbe)angiik,
[ ik BREAN.
AXPBRE T BRI AT AR LT

AKX M ALKEALE G F T
SHT, EEFRT BARE T HEERG T
W R R AR EZGHAN S, RBWE

HIR TR R A0 RS 12
52 994 /N HARALIN GG 25 R AT T BB
SR A E A B 2R R TR
IC A 8 Yk, BFA

IR TTVA K R SRR B I A é@iﬁfh'fﬁﬂ—i}fﬂi’i A HEE A AR 200455

KGR WK, WAREK, EKFAE,

1 Introduction

In contrast to plenty of studies on fluvial flooding,
both experimentally and numerically, there have been
limited researches on the influence of buildings on the
catchments’ response to intensive rainfalls. However,
short-lived storms often cause severe damages in city
environments. Deadly pluvial floods are becoming more
and more frequent, causing substantial damage in densely
populated areas. Changing precipitation patterns, ageing
drainage infrastructure and rapid urbanisation all demand
for a better understanding of rainfall-runoff processes and
the design of flood-proof urban systems. There have been
numerous studies on the rainfall-runoff over simplified

slopes' ™" and on pluvial flooding in idealized or specific

[7-13]

urban setups Research on the diffuse pollutant

transport has also been increasingly reported in idealized

[14-16]

situations . However, it is difficult for these results
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to be generalised and there is little research on how
Urban

environments are highly complex and it is likely that the

different urban characteristics affect flooding.

flow due to rainfall is affected by numerous urban
urban characteristics such as road

BRUWIER et

parameters, e. g.
width,

al. """ investigated the respective influence of various

orientation or building coverage.

urban pattern characteristics on fluvial inundation flows.
A set of 2, 290 synthetic urban patterns were generated
using an urban procedural model that provided locations
and shapes of streets and buildings over a square domain
of one by one square kilometers. No such study has been
conducted concerning the rainfall-runoff processes.

In recent years, more and more physically-based
hydrodynamic methods have been proposed, as opposed
to the conceptual hydrological methods. Because the
surface runoff is often confined in a thin layer with large

horizontal extents, the fully-dynamic shallow water
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equations ( SWEs ) are able to model these flows

accurately. In the context of rainfall-runoff studies,
ZHANG and CUNDY'™ are among the first who solved
(2D) SWEs

numerically and found the importance of ground micro-

the  two-dimensional fully-dynamic
topography to the overland flow process. In recent years,
there has been an increasing trend of extending the
application of the SWEs to the catchment-scale and urban

(9201 In order to save the

hydrological  studies
computational cost, various simplifications to the fully
dynamic SWEs have been more commonly used in the
past, including the kinematic wave and diffusive wave

models' >

The diffusive wave model neglects the
inertia of the fluid in the momentum equations, while the
kinematic wave model further neglects the effect of
pressure gradient on the water motion. Lots of studies can
be found concerning their applicability in various

[25-26]

conditions However, rapidly varying flows due to

sudden changes in topography cannot be handled properly
by these simplified models'?’" .

This paper uses a Total Variation Diminishing
(TVD) MacCormack numerical scheme to solve two-
dimensional SWEs.

against published data. Steady water depths in BRUWIET

17]

First, the model was validated
et al. """ were reproduced when applying a steady inflow
of water through computer-generated building arrays,
confirming the capability of the present model in
simulating prescribed water flow over near-realistic urban
layouts. Next, the rainfall-runoff processes over hundreds
of computer-generated near-realistic urban layouts were
simulated. With the combination of various unceasing
rainfall intensities and ground slopes, a total of 2, 994
hydrographs, i. e. S-curves, at the catchment outlet were
recorded. To generalise the research outcomes, the
dimensional analysis was exploited in the examination of
S-curve normalisation method. The dimensionless S-
curves are only dependent on the urban layouts, rather
than the rainfall intensity or ground slope. This allowed
for the use of a dimensionless time of concentration to
characterise the time-scale of the catchment response.
Finally, a multiple linear regression model was used to
the sensitivity of catchment response to twelve urban
parameters. The most influential factors were found to be

Manning roughness coefficient and building coverage,

48

followed by the street length, building side setback,
parcel area and to a lesser extent, street orientation and
curvature. The time scale of the hydrological response is
reduced with the reduction of the Manning roughness
coefficient and with the reduction of the building

coverage.

2 Model Setup

2.1 SWEs and solver

The 2D SWEs are a set of partial differential
equations, derived based on the principle of conservation
of mass and momentum in two horizontal directions. They
describe the evolution of incompressible flow in response
to gravity, bed friction and inertia. Neglecting Coriolis,
wind and viscous forces, the SWEs take the following

form in the Cartesian systems. The formulas are as follows

9 dg, Jq,

=1 (1)

ot ox dy
9. | 3(q,/H) , aq/H)
ot 0x dy
2 2 2
a n X X + Yy
gt et/ ta, (2)
ax H7/3
aq, 9(q.q,/H) 9(q,’/H)
— + - + . =
at ax dy
L n’gq,\/q,” +q,’° ;
- @ - o (3)

where ¢ is time, s; x and y are the two horizontal

Cartesian coordinates, mj; m is the water surface

elevation, m; ¢, and ¢, are the volumetric discharges per

unit width in the x and y directions, respectively,

2

-1 . . . o
m° -s; n is the Manning’ s roughness coefficient,

m~"? +s; His the total water column depth, m; g is the

-2

acceleration due to gravity, m + s °; i is the rainfall

intensity, which is equal to the flow rate per unit plan-
surface area, m * s™'.
For the numerical solution of these coupled partial

TVD MacCormack finite

difference numerical scheme is applied. This scheme was

differential ~equations, a
first proposed for supersonic compressible flows and is
capable of solving the non-linear SWEs at a high
efficiency and has been extensively validated against
published experimental and analytical results. Detailed

implementation of the numerical scheme and details of the

KFKEBEAR(PHRL) $E56%5 2025 F% 10 #
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numerous validation tests can be found in LIANG
et al ",

In order to represent buildings or obstacles, the
building-hole method was used, where the grid cells
excluded  from  the

representing  buildings  are

computation. The elevations of these grid cells are
increased in order to prevent any flow of water into these
“holes’ . The rainfall intensity over the whole domain was
increased to compensate for the ‘loss’ of rainfall falling
over these ‘holes”!"™®'.
2.2 Urban patterns

The first stage of the study is focused in the
generation of realistic urban layouts. BRUWIER et al. "’
examined hydraulic computations on 2, 290 urban con-
figurations using an anisotropic porosity model. Urban
configurations were generated by means of a self-
developed urban generator tool, based on a procedural
modelling technique developed at Purdue University by
the team of Prof. Daniel G. ALIAGA. The building
geometries and locations were controlled using 11 urban
parameters, as listed in Table 1. Each of the parameters
was randomly selected from a range of variation,

of built

environments. The urban layouts were obtained in a

representative of the real-world condition
shapefile format and were subsequently converted to the
format compatible with the model used in the TVC

MacCormack solver.

Table 1

Ranges of the 11 parameters used in urban generator

F1 WWHRESERN 11 ASEER

ID Parameter Minimum Maximum
value(P,;,) | value(P,..)

P1 Average street length/m 40 400
P2 Street orientation/ ( °) 0 180
P3 Street curvature/rad 0 0.42
P4 Major street width/m 16 33

P5 Minor street width/m 8 16

P6 Park coverage/% 5 40

pP7 Maximum parcel area/m’ 300 1 100
P8 Building front setback/m 0 5

P9 Building rear setback/m 0 5
P10 Building side setback/m 0 5

P11 Building coverage/% 0 42.8

2.3 Model verification
BRUWIER et al. """ are among the first to perform a

parametric study on computer-generated near-realistic

KFKEBEAR(PHRL) $56%5 2025 F% 10 #

urban configurations. Using an anisotropic porous model,
they investigated the influence of several urban pattern
characteristics on inundation depths along the upstream
boundaries. An example urban layout is illustrated in
Fig. 1, with the grey blocks representing buildings. A
steady inflow of water was prescribed at the inlet of the
catchment, shown by red vectors at the bottom left of the
example domain in Fig. 1, while a constant water depth
was specified at the outlet, shown by the blue line at the
top right of the example domain in Fig. 1.

2222 R RR 22222222,

R TR R REY

Fig. 1 A plan view of the urban layout and boundary
conditions in BRUWIER et al. !

El1 BRUWIER et al. [ i b R A&
HREFTELREHE

The ground slope is zero in this verification case.
The value of the Manning roughness coefficient was set to
0.04 m™"” + s, which is comparable to the values
suggested in previous studies. A steady inflow of 200
m’ + s prescribed along the upstream boundary at the
left bottom. The specific discharge across the downstream
boundary was specified according to the following rating
curve function
q; = C]Am (4)
where sub-index j indicates the value at grid cell j; Ax is
grid spacing, m; the constants are C, = 0.5 and C, =
0.3; and H, is the computed water depth in cell j, m.
With a resolution of 1 mX1 m computational grid
cells, which means that 1 million grid cells were deployed
over the whole computational domain, converged and

stable results were obtained. Visualisation of the steady
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state depths ( colour contours) and velocities ( vector
arrows ) is shown in Fig. 2(a, b, ¢) for three building
configurations A, B and C, with buildings shown in
white. Only every twentieth vector is plotted to illustrate
the field fields. It is seen that the flow through the narrow
gaps between buildings is well resolved. As the overall
flow is diagonally towards the upper right, consistent
water depth drop can be observed in that direction.

The flow of water across the lower left corner in
configuration A, shown in Fig. 2(a) , is obstructed by the
block of buildings, resulting in considerably large water
depths reaching more than 1. 15 m. A more advantageous
street and building orientation in Fig. 2(b) can reduce
the inundation depths significantly. The dispersion of
buildings across the domain allows easy flow of flood
water towards the downstream boundaries and lower water
depths as a result. In order to compare simulation results
for different configurations, BRUWIER et al. """ used
hg , the 90th percentile of water depths in each cell of the
upstream boundaries. A similar approach was followed in
this study and water depths along the upstream boundary
('starting from top left to bottom right of the domain) were
initially plotted, shown in Fig. 3. Subsequently, hy, was
calculated for the three curves and compared with the
porous model results obtained in BRUWIER et al. "' |
with a maximum difference of around 0.15 m. The
reasonably close agreement between the two different
models of different resolutions manifests that the current
predictions are reliable. A large number of verification
cases have also been reported in LIANG et al. ',
confirming the capability of the TVD MacCormack model.

3 Hydrological Analysis

3.1 Normalised S-curve and time of concentration
If continuous rainfall of intensity i falls uniformly
over an impervious area A, the discharge from the basin
outlet will rise and, after a period, reach equilibrium.
This is when the volumetric outflow rate equates the
volumetric rate of rainwater introduced to the catchment.
The resulting steady outflow rate ) will then be equal to
iA. The hydrograph at the catchment outlet produced by
unceasing uniform rainfall of constant intensity is referred
to as the S-curve. The time to reach the equilibrium is

known as ‘the time of concentration’ , roughly equal to
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Fig.2  Reproduction of the steady flow fields in
BRUWIER et al. [
B2 EI BRUWIER et al. " BEI M A7

the time taken for the raindrop falling on the furthest part
of the catchment to reach the outlet.

The hydrological response of the catchment will then
be dependent on the following independent variables:
rainfall intensity, size and slope of the catchment, ground
roughness and building layout in the catchment. In this

study, the slope of the catchment is specified in the x

KFKEBEAR(PHRL) $E56%5 2025 F% 10 #
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Water depth/m

0 500 1 000 1500 2000

Distance along boundary/m

Fig.3 Water depth variation along the upstream boundary

B3 i LiFiaFEKREN L

axis, so the overall flow is along the positive x direction.
The wall boundary condition is set along the left, top and
bottom of the domain, while the critical flow condition is
specified at the outlet of the domain on the right. A
number of simulations were first conducted by changing
the uniform unceasing rainfall intensity and the catchment
slope, while other catchment variables were fixed. The
obtained hydrographs at the catchment outlet, i.e. S-
curve, are obtained by integrating ¢, across right
boundary of the domain and plotted in Fig. 4. As
expected, significant differences in the time of
concentration and steady outflow rate arise from the
different combinations of rainfall intensity ¢ and slope S.

In order to enable the development of an approach that

90 T

80 +
] p—0—0-0-6-0

70 T ?

60 T 4
1 /
50 T

_ 7

40 1

O/m?-s!
~

30 1

20 T

=¥ - 5=2.5%, i=108 mm/h

— & - 5=1.5%, i=288 mm/h

compares hydrological response based on the charac-
teristics of the built environment, independent of the
above parameters, we follow a dimensionless hydrograph
approach.

Following a similar approach to LIANG et al. °" | the
dimensionless time and the dimensionless flow rate are
considered for this analysis. The formula is as follows

. _ 0
i (5)

The dimensionless flow rate chosen is simply the

ratio between the outflow rate () and the volumetric rate of
rainwater falling on the catchment iA, which ranges from
0 to 1. The dimensionless time is shown in Eq. (6),
encompassing time ¢, domain slope S, gravitational
acceleration g and domain area A. The formula is as

follows

=XV XE fﬁTg (6)

The resulting dimensionless hydrographs are shown

in Fig. 5. The dimensionless hydrographs under different
combinations of catchment slope and rainfall intensity are
seen to collapse to a single curve. The S-curves are closer
in the rising and equilibrium portions of the hydrographs.
characterises  the

While this

concept is theoretically sound, it is impractical to use in

The time of concentration

hydrological response of the catchment >

real simulations. S-curves generally reach the equilibrium
state at a very low rate, also witnessed
in Fig. 4-5. Estimation of the full time of

concentration would therefore result in

—o— 5=1.0%, i=54 mm/h

large errors and is undesirable. It is

—8— $=0.5%, =108 mm/h

common for researchers to use t,5 or g,
the times to reach 25% or 50% of
equilibrium  flow rate,
LAMEY
additional benefit of having a bigger

—A— §=2.0%, =180 mm/h

respectively.
However, showed there is
variation of dimensionless time, i,

when comparing dimensionless
hydrographs of building configurations.

Therefore, time to reach 70% of the

t/min

Fig. 4 S-curves with different rainfall intensities and catchment slopes

4 AEIFEFSREFRIBR B R4 TR S-H &k
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dimensionless equilibrium flow rate, ¢4,
will be used in the next session to

characterise the rainfall-runoff response.

Fig. 6 shows the flow fields of three
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Fig. 5 Dimensionless S-curves with different rainfall intensities and catchment slopes

5 R TR B S- 2

Yy==—nn

ntealal

&

i
X

Fig. 6 Magnitude of the unit-width flow rates for three example urban layouts

6 Z-NHANTEARNEERES S

urban layouts at the equilibrium stage, with buildings
represented by white colour. The corresponding urban
layout parameters and values of ¢, are listed in Table 2,

when the Manning’ s roughness coefficient is 0.04

(P1) allows for a better flow distribution around the
domain. In layouts B and C, areas surrounded by
buildings display low flow velocities, suggesting their

negligible contribution to the overall flow. Flow is instead

m™"? +s. In layout A, the low average street length intensified along the streets, shown by the considerably
Table 2 Three urban layout parameters and the corresponding values of 15 (n = 0.04 m™" « s)
xR2 =ZAHAETESSHRENNEY 8B =0.04m™” -5)
Layout| P1/m P2/(°) P3/rad P4/m P5/m P6/% P7/m” P8/m P9/m P10/m P11/ % t7o
A 100. 5 57.3 0. 341 29.9 12.4 26.3 1073 1.0 1.1 2.8 37.2 26.5
B 295.0 155.1 0.287 28.5 10.3 23.7 898 1.1 3.0 3.0 23.2 28.9
C 212.3 24.0 0. 051 20.7 12.8 10. 4 810 1.1 1.9 3.1 34.4 27.1
52 AFPREBEAR(FEX) $56% 2025 FF 10 4
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higher flow velocities.
3.2 Multivariable regression

A sensitivity analysis was undertaken to identify the
influence of various urban parameters on rainfall-runoff
processes. Use of High Performance Computing ( HPC)
and parallel processing enabled the simulation of 2, 994
rainfall-runoff processes on 998 different urban layouts.
The dependence of ¢,, on a number of urban characteristic
was then quantified using a Multiple Linear Regression
(MLR) algorithm, allowing the identification of the most
influential urban parameters.

Section 2.1 mentioned 11 independent parameters
for defining the building layouts. In addition to these, the
Manning roughness coefficient can also influence the
nondimensional rainfall-runoff relationship. Hence, this
paper examines the influence of 12 parameters on urban
runoff. The ranges of the 11 parameters are given in
Table 1, while three values of the Manning roughness
coefficient were tried; 0. 02, 0.04 and 0. 07 m"? s,

The MLR enables the study of each parameter’ s
influence separately by isolating its role from all the
others.  The

s
parameter and ¢, is

relationship  between each influencing

determined from a linear
approximation that best approximates the data points.
This approach yields 12 regression coefficients (B,, B,
-, Bi,), each representing the mean change in the
value of t,, for one umit change in each influencing
parameter, while holding other parameters constant. In
order to perform MLR, it is important to transform the 12
parameters and t., into non-dimensional, scale invariant
variables. Standardisation of a variable was easily

achieved by subtracting the population mean from this

0.08 +

0.06 1+

0.04 +

0.02 +

S oH B A
O_

variable and then dividing by the standard deviation of the

population, with the size of population being 2, 994.
Table 3 and Fig. 7 show the 12 coefficients B,(i=1,

-, 12)

representing the sensitivity factors on the dependent

obtained from the regression analysis,

variable ¢,,. Positive coefficients indicate a positive
correlation between the relevant parameters and ¢, and
contrariwise for negative values. The ratio between each

was also

max

coefficient B, and the largest coefficient 8
calculated to reveal the relative differences between the

sensitivities of parameters.

Table 3 Regression coefficients for 12 independent parameters

Fx3 1240 SHREIEARE

1D Parameters B Bi/ B/ %
Pl Street length 0.062 3 6.7
P2 Street orientation 0.012 7 1.4
P3 Street curvature 0.0123 1.3
P4 Street width ('major) -0.006 4 -0.7
P5 Street width ( minor) -0.002 9 -0.3
P6 Park coverage -0.011 1 -1.2
P7 Parcel area -0.047 1 -5.0
P8 Front setback -0.0117 -1.3
P9 Rear setback 0.016 5 1.8
P10 Side setback -0.042 7 -4.6
P11 Building coverage 0.316 0 33.8
P12 Roughness n 0.934 6 100.0

Overall, it can be concluded that the MLR model
used is very reliable, as evidenced by a zero associated p-
value and a close-to-unity value of R*= 0.96. A zero p-
value indicates that the model, consisting of 12
independent variables, can reliably predict the dependent
variable. In order to consider the reliability of each

coefficient B; to predict non-dimensional ¢,,, the p-value
1.0 +
0.8

0.6

nm o ® T
P4 P6

-0.02 +

004 4

-0.06 =

O-
P10 PI1 P12

Fig. 7 Graphical representation of 12 regression coefficients

B7 121086580 ERE
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for each coefficient was found to be less than 0.05,
meaning that the null hypothesis can be rejected and
the coefficient is statistically significant. Regarding R*,
a value of 0.96 indicates that 96% of the variance in
the dependent variable can be predicted from the
independent variables, again confirming the reliability of
the model.

As seen from Table 3 and Fig. 7, the most influential
parameter is the ground roughness n (P12), followed by
Building Coverage (P11). These two are many times
more influential than the other parameters, which is why
they were plotted in a separate scale in Fig. 7. The large
influence of roughness indicates that the shallow runoff is
largely governed by microscale topography, rather than
Building

coverage is the second most influential parameter, as

macroscale characteristics such as P1-P11.

water should flow around buildings in the domain.
Although it could be argued that an advantageous street
network in a dense urban environment could in theory
ease the flow of water through the city, such a preferential
flow path is unlikely to exist in randomly generated urban
layouts. The same can be said for real-life urban
environments which are designed and developed in a
‘random’ fashion.

Street length ( P1), which represents the average
length of the streets present in the layout, also shows a
significant effect on the catchment response. One
plausible explanation is the influence this parameter has
on the overall geometry of the layout. Longer streets imply
larger clusters of buildings, making the layout less
porous, which in turn reduces the number of available
flow paths. As a result, water finds it difficult to
penetrate the building clusters, hence a longer time to
leave the urban area. A similar argument can be made for
building side setback P10; greater side gaps between
buildings increase the number of available flow paths,
hence the negative relationship with dimensionless time.

Parcel area (P7) is a measure of the area belonging
to a single building. It could be argued that, generally, a
large parcel area implies more space around individual
buildings for water to flow about. This would result in
more potential flow paths and therefore lower the time of
concentration. A large value of the front building setback

(P8) has an effect of ‘widening’ the roads, hence the
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negative relation-ship with the time of concentration. In
the contrary, rear setback ( P9 ) shows a positive
relationship. This could be explained by the fact that an
increasing back-to-back gap between buildings ( as rear
setback is increased) promotes the accu-mulation of water
in between building blocks, which tends to ‘ delay’ the
water flow.

The positive values for street orientation ( P2) and
curvature (P3) are related to how buildings *guide’ the
flow of water. As expected, an increase in the curvature
prevents the straight flow paths and thus slows down the
flow. The effect of street orientation is affected by the
direction of the slope. In our case, the slope is along the
x-axis, which corresponds to a zero angle of orientation.
Therefore, it is expected that an increasing angle of
orientation increases the misalignment between the streets
and the slope of the catchment, hence the positive
relationship between P2 and dimensionless time of
concentration.

The negative influence of the street width, both
major (P4) and minor (P5), is as expected, as it is
easier for water to move across an urban with wider
streets. However, the correlation is very low, implying
that water flow is influenced more by the street network,
including connection and orientation, than by the street
width.

3.3 Empirical relationships

The MLR model developed with 12 independent
parameters displays good fit to the data, confirming the
statistical significance. In order to identify patterns,
relationships or anomalies among the data, it is important
to visualise the results. The use of pairs plot, also known
as a scatterplot matrix, enables visualisation of two-
dimensional relationships between independent and
standardised dependent variables. As expected, no
visible relationship was observed for parameters P1-P10,
as t, is largely governed by n (P12) and building
coverage (P11). Plotting ¢,, against these two parameters
in Fig. 8-9 reveals the linear relationships as derived from
the statistical analysis. The lines of best fit to the data
points are also drawn. Although these relationships
contain mixed information from other parameters P1-

P10, it can be argued that P11-P12 play the dominant

roles.
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From Fig. 9, it can be seen that the data points
collapse to a distinct line at low building coverages and
eventually a single point at zero building coverage. At
this point, the domain is simply a sloping plane of
roughness n without obstacles. The dimensionless time of
concentration is thus simply governed by the roughness
coefficient n. Increasing the building coverage, on the
other hand, introduces additional variables affecting the

flow. The influence of the other parameters (P1-P10) on

KFKEBEAR(PHRL) $56%5 2025 F% 10 #
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dimensionless time of concentration is therefore increasing
with a growing building coverage, shown by an increasing
deviation of data points in Fig.9. The data points
belonging to different values of n are not as distinct as
before , the influence of other

suggesting growing

parameters.
4 Conclusions

A high-resolution hydrodynamical model was applied
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to study the rainfall-runoff processes over realistic urban
layouts. General agreement with steady-inundation results
in BRUWIER et al. "'’ confirmed the accuracy of the
model. Subject to unceasing unform rainfall, the study
verified that the dimensionless S-curves are independent
of the catchment size, slope and rainfall intensity, using
a properly-constructed dimensionless time and dimen-
sionless flow rate. Hence, the dimensionless S-curve is
only a function of urban building characteristics and the
ground roughness, allowing the use of a dimensionless
time, t,,, to characterise the speed of the catchment
response to rainfall.

High performance computing, parallel processing
and automation enabled the simulation and processing of
2, 994 rainfall-runoff processes. Analysis of the results
was achieved through the development of a reliable MLR
model, which quantified the sensitivity of ¢, to 12 urban
characteristics. It was shown the most influential factors
are Manning roughness coefficient and building coverage.
Less influential parameters include street length, building
side sethack, parcel area and to a lesser extent, street
orientation and curvature. Careful investigation of the
relationships between ¢, and the two most influential
parameters, building coverage and roughness, unveils a
decreasing influence of other urban characteristics at low
building coverage. Empirical formulae were derived
concerning the dependence of ., on Manning roughness
coefficient and building coverage.

Rainfall-runoff processes in urban environments are
highly complex, as was shown to be influenced by
multiple factors. This project decoupled these factors and
quantified their influence on the hydrological response of
urban areas, providing valuable knowledge on the
influence of urban characteristics on rainfall-runoff
processes. The study provides more insight on the design

of future flood-resilient built environments.
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