

  water-13-02505




water-13-02505







Water 2021, 13(18), 2505; doi:10.3390/w13182505




Article



Risk Type Analysis of Building on Urban Flood Damage



Kiyong Park 1, Sang-Hyun Choi 2 and Insang Yu 3,*[image: Orcid]





1



School of Planning, Design & Construction, Michigan State University, East Lansing, MI 48824, USA






2



Management Information System, Department of Big Data, Chungbuk National University, Cheongju 28644, Chungbuk, Korea






3



Korea Adaptation Center for Climate Change, Korea Environment Institute, Sejong 30121, Korea









*



Correspondence: isyu0612@naver.com; Tel.: +82-10-5499-8567







Academic Editor: Juan Antonio Ballesteros Canovas



Received: 16 July 2021 / Accepted: 7 September 2021 / Published: 12 September 2021



Abstract

:

Climate change caused by global warming has resulted in an increase in average temperature and changes in precipitation pattern and intensity. Consequently, this has led to an increase in localized heavy rain which intensifies the uncertainty of the development of urban areas. To minimize flood damage in an urban area, this study aims to analyze the flood risk effect on buildings by ranking the risk of flood damage for each building type and sorting the long-term land use plan and the building type that requires particular consideration. To evaluate the flood risk of each building type, vulnerability analysis and exposure analysis were conducted in five regions of the Ulsan City. The vulnerability analysis includes determination of each building type by using the building elements which are sensitive to flood damage. In terms of the exposure analysis, environmental factors were applied to analyze the flood depth. The mapping based on the results from two analyses provided the basis for classifying the flood risk into five classes (green, yellowish green, yellow, orange, red). The results were provided in the urban spatial form for each building type. This analysis shows that the district near the Taehwa river is the area with the highest risk class buildings (red and orange class buildings). Notably, this area plays a pivotal functional role in administrating the Ulsan City and has a high density of buildings. This phenomenon is explained by city development which is centered around the lowland; however, given the high value of property, the potential risk is proven to be high.
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1. Introduction


Floods are the most common and widely distributed natural risk to life and property worldwide, and the United Nations (UN) estimates that one billion people live in areas of potential flood risk [1,2]. Worldwide, floods resulted in over 16 billion USD in damages and 1500 fatalities in 2014 alone [3]. Flooding is considered one of the most serious and widespread natural hazards due to its devastating effects that endanger lives and cause property damage in the affected areas [4,5,6]. Floods represent natural risk phenomena which vary in intensity, causing significant economic and human losses, and are the result of the interaction between several different anthropogenic and natural variables which are specific to an area and have different influences on the generation of these events. In the context of global climate change caused by ever-increasing anthropic activities, the intensity and frequency of these events has increased in the past years and is continuing to intensify [7,8].



Population growth and the shift of people from rural to urban areas is increasing the demand for the expansion of urban areas. Rapid urbanization brings several environmental problems, such as the urban heat island effect, changes in hydrological processes and water resources, contribution to climate change, and the extinction of species [9]. Urbanization causes alterations in hydrological processes through change in surface infiltration characteristics due to an increasing impervious surface area. An increased built area results in a decrease in infiltration, baseflow, and lag times, and an increase in runoff volumes, peak discharge, and frequency of floods [10,11]. Human activities such as urbanization and the growth of settlements and assets in flooding areas likewise contribute to the increasing impacts of floods [12]. The risks due to such hazards in urban areas can significantly hinder daily activities, incur costly damages, and contribute to large scale life losses, which is the reason why, when such risks are realized, they are often referred to as disasters [13].



Flood damage mitigation applications can be classified into two main groups, namely, structural and non-structural measures [14]. Structural efforts focus on reducing the impact of flooding on communities by building levees, floodwalls, and improving drainage systems [15]. On the other hand, non-structural measures such as land-use control, acquisition, relocation, and early flood warning systems are preventive actions [16,17].



Urbanization on floodplains results in a rise in property values, therefore increasing potential flood damage [18]. Because flood damage is inevitable in floodplains, settling and investing in the floodplain contributes to a higher risk of flood damage [19]. Thus, a long-term flood mitigation strategy may be possible by relocating structures in the higher-risk flood zones.



This study aims to analyze urban flood risk by examining the characteristics of buildings along with the environmental factors. Prioritizing buildings with high risk within the construction risk analysis can become an economic solution for reducing the flood risk. Furthermore, analyzing the risk of key buildings that determine the urban space characteristics is potentially a practical solution for formulating an unstructured flood mitigation strategy.




2. Methods


This study is composed of four chapters with the following structure. In Section 2, theoretical information about the drivers and measures for flood damage along with the research background are provided. Moreover, the target regions, the concept of risk analysis, and the methodology for risk analysis are described. In Section 3, we present the vulnerability analysis performed through the database establishment, using a building as an evaluation unit. Then, we conducted hazard and exposure analysis using the terrain and precipitation data alongside building risk analysis and ultimately showed the results, including the comparative analysis output (i.e., the characteristics of each district). In Section 4, the implications of these results are formulated while the strengths and limitations of the urban spatial elements manifested in the building characteristics are discussed. In this study, the scope was limited to the flood damage, and the spatial extent of the analysis includes the Ulsan City.



2.1. Research Scope and Target Regions


The flood damage drivers can be classified into natural, social, and facility factors. Another way to classify these drivers is to divide them into structural, nonstructural, and hydrometeorological factors, as shown in Figure 1. Moreover, these factors can be represented as external and internal factors. The instance of an external factor is when the localized heavy rain and sea level increase because of climate change and cause natural disasters. Meanwhile, an internal factor is when the population growth and the spread of unplanned urban development triggers a natural disaster [20]. As the correlation between these factors is continuously increasing, the scales of disasters are also broadening.



Severe disasters, such as a hurricane, are not directly driven by climate change-associated phenomena in Korea. However, flood damage in urban areas due to heavy rain is registered every year and the scale of impact is controlled by the disaster prevention capability associated with internal factors of the city (i.e., with structural and nonstructural factors). This study performed hazard, exposure, and vulnerability analysis to investigate external and internal factors, respectively, and based on these results, comprehensively analyzed urban floods.



We used the annual disaster yearbooks from the Ministry of the Interior and Safety of Korea [21]. Using these yearbooks, we classified the disaster-related damage into two factors (causes and facilities, as shown in Table 1) from 2010–2019. The damage-related losses for each disaster registered in the recent ten years in Korea were 124,482 million KRW due to heavy rains (37.42%), 3747 million KRW due to snow (1.13%), 2068 million KRW due to winds waves (0.62%), 3120 million KRW due to strong winds (0.94%), 189,382 million KRW due to typhoons (56.94%), and 9825 million KRW due to earthquakes (2.95%). As typhoon-related damage is fundamentally implied in flood damage, the former was integrated into heavy rain damage. Notably, heavy rain damage (heavy rain damage with typhoon damage) has caused a loss of 313,864 million KRW, being responsible for 94.36% of the total disaster damage, thus being the most damaging factor in the analysis. Losses due to heavy rain damage for each facility in the recent ten years were 6334 million KRW for buildings (5.09%), 62 million KRW for vessels (0.05%), 5013 million KRW for farmlands (4.03%), 108,739 million KRW for public facilities (87.35%), and 124,482 million KRW for other facilities and infrastructure (37.42%). Public facilities include not only urban infrastructure facilities (roads, parks, and water supply with drainage facilities), but also recreational, entertainment, and medical facilities (business facilities and health and welfare facilities). Therefore, public facilities were combined with buildings. Thus, the drivers of flood damage were classified into external and internal factors while the urban flood risk was analyzed. As an external factor, we selected a heavy rain event which caused the highest damage (in percentage) in the recent ten years (94.36%). As an internal factor, buildings with the highest damage percentage of 92.44% were selected.



Ulsan City was selected as the target area of this study and is shown in Figure 2. Ulsan City can be divided into five administrative districts: Jung-gu, Nam-gu, Dong-gu, Buk-gu, and Ulju-gun. Ulsan City has a total population of 1,150,294 and an area of 1061.54 km2 for a population density of 1083 persons/km2. The city includes urban, farming, and coastal areas [22] with an annual average temperature of 13.8 °C and an annual average precipitation of 1274.6 mm, where 70% of the rainfall is concentrated between June and September, forming a vulnerable hydrologic condition. Because of the high elevation in the west and low elevation in the east, the Taehwa River flows from west to east across Ulsan City. On 5 October 2016, Typhoon Chaba caused the deaths of three people and approximately 61 million USD of property damage [21]. Ulsan City was selected as the target area as it recently experienced enormous flood damage, includes urban, farming, and coastal areas, national and local streams, and has geographical and hydrological conditions that are vulnerable to flooding [23].




2.2. Building Measures to Prevent Urban Flooding


Flood damage was divided into consequences including loss of life, loss of property, and damage to urban functions. Depending on the damage subject, loss of property and damage to urban functions accounted for more damage than loss of life because most flood damage is caused by weather conditions such as heavy rain or storms and involves a certain degree of predictability [24].



Table 2 provides an overview of the structural and non-structural measures that can be used to cope with floods. In the long run, preparedness and non-structural adaptations are more efficient and sustainable solutions to flood-related problems to reduce the vulnerability of citizens and goods exposed to flood risk [25].



Structural measures are divided into extensive and intensive measures. The extensive structural measures include reshaping of land surface, soil conservation, flow delay, and increase of infiltration. The intensive measures consist of four categories: levees and dikes, water storage, increase in channel flow capacity, and floodplain polders and platforms. Increasing water storage ponds as intensive structural measures highly affect floods [26]. There are three categories of non-structural measures: (a) regulation for proofing of floodplains (zoning, coding); (b) defense from floods (education and awareness, forecasting, warning, flood proofing, evacuation, relocation); and (c) fiscal strategies (insurance, grant, a referendum to dedicate funding). Zoning or land use policies and regulations, such as development restriction, clustering, density bonuses, and transfer of development rights, can reduce the negative impacts of flood events by directing growth away from susceptible areas. Proactive land use planning strategies that steer development away from vulnerable areas can not only reduce flood damage, but also protect critical natural habitats and water quality [27].
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Table 2. Overview of structural and non-structural measures to cope with floods: classification [28].






Table 2. Overview of structural and non-structural measures to cope with floods: classification [28].





	
Measures to Cope with Floods

	
Structural

	
Non-Structural






	
Classification

	
Extensive

-reshaping of land surface

-protection from erosion

-delay of runoff processes

-increase of infiltration

-urban works

	
Regulation

-zoning/land use planning

-coding




	
Flood defense

-education and awareness

-flood forecasting/warning

-flood proofing

-evacuation




	
Intensive

-levees, dikes, floodwalls

-dams and reservoirs

-floodways and diversion works

-polders and fills

-drainage works




	
Fiscal strategies

-insurance or grant (governmental, private, mixed)

-a referendum to dedicate

funding for flood mitigation




	
Advantages

	
-runoff delay and increase of

infiltration

-flood attenuation

-downstream discharge control

-groundwater control

	
-no significant environmental changes

-improved organizational

relations

-effectivity in dealing with flood impacts and damages




	
Disadvantages

	
-reduction of floodplain fertility

-high potential of ecological impacts

-land subsidence

-high financial burden or costly

	
-rise of property value and invasion of floodplains

-higher level of insurance coverage needed









General measures can be used to minimize damage from urban flooding, including structural measures, but recently because of the uncertainty of torrential rains, defense capacity has been limited. Because structural measures in the form of temporary responses are limited, the problem must be approached spatially and systematically by analyzing land use and building measures, which are largely unstructured measures [23].



The Federal Emergency Management Agency (FEMA) of the Department of Homeland Security (DHS) of the United States established the system that exclusively assesses the risk level of buildings associated with terrorism (RVS) after 11 September 2001. In the aftermath, the FEMA has been continuously developing guidelines for buildings, risk evaluation systems, a risk management manual in terms of risk management of buildings for several disaster scenarios such as earthquakes, fire, floods, and typhoons, which are unrelated to terrorism. The RVS system was further expanded to be applied for general buildings as an evaluation system (IRVS) which can be used for risk analysis for several disasters and for comprehensive analysis of building recovery in 2011 to counteract the disaster risk.



Korea has also recognized the importance of protecting buildings from disaster-related risks and has prepared the legal basis by enacting the (Special Act on Disaster Management of High-Rise and Underground Connected Complex Buildings) on 27 March 2018. However, the architectural measures for reinforcing the disaster management of buildings are focused on evacuation plans. In particular, the high-rise disaster management act renders that it is strictly necessary to review the pre-disaster impact on the installation of an evacuation safety zone and the adequacy of evacuation inducement plan. Such policy has a strong inclination towards a follow-up plan focusing on post-disaster occurrence rather than a preventative measure. The review document depicting pre-disaster impact contains guidelines that need to be applied uniformly. Moreover, building owners or architects need to accurately consider reducing the risk of building at an initial design stage, given special circumstances of the disaster, while proposing effective and comprehensive resource utilization depending on the disaster risk.



The intensification of urban functionality and urban densification lead to the redevelopment of underdeveloped areas of old towns (and downtowns), while the construction of technologically complex buildings is increasing in central business areas. If flooding takes place in an urban area where buildings with high property value and populations are concentrated, the physical loss of building properties and loss of lives are more severe. In such cases, disaster and damage prevention are preferred over mitigating the disastrous impacts. Therefore, the risk evaluation of buildings against flood risk, direction of the plan, and management system have to be established in nonstructural terms by preparing constructional measures for the disaster prevention.




2.3. Risk Analysis of Urban Flood


The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5), published in 2014, has introduced a new concept which aims to identify and evaluate the risk of impacts from climate change. It was adopted from the concepts and practices of carrying out risk assessments in the Disaster Risk Reduction community. Thus, it greatly overlaps with the way in which scientists and practitioners address natural hazards such as earthquakes, floods, or landslides.



Disaster was assessed according to the conceptualization of vulnerability in the Fourth Assessment Report (AR4) of the IPCC. In IPCC AR5, vulnerability evolved into the concept of risk [29]. In this study, the concept of risk from IPCC AR5 was used to develop a model for deriving a disaster risk index and map. We agree that a conceptualization of disaster risk should consider all aspects of disasters including hazard, exposure, and vulnerability, as well as all time periods, as shown in Figure 3. Based on the concept, disaster risk was assessed on the basis of its hazard, exposure, and vulnerability features [30].



The IPCC AR5 risk concept has been developed around the central term ‘risk’. In this concept, risk is a result of the interaction of vulnerability, exposure, and hazard (Figure 4) [29]. The risk of climate-related impacts results from the interaction of climate-related hazards (including hazardous events and trends) with the vulnerability and exposure of human and natural systems.



In this study, vulnerability is considered to be independent from disaster characteristics and is taken as a feature depending on the building (land use) shape. It means that there is even sensitivity of the wetted area due to social or economic factors. Hazard determines the proportion of the wetted area in the analyzed area in case of heavy rain and is defined as the average of the area for habitual heavy rain and ideal heavy rain. Exposure is a factor that has a direct effect on flood damage, and it directly induces flood damage.



The risk of a flood disaster is essentially an uncertainty problem, and quantitative expression is the premise for solving this uncertainty problem [31].



In the Eurac (2017) [32] study, risk was expressed using the following equation: Risk = Hazard + Vulnerability + Exposure. This definition was exploited to analyze the flood risk, and the method we use in this study is shown in Figure 5 (to analyze the flood risk associated with the urban flood damage). For the urban flood risk analysis (building is an evaluation unit), the formula proposed in the Eurac (2017) [32] study was applied, whereas the exposure value in Hazard is additionally provided. The analysis is performed following the steps shown below.



	(1)

	
Vulnerability analysis provides a non-structural factor index, which is a building-related feature. It represents the magnitude of social and economic damage of a building due to flood (expressed in a building as a unit).




	(2)

	
The empirical analysis on the flood depth and wetted area uses the precipitation and terrain data to show what the disaster characteristics are, including the exposure. It considers the basic environmental factors and analyzes the flooded area through the Hec-Ras (Hydrologic Engineering Center’s River Analysis System).




	(3)

	
The flood risk is provided as a function of vulnerability (a building unit) and as hazard/exposure, which are the flooded area analysis data. Subsequently, the value for each building is retrieved, and mapped. The evaluation and analysis are performed by establishing the flood risk evaluation model expressing the characteristics of the building included in the nonstructural measures.




	(4)

	
Finally, the areas with high and low risks are analyzed in comparison using a scientific method that relies on the urban flood risk evaluation results.









3. Results and Discussion


3.1. Unit of Analysis for Flood Risk Building


To investigate the urban spatial characteristics, including the nonstructural characteristics (building as a unit), the urban flood vulnerability of each building was analyzed after attributing the weighting based on the following indices: land price, floor area ratio, underground area, decline of building, and material of building through fuzzy analysis. The official land value of each building was estimated by the Ulsan City data by the Korea Appraisal Board. Meanwhile, for the floor area ratio, underground space, building year, and building material, 108,256 estimates were provided for each building and for (as shown in Table 3) each index used for analysis that involves the building register established in the Ulsan City [23]. Furthermore, as the regional characteristics vary depending on a district, the analysis was conducted after dividing the city of interest into the Jung-gu, Nam-gu, Dong-gu, Buk-gu, and Ulju-gun districts.




3.2. Vulnerability Analysis for Urban Flood Building


In the Park and Yu (2020) [23] study, we applied the fuzzy methodology (a method to conduct the decision-making based on the data built using a statistical method) to analyze the urban flood vulnerability. The fuzzy model uses a building as an evaluation unit and was designed based on the data on the official land value, floor area ratio, basement area, building year, and building material built for different characteristics of a building. The fuzzification was performed using these input parameters. The higher fuzzy value indicates higher vulnerability to the flood damage, while a lower fuzzy value indicates the lower vulnerability to the flood damage. Using fuzzy model analysis, five regions of the Ulsan City (Jung-gu, Nam-gu, Dong-gu, Buk-gu, and Ulju-gun) were classified as shown in Table 4. The rate of risk vulnerability associated with the social, economic, and physical risks during flooding was analyzed for buildings in each region. The fuzzy value for each building was then retrieved based on the fuzzy analysis results through the standardized value of each index about the building characteristics for flood damage.



The urban flood vulnerability analysis results are given in Table 5. The fuzzy values revealed the vulnerability level of each building with regard to flood damage split into five stages. We classified the buildings according to their vulnerability level using different color codes (very low vulnerability—green, low vulnerability—lime green, medium vulnerability—yellow, high vulnerability—orange and very high vulnerability—red). The results of the vulnerability analysis are shown on the map of the Ulsan City in Figure 6.




3.3. Hazard and Exposure Analysis for Urban Flood


The hazard was analyzed using the 30 m flood map developed using Hec-HMS and Hec-RAS software through the “Insurance Rate Making and Mapping based on Natural Disaster Risk” project of the Ministry of the Interior and Safety. The project by Ministry of the Interior and Safety calculated the probability of rainfall through frequency analysis as input data for rainfall-runoff analysis, and constructed watershed parameters using a 30 m grid-based digital elevation model, land use, and soil map. Hydraulic modeling and the flood map were prepared by using information such as flow discharge calculated through rainfall-runoff simulation, river cross section, coefficient of roughness, and levee as input data of HEC-RAS. The Taehwa River basin area was the largest among the major rivers in Ulsan, the 100-year probability of rainfall was 398.9 mm, and the discharge from the basin outlet was 4713 m3/s. The watershed area and probability of rainfall and discharge according to return period are shown in Table 6. The flood map was developed based on the 100-year scenario, which is the design frequency of the river.



As a result of hazard analysis, the average flood depth for each administrative district was calculated to be in the range of 0.47 m to 1.20 m, and the inundated area was calculated to be 0.01 to 11.71, and the inundated area ratio was calculated to be 0.04% to 7.00% as shown in Table 7. Exposure analyses show 8469 buildings out of 24,302 buildings in Nam-gu were exposed to flooding, and the highest exposure was calculated among the five administrative districts. It was analyzed that 22,335 buildings, 20.6% of the total 108,256 buildings in Ulsan City were exposed to flooding, as shown in Table 8.



The urban flood map is shown in Figure 7, whereas we demonstrated that the exposure analysis results are significantly affected by the topographic factors. Additionally, Jung-gu, an eastern district of the Ulsan City (adjacent to Taehwa river and streamlets along with the boundary region on the right side of the Nam-gu district) showed a high flood depth. The Ulsan City Hall that is located at the lowland of the Ulsan City in the downtown area (also in close vicinity to the Ulsan port) also has a high flood depth.




3.4. Risk Analysis for Urban Flood Building


The urban flood risk analysis for each building (that was described above) was performed using the “Risk = Hazard + Vulnerability + Exposure” calculation formula based on the Eurac (2017) [32] study. The exposure analysis map demonstrating the flood depth was created using the vulnerability analysis map based on the nonstructural factors including the urban spatial elements (criteria of social and economic damage, and the data on the precipitation and terrain including the hazard). We ranked the urban flood risk by using five predefined classes as shown in Table 9 and Figure 8. Seven regions with high flood risk, because the building class was not expressed, were omitted from Figure 8, but are clearly indicated by enlarging them in Figure 9. We analyzed urban flood risk of each building and found that red and orange classes form a triangular-shaped cluster encompassing the Jung-gu, Buk-gu, and Nam-gu districts and being centered around the Taehwa river. The emergence of this cluster is explained by the high-density of business and industrial areas in these districts (and also public institutions with key governance functions of the city). Since the major administrative management activities are conducted in these districts, the social and economic value of the properties is high in this area.



We studied flood risk analysis for each district and showed that the district where the red-class buildings (a very high urban flood risk) exhibits the highest distribution rate is Buk-gu (8.5%). Then, the risk distribution rate of the red-class of flood risk decreases in the descending order of Ulju-gun (2.2%) > Jung-gu (1.8%) > Nam-gu (0.6%) > Dong-gu (0.0%). Nam-gu (26.3%), Jung-gu (18.4%), and Buk-gu (13.1%) show a high distribution rate and belong to the orange risk class. The Dong-gu (98.5%) and the Ulju-gun (89.0%) districts were classified as the least-risk areas with a green code.



The Nam-gu district has the highest distribution rate of red and orange class buildings (Figure 9a). The active stage of urbanization and the construction of residential areas has recently begun in the Nam-gu district. The Ulsan petrochemical complex and industrial cluster are built centering around the Ulsan City Hall and public institutions. Therefore, its exposure level is high because the Taehwa river flows in the northern part of this region. The Ulsan port and the Jangsaengpo port are located on the eastern side, giving a strategical transportation advantage for this district, whereas the business area that had been developed early is nowadays revitalized. We identified numerous buildings with high risk as the high-density business area has a significant territorial span as numerous buildings with high property values are present in this district.



The Buk-gu district is shown in Figure 9c,g. The exposure of the Figure 9c region is relatively high since the Dong stream is flowing on the left side of this area. Moreover, the Ulsan airport and the industrial complex in this district and most buildings were constructed with abundant basement facilities. Similarly, the Dongcheon river flows on the left side of the Figure 9g district where an abundance of red and orange class buildings was established (in the Maegok General Industrial Complex near the Maegok river flowing from the Maegok reservoir located upstream). Thus, it can be concluded that the Figure 9g district is a high-risk region.



The Jung-gu district is shown in Figure 9b. Since this area had been developed at the early stage of the modern development of Ulsan, several deteriorated buildings are now located in Jung-gu. Currently, an innovation city is being established (so-called “future-type city”) with the government support; thus, numerous buildings with high risk are found as the floor area ratio is increasing and the property value is increasing.



The Ulju-gun district is shown in Figure 9d–f. Because this area is mostly composed of mountain lands and green areas centering around the Sinbulsan national park, the number of buildings in the area was found to be very low. The flood risk analysis results indicate that most buildings can be included in the green class. The Dong-gu district has no buildings of red or orange classes, indicating that this area is relatively safe. In the Ulju-gun and the Dong-gu districts, villages were formed centering around the mountain lands and green areas. In these districts, buildings are broadly distributed, but these areas are mostly developed as environmental and conservational clusters; thus, most buildings there belong to the green (i.e., safe) class.



To summarize, the districts formed around rivers and streams have plausibly high exposure to flood risk. These districts are included in a danger area and such classification is supported by the urban flood risk analysis for each building. The urbanization efforts are vectorized in the lowland regions with low exposure to increase the convenience and effectiveness of civic infrastructure. We showed that the impermeable area rather than the green area was formed in the analyzed areas, thus making these regions high-danger areas. Furthermore, any region where high-density urban development occurred has a high property value and high vulnerability, which in turn results in a high risk.





4. Conclusions


Currently, society is suffering from numerous severe environmental phenomena; however, existing urban development practices to address these were established much earlier. The frequency and the intensity of the damage caused by natural disasters are gradually increasing because of climate change and global warming. Thus, the necessity for disaster management and prevention in the urban areas is urgent from a long-term perspective. It is widely known that the growth-oriented development was initiated without holistic planning for disaster prevention and safety regulations that should have been among the top priorities in urban development for mankind. Therefore, there are many vulnerabilities in the current urban structure in the face of natural disasters. To adapt urban infrastructure to climate change, the urban space should be efficiently modified through long-term flood risk assessment of buildings in cities.



Analysis of driver-specific and building-specific disasters revealed that the damage rate of heavy rain is the highest and buildings suffer the most damage from this natural phenomenon. This study was focused on the flood damage due to heavy rain while being focused on the buildings forming the urban spatial extent and the urban flood risk of the five regions in the Ulsan City. First, vulnerability and exposure analyses were conducted to examine the urban flood risk of each building type. The vulnerability analysis was conducted after selecting a building typical factor, a nonstructural factor that can affect the urban flood damage, expressed as an index. The areas with high vulnerability encompass a spatial cluster than includes some parts of the Jung-gu, Buk-gu, and Nam-gu districts. This spatial cluster plays a key role in the administration of the Ulsan City and is the most revitalized zone in this urban area.



The flood depth was analyzed in the exposure analysis by using environmental factors (precipitation and terrain), providing a basis for creating urban flood map. This analysis indicated that the flood depth of the lowland area adjacent to the Taehwa river and the Dong stream is high, and the topographical factor significantly affects urban development by reinforcing the urban flood risk. By mapping the results of vulnerability and exposure analysis, we speculated about the urban flood risk of each building type. In particular, each building type was classified into five risk-related classes (green, lime green, yellow, orange, and red) and the results are as follows. The red buildings were widely distributed across the old downtown area of the Buk-gu and the Ulju-gun districts. These districts were developed a long time ago; thus, their property value is currently reduced. The buildings are old, and their durability is weakened. Moreover, since the cities are topographically formed centering around the riverside lowlands, we concluded a high risk of flood. While special measures are required for aged buildings, high-risk buildings of this type represent only a minority as the red class encompasses only 2.2% among all buildings.



There was an abundance of orange class buildings in the high-density area centered around the Taehwa river. This area represents a spatial cluster in a triangular shape encompassing the Jung-gu, Buk-gu, and the Nam-gu districts. We emphasized that the same area consolidates numerous key functions of the Ulsan City and where the infrastructure of high socio-economic importance for Ulsan nowadays exists. It can be concluded that the development of the urban area considered accessibility to the center, effectiveness, and convenience for urban residents. This is an important aspect as it highlights the necessity of the holistic management of urban areas. We found that among the large-scale buildings, there were many yellow class buildings given the property value of the building and the existence of spatially extended basement areas within. Lime green and green buildings (relatively safe buildings) were found to be sporadically distributed in the outskirts of the city and in green residential areas where abundant vegetation is growing.



Our study allows extracting the space with high spatial risk based on the analysis of urban flood risk conducted for each building type. These results open prospects for formulating the advanced prevention measures and plans which can help in minimizing the long-term flood damage. The minimization of damage can be reached by preparing the nonstructural measures in the unit of land use and for each building in addition to the existing structural measures. In particular, appropriate and concrete land use plans can be established and recreational urban spaces such as green areas and open spaces (that reduce floods) can be placed in urban spaces in which buildings with a high risk are concentrated. Furthermore, a step towards tailored management should be made by coding the buildings. This will improve their durability as the disaster prevention facilities would be established for the buildings with high risk. If the prevention plan for buildings with a high flood risk is actively developed for the land use plans and being considered for a spatially extended area (not only as vector of development), the widespread urban flood damage can be minimized in the long term through systematic and effective management.



A nonstructural measure is difficult to quantify and analyze due to its qualitative aspects compared to a structural measure. However, it is necessary to investigate a long-term perspective of this issue as it can address the limitations of current structural measures. The results of this study can help further research on preparing nonstructural measures from various perspectives.
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Figure 1. Cause scheme of urban flooding. 
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Figure 2. Target regions of Ulsan City in Korea. 
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Figure 3. Flow chart of disaster risk framework [29]. 
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Figure 4. Flood risk concept [29]. 
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Figure 5. Analysis framework of flood risk building. 
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Figure 6. Vulnerability analysis for urban flood building. 
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Figure 7. Hazard for urban flood. 
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Figure 8. Classification by building on urban flood risk (key map). 
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Figure 9. Micro view of classification by building on urban flood risk; Nam-gu district (a), Jung-gu district (b), South of the Buk-gu district (c), Buk-gu district near the stream (d), South of the Ulju-gun district (e), Ulju-gun district (f), North of the Buk-gu district (g). 
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Table 1. Damage caused and facilities by natural disasters (2010–2019) in Korea [21].
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Building

	
Vessel

	
Farmland

	
Public Facilities

	
etc.

	
Total




	
Damage

	
%

	
Damage

	
%

	
Damage

	
%

	
Damage

	
%

	
Damage

	
%

	
Damage

	
%






	
Heavy rain

	
6334

	
5.09

	
62

	
0.05

	
5013

	
4.03

	
108,739

	
87.35

	
4334

	
3.48

	
124,482

	
37.42




	
Heavy snowfall

	
137

	
3.66

	
26

	
0.69

	
0

	
0.00

	
1474

	
39.34

	
2110

	
56.31

	
3747

	
1.13




	
Wind wave

	
49

	
2.37

	
15

	
0.73

	
52

	
2.51

	
957

	
46.28

	
995

	
48.11

	
2068

	
0.62




	
Strong wind

	
38

	
1.22

	
36

	
1.15

	
0

	
0.00

	
312

	
10.00

	
2734

	
87.63

	
3120

	
0.94




	
Typhoon

	
5785

	
3.05

	
956

	
0.50

	
3196

	
1.69

	
125,227

	
66.12

	
54,218

	
28.63

	
189,382

	
56.94




	
Earthquake

	
6368

	
64.81

	
0

	
0.00

	
0

	
0.00

	
3446

	
35.07

	
11

	
0.11

	
9825

	
2.95




	
Total

	
18,711

	
5.63

	
1095

	
0.33

	
8261

	
2.48

	
240,155

	
72.20

	
64,402

	
19.36

	
332,624

	
100.00








(Unit: in million KRW).
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Table 3. Database for building unit [23].
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Building

(Total # of Items)

	
# of Items

	
Land Price

(won/m2)

	
Floor Area Ratio (%)

	
Underground Area (m2)

	
Decline of Building

	
Material of Building






	
Ulsan City

(108,256)

	
1

	
1,863,000.00

	
34.37

	
266.73

	
25.00

	
2.00




	
2

	
1,836,781.33

	
232.33

	
545.82

	
27.00

	
2.00




	
3

	
698,259.83

	
132.30

	
97.80

	
21.00

	
3.00




	
4

	
3,109,091.79

	
393.62

	
230.86

	
16.00

	
2.00




	
5

	
1,414,109.96

	
171.39

	
155.32

	
27.00

	
2.00




	
6

	
2,581,845.41

	
176.12

	
112.88

	
28.00

	
2.00




	
7

	
1,610,000.00

	
242.66

	
159.56

	
25.00

	
2.00




	
8

	
250,400.00

	
13.06

	
3325.54

	
12.00

	
2.00




	
9

	
732,910.08

	
83.87

	
106.92

	
25.00

	
3.00




	
10

	
1,502,000.00

	
176.58

	
161.76

	
23.00

	
2.00




	
11

	
1,900,445.34

	
154.44

	
133.59

	
22.00

	
2.00




	
108,251

	
1,210,146.45

	
199.59

	
314.92

	
15.00

	
2.00




	
108,252

	
2,068,147.79

	
142.41

	
205.60

	
24.00

	
2.00




	
108,253

	
1,937,312.37

	
248.03

	
101.46

	
25.00

	
2.00




	
108,254

	
4,843,000.00

	
736.21

	
462.00

	
8.00

	
2.00




	
108,255

	
1,690,000.00

	
259.24

	
172.29

	
23.00

	
2.00




	
108,256

	
5,273,000.00

	
207.44

	
3616.64

	
21.00

	
1.00
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Table 4. Fuzzy for building unit.
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Administrative Districts

	
Land Price

(won/m2)

	
Floor Area Ratio (%)

	
Underground Area (m2)

	
Decline of Building

	
Material of Building

	
Fuzzy Score






	
Jung-gu

	
Maximum

	
6,463,180

	
696.22

	
26,416.26

	
149.00

	
4.00

	
0.92




	
Minimum

	
959,470

	
0.08

	
13.60

	
2.00

	
1.00

	
0.10




	
Mean

	
1167

	
123.80

	
262.70

	
30.15

	
2.67

	
0.49




	
Nam-gu

	
Maximum

	
12,200,000

	
2194.33

	
1,512,911.46

	
136.00

	
4.00

	
0.94




	
Minimum

	
1153

	
0.0018

	
2.01

	
2.00

	
1.00

	
0.10




	
Mean

	
1,101,654

	
140.05

	
442.89

	
26.00

	
2.20

	
0.49




	
Dong-gu

	
Maximum

	
3,133,527

	
2547.6

	
13,735.52

	
108

	
4.00

	
0.92




	
Minimum

	
154.73

	
0.01

	
19.27

	
2

	
1.00

	
0.15




	
Mean

	
930,410

	
135.26

	
383.71

	
24.68

	
2.42

	
0.92




	
Buk-gu

	
Maximum

	
4,151,378

	
551.17

	
56,506.47

	
153.00

	
4.00

	
0.78




	
Minimum

	
104

	
0.01

	
3.41

	
2.00

	
1.00

	
0.10




	
Mean

	
614,318

	
81.146

	
906.62

	
23.72

	
2.36

	
0.49




	
Ulju-gun

	
Maximum

	
3,339,000

	
827.43

	
37,660.44

	
229.00

	
4.00

	
0.50




	
Minimum

	
188

	
0.01

	
3.72

	
1.00

	
1.00

	
0.10




	
Mean

	
308,655

	
56.57

	
813.20

	
26.51

	
2.33

	
0.50
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Table 5. Classification by building on urban flood vulnerability [23].
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Administrative Districts

	
Total # of Buildings

	
Green

	
Yellowish Green

	
Yellow

	
Orange

	
Red




	
# of Buildings

	
%

	
# of Buildings

	
%

	
# of Buildings

	
%

	
# of Buildings

	
%

	
# of Buildings

	
%






	
Jung-gu

	
24,059

	
1297

	
5.39

	
835

	
3.47

	
20,842

	
86.63

	
234

	
0.97

	
851

	
3.54




	
Nam-gu

	
24,302

	
2567

	
10.56

	
821

	
3.38

	
19,221

	
79.09

	
578

	
2.38

	
1115

	
4.59




	
Dong-gu

	
10,343

	
808

	
7.81

	
216

	
2.09

	
9073

	
87.72

	
89

	
0.86

	
157

	
1.52




	
Buk-gu

	
11,909

	
543

	
4.56

	
209

	
1.75

	
11,098

	
93.19

	
26

	
0.22

	
33

	
0.28




	
Ulju-gun

	
37,643

	
570

	
1.51

	
11

	
0.03

	
37,062

	
98.46

	
-

	
-

	
-

	
-
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Table 6. Rainfall and discharge according to return period by river and stream.
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Return Period (Year)

	
Taehwa River

	
Dong Stream

	
Hoeya Stream




	
Watershed Area (km2)

	
24 h-Rainfall

(mm)

	
Discharge

(m3/s)

	
Watershed Area (km2)

	
24 h-Rainfall

(mm)

	
Discharge

(m3/s)

	
Watershed Area (km2)

	
24 h-Rainfall

(mm)

	
Discharge

(c/s)






	
50

	
649.26

	
345.6

	
4063

	
163.56

	
308.7

	
1154

	
218.85

	
452.9

	
2137




	
80

	
381.3

	
4499

	
331.3

	
1281

	
499.8

	
2378




	
100

	
398.9

	
4713

	
342.1

	
1344

	
522.8

	
2497




	
200

	
456.5

	
5423

	
375.2

	
1552

	
598.3

	
2893
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Table 7. Analysis results of hazard (100-year flood map).
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Administrative

Districts

	
Flood Depth(m)

	
Administrative Districts Area (km2)

	
Inundated Area (km2)

	
Inundated Area Ratio (%)




	
Mean

	
Max.

	
Min.






	
Jung-gu

	
1.20

	
6.14

	
0.00

	
158

	
7.27

	
4.61




	
Nam-gu

	
0.47

	
1.48

	
0.01

	
36

	
0.01

	
0.04




	
Dong-gu

	
0.73

	
4.70

	
0.00

	
37

	
2.35

	
6.35




	
Buk-gu

	
0.82

	
2.21

	
0.01

	
71

	
5.00

	
7.00




	
Ulju-gun

	
1.07

	
9.59

	
0.00

	
754

	
11.71

	
1.55
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Table 8. Analysis results of exposure (exposed buildings to 100-year flood).
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	Administrative

Districts
	The Number of Buildings
	The Number of Exposed Buildings
	Exposed Buildings Ratio (%)





	Jung-gu
	24,059
	6736
	28.0



	Nam-gu
	24,302
	8469
	34.8



	Dong-gu
	10,343
	40
	0.4



	Buk-gu
	11,909
	2962
	24.9



	Ulju-gun
	37,643
	4128
	11.0



	Total
	108,256
	22,335
	20.6
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Table 9. Classification by building on urban flood risk.
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Administrative

Districts

	
Total # of Buildings

	
Green

	
Yellowish Green

	
Yellow

	
Orange

	
Red




	
# of

Buildings

	
%

	
# of

Buildings

	
%

	
# of

Buildings

	
%

	
# of

Buildings

	
%

	
# of

Buildings

	
%






	
Jung-gu

	
24,059

	
17,131

	
71.2

	
192

	
0.8

	
1880

	
7.8

	
4433

	
18.4

	
423

	
1.8




	
Nam-gu

	
24,302

	
15,419

	
63.4

	
414

	
1.7

	
1924

	
7.9

	
6388

	
26.3

	
157

	
0.6




	
Dong-gu

	
10,343

	
10,187

	
98.5

	
116

	
1.1

	
40

	
0.4

	
0

	
0

	
0

	
0




	
Buk-gu

	
11,909

	
8936

	
75.0

	
11

	
0.1

	
386

	
3.2

	
1564

	
13.1

	
1012

	
8.5




	
Ulju-gun

	
37,643

	
33,515

	
89.0

	
0

	
0.0

	
923

	
2.5

	
2387

	
6.3

	
818

	
2.2




	
Total

	
108,256

	
85,188

	
78.7

	
733

	
0.7

	
5153

	
4.8

	
14,772

	
13.6

	
2410

	
2.2

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  water-13-02505


  
    		
      water-13-02505
    


  




  





media/file8.jpg
|

CLIMATE

Natural
variabllity

Anthropo-
genic
climate
change

Impacts

Hazards

Vulnerability

RISK

Exposure

EMISSIONS

|

soclo
ECONOMIC
PROCESS

Socio-
economic
pathways

Adaptation
d
mitigation
actions

Governance

and

ise change





media/file11.png
Data of building
characteristics

4 ™

Location of building

"y

r ™

Flood depth
and range

Land price
Floor area ratio

. Underground area
Decline of building :
‘Material of building'

Vulnerability

p

Exposure

Hazard

A

Vulnerability )

+
Exposure
+
Hazard

/

-

o

Flood risk
of building

N

J






media/file6.jpg
| Sensitivity [ o ]

Vulnerability

| Hazard l I Exposure






media/file13.png
. 04<V<06

I 02<v<o04

20 Kilometers N

10

5

B o<v=<o.2
0






media/file10.jpg
Data of building
charactaristics

Locatonaf bulding | —

Flooddepth |
and rango 1

Land price
Floor ares ratio

Undoraround area

i building

of building

Vulnerability T

Exposure

Hozar
Exposure L

Hazard

Flood risk
of building






media/file7.png
|






media/file12.jpg





media/file18.jpg





media/file9.png
v

CLIMATE

-------------------------------

Natural

- variability

Anthropo-

genic
climate
change

» -
* .
.'. »*
..........................

( )
| Impacts |

Vulnerability

o

RISK

Hazards

Exposure

[ EMISSIONS

" Adaptation

SOCIO
ECONOMIC
PROCESS
 Socio-

economic
pathways

and
mitigation

actions

. Governance |

)
L and land-use change J






media/file14.jpg
B River

Flood depth (m)
over than 3.0

0

0 25 5 10 Kilometers.
[ A





media/file16.jpg
I River

Flood depth(m)
l 30

0
isk

Bl os<r

06<R<08
[ oa<r<o0s
[ 02<Rs<04

20 Kilometers § % Bl o<rso02
L ST






media/file5.png
Russia

-

China

orth K
East sé€a

@ Seaul

Yellow sea Ulsan Japan

So ore
P

DEM (EL.m)
1232






media/file15.png
( Ulju-gu

N

B River

Flood depth (m)
over than 3.0

0

0 25 5 10 Kilometers
ST T R T T —





media/file3.png
External factors
(Hazard)

Natural Hydrological
factors measures
Social Non-structural
factors measures
Facility Structural
factors measures

Internal factors
(Exposure,
Vulnerability)






media/file0.png





media/file17.png
B River

Flood depth(m)
3.0

Risk
B o0s<Rr
I 06<R<08
| | 04<R<06
o T .| 02<R=<04
ST B o<RrR<o02

-
>~
)~
-
T
.
—






media/file19.png
(IS SR\ () ' o %N \, A ®)

= Tahwa river 5 ¢ )
- < 1% I River

Flood depth(m)

Risk
Il os<r
h B 0.6<R< 0.8
771 0.4<R<06
. < : 00 0.2<R<0.4
B o0<r<0.2 L 5 ; o B B 0<Rr<0.2
A AN
(c) (d)
N N
B River I River
Flood depth(m) Flood depth(m)
' 3.0
0
Risk - Hoeya Risk
Bl os<r stream Bl os<r
B o.6<R< 0.8 B o.6<r< 08
17 0.4<R<0.6 11 0.4<R<0.6
10 0.2<Rs0.4 10 0.2<R<0.4
B 0<r<0.2 B o0<Rr<0.2

Flood depth(m)
2






media/file4.jpg





media/file2.jpg
Natural
factors

Social
factors

Facility
factors

Hydrological
measures

Non-structural
measures

Structural
measures

External factors
(Hazard)

Internal factors
(Exposure,
Vulnerability)





