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2D Flood Simulation for Estimating the Economic Loss in the
Building Areas

Sang Hyeok Kang™

ABSTRACT

2D hydraulic models of urban areas are at the forefront of current research of flood
inundation mechanisms, but they are constrained by inadequate parameters of topography and
insufficient data. In this paper a numerical model based on DEMSs is presented to represent
overflow waters due to bank break in urban areas. The surface flow in the building areas is
assumed to be properly modeled by solving Saint-Venant equation. In order to represent flooding
broken out in Samcheok city, 2002, hydraulic model test using tracer has been carried out and
validated. These efforts will serve for making flood hazard map and for estimating economic

loss due to inundation of personal properties in urban areas.
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1. Introduction

Floods are among the most frequent and
costly natural disasters in terms of human hard-
ship and economic loss. As much as 70 percent
of the damage related to all natural disasters
in Korea is caused by water-related disaster
and associated debris flows (Kang, 2003). The
study of flood phenomenon is of great com-
plexity. Many studies have been carried out in
the past to represent mnundation depth and velo-
city in urban areas (Inoue et al. 1999; Noguchi
et al. 1992; 1994; Takeda et al., 2003). But
these models consider only surface and river
flows. Compared to rural areas, it 1s more diffi-
cult to simulate flooding in urban areas due
to the presence of small-scale system feature
like roads, buildings, and dykes that block and
affect flooding inundation. Commonly large
Digital Elevation Models (DEMs) grid elements
make up the model domain in order to reduce
the computation time (Dutta, 1999; Hosoyamada,
2005). This allows for quick model calibrations
and sensitivity analysis but also, in operational
mode, it allows flood forecasting in real time.
A major disadvantage of the use of low re-
solution input data 1s the loss of important
small-scale features that affect flood propaga-
tion. As such there is a need to quantify the
cffects such averaging has on model perfor-
mance and, more importantly, the reliability of
simulation results.

Horritt et al. (2001; 2002) evaluated the
flood simulation results obtained from a 1D
The

raster based model and a 2D model.

results indicated that simulated topographic pro-
perties had a major effect on simulation results
and that topography 1s a major factor in deter-
mining flood inundation patterns.

The major 1ssue in high-density urban areas
is obtaining accurate input data for the model.
We integrated an urban flood model and des-
cribed a data processing procedure to estimate
the influence of building and DEMs size. GIS
was used to perform the pre- and post-
processing of large amounts of spatial input

and output data results efficiently.

2. Model structure

2.1 Rainfall-runoff

The runoff analysis from watershed includes
both slope and mountainous river flow. The
governing equations based on the kinematic

wave model are as follows:

For slope flow

@_{_i-—r
ot ox ° (1)
q=ah” 2)

where x is a one-dimensional spatial coor-
dinate; ¢ 1s time; g 1is discharge per unit
width on the slope; r. is effective rainfall; A
is water depth; ¢ and m are constants, res-
pectively (m'=5/3; a= +/sin® /N ; 6, slope
gradient; N, equivalent roughness according to

Manning’s law).
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For river flow

oh N oq' g,
or ox B (3)
q'=ah" (4)

where ¢’ is discharge per unit width on the
mountainous river, g, is lateral inflow per
unit width from the slope; B is mountainous
river width; @ and m' are constants (a=
\/sind, /n ; O, river bed slope; n, roughness
coefficient; m'=5/3).

The lateral inflow from the slope of the
river is calculated by the characteristics method
and the runoff discharge along the river 1s

calculated by the finite different method using
the Leap-Frog method (Kawaike et al, 2000).

2.2 Sewer system

The rainwater in the sewer pipe is calculated

on the following continuity and momentum

equations;
o4 80
_— ==
o ox 1 (5)
80 B(uQ) 8H gn’|0|0
—gd - _
o ax T or RV 4 (6)

where A4 is cross sectional area of flow; QO is
discharge; ¢ is later inflow;, u 1s flow velo-
city, H is water level (H=h+2z);, z 15 ele-
vation of sewer pipe from bottom; /1 is cal-
culated as:
(-g—:(A <4,)
h:<B'+A"A” (A > A )F

g A4 )

5
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where B is pipe width; A, i1s cross sectional
area of pipe; B’ is height of pipe ceiling; B;
is slot width.

2.3 Urban area

Governing equations for 2D varied unsteady
flow can be derived from mass conservation
and momentum equations. Overland flow equa-
tions are the 2D expansion of St. Venant’s

1D open channel flow equations as follow:

For contimuty equation (mass conservation

equation)
oh N oM N oM 0
o Ox Oy (8)

For momentum equations

oM N o(uM) N ovM) _ oH 1,
Ot Ox oy ox p, (9)

ON  OuN) OON) __, OH Ty

Ot Ox Oy oy p, (10)

where / 1s water depth; « and v are velo-
cities of flow in x and y direction; M and N
are fluxes of discharge in x and vy directions
(M=uh, N=vh), H is water level written as
H=h+z (z 1s elevation). 73 and 73, are x
and y components of shear stress on the water

bottom as follows:

2 2 2
p.gnuNu +v

bx
13”3

2 2 2
p.gn vNu~ +v
T =
b L

A 1/
} h 3

(1)

(12)
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where p.

acceleration; » 1s Manning’s roughness.

Solving the Saint-Venant equations

is water density, g is gravity

If we assume that i and j are the number

of grid and upper » is time step, the Eq. (8)

can be written as:

Nﬂ+7

Pj+li2

Mn+"

i+1/2. )

hn+l

n+3
hi.j i +

n+2
Mi—]J’Z,;

n+2
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2 _9

AL Ax Ay

For x-component momentum equation

(13)

n+2 n
MI 1/2.§ M:'——lf'?.j
2At
H n 1 H
n Mi—lr’f!.j +M:+l;” 4y Mf-m j "Mm/z.;
+
Ax
1] n A Fr
n Mi—3!'7 J + Mi—l!'?,_,-' + ’ Mf~3f2,,r Mi—lf.?,_,-"
-1 i-1.j
T 2 ! 2
Ax
n " H H
" A/[f—uz.j + Mi-])‘Z._,HI n M:‘—I.-’Z.J' - Mi—lf?..j+l
Visira, el T Vici2 a2
N 2 2
Ay
" H
n M; —1/2.j- I+Mi' -1/2. o M:‘—H:, j - ‘“Mf—lfz,_;'
~ Visir2,j-112 7 +Visis2, o102 5
Ay
n+l n+l n+| H+1
_ gh +h;l} (f_} Jj) (hflj_i_ztlj)
2 Mn+2 Mﬂ
B, =1y -2 My ( " )3+(vn )3
4 2 1,,+1 T Uiy, =172,
IJ bj

h;jﬂ h‘.n+|IJ,
2

:

For y-component momentum equation
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where,

1

2 i-1/2. n

hn+l +hn+l ’vt'j /2 =
i-1.J

H
2 ij—172

n+l -+l
h +h” |

H
Ui 2=

(16)

H 1 1
Ui 1o T Ui TU 050

4

H
T U0 -

n —
u:‘.j—]ffl -

(17)

n
" _ vf,j—l!’"’

Vian =

H
Vi1

+v, lj— 2tV 24112

ij+1/2
4

(18)

1

3.,”-, T

2

+u;
2

#l n H
v Vit Vi s Viisan Tt v, =172

" i+1/2. 7 Hr 3/2.5 i-1/2. 5

iy

n ——
,z‘li_]‘j -

(19)

ij s Vi1 =

2 (20)

2

H "
s U Ui 10,4

2

et

I
Uiiso, " 2,1

s Uiy 2 =

5 _
Uit 2 =

21)

n
n Vi tVgan Vi Vi
Vista, e = 5 Vi = 5

(22)



2D Flood Simulation for Estimating the Economic Loss in the Building Areas

3. Model verification

The model was verified using tracer in the
Hydraulic Research Laboratory of Disaster Pre-
vention Research Institute, Kyoto University.
The scale of hydraulic experimental model is
1:100 as shown in Figure 1. The major pur-
pose was to analyze surface water movement
including amount of discharge from inlet pipe
into sewer system. The discharge at all inlet
pipes was measured using weirs or buckets. The
surface water flow in test area was visualized
by a tracer method with video cameras as shown
in Figure 2 and Figure 3. If there are non-
linear areas due to the difference of elevation,
the discharge flux, My flows by drop-water (see
Figure 4-a) and over-flow (see Figure 4-b) as:

For drop-water

M, = pihy\[gh, (23)

RICAU

Figure 1. View of hydraulic model test

401

Figure 2. Results of hydraulic model test
(T=0.5h later)

Figure 3. Results of hydraulic model test
(T=1.5h later)
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Figure 4. The forehead of overflow waters:
(a) for drop—waters; (b) for over—topping waters



Sang Hyeok Kang

Based on the hydraulic model test, discharge
coefficient, u is estimated to be ,u=(2/3)3/2; hy,
is water depth where the elevation is the highest.

For over-topping water

M, = u'h[gh (24)
where (' is discharge coefficient estimated as
(' =0.35; h is water depth where the elevation
is the lowest. The river bed material used for
the construction was represented by Manning’s
friction coefficient n=0.0215 sni"” The critical

depth for moving waters 1s given to be 0.001 m.
4. Application to real case and discussion

4.1 Influence of buildings

In order to simulate urban flooding, the in-
fluence of buildings should be carefully spe-
cified according to the needs of applications.
GIS-based hydrological modeling is applied to
delineate the basic hydrological elements from
a DEMs.

In order to estimate the effect of a building,
the share of the building, A in each grid and
the transmissivity of the building, [ are applied
(Kawaike et al., 2001; Ohtsubo et al., 2001).

M*zﬂM,N*:[)’N (25)

where M and N are the flux of discharge
which are corrected boundary conditions in x

and y components per unit width, respectively.

If we consider M, N and A, the continuity

equation can be written as:

*

(l_ﬂ)6h+aM +5N
ot oOx Oy

- re _ qOHf + qO‘l’(’."

(26)

where u, v; x, y are components of flow
velocity, respectively; M =fm, N = n, x, y
components of corrected discharge per unit
width; M, N; x, v components per unit width,
respectively; gow, drainage discharge per unit
area from the computational mesh into the
SEWEr system; gover, Overtopping discharge flow
per unit area of the computational grid from
the river network.

If we assume that / and j are the number
of grid and upper n is time step, the Eq.

(26) can be written as:

n+3 n+l 42 Fi+2
(1 2 ) h},j g n M:‘+l!2.j o Mi-—la’lj
ij
: 2At Ax
*nt2 *n+2
Ni,j+h’2 B Nf.;‘—lfﬁ
+ ‘ =¥, =4 ,u + D over
Ay (27)

The possible representations of buildings
for the model are illustrated in Figure 5. The
buildings are represented as solid objects. In
order to extract building properties, GIS tech-
niques were applied as shown in Figure 6. In
real world, the propagation of flood is de-
creased due to buildings’ influence. If the
number of buildings is decreased in the areas
of flood, than the inundation depth will be
increased. The data of building areas are con-

verted into an 1mage which 1s converted into
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a polygon using a geo-concept image. For
extracting buildings, a minimum filter method

by Arc-info was used.

/ /_\X\
A'I AZ
(4,7 (L) | Ay
T AxAy

Figure 5. Concept of building’ s sharing
(4)) and (A4) in each grid

Figure 6. Overlay of buildings per the grid
for extraction of building areas

4.2 Influence of DEMs size with building

In the real world topography is one of the
critical factors affecting the propagation of a
flood wave in urban areas. Clearly, geomet-
rical properties of topography may obstruct
the flow but also could conduct or accelerate

the flow of water. In hydraulic modeling, the

results of output are affected to a large extent
by model mput data such as DEMs and related
properties of slope gradients, slope aspects and
drainage density. Understanding the relationships
between flow depth, velocity and inundation
area across the model domain is of great in-
terest in modeling but difficult to define. Often
there is a dilemma of selecting an appro-
priatt DEMs size. The DEMs size should be
selected in such way that computational time
1S acceptable. Since the same water level hydro-
graph is introduced for the boundary condi-
tion of broken point on the dyke, the equal
volumes of water are expected to be stored in
the model domain. Even if domain areas in-
crease with increased element size, it 1s assumed
that such effect can be ignored, since inflow
and outflow boundary elements are of equal
size. This i1s to satisfy the law of mass con-
servation: for a certain time period, the in-
flow minus the outflow must be equal to the

change in storage.

4.3 Flood flow simulation

The study area to prove the proposed model
1s Samcheok city, Kangwon province, Republic
of Korea. The Samcheok city is surrounded
by mountainous areas, and the biggest part of
the city consists of low-lytng land as shown
in Figure 7. The city has a well known his-
tory of floods due to heavy rainfall in the past.
Annual mean precipitation in the study basin
was 1,350, and over 80% of the annual mean

rainfall in the basin of study area was con-
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Figure 7. Schematic representation of study areas

centrated in heavy showers occurring several
times during rainy season from May to
September during 1965-2003 (http://www.wamis.
gokr/). Among them, from August 317 to
September 1% 2002, the basin suffered from
a large flood due to heavy rainfall caused by
typhoon No. 14. The typhoon brought heavy
rain of over 700 mm, having nundated 3,639
houses, 200 ha of farmland, and claimed the
lives of 13 people. To worsen the matter,
another typhoon hit the same region in 2002
resulting in serious damage. The successive
disasters gave us an unforgettable experience
with people isolated from other town, the
paralyzed public and personal infrastructures,
wide-spread destruction of property and large
human casualties. “From flood control to flood
management” was a significant milestone and
inevitable trend for the adjustment of water
management strategies in rapidly developing
Korea. The proposed urban model was applied
to simulate this flood event. The flooding

simulation has been focused on the dyke break

which took place in the study period. Figure
8 shows the simulated flood depth for the
time when the river dyke just broken out at
19:00 August 31% 2002,
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Figure 8. Simulated result 19h later (at just
bank break)

Figure 9 shows the simulated maximum flood

depth during study period. The upstream boun-
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Figure 9. Simulated results at maximum
inundated depth
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dary condition is provided through a flow
boundary in terms of a water level hydro-
graph. Most of the inundated arcas are con-
centrated in the low elevation region. The flood
in inland areas flows and propagates to low-

elevation grid quickly.

5. Conclusions

A 2D numerical model has been presented
as a tool to simulate shallow water depth in
high density building area. Recently, developing
computer techniques associated with the greater
availability of terrain data in digital form has
favored the production of urban flood models,
which have spatial variability of topography
built into their structures. The availability of
digital geographical data, particularly DEMs,
gives us new opportunities for using the 2D
flow of building areas in the urban planning.
Hydraulic models for predicting water surface
profiles may be used by local emergency ma-
nagement, public works, planning, flood mana-
gement, and public safety personal to identify
at-risk structures and organizations. The models
also provide a basis for predicting the area
to be impacted, the water level, and flow
extent (corresponding to water surface profiles
from selected flows and or high water eleva-
tions). The most convenient and user-friendly
method to display and query this information
is through the use of a GIS. Base map infor-
mation including an aerial photograph or digital

map and point features for critical structures
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may be used as a backdrop for inundation
maps. Each different inundation map may be
a separate layer in the GIS. The advantages
of the digital data for building areas are rapid
collection and the ability to turn accurate
digital data into a model. It was demonstrated
that urban flood inundation is directly affected
by even quite small changes in topography
and the model sensitivity using buildings effect
was more complex than might have been
expected.

Although most of data are inputted in
digital form, some like inlets are not avail-
able. If they are prepared as digital form, we
can save simulation time and the effort re-

quired to input the data into the model.
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