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Abstract: The purpose of this research is to develop an integrated urban flood inundation analysis model which can simulate inundation phenomena including underground space by integrating with GIS (Geographic Information System). To analyze inundation in urban area, irregular cell based numerical model is developed. Especially, the flow characteristics in underground space were computed using link-node system. The suggested model can simulate the underground flood flow related to the influence of stairs and wall-structures. Empirical discharge formula were introduced to analyze weir-type flow for a underground shopping mall and channel-type flow for subway railroad respectively. The developed model was applied to the Banpo the subway station in Seoul, Korea. The simulated results agreed with reasonable range in terms of the inundated depth and  extent.
1. Introduction

When the flood exceeds the capacity of the urban storm sewer system, it causes human and property losses.To prevent such flood damages in urban area, it is necessary to develop adequate inundation analysis model which can consider complicated geometry of urban area and drainage system simultaneously. 
Existing models can only provide inundated volume at the surcharged inlet without describing detailed information as inundated area, flow depth, and flood duration. Such limitation necessitates development of the integrated model combining drainage networks model and surface runoff inundation model to simulate flood in urban areas. 

Basically using the computation result of the drainage system flow analysis, integration with surface runoff inundation model allows for simulating urban areas inundation. However the results of model run reveal that some areas in the basin with complicated geometries remain inundated although surcharged overflow has been ceased. This is because the existing integrated model is not sufficiently able to describe drainage processes of inundated flows. Because of such limitation of the existing model it is necessary to develop fully integrated model to simulate surface inundation considering the inner conditions of drainage pipeline. Thus, in model development it is important to integrate flows in drainage pipeline with surface runoff considering return drainage flow that occurs when surcharged overflow passes the non-overloaded pipeline inlets. Therefore, it is necessary to establish hydraulic relations between two different flow conditions. For development of an integrated urban inundation analysis model in this study, two-dimensional inundation model has been developed, which is integrated with SWMM, a drainage system analysis model. 

The proposed model in this study has been applied to the Banpo drainage basin in Seoul, Korea where the inundation frequently occurred because of insufficient capacity of drainage system. Through the analysis of inundation process using the proposed model, it is possible to identify the target area vulnerable to inundation. 

2. Integrated inundation analysis model for urban area

2.1 Flow analysis in drainage systems
EXTRAN block of SWMM (Roesner et al., 1988, James et al, 1999b) simulates the flow in the pipeline network using the following equation combining momentum equation and continuity equation of shallow water equations as follows
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where, A is cross section area, Q is pipe flow, V is flow velocity in the pipeline, x is distance of pipeline or channel, t is time, H is pipeline water elevation(=z+h), h is bottom elevation of pipeline, Sf is friction (energy) slope.

Eqn. 2  represents the continuity equation in the junction.
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where, As = water surface area at junction

Overflow discharge occurs when
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However, SWMM model is not capable of computing the details such as inundation locations and inundation depth necessary for flood management. Therefore two-dimensional flood inundation analysis is required.

2.2 Inundation analysis for overflow discharge

The continuity and momentum equation of the governing equation for 2-dimensional inundation analysis in x, y directions are given as follows.
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Where d is flow depth of surface runoff, qx, qy is unit width flow rate, average velocity in x, y direction, Sox, Soy is bottom slope in x, y direction, Sfx, Sfy is friction slope in x, y direction, t is time, g is gravity acceleration, e is source or sink term in unit area.
Surcharged overflow propagates through surface runoff. When surface runoff discharge passes the manhole entrance where surcharged overflow occurs, both surcharged overflow and surface runoff are considered during flood analysis, and at the manhole entrance without surcharged overflow, some portion of runoff discharge returns and inflows to the drainage pipelines
2.3 Inundation Analysis of  the Underground Space

For the inundation analysis in underground space, link-node method is adopted. Weir-type flow model is applied to a underground shopping mall and parking lot, whereas channel-type flow model is applied to underground street and subway railroad. Fig. 1 shows the inundation depth at the inflow entrance just before the onset of ground space inflow and inflow quantity according to temporal change. The continuity equation for link-node method is shown as follows.
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Where, 
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Fig. 1 Concept of flood inundation in underground space

3. Model application

The proposed model is applied on the express bus terminal drainage basin in Seoul, Korea, where flood inundation has been occurred frequently due to insufficient drainage capacity and relatively high water level. Storm event during July 14th ~ 15th, 2001 has been chosen for model validation which yielded serious flood damage in this basin.
3.1 Description of study area

The area of the Banpo drainage basin covers 189.5 ha with 91% high pavement ratio and has detention basin with storm water pumping stations. Following the rainfall record at nearby gage station, the storm event started from July 14th afternoon. During this period the maximum rainfall reaches 99mm during 03:00~04:00 exceeding the previous record of 67 mm in 1998. Heavy rainfall and insufficient pumping capacity in this area raised water level up to 10.3 m exceeding H.W.L. of the detention basin to yield flood inundation
The drainage network system is shown by using the main pipelines, and the digital map of target area extracted from 1:1000 National Geographic Information System(NGIS) digital map. For the flood inundation analysis in urban area, 6,775 elements of 20mX20m grid size are used to describe the shape of drainage basin considering backwater effect due to water level rise at the outlets. 
3.2 Flow into Underground Space 

Results of the inundation analysis in the Banpo urban catchment were used to estimate the inflow quantity to the underground space of the catchment. The underground space of the study area is a three-story building (Fig.1). Each floor is connected with stair entrance which becomes an inflow channel during the inundation. Inflow boundary condition is estimated using stage at the beginning of inflow to the ground since it takes only couple of minutes from ground to the first floor of the underground space. The boundary condition of the inflow process to the next layer is decided by same way as that of the first floor.

We assume that a 30 cm water barrier wall is installed at the stair entrance and the overflow to the ground space begin when the inundation depth rise to the height of the water barrier wall. Equation 2.6 represents the empirical formula to estimate weir-type underground inflow quantity .
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Fig. 2  Simulation results of multi-story inundation process (t=5hr)
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Fig. 3  Simulation results of multi-story inundation process (t=6hr)
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The flexibility of the model applicability is a crucial criterion in designing a flow analysis model for complex underground space. In this study, an irregular pixel model and GIS technique are introduced to simulate the flow process in the complex urban underground structure. Figs. 2 and 3 illustrate the multi-story inundation process using 3-D plot after 5 and 6 hour respectively. 

The results were compared to that of a inundation analysis model to validate the applicability of the developed model in the analysis of underground space inundation. The contributions of this work are Improved the applicability of the model in analysis of complex underground inundation process by introducing an irregular pixel model. The model can simulate the flow process in a multi-layer underground space using an link-node system and the model can do the more accurate simulation of the flow variation by the influence of wall structure and can improve the simulation efficiency and analysis accuracy by integrating surface and underground inundation models

For model verification, the inundated area Aobs of the flood trace map and Acal of the model has been compared using following equation(Bates et al., 2000). Fig. 4 shows the inundation extent in Banpo urban catchment.
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Without roadway inundation in the flood trace map, model fit ratio using Eq (9) is computed as 80% showing a good agreement. Some discrepancies in identifying the inundation area during the comparison are due to the fact that the flooding in the vicinity of the target drainage basin is not accounted, only main representative pipelines are considered, and the flood trace map has been constructed after the flood event. 
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Fig. 4  Inundation depth at the Banpo urban catchment 

4. Conclusions
For this study, we developed an urban area inundation analysis model. The proposed model integrates drainage system analysis model into flood inundation model considering hydraulic relation of the flow characteristics in two models. The flow characteristics in underground space were computed using link-node system. The suggested model can simulate the underground flood flow related to the influence of stairs and wall-structures. Empirical discharge formula were introduced to analyze weir-type flow for a underground shopping mall and channel-type flow for subway railroad respectively.
The suggested model has been applied to the Banpo drainage basin located in Seoul, Korea for the flood event occurred in July, 2001. For model verification, simulation results of sequential process and drainage process were compared with flood trace map which demonstrated good agreements.

The developed model should be very useful for the decision support system of flood control authority in redesigning and constructing flood prevention structures in urbanized area. Also the model can be used to assess flood damage in underground inundation. The model has strong advantages of the field of urban area flood damage mitigation and flood management.
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