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A mathematical model based on unstructured meshes for analyzing 2-D flood inundation is applied to
the Hanoi central area. The model application includes three cases: a real heavy rainfall analysis, an
assumed exceptionally heavy rainfall analysis and an assumed dike break analysis. The simulation result
of the real heavy rainfall analysis shows the general agreement with the observed data. The results of the
last two analyses give an overview of flood disasters if they happen to the city. These results show that
the applied model could be a useful tool for the city flood control and for the prediction of flood
inundation process in any areas of interest.
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1. INTRODUCTION

2-D flood inundation analysis for the Hanoi city
is a relatively new topic. Recently, most of the flood
analyses have been concentrated on 1-D flood
simulations in the Red River system. In rainy
seasons, some parts of the city are usually flooded
by heavy rainfalls. In addition, some big dams, such
as the Hoa Binh and Son La hydropower dams, are
located in the upstream area of the Red River. As a
result, there appears more and more potential of
dangerous dike breaks in the downstream areas
when sudden extraordinarily big floods or upstream
hydropower dam failures occur. In such cases,
severe floods are not confined in the approximated
1-D river channels, but rather in 2-D inundation
areas. Therefore, a computer model for the 2-D
flood inundation analysis is urgently needed to
assist the improvement of the city drainage and
sewerage system and to predict the inundation
process of floods in the area. In addition, the model
should have the ability to treat the complicated
topography of city area. The 2-D model based on
unstructured meshes is therefore a good choice
because of the flexibility of the unstructured meshes

in describing complicated areas. Here, the model
developed by Kawaike et al. (2000) is applied.

2. DESCRIPTION OF THE STUDY AREA
The study area is the Hanoi central area (Fig. 1).

The Red River flows to the South East. A dike
system is located along both sides of the river.

Tri

Fig.l Location of the study area

(1) Characteristics of the area

The government offices area and the shopping
and traditional areas are shown in Fig. 2. There are
some small lakes and rivers inside the area (Fig. 5).
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Fig.2 Major areas in the city (G: government offices area,
S: shopping and traditional area)

The typical trend of the ground elevation in this
area is the inclination in the South-West direction.
Especially, the difference between the city ground
elevation and the bed elevation of the Red River is
not so significant; this is shown in Fig. 3 for one

cross section C1-C2 in Fig. 2.
Elevation (m)

0 2000 4000 eoop (M)
Fig.3 Cross section C1-C2 including its part in the Red River

(2) Flood disasters caused by heavy rainfalls

In rainy seasons, serious inundation floods
caused by heavy rainfalls are quite common in the
city (Photo. 1).

Photo.1 A flood inundation caused by a heavy rainfall in Hanoi

(3) Potential of river dike breaks

Because the Red River dike is built using soil
based on a weak foundation of the river delta, there
exists a real potential of dike breaks during
exceptionally big floods. In 1971, a historic flood,
with the return period of 150 years, occurred in the
Red River and caused a real danger of a dike break
at Hanoi. The government had to use some upstream
flood diversion areas to protect Hanoi.

3. NUMERICAL TECHNIQUE

Numerical solutions for 2-D overland flood
flows have been developed by Iwasa, Y., Inoue, K.
and Mizutori, M. (1980)V and by Inoue et al. (1994)
2 using the finite difference scheme based on

Cartesian meshes. Kawaike et al. (2000)? applied
that based on unstructured meshes. In this capital
city, streets, lakes, small rivers and residence areas
are not located regularly. For such metropolitan
area, inundation process should be expressed
accurately as much as possible. In most cases, this
can be done more exactly and effectively by using
unstructured meshes. Then Kawaike’s method is
applied here.

(1) Basic equations for unsteady 2-D water flow
The 2-D wunsteady flood flow with the
consideration of rainfall intensity and drainage
capacity can be described by the system of shallow
water equations?), including:
Continuity equation:
%*’ﬂ*'ﬂ = rain ~ Qdrain (1)
o  ox  dy
Momentum equations:

ﬂ_'_a(uM) a(vM) _ghgﬂ_gnzMw/uz +? 2)

e

a  ax dy ax Wb
ﬂ+a(uN)+a(vN)=_gh£_gnzN\/4uz+v2 3)
ot ax ay dy ¥

where ¢ is time; « and v are x and y components
of mean velocity; 4 is water depth; M =uh and
N =vh; H =h+z,where z, is bed elevation from
the gravitational

roughness
is

the reference datum; g is
Manning
intensity;

acceleration; n is the

coefficient; g, is rainfall 9 drain

drainage capacity which is approximated to be the
depth of water drained away per time unit through
drainage and sewerage system.

(2) Solution approach using unstructured meshes

The method uses the finite difference technique
based on unstructured meshes®. The study area is
divided into convex polygons with arbitrary
numbers of sides (Fig. 4). Locations of M , N and
h variables in the difference equations are chosen at
the center of each side and at the centroid of each
mesh, respectively (Fig. 4).

A and B: simultaneous meshes used to determine M, N, u, v of side L
Cc :individual mesh used to determine h

Fig.4 Unstructured meshes and locations of variables

As shown in Fig. 4, & can be determined by
using only mesh C and the finite difference form
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for the continuity equation, Eq.(1), is:

B3 g m

St M) - e)) @
=94 sinc =9 drainc

on the other hand, M , N are located on a side, e.g.

side L, the determination of M , N needs both

adjacent meshes 4 and B of the side L (Fig. 4).

The finite difference form for Eq.(2) is:

Mno?. _Mn
—L L iml+m2
2At

1”’I+2 -*-1‘4’l V] a2 (5)
) -g}?"” (VH) _gn? ‘% (uL) +(VL)
L ¥ (}‘;’Lnu)%

{4 M (Ay), ~viM] (Ax)} (6)

Mavp

ml+m2 =
A+E

The finite dlfference equation for N is exactly
the same form with that of M and is skipped here.
n is the step increment; As is the size of the time
step; the subscript C denotes the variables
belonging to the mesh C; A. is the area of the

mesh C; m is the number of sides of the mesh C;
M,, N, are discharge flux components of side / of

the mesh C; M .» N, are discharge flux components
to be determined on the side L; (VH), and (VH )y

are x- and y - components of the gradient of H ;
h, is the interpolated water depth on the side L ;
A,,p is the sum of the areas of the mesh 4 and B;
m,,, is the number of sides of the mesh 4 and B
excluding the side L; M, is x - wise interpolated
discharge flux on side /. (Ax), and (Ay), are the
differences of the x and y coordinates at both ends

of side /, respectively. That explicit scheme gives
the numerical solution of M , N , h by solving
Eq.(5), Eq.(6) and Eq.(4) respectively.

(3) Boundary and initial conditions

The boundary conditions include those of the
followings: dike-break, high wall and free overland
flow conditions. As for the dike-break condition, the
discharge fluxes of sides of meshes at the break
point are calculated by using the known discharge
hydrograph of break point. The high wall condition
means that, at the physical boundaries, there is no
flow flux through these boundaries and the flux is
set to be zero. As for the free overland flow
condition, the discharge fluxes, at those boundaries
where flux could exist, are calculated by using drop
type or step down flow formula: M(n)=(2/3)"*h/gh -
In Fig. 6 boundary sections where each type of
conditions is applied are shown. B1~B2 is high wall
boundary; B2~B3 is free overland flow boundary;
B3~B1 is high wall boundary including boundary of

assumed dike break point.

As for the initial condition, at the meshes of
lakes and small rivers, the water depth is initialized
to be the depth of those structures; otherwise it is
initialized to be zero.

4. MODEL APPLICATION

The mathematical model was applied in three
cases of analysis: (1) a simulation of the flood
inundation caused by the real heavy rainfall on
August 3 2001 in the Hanoi area, (2) a simulation
of an assumed inundation flood caused by the
extraordinarily heavy rainfall of the Nagoya city,
Japan (Fig. 10), (3) a simulation of a supposed
inundation flood caused by an assumed dike break
during the historic flood in 1971.

The study area is divided into 5060 unstructured
meshes including three categories: the street
meshes, the lake and small river meshes and the
residence meshes (Fig. 5). Small river, lake and
street meshes are treated as meshes with lower
ground elevation because there is no bank along
rivers in the city.

[] Residence
E=7] street
B River, lake

Area: 29.7 km*

é

1 (km)
Fig.5 The computation meshes of the study area

The roughness coefficient for street, small river
and lake and residence meshes are 0.043, 0.020 and
0.067, respectively. As for drainage capacity or

Q.. » At present, the drainage and sewerage system

of the city is assumed to have capability to decrease
0.01m water per hour. Therefore in computations,
at meshes with water depth 4>0.0 is set to

qdrain
0.01m/hr, otherwise it is set to zero.
B2 Bl

Ground elev. (m)

1 (km)
Fig.6 The ground elevation of the study area (D, D1, D2:
assumed dike break positions)
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(1) Real heavy rainfall analysis

The rainfall intensity in this analysis is the
recorded historic rainfall (0:00 a.m. to 6:00 a.m.) on
August 3" 2001 in the Hanoi area (Fig. 7).

Heavy Rainfall Intensity
Rainfal (Hanoi - August 3rd 2001) Cummulative
{memin) Rainfel (mm)

750
60.0
450

300

150

1 2 3 4 § 6
time (hours)

Fig.7 The recorded rainfall on August 3™ 2001 at Hanoi

According to the Hanoi Department of
Hydrology and Meteorology, the information of
some serious flooded areas caused by this rainfall is
shown in Table 1 and Fig. 8. The observed data
were taken at 9:00 a.m. on August 3",

Table 1 Observed water depth (averaged in each area)

Areas (streets) Water depth
A (Ba Trieu, Nguyen Du...) about 1.0 m
B (Nguyen Khuyen, Quoc Tu Giam...) about 0.6 m
C (Nguyen Chi Thanh) about 0.3 m

wd gy
GRS
&L
7 N
\:\.\'.’s 200
i

Fig.8 Locations of some serious flooded areas caused by
the heavy rainfall on August 3™ 2001

As shown in Fig. 9, computed water depths at
places A, B, C at 9:00 a.m. agree quite well with the
observed water depth. However, water depth at
place C is a little bit smaller than the observed one.
The maximum value at that place during the rain is
even smaller than 0.3 m. This could be due to the
interpolation of ground elevation because the

elevation map used does not have high resolution.
water depth (m)

AREm LRl

0 2 4 B 8 10

time (hours)

Fig.9 Computed water depth at places A, B, C

(2) Assumed exceptionally heavy rainfall analysis

The observed rainfall intensity of the
exceptionally heavy rainfall at the Nagoya city,
Japan, is used (Fig. 10). The return period of this
type of rainfall in Hanoi is unknown. However due
to recent abnormal changes of weather condition, it
is believed that heavy rainfalls with the same
intensity can occur in the study area.

Rainfail TWO-DAY RAINFALL OF NAGO YA Cumulative
(mmshour) 11-12 Sept. 2000 rainfall (mm)
100 83 mmihr 1000
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80 800
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Fig.10 An exceptionally heavy rainfall at the Nagoya city

The computed results are shown in Fig. 11 to
Fig. 16. The rain is assumed to start at 0:00 a.m.
After 8 hr, some areas, not including lake and small
river, are flooded with approximate 0.6 m water
depth (Fig. 11).

Water depth (m)

3 «<0.001
E3 <0.050
£ <0200
<0.500
< 1.000
< 1.500
< 2,000
»=2.000

Fig.12 The discharge flux after 8 hr

As shown in Fig. 13 and Fig. 14, after 22 hr, the
water depth reaches its peak value of 1.5 m in some
areas (except lake and small rivers). This peak value
remains for about one hour. As shown in Fig. 13,
fortunately, almost all the government offices and
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traditional areas are still safe. In most of these areas,

water depth is smaller than 0.2 m.

Water depth (m)

33 <0.001
<0.050
«0.200
< 0.500

< 1.000

< 1.500

3 <2000

B >=2.000

1 tkm) L
Fig.13 The inundation water depth after 22h

£
{
)

Discharge flux

49 {m265)

i A
Fig.14 The discharge flux after 22h

Fig. 15 and Fig. 16 show the inundation process
after 35 hr. Water depth is still decreasing but very
slowly because the present city drainage system is
not good. The value of 4, is supposed to be

0.01lm/hr as mentioned before. At that time, the
flooded area is no longer too large but the water
depth is still high in some low areas. Therefore,
measures to evacuate water from low land areas are
strongly needed.

Water depth (m)

1 <0001
[ <0.050
T <0.200
E <0500
< 1.000
< 1.500
<2.000
B >=2.000

e—
1 (km)

Fig.15 The inundation water depth after 35 hr

o

Fig.16 The discharge ﬂux after 35 hr

As shown in Fig. 17, the maximum flooded area
with 0.5 m or higher water depth is 18.0 % of the
whole study area. After 48 hours, it still remains
large, nearly 10 %. It is obvious that to cope with
such heavy rainfall, the city sewerage and drainage
system must be much more improved.

area (km2)

percentage (%)
s po—. & 7

100

water Gepth WSm m T80
m @
3
Psrcenta go ofths fooded wenwith [T 40
atsr 3 05 —
L » 20

o 8 18 24 32 40 48
time (hours)

Fig.17 Flooded area with 0.5 m or higher water depth and its
percentage in the whole study area.

(3) Assumed dike break analysis

Fig. 18 shows the hydrograph observed at Hanoi
during the historic flood in August 1971. The real
trend of discharge would look like the dotted line
which is extrapolated from the observed data,
because, at that time, flood water was diverted into
the upstream diversion areas to protect Hanoi.

RED RIVER FLOOD DISCHARGE
(AUGUST - 1971)

Q (m3/s)
32000

27000
22000
17000
12000

7000

0 200 400 600 (hours)
AAAAAAA Q_EXTRAPOLATED Q_OBSERVED

Fig.18 The observed and the extrapolated hydrographs

The difference between the extrapolated and the
observed discharge is adopted into the model as the
assumed dike break discharge (Fig. 19).

Q (m3/s)
8000
6000

4000 v

2000

t
* (hours)
o 8 16 24 32 40 48

¢}
Fig.19 The discharge hydrograph of supposed dike break.

The dike breaks are assumed at three points
having lowest ground elevation along Red River
dike: D, D1 and D2 (Fig. 6).

Computed result for the assumed dike break at
point D is shown. Fig. 20 and Fig. 21 show the
inundation process when flood water depth reaches
its peak value after 18 hr. In Fig. 20, most of the
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central area is severely flooded with greater than 1.0
m water depth. The major areas, as shown in Fig. 2,
are also in very dangerous situation.

Water depth (m)

£ <0.001

«<0.050
€3 <0200
<0.500

—
1 (km)

Fig.20 The maximum water depth after 18 hr

& 0
Discharge flux

160 (m2is)

T3 n

Fig.21 The discharge flux after 18 hr

Fig. 22 and Fig. 23 show the flood process after
60 hr. At that time the typical water depth, not
including river and lake, is about 0.5 m. It means
that half a day after the dike break stop, the recovery
work could be started.

Water depth (m)

£} <0001
£ <0.050
EJ <0.200

1 (km)

Fig.22 The inundation water depth after 60 hr

SNpr
60: 0
Y leischarge flux

L 480 (m2ssh
1

Fig.23 The discharge flux after 60 hr

Fig. 24 shows the percentages of flooded area
with 0.5 m or higher water depth for three cases.

The danger level increases if dike break occurs at
more upstream points. The maximum percentages of
flooded area of three cases of D, D1 and D2 break
points are 76.5%, 89.7% and 68.7 %, respectively.

percentage (%)
100 s

40
30
20
10
5
0 8 18 24 32 40 48
time (hours)

Fig.24 The percentages of flooded area with 0.5 m or higher
water depth of three cases of positions of assumed dike
break

5. CONCLUSIONS AND REMARKS

The model was successfully applied to the Hanoi
central area. The result of the real heavy rainfall
analysis roughly agrees with the observed data. The
result of an assumed heavy rainfall and an assumed
dike break analysis give an overview of the
inundation process of floods if they happen to the
city. The model could be a useful tool for the city
flood control and for the prediction of inundation
process in any flood diversion areas. However, to
get better result for city areas, it is necessary to
incorporate full drainage systems into the model.
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