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DEVELOPMENT OF A STORM RUNOFF MODEL
CONSIDERING PROCESS OF INDIVIDUAL BUILDING
INUNDATION
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ABSTRACT

A numerical simulation model for rainfall-runoff and flood inundation model considering process of
individual building inundation was developed. The set-up of this model is based on so-called “urban
landscape GIS delineation” that faithfully describes the complicated urban land use features in detail.
The flow between single spatial elements is based on established hydraulic and hydrological models
with equations that describe all aspects of storm runoff generation in an urban environment. The model
was set up and applied for the upper Kanda catchment in Tokyo Metropolis, Japan. The runoff response
to a storm event was simulated. It was demonstrated how the model can be used to evaluate the process
of building inundation in the urban hydrological system.
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1 INTRODUCTION

Heavy rainfall and poor drainage facilities cause inundations in urban catchments in Japan
[1]. The inundations are complex because of the problem of river overflow along with poor
drainage system along rivers. Moreover, such areas are at high risk of flood damage because
of the concentration of houses. As a result, not only the improvement of rainwater drainage
facilities, but also assessment and review of inundation risks through inundation simulations
are considered important for flood control [2, 3]. Inundation depth is the most important
parameter, and it is used for calculating the cost of damage for assessing flood control
projects [4].

Simultaneous flow analysis of rainwater is generally applied in inundation models. Exam-
ples of such models include regular mesh-shaped grids, unstructured grids and street network
models [5-7]. Generally, in these analytical grids, buildings are assumed to be resistant to
inundation, and inundation depth is not calculated individually [8, 9] this is because the geo-
graphical distribution details of buildings within a ward were not available [10]. In most
cases, the inundation depth of the buildings is considered the same as the calculated maxi-
mum water depth of the analytical grid [4, 10]. For the precise evaluation of building damage,
object-oriented land-use information of buildings should be evaluated, since the analytical
grid enables the calculation of the water depth of buildings. Only few published studies
explicitly explain the approaches for the studying individual building inundation. The lack of
such studies may be attributed to the demand for detailed, local input data and the large effort
required per unit area to obtain such information [4].
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In this study, a numerical simulation model for rainfall-runoff and flood inundation model
considering inundation process of individual building is developed here, which can divide
the computational region into individual land use feature. Especially this model aims to treat
the structure and distribution of individual buildings suitably and calculate the water depth
of the buildings in a direct way.

2 MODELLING OF BUILDING INUNDATION PROCESS
2.1 Urban landscape GIS delineation

The hydrologic characteristic of an urban surface depends on its land use. The types of sur-
faces present ranges from the relatively impervious character of streets, parking lots and
roofs, to the more pervious character of gardens, bare soil and parks. The geometric compo-
sition of these different types of surfaces that forms a block is usually complicated. This
complicated and inhomogeneous nature of urban catchments makes it very difficult to model
the runoff process with accuracy. However, by the use of what will be denoted “urban land-
scape GIS delineation,” which is described in detail below, the complex configuration of
urban catchments can be faithfully reproduced in a runoff model [11]. The model is thus
designed to be a tool which makes it possible to simulate the flooding process in an urban
catchment in a comprehensive, detailed and accurate way.

Figure la shows a schematic of the rainfall-runoff process as represented in the model.
When rainfall begins, water falling on a land use element inside a block or a road forms pools,
where water falling on a river adds to the river discharge. Rainfall excess from blocks flows
out directly or indirectly through different types of surfaces and finally out into the nearest
road. When a manhole exists inside the road, water flows through it to the rainwater sewer
pipe conduit. When no manhole exists, water flows down the road to an adjacent road ele-
ment. In a manhole, the water level is obtained considering the inflow from the road together
with the upstream inflow from connected pipe conduits. In a pipe conduit, the water flow is
obtained considering the water levels in the manholes located upstream and downstream,
respectively. When the water level in a manhole exceeds ground level, water flows out and
inundates the associated road. The inundated water either flows to adjacent road elements
until a manhole that has not reached full inflow capacity is found. It may also flow into and
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Figure 1: Schematic of the rainfall-runoff process (a) and (b) Map representing the different
spatial elements considered in urban landscape GIS delineation.
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flood a block, if the water level in the road is higher than that in the block. The water in the
sewer pipe conduits eventually reaches the river channel, which finally drains in the catch-
ment outlet. Infiltrated water from pervious land use elements inside blocks finally drains out
into the river as long-term groundwater runoff, which is however at present not considered in
the model.

2.2 Model equations

2.2.1 Direct runoff

Figure 2 shows the schematic of urban landscape GIS delineation and the assumed flow pro-
cesses. In land use segments inside block elements, direct runoff from a non-building segment
to an adjacent block segment is assumed. The direct runoff on a building segment is as fol-
lows. Although rainfall on buildings usually runs off to the sewer system through a gutter, it
is rare to have information on the connection between a building and the sewer system.
In model, the kinematic wave model [12] is applied to calculate the flow from a building
segment to the nearest road or river segment eqns (1) and (2). Since the actual shapes of indi-
vidual buildings are sometimes complicated, the shape (flow distance x, and flow width B) is
supposed to be square with the same size as the actual segment.

oh, 9dq,
o u, M
q, =ah(a =+/sin@ /N,, B=5/3) )

where g, denotes the discharge per unit width from the building (m%s), /1, the flow depth
(m) and x, the distance along the building (m). In (2), a and S are constants related to slope
and overland roughness, 0 the slope of the building (rad) and N, is the equivalent Manning’s
roughness coefficient (s/m!/3). Rainfall intensities in excess of the final infiltration capacity
become effective rainfall eqn (3).
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Figure 2: Parameters used for building inundation.
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2.2.2 Overland flow

To calculate the discharge in overland component, one-dimensional unsteady flow without
convective acceleration is assumed according to eqn (4). Water level changes in the overland
segments are computed by considering the effective rainfall and outflow/inflow from man-
hole elements in addition to the outflow/inflow from overland segments. After calculating
water storage, the water depth is obtained by eqn (5)

o0, , oM,
—+gA —
a S T R“/*

N
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dh, 20 +XBq,+X0,, +rArea,
dt Area,
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where Q_ is the overland discharge (m3/s), A the overland flow cross sectional area (m?),
H_(=z + h) the overland water level (m), z_ the overland elevation(m), i the overland water
depth (m) x, the longitudinal distance along overland segment (m), n the overland Man-
ning’s roughness coefficient(s/m'/3), v, the velocity of overland flow (m/s) R the overland
hydraulic radius (m), B the width of bulldmg segment (m), Q. the dlscharge to/from man-
hole from/to overland (m*/s) and Area_ the overland area (m?) (excluding the building area in
block segments).The numerical analysis technique used for the overland flow, as well as for
the calculations of sewer pipe flow and river flow described below, is the unsteady flow equa-
tion by the explicit finite difference method.

2.2.3 Building inundation

In order to calculate the building inundation depth, buildings in the block element are used
for the analysis of the overland flow and the flow to the buildings is considered based on the
water level around the buildings eqn (6). Figure 3 shows the parameters used in the model.

0 { ulLaohxo\IZghyo (hyo I hyy <213)
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(6)

where Q, is the flow from the surrounding features to building (m3/s), and are flow coef-
ficients, is the opening ratio below the 1st floor, is the opening ratio above the 1st floor, and
L is the outer perimeter of the building (m). In addition, 4, is the indoor inundation height
above the 1st floor (= H - B,), h, is the outdoor water height above floor (= H - B,). The same
height applies to the water level to the underfloor air vacant, and 4, is the indoor inundation
height (= H, - B), h, is the outdoor inundation height (= H, - B)). The overflow equation is
used for the discharge from/to a building. The inundation depth in the building is calculated
by eqn (7).

dh, _(2.0n+2.0) ™

dr 0.94,

where, A, denotes the building roof area which is obtained from the urban landscape GIS.
In this study, we assume the floor area is approximately 90% of the roof area.
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Figure 3: Location of the upper Kanda catchment in Tokyo and (a) and overview of the upper
Kanda catchment selected for model application (b).

2.2.4 Sewer pipe flow

The runoff in a sewer is usually in the state of free surface flow. However, in the case of a
storm, both free surface flow and surcharged flow occur, and their regions vary temporally
and spatially. In order to describe these processes in detail, a particular model for sewer pipe
flow with surcharge is required and here dynamic waves are used to describe both free surface
flow and surcharged flow. For the surcharged flow, the technique based on the assumption of
a hypothetical slot is applied [13]. The equation of motion without convective acceleration
and continuity of the slot model is applied as

0 n’Q |v
&+gA oH, +g"Q”|”|=O 3)
ot "\ ox,

where Q is the pipe discharge (m3/s), A‘,7 the pipe flow cross sectional area (m?), H, the man-
hole water level (m), X, the distance along pipe (m), n, the pipe Manning’s roughness
coefficient (s/m'?3), v, the velocity of pipe flow (m/s), R, the pipe hydraulic radius (m).

In a manhole, the storage quantity and water level are calculated by eqn (9) and eqn (10)
respectively. The storage is based on the size of the manhole and its connection according to

ds,
o= 2L0 20 ©)
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H, =f,(,) (10)

where S, is storage quantity in a manhole and connected pipe (m3), Q,, the flow from/to the
connected pipe (m%/s) and /., @ function relating storage to water level in the manhole (m).

When the water level in a manhole exceeds ground water level, water flows out and inun-
dates the associated overland segment. The discharge between a manhole and a overland
segment is evaluated according to

S H) = o (H,) (outflow from manhole)
Q,, = dt (11)
UArea, \/gAh, (inflow to manhole)

where f,  is a function relating manhole water level to volume ,u a coefficient and Area,, the
manhole area.

2.2.5 River flow
The river channel flow considering the inflow from the rainfall and sewer pipes, as well as the
side inflow from overland segments, is calculated by the equations of motion and continuity as
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where v, is the velocity of the river flow (m/s), x, the distance along river channel (m), H, the
river water level (m), n_river Manning’s roughness coefficient (s/m'3), R the river channel
hydraulic radius (m), A, the river flow cross sectional area (m?) and g, the cumulative discharge
from sewer system and overland segments to river segment in addition to rainfall (m>/s).

3 APPLICATION TO THE UPPER KANDA CATCHMENT
3.1 Study area

The study area selected for the model application is an urban catchment, which is located in
the Kanda catchment Tokyo Metropolis, Japan, as shown in Fig. 4a. The study catchment will
be termed “upper Kanda catchment” and Fig. 4b shows this catchment in some detail. The
boundary of the study catchment is specified based on two conditions, the topography and
the extension of the sewer pipe network. The upper Kanda catchment area is ~11 km? and the
length of river inside it is ~10 km. It is essentially a residential area with some minor parks,
groves, fields, etc. There are several water level gauges and rainfall gauges in the catchment.
Concerning the land use, ~65% of the surface is impervious. Rainfall from the upper part of
the Kanda river reaches the study catchment only by gravity flow through the combined sewer
system. There is a main sanitary sewer along the Kanda River. During intense storms, this
sewer soon flows full and discharges downstream of the catchment, which makes the catch-
ments vulnerable to flooding. Concerning rainfall and runoff observation, there are seven
rainfall gauges around catchment, where observations are made with a 1-min time resolution
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Figure 4: Final map of overland component (a) and sewer element (b) in the upper Kanda
catchment.

by Tokyo Metropolitan Government. Fig. 3 shows the final maps of overland component
(a) and sewer element with road, block and river segments (b) in the entire study catchment. It
should be emphasized that more than 180 000 homogeneous elements (land use, road, river,
manhole and pipe) were used to completely specify the urban catchment.

3.2 Application condition

Table 1 gives the parameters of the model for the building inundation process. The ground
level of each building was calculated as an averages obtained from a 5 m DEM with 0.1 m
precision in elevation, with 0.1 m added to that value to set the elevation of the building. The
floor height and water intrusion rate of a building can have significant impact on the risk
of building inundation. Therefore, we classified buildings into residential houses and
non-residential buildings, such as commercial facilities and factories, in order to approxi-
mate differences in building accessibility. For residential houses, the Japanese building
standards stipulate that the height of the foundation should be at least 45 cm above the
ground surface elevation, and underfloor ventilation holes of 300 cm? in cross-sectional area
should be installed at least every 5 m along the foundation [14]. The height of the foundation
is assumed to be 50 cm in our model, while that of the ventilation holes is assumed to be 10
cm from the top of the foundation with a width of 30 cm every 5 m in foundation length. As
a result, the opening ratio below the 1st floor is 6/100 (= 0.3/5.0). For factories, commercial
facilities and other non-residential use buildings, the height of the Ist floor is assumed to be
25 cm. The foundation height of buildings with basement rooms is assumed to be 3 m in
depth below the site elevation.
Table 2 gives the parameters required by the model. Only standard values
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Table 1: Parameter of the building inundation model.

Wooden Non-wooden  Commercial use
B, +40 cm - -
B, +50 cm +50 cm +25 cm
a, 6/100 - -
a, 6/100 2/100 2/100
Numbers of elements 2,449 28,708 2,893
Total Area (m?) 188,919 2,601,434 273,530

Table 2: List of required input data and parameters of the model.

Parameter (Unit) Value
Initial infiltration Green space 30
capacity (mm/hr) Others 10
Final infiltration Green space 20
capacity (mm/hr) Others 5.0
Building roughness

coefficient n, (s/m'?) 0.035
Overland roughness Between roads 0.043
coefficient n (s/m'/3) Other 0.067

Channel roughness

coefficient n (s/m!/3) 0.0225

Pipe roughness

coefficient n (s/m'”3) 00.013

were used in this study, and no attempt was made to adjust the parameter values is made
but standard values are used [5, 15-17].

3.3 Simulation of actual storm events

To test the applicability of the model for storm runoff analysis, simulations were performed
for two historical storm events. The first represents a small scale event in October 2004, dur-
ing which the storm water runoff in the sewer system was mainly free surface flow and no
inundation occurred. The second represents a flooding event that followed heavy rainfall
caused by typhoon no. 14 (Nagi) in September 2005. Although there was no significant inun-
dation damage in the upper Kanda catchment, due to the use of an underground retention
basin for the river, we evaluated the building inundation model using inundation characteris-
tics assumed in the absence of the underground retention basin.

In the simulations, the initial water levels and discharge in the river channel were set at
steady-state conditions, after an adequate model warm-up period for the calculations to attain
stability, during which river flow was calculated using the first water level observation in each
event. The initial flow in the sewer system, overland component was set to zero. The water
level at the catchment outlet was estimated from the calculated discharge using the outlet
rating curve.
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3.4 Results

The validity of the model was judged using the water levels in river channels. Observed and
simulated water levels at gauge locations L1 and L2, together with the observed rainfall dur-
ing the first storm event, are shown in Fig. 5a and b. The calculated and observed discharges
are in good overall agreement at these two locations, although no calibration or tuning of
model parameters was performed. Also the runoff peak is generally well reproduced, although
it is underestimated by 4 m?/s at gauge L2. Overall, the accuracy and trends in the simulated
data were very similar to the observed discharge data.

In order to also evaluate the model’s ability to reproduce inundated conditions, a second
simulation was performed using the major storm event that occurred on 2005-09-04. The
maximum observed 1-h rainfall volume was 112 mm within the Kanda catchment.

Figure 5c and d show observed and calculated river water levels at L1 and L2. The observed
water level at L1 is lowered intermittently because of the inflow to the retention basin. Over-
all, the simulated levels, including the peak water level agree with the observed levels,
although the initial rise time of the simulated water level is 20 minutes earlier than that of the
observed water levels. There was no difference between the model and a conventional model
without considering the process of individual building inundation in terms of simulated river
water levels.

In the simulation, to evaluate the area affected by building inundation, the distribution of
the maximum inundation depth in the catchment was determined. A sample map of the max-
imum inundation depth near the river channel is shown in Fig. 6. The symbol inside the
building denotes whether it is intended for residential or commercial use. In the proposed
model, which employs the explicit process of building inundation, rainwater is assumed to
flow into residential houses through ventilation holes in the foundation, which are set 40 cm
higher than the site elevation. We found that residential buildings are inundated when the
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Figure 5: Observed and simulated river discharge in gauges L1 (a) and L2 (b) during event
2004/10/9 and Observed and simulated river water level in gauges L1 (c) and L2
(d) during event 2005/9/4.
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Figure 6: Distribution of maximum inundation depths (a) Overall vies, (b) Expanded view.

maximum inundation depth of their surroundings is in the range of 25-50 cm. As the inunda-
tion depth increases from 50 to 75 cm and exceeds 75 cm, the inundation depth of the
buildings also increases gradually. This means that in this simulation, the space under the
floor of residential houses does not get flooded unless the water level around these buildings
exceeds 40 cm. In conventional modelling approaches which are usually based on regular
mesh-shaped grids, unstructured grids and street network data [5, 6, 10], the inundation depth
of the building is usually set the same as that of the analytical cell, and hence, there is a ten-
dency to overestimate the inundation risk of buildings as compared to the proposed model.

4 SUMMARY AND DISCUSSION
In this study, a numerical simulation model for rainfall-runoff and flood inundation was
developed; this model considers the inundation process of individual building. The model
was built and evaluated for the upper Kanda catchment, Tokyo Metropolis, Japan. In the
model, the parameters for the foundation height and floor height of each building and the
opening ratio below and above the 1st floor were set for individual buildings based on their
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structure and purpose. The model was applied to simulate one major storm event. It could
reproduce differences in the inundation depth of individual buildings reflecting the additional
input parameters. The use of the model to evaluate the inundate condition for specific prop-
erties of the building was also demonstrated.

Overall, the results show that the suggested approach, which is based on a detailed repro-
duction of all relevant elements in an urban catchment, can simulate the process of individual
building inundation. Although in principle, the approach is relatively straight-forward, it has
been developed and applied practically until now because of limitations in GIS data availa-
bility. We believe the methodology has a wide range of applications with regard to improving
flood protection facilities and installing new runoff control facilities. Another potential use of
the model is detailed urban impact assessment of the higher rainfall intensities that are
expected to occur more frequently in the near future. The condition at specific critical loca-
tions can be easily extracted from the model output and used for flood risk assessment.
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