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ABSTRACT 

Natural hazards pose threats to built environments and society at large. Given their sheer 

effects, it is imperative that researchers redirect their efforts to better understand and 

anticipate their havoc before they come.  This study addresses two of the most prevalent 

rainfall-triggered natural disasters, namely, flooding and debris flow.  A flood hazard 

analysis for the town of Bozkurt in Turkiye is performed using the August 11th, 2021, 

flood data. Similarly, a debris flow analysis for the town of Sarno in Italy is performed 

using the May 5th, 1998, Sarno debris flow data. Then, using the building information 

data in the studied areas, exposure analyses are performed in a Geographic Information 

System (GIS) program for both the flood and debris flow events. To estimate the 

individual building’s losses, different damage curves and formulations in the literature 

are used and the total buildings losses are calculated. Knowing that hazard modeling and 

loss estimations involve so many uncertainties, the study seeks to investigate the effects 

of uncertainties on the overall regional hazard costs for both the flood and debris flow 

events. Sensitivity analyses are then performed to investigate the relationship between the 

flood discharge to the regional losses in the town of Bozkurt and the debris flow volume 

to the regional losses in the town of Sarno.  For the regional hazard loss estimates for 

Bozkurt and Sarno, the models that include both uncertainties and spatial correlations are 

considered. It is concluded that there is a strong relationship between flood flow rate and 

regional losses for the town of Bozkurt and it can be inferred that there exist flood 

discharge-regional loss relationships for other flood prone towns in Turkiye as well. 

Similarly, results on the town of Sarno, Italy show that there exists a relationship between 

debris flow volume and regional loss.  
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ÖZETÇE 

Doğal afetler, yapılı çevre ve toplum için ciddi tehdit oluşturmaktadır.  Afetlerin etkileri 

göz önüne alındığında, araştırmacıların çabalarını afetlerin gelmeden önce yıkıcı 

etkilerini daha iyi anlamak ve öngörmek için yönlendirmesi önemlidir. Bu çalışma, en 

yaygın olarak görülen yağışla tetiklenen doğal afetlerden ikisi olan taşkın ve debris 

(moloz) akışı ile ilgilenmektedir. Çalışmada Türkiye'nin Bozkurt ilçesi için 11 Ağustos 

2021 taşkın verileri kullanılarak bir sel tehlikesi analizi ve 5 Mayıs 1998 tarihli Sarno 

heyelan verileri kullanılarak İtalya'daki Sarno bölgesi için bir debris akışı analizi 

gerçekleştirilmiştir. Sonrasında, çalışılan bölgeye ait bina verileri kullanılarak, bir 

Coğrafi Bilgi Sistemleri (GIS) programında hem taşkın hem de çamur-moloz akışı için 

etki analizleri gerçekleştirilmiştir. Bireysel bina kayıplarını tahmin etmek için 

literatürdeki olan çeşitli hasar eğrileri ve formülasyonları kullanılmış ve buradan toplam 

bina kayıpları hesaplanmıştır. Tehlike modellemesinin ve kayıp tahminlerinin çok sayıda 

belirsizlik içerdiği göz önünde bulundurularak, bu çalışmada hem taşkın hem de debris 

akışı için toplam bölgesel tehlike maliyetleri üzerindeki belirsizliklerin etkileri 

araştırılmaya çalışılmıştır. Daha sonra, Bozkurt ilçesindeki taşkın debisi ve Sarno 

ilçesindeki debris akışı hacmi ile bölgesel kayıplar arasındaki ilişkiyi araştırmak için 

duyarlılık analizleri yapılmıştır. Bozkurt ilçesindeki taşkın olayları için, belirsizlikleri ve 

mekansal korelasyonları dikkate alan taşkın tehlike kayıpları tahmin modelleri 

kullanılmıştır. Benzer şekilde, Bozkurt ilçesindeki taşkın debisi ve Sarno bölgesindeki 

debris akış hacmi ile bölgesel kayıplar arasındaki ilişkiyi araştırmak için duyarlılık 

analizleri yapılmıştır. Bozkurt ilçesindeki taşkın olayları için, belirsizlikleri ve mekânsal 

korelasyonları dikkate alan taşkın tehlikesi kaybı tahmin modelleri önerilmektedir. 

Bozkurt ilçesi için taşkın debi ile bölgesel finansal kayıplar arasında güçlü bir ilişki 
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olduğu sonucuna varılmıştır ve Türkiye'deki diğer taşkın eğilimli kasabalar için de taşkın 

debi-bölgesel kayıp ilişkilerinin var olduğu çıkarılabilmektedir. Benzer şekilde, Sarno, 

İtalya'daki bölge üzerinde bir taşkın akıntısı duyarlılık analizi de gerçekleştirilmiş ve 

debris akış hacmi ile bölgesel kayıp arasında bir ilişkinin var olduğu önerilmiştir.  
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CHAPTER I 

 INTRODUCTION 

Natural hazards pose threats to build environments and society at large. Throughout 

history of humankind, people have tried to harness the forces of nature and reduce their 

catastrophic effects. Although there are tremendous and thus rewarding efforts and 

developments in the understanding of natural hazards, the problem has never been so 

alarming as it is today. Every day, the world faces escalating natural catastrophes due to 

unprecedented population growth, urbanization, and global climate change. The 

understanding and development in this field have always been hampered by some 

pressing issues like the presence of so many uncertainties, correct estimates of financial 

losses, quantification of non-monetary losses under limited availability of data, hazards 

complex interactions and their cascading effects. This study seeks to address two of the 

most prevalent rainfall-triggered natural disasters, namely, flooding and debris flow and 

to provide frameworks of hazard and loss assessments of each hazard separately. 

To begin with, flooding is a rainfall triggered natural disaster that wreaks havoc 

to civil engineering structures. According to WHO (World Health Organization), more 

than 2 billion people were affected by floods for a period of fewer than 20 years (1998-

2017).  According to [1], the global economic losses due to flooding are estimated to be 

more than one trillion dollars between 1980 and 2013. Turkey, particularly, has suffered 

several flooding events in the last few decades, and their consequences are so rampant, 

second only to earthquake [2]. Additionally, although there have been so many studies on 

flood hazard modelling, little attention has been given to quantification of flood hazard 

economic losses. For this reason, this study intends to provide an all-inclusive procedure 
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that estimates community flood loss. Moreover, we try to include the effects of spatial 

correlation and uncertainties to understand their effect on the overall total economic 

hazard loss. August 11, 2021, Bozkurt flooding event is used as a case study for our work.  

On August 11th, 2021, Bozkurt, among other Black Sea Regions of Turkey, 

experienced an unprecedented deadly flood following a two-days torrential rainfall [3]. 

Its consequences have been exacerbated by the presence of buildings in the floodplain, 

lack of proper flood mitigation measures, inadequate foundation depth, etc. This event 

has been chosen as our case study as it among the latest floods and it clearly represents 

well a typical flooding event in Turkey. Moreover, we intend to extend the research 

conducted on the Bozkurt, August 2021 flood and quantify its financial losses.  

Another rainfall-induced natural hazard considered in this study is debris flow. 

Debris flow is among the types of landslides that affect mountainous regions. Landslides 

are one of the most disastrous natural hazards. They can cause significant damage to 

infrastructure, the economy, and society at large. According to the Global Landslide 

Catalog [4],  there were over 11,000 fatal landslides worldwide between 2004 and 2016 

resulting in the deaths of over 56,000 people. Globally, there have been over 1.6 million 

deaths and around $260-310 billion of economic loss every year since 1990 [5]. The 

estimated economic losses from those landslides were approximately $10 billion per year 

worldwide between 2004 and 2016. Turkey has also suffered a spate of rainfall-induced 

landslides that such as 2009 and 2010 Feke (in Adana) landslides, and 2010 Gündoğdu 

(Rize) landslides. As stated by [6], there are more than 45475 active landslides 

countrywide, mostly found in the Black Sea regions. As stated by [7], those landslides 

were mainly due to increased annual rainfall, limited availability of land due to population 
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growth which encourages people to construct buildings on steep places [8]. According to 

[9], landslides had led to more than 76995 building damages between 1959 and 1994 (35 

years). According to [10], Turkey has suffered more than 1343 fatalities from more than 

389 fatal landslides in a period between 1929 and 2019. However, there are no extensive 

studies on the regional economic effects of those landslides, and little have been done to 

bridge the gap. For this reason, this study aims at providing a framework of landslides 

hazard modeling and regional loss assessment. Due to the lack of detailed database in 

Turkey, we have chosen to use May 1998 Sarno debris flow in Italy as our case study.  

May 5-6, 1998, Sarno debris flow was one of the unprecedented hazardous 

landslides that took place in the southern part of Italy with more than 160 fatalities and 

incurred huge financial loss [11]. It took place because of heavy and prolonged rainfall 

in the vicinity of Campania mountains. We have chosen this event as it typically 

represents a rainfall-triggered landslide in form of debris flow (i.e., flow type-landslide). 

Another reason for this choice is the availability and accessibility of the event data though 

it has been more than 25 years since it happened, researchers still use it till today ([12], 

[13], [14], [15]).  

1.1. Literature Review Summary on Flood Hazard and Loss Modelling 

Flood hazard can cause destruction of infrastructure, disruption of businesses and loss of 

life in the inundated areas[16].  Due to the increase in population growth, urbanization 

has expanded to normally unhabitable floodplains ([17]; [18]). The ever-changing 

world’s topography and environment necessitate development of new techniques to 

accurately assess and mitigate flood hazard potential losses in any given area. One of the 

main steps towards flood risk management is flood hazard mapping. Through flood 



4 

 

mapping, flood prone areas are identified ([19]; [20]). Flood hazard mapping involves 

two main steps namely hydrological and hydraulic modeling ([21]). The next step to flood 

hazard mapping is to determine who would be affected or what would get damaged, and 

this is generally termed as exposure analysis ([22]). Flood damage is generally classified 

as direct and indirect damage[23]. While direct damages correspond to the direct effects 

of water on physical structures, indirect damage generally covers the effects of flood due 

to disruptions on people’s activities [24]. These classifications can be subcategorized 

further into tangible and intangible damages ([25]). However, tangible damages are often 

transferred into monetary values and described in economic terms[26].  Several studies 

have attempted to quantify the relationship between structural damage of the exposed 

buildings to flood intensities such as flow velocity and water depth. Many studies 

postulate flood depth as the main indicator of building’s incurred damage ([25],[26] 

,[27],[28],[29],[30],[31]). However, there are other studies that have tried to quantify the 

building structural damage using other flood intensities such as velocity ([28],[29]), 

duration ([32],[33]etc.  Numerous studies have been done to generate damage curves 

based on either empirical or synthetic data [34]. They include studies on England ([35]) 

on residential buildings in Czech Republic ([36]) on different buildings around the world 

[37], on 95000 buildings in New Orleans [38], etc. However, those damage curves based 

on only flood depth, though practical, have been criticized for failure to include all the 

flood parameters and the relevant uncertainties. These stage damage curves are mostly 

deterministic and limited in a way that they don’t accurately predict the flood damages 

and their inherent uncertainties ([37], [38]). Ignoring those uncertainties can cause 

unreliable predictions on flood loss assessments and the flood consequences ([39].  
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Therefore, several studies ([32],[40], [41]) in literature have pointed out the need 

to bridge the gap since the lack of proper quantitative estimation of the related 

uncertainties can lead to wrong and unconservative calculations ([42], [43]). Moreover, 

there is a need for regional hazard loss models that estimate hazard losses of a community, 

not just individual buildings.  

1.2. Literature Review Summary on Debris Flow Hazard and Loss 

Modelling 

According to Varnes 1978 landslides classification, Debris flow: A debris flow is a form 

of rapid mass movement in which a combination of loose soil, rock, organic matter, and 

water mobilize as a semi-liquid mixture and flows downslope. Debris flows include <50% 

fines. Debris flows are commonly caused by intense surface-water flow, due to heavy 

precipitation or rapid snowmelt, that erodes and mobilizes loose soil or rock on steep 

slopes. Debris flows also commonly mobilize from other types of landslides that occur 

on steep slopes, which are nearly saturated, and consist of a large proportion of silt- and 

sand-sized material. Debris flow deposits are usually indicated by the presence of debris 

fans at the mouths of gullies. As it is the case for flooding, debris flow effects are escalated 

by the increase in population that has pushed people to settle in dangerous debris flow 

prone areas ([44], [45]). Recently, there is a growing number of studies in the literature 

on landslide hazard mapping ([46]. 2003; [47]) and so many others that seek to quantify 

their risk ([48], [49]; [50]). To determine the debris flow risk, a combination of the 

probability of the intensity and debris flow potential consequences in an area is needed.  
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The physical vulnerability of elements exposed to debris flow hazards is widely 

determined as the degree of damage of a given element and is generally quantified on a 

scale from 0 to 1, from no damage to complete damage respectively ([51]). For buildings, 

direct financial loss due to debris flow is often calculated by multiplying the monetary 

value to the vulnerability.  This can be done based on the building market value ([52]; 

[53]; [54]) or based on the building reconstruction costs ([34]; [48]; [55]). There are so 

many studies on physical vulnerability of elements affected by debris flow and have 

suggested different formulation and damage curves that relate debris flow intensities, 

mostly inundation depth and velocities, to loss ( [12], [35], [36] ).  Empirical methods are 

generally used to quantify physical vulnerability because analytical methods are generally 

complex and require detailed inputs which might not be practical [56]. Debris flow 

vulnerability assessment is often hampered by the presence of uncertainties as well as 

spatial variability because debris flows are inherently complex and can be difficult to 

accurately quantify them ([57], [58]). The main factors for the presence of those 

uncertainties can be the complex characteristics of the debris flow and limited information 

of their mechanisms, incomplete information of the building or property damages, lack 

of accurate observational debris flow’s intensity data, and the presence of spatial and 

temporal variability of exposed elements. For these reasons, uncertainties associated with 

debris flow are hardly considered in debris flow hazard assessment [59]. 

1.3. Objectives 

It can be easily inferred from the above discussion of literature review on both flooding 

and debris flow that there is a research need for comprehensive hazard loss assessment. 

Particularly in Turkey where few related studies have been attempted, it is imperative that 
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researchers redirect their effort towards flooding and debris flow hazard modeling and 

loss assessment as much effort has been deployed towards enhancing earthquake 

understanding and risk assessment. For this reason, this study attempts to pave a way to 

the many to follow research in the field. The objectives of this study can be summarised 

as follows:  

➢ To model and assess the flood hazard risks on the town of Bozkurt as a 

case study. 

➢ To model and assess the debris flow risk on the town of Sarno, Italy as a 

case study. 

➢ To investigate the effects of considering uncertainties and spatial 

correlations on the overall regional flood and debris flow loss calculations 

➢ To perform sensitivity analyses in order to understand effects of main 

parameters on loss assessment calculations.  

 

1.4. Organization of the Thesis 

This study has three chapters. In chapter 2, a framework for flood hazard modelling and 

risk assessment is discussed. The procedure for flood hazard loss assessments can be 

broken down into three main steps: hazard analysis, exposure analysis, and vulnerability 

analysis. In this study, flood hazard analysis is performed using Hydrologic Engineering 

Centre’s Hydrologic Modeling System software (HECHMS) for hydrologic analysis and 

Hydrologic Engineering Centre’s River Analysis System software (HECRAS) for 

hydraulic modeling, and the main goal of this is to produce flood hazard map. Flood 

exposure analysis is performed in a GIS program QGIS, and flood exposure map is the 

main output. Lastly vulnerability analysis is performed using three different flood-
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damage relationships (Huizinga et al., 2017, Priska and Jonkman, 2010 and Maiwald et 

al.,2021). At this stage we also include spatial correlations and uncertainties, and their 

effects on total community financial loss is discussed.  After applying and verifying using 

the August 2021 flood in Bozkurt, sensitivity analysis is performed, and flood discharge 

relationships to regional losses are proposed.  

In Chapter 3, a procedure for debris flow hazard modelling and loss assessment is 

presented. As it is the case for flood, the procedure can also be summarized into three 

main steps: debris flow hazard analysis which is performed using Laharz software, debris 

flow exposure analysis in QGIS and vulnerability analysis performed using three different 

methods namely, Fachs et al. (2007), Kang and Kim (2016) and Akbas et al. (2018). In 

this chapter, effects of uncertainties and spatial correlations on overall regional debris 

flow loss are investigated. After that, we perform a sensitivity analysis to observe the 

effect a change in debris flow volume would have on the total cost.  

Finally, the last chapter is about conclusion and necessary remarks on the 

contribution of this study, limitations, and suggestions on the future works.  
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CHAPTER II 

  FLOOD HAZARD MODELING AND LOSS ASSESSMENT  

2.1. Introduction 

Floods are one of the most destructive natural hazards that wreak havoc to society, 

structures, ecosystems, infrastructure, and to economy in general. According to WHO 

(World Health Organization), more than 2 billion people were affected by floods for a 

period of fewer than 20 years (1998-2017).  According to [1], the global economic losses 

due to flooding are estimated to be more than one trillion dollars between 1980 and 2013.  

Turkey has also been severely affected by floods over the past decades, and its 

effects are second to earthquakes only, but few studies have been conducted on flood 

hazard in Turkey. Within a period of 54 years (1960-2014), the Turkish disaster database 

has recorded over 1076 flood events that claimed over 795 people, incurring a total of 

$800 million financial losses [2]. Given the shear consequences of floods in Turkey, it is 

imperative that more studies are needed that are not limited only to hazard modeling but 

also seek to holistically assess and mitigate flood risks.  

Additionally, flood risk modeling involves so many uncertainties and can 

significantly affect damage and cost estimations. The sources of these uncertainties are 

mainly due to generalizations, limited information and various assumptions made during 

the whole process of risk assessment [60]. There are so many studies in literature that 

have tried to quantify uncertainties such as [60], [61], [62], etc.  

This article, therefore, seeks to quantify the economic damage caused by the flood 

considering the effects of uncertainties on the total loss estimations. We aim to establish 
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a framework for developing regional flood loss models in Turkey. As is shown by [63] 

ignoring uncertainties leads to nonconservative results. There is, therefore, a need to 

include uncertainties associated with flood loss estimation. This paper also incorporates 

the effects of spatial correlations due to similar flood demands and similar building 

conditions to aggregate individual building losses into a total loss estimate.  

Using the flood event that took place on 11th of August 2021 in Bozkurt (in Black 

Sea region of Turkey) as our case study, we provide an easy-to-follow framework of flood 

hazard modelling and loss assessment. Moreover, we also try to estimate the effects of 

uncertainties and spatial correlations on the total replacement costs associated with flood 

damage on buildings.  

2.2. Case Study 

Bozkurt is a small town (Figure 1), located in Kastamonu Province within the Black Sea 

basin of Turkey. The Ezine Stream, which originates approximately 2 km away from the 

Black Sea, serves as the main drainage system for Bozkurt Water basin covering a 

watershed area of around 275 km2. According to data from the Denizli Chamber of 

Commerce, Bozkurt had a population of approximately 12,000 people in 2020.  The 

region experiences higher average annual precipitation of 1214 mm mainly because of its 

mountainous topography, proximity to the Black Sea coast, and overall high humidity 

compared to other regions surrounding Bozkurt that receive about 450 mm of 

precipitation annually [64]. Additionally, the flood risk in Bozkurt is intensified by the 

fact that so many buildings are built within the floodplains along the banks of the Ezine 

Stream. 
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Figure 1. Location of the town of Bozkurt in Kastamonu, Turkey 

On the 11th of August 2021, the place experienced an unprecedented flood 

following a two-day torrential rainfall. The flood affected so many places in the Black 

Sea Basin (Northern Parts of Turkey), its death toll was as high as 71 lives in the Bozkurt 

Town alone. The flood also has caused so much property damage including destruction 

of infrastructures like bridges, buildings and disruption of other economic activities as 

discussed by [3]. We have chosen Bozkurt as our case study because it is one of the most 

recent flooding events in Turkey. Figure 2 and Figure 3 are some of the images taken 

during and after the August 2021 flood in the town of Bozkurt.  

 

Figure 2. Aerial photograph during August 2021 flood in Bozkurt, Turkey ([65]) 



12 

 

  

Figure 3. Photos showing the water depth of the Bozkurt Flood on some buildings [66].  

2.3. Methods  

The framework of flood hazard modelling and loss assessment comprises three main 

steps: namely flood hazard analysis, exposure analysis and vulnerability analysis as 

shown in  Figure 4. 

 

Figure 4: Flood loss modelling procedure 

2.3.1. Flood Hazard Analysis 

2.3.1.1 Hydrologic Analysis  

Proper hydrologic analysis is crucial for the development of hydrodynamic analysis and 

other ensuing processes. One of the widely used programs for hydrologic analysis is 

HEC-HMS (Hydrologic Engineering Centre-Hydrologic Modeling System) developed by 
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the US Army Corps of Engineers (Figure 5). HEC-HMS is a hydrologic modeling 

program that can be used for flood forecasting, water resources management, or 

stormwater management within a given drainage area [67]. It allows the users to define 

`basin’s physical characteristics such as soil types, channel geometry and land use, 

meteorological data like precipitation and evaporation to estimate runoff, river flows, and 

other hydrologic parameters. HECHMS can be used to simulate both event based and 

continuous hydrologic models.  

 

Figure 5. Diagram showing components of HEC-HMS interface. 

 According to HEC-HMS USACE User’s Manual (2018), modeling in HEC-HMS 

consists of four main files for simulation: 

1. Project file: a file containing basic information about the project like project name, 

version of the model, time zone and names of the data. 

2. Basin file: file containing physical properties of the basin, like stream network, 

connectivity, methods, and parameters for hydrological process simulations. 

3. Meteorologic file: this file saves information about weather input.  
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4. Control specification file: contain information about the simulation time (when 

simulation starts and stops, and time interval)  

We begin with creating a new project file and setting up the unit system, SI units 

in our case. We then add terrain data by uploading our DEM into the program. In our case 

a 30-m resolution downloaded from STRM is used. After uploading DEM, basin model 

is created, and GIS coordinate system of the project is selected (UTM 36N zone is 

selected for Bozkurt). By processing drainage, the program will automatically create flow 

accumulation and flow direction. We then delineate streams which will work on the flow 

accumulation grid by specifying the stream area thresholds which were taken as 10 km2 

for in this study. To delineate the basin and its subbasins, an outlet (break point) is 

specified, and then subbasins and reaches are delineated. The identified subbasins and 

reaches are displayed in the watershed explorer section and their characteristics such as 

river length, subbasins areas, and slope and basins slopes are stored (Figure 6). We can 

pre-process the subbasins by merging some of them or doing other necessary 

modifications.   

 

Figure 6. HEC-HMS delineated model reaches and subbasins of Ezine river watershed.  
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The procedure for rainfall-runoff hydrologic modeling in HEC-HMS involves 

four main methods:  

➢ Loss Rate Methods:  There are so many loss methods but, in this study, Soil 

Conservation Service Curve Number (SCS CN) loss method is used. SCS CN 

method estimates excess rainfall as a function of parameters like soil cover, 

cumulative precipitation and land use using the equation below [67]:  

𝑃𝑒 =
(𝑃 − 𝐼𝑎)2

(𝑃 − 𝐼𝑎) + 𝑆
 

(2.1) 

 

Where Pe is the accumulated excess precipitation at time t, P is the accumulated 

rainfall depth at time t, and Ia is the initial loss, and S is the potential maximum retention.  

Unless the initial abstraction is exceeded by the accumulated rainfall, the precipitation 

excess is zero. An empirical relationship has been developed between Ia and S and it was 

found that Ia =0.2*S. Using the watershed’s curve number as an intermediate parameter, 

the program calculates the maximum retention (S) using the following equation [67]:  

𝑆 =
25400 − 254 𝐶𝑁

𝐶𝑁 
 

(2.2) 

 

Where, S is the maximum retention in SI units and CN is the watershed’s curve 

number, a value that ranges from 100 to around 30, representing water bodies and 

permeable soils respectively. CN number depends on several parameters like land use and 

soil type. Following the study of [3], CN is taken to be 65 for the case study. Another 

parameter needed for SCS Curve Number loss method is percentage of impervious area 

and it is assumed to be 5% for Bozkurt watershed [3].  
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➢ Transform Methods: these are methods that allow the modellers to convert the 

rainfall hyetographs (after subtracting losses) into streamflow hydrographs.  HEC-

HMS offers nine choices that include unit hydrograph methods, a linear quasi-

distributed method, a kinematic wave implementation, and a two-dimensional 

(2D) diffusion wave method. In this study, Soil Conservation Service (SCS)unit 

hydrograph transform method is used. There is one main parameter used for SCS 

Unit Hydrograph transform method: namely, lag time.  

                                                  𝑇𝑐 =
𝑙0.8(𝑆+1)0.7

1.140 𝑌0.5        (2.3) 

 

𝐿𝑎𝑔 = 0.6 𝑇𝑐 (2.4) 

where, Lag is the lag time in hours, 𝑇𝑐 time of concentration in hours, l is flow 

length in ft, Y is average watershed slope, and S is the maximum potential retention in 

inches.  

Lag time is calculated for each subbasins (Table 1), and the values are entered in 

HEC-HMS.  

Table 1: Calculations subbasins’ Lag time 

Subbasin L(km) 

Y, 

slope CN S Y, % Tc(hr) Lag(hr) 

Subbasin-01 10.24 0.41 65 5.38 41.06 2.06 1.23 

Subbasin-02 15.20 0.40 65 5.38 39.88 2.86 1.72 

Subbasin-03 10.70 0.32 65 5.38 31.60 2.43 1.46 

Subbasin-04 11.49 0.27 65 5.38 27.40 2.76 1.66 
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Subbasin-05 6.25 0.44 65 5.38 44.02 1.34 0.80 

Subbasin-06 4.45 0.50 65 5.38 49.90 0.96 0.57 

Subbasin-07 8.99 0.43 65 5.38 43.23 1.81 1.08 

Subbasin-08 9.79 0.30 65 5.38 29.76 2.33 1.40 

Subbasin-09 5.58 0.46 65 5.38 45.57 1.20 0.72 

Subbasin-10 9.66 0.22 65 5.38 21.97 2.68 1.61 

Subbasin-11 7.39 0.20 65 5.38 19.66 2.29 1.37 

Subbasin-12 5.95 0.34 65 5.38 33.92 1.47 0.88 

Subbasin-13 6.45 0.36 65 5.38 36.12 1.51 0.91 

Subbasin-14 7.19 0.21 65 5.38 20.97 2.17 1.30 

Subbasin-15 9.39 0.33 65 5.38 33.40 2.13 1.28 

Subbasin-16 11.31 0.19 65 5.38 19.20 3.26 1.95 

Subbasin-17 19.89 0.45 65 5.38 45.31 3.33 2.00 

Subbasin-18 3.14 0.33 65 5.38 33.46 0.88 0.53 

Subbasin-19 5.52 0.38 65 5.38 38.20 1.30 0.78 

 

➢ Baseflow Methods: In HEC-HMS, subbasin element consists of the interaction 

of surface runoff, infiltration, and subsurface runoff. The subsurface runoff 

calculations are done by baseflow methods. HEC-HMS offers six baseflow 

methods to choose from. If baseflow methods is not selected, the subbasin will 

not compute baseflow and the outflow will only include direct runoff from the 

transform method. In this study, we have chosen the “None Method”, meaning 

that we there is no selected baseflow method.  
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➢  Routing Methods:  This involves selecting reach routing method. This is a 

method used to predict the changes in shape of a hydrograph as water moves 

through a river channel or a reservoir. There are quite several routing methods in 

HEC-HMS, but we have selected Kinematic Wave Routing Method. We have 

chosen this method because of the absence of observed data and the physical 

characteristics of the studied area. This method uses unsteady flow equations but 

ignores pressure and inertial forces. It is often suited for urban areas with modified 

natural stream channels. This method requires the user to enter parameters like 

shape of the channel, manning coefficients, length, index flow (expected 

maximum flow), and slope of the channel, etc.  

After basin model, the user enters data for meteorological model. The main 

purpose of this step is to specify the meteorologic boundary conditions of each subbasin 

[67]. The user can specify each subbasin’s model or can use the model to more than one 

subbasin. In this model the user can choose either precipitation, evapotranspiration, 

snowmelt, or longwave radiation methods. In this study, we have used precipitation data 

from the meteorological station around Bozkurt namely, Abana, Kuz and Mamatlar Rain 

gauge stations as shown in the Figure 7. The average of the hourly precipitation data 

recorded on 11-12 August 2021 was calculated and then are entered into the program. 

Using the Thiessen polygon method, the gages precipitation weights are calculated and 

entered in HEC-HMS.   
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Figure 7. Rainfall hyetographs for the three rain gauge stations in Bozkurt 

vicinity. [68]. 

Next, a control specifications file is created. The main purpose of this file is to 

specify the start time, end time and the time interval used in the simulation. The 

hydrologic analysis in HEC-HMS gives a hydrograph with peak discharge of 1102 m3/s. 

The result of this hydrologic analysis is validated by comparing the peak discharge and 

the shape of the hydrograph with the results in the study done by  [3] in which the peak 

discharge was found to be 1026 m3/s (           Figure 8).  
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           Figure 8. Simulated flow hydrograph of Ezine stream 

2.3.1.2 Hydrodynamic Analysis 

The hydrograph obtained from hydrologic analysis serves as a boundary condition for 

hydraulic analysis. We have also appropriated HEC-RAS (Hydrologic Engineering 

Centre’s River Analysis System), to perform hydrodynamic analysis. HEC-RAS is 

another software developed by the US Army Corps of Engineers, mainly for river 

analysis. It has the capabilities of performing 1D steady as well as 1D and 2D unsteady 

flow analysis [69].  Creating Hydraulic model in HEC-RAS can be summarized in five 

main steps: (1) starting a new project, (2) entering geometric data, (3) entering flow data 

and boundary conditions, (4) performing hydraulic simulations, and (5) viewing the 

results. Running Hydraulic simulations in HEC-RAS needs four main files (Figure 9):  

1. Project file: a file containing basic information about the project including names, 

units of the project and other relevant or default information.   

2. Geometry file: a file containing basic information about the river or reach 

schematics, cross-section profiles, hydraulic structures (e.g., bridges and 

culverts), manning coefficients, and modelling approach information. 
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3. Flow (steady/unsteady) file: file containing information of the flow and 

boundary conditions.  

4. Plan file: file containing information like the description and short identifier for 

the plan, list of files associated with the plan, and information of the simulation 

options.  

Depending on the type of the analysis, we might also have sediment data file, 

Quasi-Unsteady flow data files, water quality data files, and hydraulic design data files 

(Figure 9).  

 

Figure 9. The HEC-RAS main window interface 

HEC-RAS solves energy equation (Equation(2.5)) to calculate water surface 

profiles from one cross section to the next with a standard step method (Figure 10).  
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Figure 10. Representation of terms in energy equations. 

𝑍2 +  𝑌2 +  𝛼2
𝑉2

2𝑔
= 𝑍1 +  𝑌1 + 𝛼1

𝑉2

2𝑔
+ ℎ𝑒 

(2.5) 

Where Z1/ Z2 are elevation of the main channel inverts, Y1/Y2 and V1/V2   are 

water depths and average velocities at the cross sections respectively, 1/2 are velocity 

weighing coefficients, g is gravitational acceleration, and he is energy head loss.  

The energy head losses are calculated by taking account of friction and 

contraction/expansion losses as shown in Equation (2.6):  

                      ℎ𝑒 = 𝐿𝑆𝑓̅ + 𝐶 (
2𝑉2

2

2𝑔
−

1𝑉1
2

2𝑔
)                                        (2.6) 

Where L is discharge weighed reach length, 𝑆𝑓̅ is friction slope between the two 

sections, and C is the contraction/expansion loss coefficient.  

HEC-RAS also uses Manning’s equation (see Equation (2.7) below ) to calculate 

the flow Q on each section of the river reach: 

                                                       𝑄 =
1.486 𝐴∗𝑅

2
3∗ 𝑆

1
2

𝑛
                                                          

(2.7) 
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where Q is the flow rate, A is the flow area, R is the hydraulic radius, n is manning 

roughness coefficient, and S represents friction slope.  

To begin hydraulic modeling in HEC-RAS, we import Digital Elevation Model 

(DEM), in GeoTiff format (with geo-reference coordinate system). Newer versions of 

HEC-RAS have GIS capabilities and DEM can be directly imported into its RAS Mapper. 

Geometry file is created and modified in RAS Mapper. Here, river channels, cross-

sections, riverbanks, and floodplains are defined (Figure 11).  The geometric data are 

drawn based on the google imagery that can be imported into HEC-RAS GIS Mapper.  

 

Figure 11. Diagram for Ezine River geometry in Bozkurt town in RAS Mapper. 

Next, we specify the manning coefficients for each cross-section. The manning 

coefficients used in this study are taken from the values provided on USACE websites 

[67] and it suggests that the manning value of 0.035 for riverbed, 0.1 for forests, 0.08 for 

urban areas and 0.04 for bare soil  The hydraulic simulation is performed using 1D 
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unsteady flow analysis and we have used the hydrograph obtained from the hydrologic 

analysis as the upstream boundary condition and normal depth where we entered channel 

slope as the downstream boundary condition. The results were validated by comparing 

the results to the models in other works like and using photographs taken from the events 

as shown in Figure 12. It was reported by [70] in part a of the figure that the water depth 

reached 1 meter high while it reached 5 meters in part b. From our hydraulic analysis we 

have found that the water depth in part a was ranging between 0.83 m to 1.17m and 4.2m 

to 4.44m in part b. Moreover, the inundation map obtained in this study was compared to 

other studies in the same region ([71],[72]) and it can be clearly concluded that our results 

are in agreement with those other studies. HEC-Ras can produce flood inundation map 

for both velocity and water depth.  

 

Figure 12. Bozkurt town’s flood hazard map showing inundation depth. 
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Figure 13: Bozkurt town’s flood hazard map showing flow velocity. 

2.3.2. Exposure Analysis 

Exposure flood hazard analysis is defined as a process of quantifying the number of 

buildings exposed to flood hazards and it is an important step towards flood risk 

assessment [73]. After the flood hazard analysis in which inundation map is the desired 

data, we proceed with exposure analysis. This step is done using Quantum GIS(QGIS), a 

publicly available GIS software and can be readily downloaded from Google [74].  

Using QGIS software, flood hazard extent raster layer is uploaded. This part 

involves determination of building features such as building location, building area, 

building type (e. g. residential, commercial), and building material used are identified. 

So, a shapefile containing building footprints is prepared. We have prepared this building 

information shapefiles using information from Google Earth [75], Google imagery and 
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Google Open Street Maps [76]. Hence the building information provided lack depth as to 

what construction material used, number of stories of the buildings and age of the 

buildings. It is only limited to the building’s footprint area and only to building categories 

are considered, residential and commercial buildings.  

The flood intensities affecting each building (velocity, and water depth) are found 

by superimposing the building feature and flood hazard map separately as shown in 

Figure 14 below. It can automatically be performed in QGIS using a plugin called 

“Sample Raster Values.”   

 

Figure 14: The August 2021 flood extent map for the town of Bozkurt 

2.3.3. Vulnerability Analysis Results 

At this stage, the damage due to flood hazard is transformed into economic loss or repair 

costs. There are so many studies on the economic value for a microscale flood damage 

assessment [77], but they mainly fall into two categories. They are either empirical where 
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actual flood damage data is used or synthetic approaches that uses hypothetical analysis 

based on extrapolation. It is beyond the scope of this study to discuss in depth the 

difference and the reliability of each approach, but it can be mentioned that empirical 

approach is the most used approach in the construction of damage curves, thanks to its 

high implementation rate [77]. There are so many damage curve functions in the 

literature, and they utilize different flood intensities, mainly flood depth and flow 

velocity. In this study, we use three different flood damage functions, and they are 

separately discussed below.  

2.3.3.1 Huizinga et al. (2017)  

Huizinga damage curves are one of the popular and most used damage curves worldwide. 

It is an extensive study that provides water depth-damage curves for each continent and 

for so many countries across the globe. Figure 15 shows water depth-damage relationship 

on residential, commercial, and industrial buildings for European countries.  

 

Figure 15: The flood depth-damage curves assumed in the study (Huizinga et 

al., 2017) 
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2.3.3.2  Pistrika and Jonkman (2010)  

Using the empirical dataset of 2005 flooding of New Orleans of about 95000 buildings, 

[30] propose a relationship between flood damage and its incurred financial damage to 

residential buildings. Pistrika and Jonkman (2010) predicts damage percentage using 

formula (2.8: 

                           𝐷 = 0.457 + 0.063𝑑𝑣0.654                                       (2.8) 

where D, d and v represent the food damage factor (%), food depth (m) and 

velocity (m/s), respectively. 

2.3.3.3  Maiwald et al. (2022) 

After a series of studies, a comprehensive and detailed flood-structural damage 

relationships are developed based on the damage data from the 2002 Germany flood 

combined with the 2011 Tohoku earthquake in Japan[31]. The formulation proposed is 

multivariate and we have chosen the equations which are based on inundation height 

and/or velocity (equations (2.9) & (2.10)). In this study the formula constants are 

modified to calculate damage states. Table 2 shows the calculated damage states and the 

assumed loss ratios.   

            D =  4 ∗ tanh(0.238. d − 0.914)  + 3                                           (2.9) 

where d represents inundation level or specific energy height; and  

                 𝐷 = 4 ∗ tanh (0.062. 𝑑 + 0.042. 𝑑𝑣 − 0.647)                                           (2.10) 

where d is the inundation level and v represents flow velocity [31].  
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Table 2: A table of damage states and the study’s assumed loss ratios  

Damage State (DS) Loss Ratio 

0 0 

1 0.5 

2 0.8 

3 0.92 

4 1 

 

Having recorded individual building damage percentage, and buildings’ surface 

area, replacement cost is calculated using the three methods mentioned above.  The 

replacement unit values of residential and commercial, are €454/m2 and €656/m2, 

respectively as suggested by [29]. Huizinga damage curves estimate the total cost of €32.5 

million which is based on only water depth, Pistrika and Jonkman formulation estimates 

of the total repair cost is €37.3 million, while Maiwald estimates a total cost of €34.5 

million and €37.8 million based on the equation (2.9) and equation (2.10) respectively 

(Figure 16), €33.96 million estimated by Priska and Jonkman (2010), €21.6 and €32.08 

million using Maiwald et al. (2022) equation (2.9) and equation (2.10) respectively. 

Moreover, following the premises found in the study by [3] that the August 2021 flood in 

Bozkurt was way higher than a 500-year flood of the region, we have sought to find out 

that this argument is equally reflected on the financial losses as well. Following the same 

procedure, the 500-year flood repair cost is calculated, and the results are compared as 

reflected on the graph (Figure 16). From the graph, the replacement costs of the August 

2021 Bozkurt flood are way higher in comparison to the estimated costs in case of a 500-

year flood, thus reinforcing the argument by [3]. It can also be seen that the formulations 

that consider both water depth and velocity into account give high estimates compared to 

the relationships that only consider inundation depth.  
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Figure 16. Comparison of flood damage costs of the 11 August 2021 Bozkurt, 

Türkiye flood to Q500 flood damages using different methods. 

To demonstrate the effects of uncertainties and spatial correlations on the 

community flood loss estimates, we have used the formulations proposed by [63] study. 

The spatial correlation is calculated based on the distance between each individual pair 

of buildings in the flood extents (Equation (2.11  & (2.12). We have assumed a COV 

(coefficient of Variance) of 0.3 for each individual building, correlation distance of 1km, 

and the distribution is assumed to be a normal distribution.  

𝐸[𝐿𝑇] = ∑ 𝐸[𝐿𝑖]

𝑁

𝑖=1

 

(2.11) 

𝑉𝑎𝑟[𝐿𝑇] =  ∑ 𝑉𝑎𝑟[𝐿𝚤
𝑁
𝑖=1 ] +  ∑ .𝑁

𝑖=1 ∑ .𝑁
𝑗=1 𝐿𝑖,𝐿𝑗

∗ 𝑆𝐷[𝐿𝑖] ∗

𝑆𝐷[𝐿𝑗]            

(2.12) 
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Where E[Li] is the expected loss values, SD[Li] and Var [Li] are the standard 

deviations and variances respectively.    Li, Lj is the correlation coefficient and is 

calculated as shown by Equation ( 2.13) below:  

         
𝐿𝑖,𝐿𝑗

= 𝑒𝑥𝑝−𝑟𝑖,𝑗/𝑟𝑜  ( 

2.13) 

Where ro is the correlation distance and is assumed to be 1km in this study. 
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Figure 17.  Probability of exceedance for the aggregated flood losses using a. 

Huizinga et al. (2017), b. Priska and Jonkman (2010), c. Maiwald et al. 2022 (Equation 

(2.9)) and d. Maiwald et al. 2022(Equation (2.10)). 

The Figure 17 represents the probability that the total costs will exceed the 

calculated costs using the three methods discussed above. As presented in the figure, 
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ignoring uncertainties and spatial correlations can lead to non-conservative loss estimates 

for high-extreme events. 

2.4. Sensitivity Analysis 

After establishing a framework for flood hazard modeling and loss assessment, a 

sensitivity analysis is performed to establish a relationship between flow discharge and 

aggregated financial loss of the town of Bozkurt. This part aims at providing a quick but 

efficient way of estimating regional financial loss in the aftermath of a flood catastrophe 

which in turn will help in quick fund allocation, in risk identification, regional master 

planning, and in development of national resilience policies.  

First, we begin by establishing a reasonable range for flood discharge values.  [78] 

has done a comprehensive study of hydrologic and hydraulic modeling of the town of 

Bozkurt using both the data before and after the August 2021 flood event. As outlined in 

previous sections, we have followed the same procedure to prepare inundation maps for 

each of the listed flow discharges and have added few other values that fall in the range 

between 91 m3/s to 2046 m3/s, Q2 and Q1000 of the Ezine Stream watershed for both 

2years and 1000years return periods respectively (Table 3).  Moreover, we have also used 

the four different flood loss estimations formulations, namely Huizinga damage curves 

[29], Priska and Jonkman formula [30], Maiwald equation (2.9) and equation (2.10) 

respectively [31]. The resulting financial loss estimates using the four discharge-loss 

relationships are recorded in Table 3 below. To proceed, the results are graphed and 

mathematical representations of the water discharge-loss relating equations are sought.  
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Table 3. A table of discharge values used for the sensitivity analysis and their 
corresponding calculated damage costs using the four different methods.  

Estimated Damage cost (Million €) 

 

Discharge, Q (m3/s) 
([78]) 

Huizinga et 
al. (2017)  

Priska and 
Jonkman 

(2010), 
equation 

(2.8) 

Maiwald 
et al. 

(2022), 
equation 

(2.9) 

Maiwald 
et al. 

(2022), 
equation 

(2.10) 

 

Q2a 91 6.41 31.20 7.5 26.16  

Q2b 105 6.98 31.30 8.7 26.39  

Q5b 175 9.70 31.75 11 27.48  

Q10a 225 11.30 32.06 12.5 28.2  

Q25a 292 13.95 32.53 14.9 29.19  

Q50b 345 15.65 32.78 16.4 29.86  

Q10a 358 16.00 32.90 16.8 30.02  

Q100b 397 17.15 33.13 18 30.52  

Q500b 527 20.60 33.95 21.6 32.08  

Q25b 570 21.56 34.19 22.7 32.6  

Q50a 765 26.00 35.35 27.4 34.7  

Q100a 990 30.62 36.71 32.4 36.93  

2021 Flood 1100 32.50 37.30 34.5 37.8  

Q500a 1575 40.55 40.08 43.2 42.03  

  1600 41.00 40.20 43.6 42.24  

  1680 42.20 40.60 44.9 42.89  

  1750 43.20 41.00 45.9 43.43  

  1850 44.50 41.56 47.5 44.2  

  1920 45.33 41.90 48.5 44.74  

Q1000a 2046 47.00 42.60 50.1 45.56  

* The subindices ‘a’ and ‘b’ correspond to the Q values for different return periods (in 
years) obtained by [78]  ‘after’ and ‘before’ the 2021 Bozkurt flooding, respectively. 

It is concluded that the relationship can be represented by a power function using 

Huizinga flood loss method (Figure 18). Hence Equation (2.14) below is proposed for 

community financial flood loss estimation on the town of Bozkurt using Huizinga et al. 
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(2017). The premise is strengthened by the fact that the corresponding R-squared 

(coefficient of determination) of the equation is 0.9993, implying a nearly perfect 

correlation.  

 

Figure 18. Graphical representation of the relationship between flood discharge 

values and estimated financial loss for the town of Bozkurt using Huizinga damage 

curves (note: upper and lower limits correspond to the bounds of a 90/10 two-sided 

confidence interval respectively)  

   𝐿 = 0.357 ∗ 𝑄0.643   (2.14) 

where L represents aggregated financial loss, and Q represents maximum flood 

discharge of Ezine Stream in the town of Bozkurt.   

It is also realized that there is a linear relationship between flow discharge and 

loss values using Priska and Jonkman method ([30]) with a coefficient of determination 

of 0.9996 (Figure 19). Thus, Equation (2.15)) is proposed.  

𝐿 = 0.0058 ∗ 𝑄 + 30.8  (2.15) 
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Where L represents aggregated financial loss, and Q represents maximum flood 

flow rate of Ezine Stream in the town of Bozkurt.   

 

Figure 19. Graphical representation of the relationship between flood flow rate 

values and estimated financial loss for the town of Bozkurt using Priska and Jonkman 

method (note: upper and lower limits correspond to the bounds of a 90/10 two-sided 

confidence interval respectively)  

Using Maiwald  Equation(2.9) and Equation (2.10) methods [31], it is found out 

that there losses can be estimated using a power function relationship with a coefficient 

of determination of 0.9996 and a linear relationship with a coefficient of determination 

of 0.9928 respectively (Figure 20 & Figure 21). To estimate the flood loss of the region 

of Bozkurt using Maiwald et al. (2022) methods Equation(2.16)and Equation (2.17) are 

suggested.  

   𝐿 = 0.464 ∗ 𝑄0.614   (2.16) 

                 𝐿 = 0.0058 ∗ 𝑄 + 30.8          (2.17) 

where L represents aggregated financial loss, and Q represents maximum flood 

flow rate of Ezine Stream in the town of Bozkurt.   
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Figure 20. Graphical representation of the relationship between flood flow rate 

values and estimated financial loss for the town of Bozkurt using Maiwald Equation 

(2.9) (note: upper and lower limits correspond to the bounds of a 90/10 two-sided 

confidence interval respectively)  

 

Figure 21. Graphical representation of the relationship between flood flow rate 

values and estimated financial loss for the town of Bozkurt using Maiwald Equation 

(2.10) (note: upper and lower limits correspond to the bounds of a 90/10 two-sided 

confidence interval respectively)  
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      CHAPTER III 

 DEBRIS FLOW HAZARD MODELING AND LOSS 

ASSESSMENT 

3.1. Introduction 

Landslides are one of the most disastrous natural hazards. They can cause significant 

damage to infrastructure, the economy, and society at large. According to the Global 

Landslide Catalog [4], there were over 11,000 fatal landslides worldwide between 2004 

and 2016 resulting in the deaths of over 56,000 people. Globally, there have been over 

1.6 million deaths and around $260-310 billion of economic loss every year since 1990 

[5].  The estimated economic losses from those landslides were approximately $10 billion 

per year worldwide between 2004 and 2016. To put this into perspective, the 2008 

earthquake triggered landslides in Wenchuan alone causing more than 80,000 deaths [79]. 

In addition to the immediate impacts of landslides, they can also have long-term 

consequences such as increased erosion and sedimentation, which can affect water quality 

and damage infrastructure over time [80].  

Given the fact that landslides, especially those triggered by rainfall [4], have been 

causing global damage, it is of vital importance that researchers should turn their attention 

to landslides risk management. Landslide risk assessment is a crucial step in landslide 

risk management, which involves the identification of hazards, estimation of the 

likelihood of occurrence, and assessment of the potential consequences. There is a 

growing body of literature on landslide risk assessment, which reflects the increasing 

awareness of the importance of managing landslide risk. The literature can be broadly 
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categorized into three main steps: (1) hazard identification and mapping ([81]; [82], (2) 

vulnerability analysis ([83]; [84], (3) risk analysis [85].  

To begin with, it is important to first clarify what we mean by some of the specific 

terms that we use in this work. There are so many definitions of landslides, debris flows, 

mudflows and so many related terms which are interchangeably used by many people in 

literature as discussed by [86]. Perhaps the most accepted definition and classification of 

landslides was proposed by [87] which was later modified by [88] works. In their work, 

landslides are defined as the movement of the saturated or oversaturated mass of either 

earth, rock, or debris down an incline [87]. Landslides classification is based on source 

material type, water content, rate of movement (velocity), and the type of movement 

(slide, flow, spread, etc.) [87]. According to Varnes' classification [87], the first term 

describes material type whereas the second term describes the type of movement. Thus, 

debris flow and debris slide are two different categories. According to material type, 

landslides are divided into rocks, debris, mud, earth, and soil whereas fall, topple, flow, 

spread, and slide are the distinct divisions of landslides according to their kinematic types 

of movements. With this, we may have earth spread and earth slide, debris flow, debris 

slide, rock topple, and rock fall. 

Since it is beyond the purpose of this work to examine the connotations of each 

subdivision, we stick to the flow types of landslides. According to Varnes’ 1978 study on 

landslides [87]there are five distinct classes of flows namely: (i) debris flow: Varnes' 

(1978) definition of debris flow is "a very rapid to extremely rapid flow of saturated debris 

in a channel, composed of a mixture of water and rock fragments derived from any source 

and ranging in size from clay to boulders. (ii) Mudflows which is defined as a flowage of 
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at least 50 percent fine-grained earth material with a liquid limit exceeding 25 and having 

a high degree of plasticity. (iii) earth flows are defined as a downslope movement of soil 

or rock debris exhibiting both shearing and flowing; it is usually characterized by a broad, 

spoon-shaped, or tongue-shaped shear head carp, backward rotation of the displaced 

material, and undulating surface flow.   

Other internationally recognized classifications of landslides such as [89] and [90] 

agree with much of Varnes's classifications [87], especially on the flow types of 

landslides.  For this reason, we have adapted the definitions and classifications mentioned 

above. However, our study only deals with debris flow.  

Numerical simulations of debris flow require rigorous and complex analysis and 

remain unpractical in engineering applications ([91], [92]). For this reason, many studies 

use semi-quantitative methods of debris flow assessment ([93]). Debris flow models 

generally treat the mixture of water and solids as a single fluid component with specific 

rheological properties, and typically use one of three types of constitutive equations to 

determine flow resistance: Bingham laminar flow, Newtonian turbulent flow, or dilatant 

grain shearing in the inertial regime. [94] as well as [95] conducted a comparative analysis 

of basic modeling approaches. [93] has proposed a five-steps semi-quantitative procedure 

based on numerous debris flow events and analyses that had occurred in Switzerland. 

Those steps are (i) Calculation of debris flow volume (V), (ii) Estimation of peak 

discharge (Qp), (iii) Calculation of velocity (v), (iv) Flow cross-section area (A), and (v) 

calculation of total travel distance (L) and runout distance on a fan (Lf). There are so 

many empirical formulations used to estimate each of the above quantities and are 

discussed in the ensuing sections.  
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3.2. Case Study  

On May 5-6, 1998, following a series of heavy and prolonged rainfall, Campania 

experienced unprecedented landslides hazard that claimed around 160 deaths causing 

approximately $100 million property loss [11]. Campania is a small town in the southern 

Italy province of Salerno, with a population of around 17,000 (Figure 22). It is one of the 

regions in which the Apennines Mountain ranges pass. The landslides occurred due to 

rainfall that triggered volcaniclastic top layer of about 0.5-2 m to slide down the valley 

resulting in a very rapid debris flow. There have been so many slope stability problems 

leading to landslides tracing back as far as 1632. But the May 1998 Sarno event was 

unlike the others because it was a series of landslides with more than 1,500,000 m3 

mobilized flow mass volume [11] through several channels (Figure 23). There are several 

factors that can trigger debris flow including earthquake, rainfall, weathering etc. [96]. 

Examples of rainfall induced debris flow events are found all over the world: in Italy [97], 

in Mexico [98], in Colombia [99], etc. It was shown by hydrological analysis that the 

May 1998 Sarno Debris flow in the Southern parts of Italy was triggered by rainfalls 

[100]. The Sarno rainfall-induced landslides have been classified as debris flow by so 

many studies in the literature including ([11], [97]). [96] has done an extensive study of 

the analysis of the May 1998 Sarno landslides sources and the geotechnical modelling of 

the triggering mechanism. [100] has discussed possible explanation of the causes of the 

May 1998 Sarno debris flow: 

1. Because of the pumice's voidity and lack of packing for more fine ash particles 

(the material is less dense). 

2. The coarseness of the pumice particles and the unloaded arrangement of the ash 

that cause the grain mass to act like a collection of angular fragments. 
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3. Soil suction which is partially influenced by the presence of permeable limestone 

bedrock and characterized by a karstic surface. This karstic nature resulted into 

the drainage of the overlying mantle deposits.  

4. The presence of vegetation in the places where pyroclastic deposits fell.  

In this work, the May 1998 Sarno debris flow hazard was modelled using 

LAHARZ software [33] and estimated the incurred economic loss due to building 

damages. There have been studies that have modelled the Sarno debris flow hazard but, 

to the knowledge of the author, there is no study that has estimated the building damages 

loss in monetary terms.  

  

Figure 22. Regions of May 1998 Sarno Landslides [101].   
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Figure 23. Photographs of a. the 1998 Sarno debris flow channels [12], b. 

scoured channel because of rapidly moving debris flows [102].  

3.3. Methods 

The framework used for debris flow hazard and loss assessment resembles that one of 

flood hazard (see Section 2.3), and it can be summarized into three main steps: Debris 

flow hazard analysis, debris flow exposure analysis and vulnerability analysis (see Figure 

24. Debris flow hazard modelling and loss assessment procedure   
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Figure 24. Debris flow hazard modelling and loss assessment procedure 

To begin with, for a better understanding of the procedure, let’s shade light on 

some important concepts on the methods used for debris flow analysis as described in the 

proceeding section flow hazard analysis.  

➢ Debris Flow Volume and Peak Discharge Estimation Methods 

First, debris flow analysis starts with the estimation of debris volume as it is the 

basis for debris flow peak discharge, the total runout distance, and the total travel distance 

estimations [93]. There are quite a lot of techniques in the literature used to estimate 

debris flow volume [103]. The most used techniques include GIS-based techniques [104], 

photogrammetric techniques [105], and empirical methods ([106], [93]).  The empirical 

methods were proposed based on the morphometric characteristics of the drainage area.  

Studies conducted earlier have indicated that there exists an empirical correlation 

between the volume of debris flow (V) and the maximum discharge of the debris flow 

(Qp) (as demonstrated by [107], [108], and [93]. Some commonly used formulas include: 

 

i) Rickenmann (1999) formula:  
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                                                  Qp =K Vd
0.833 (3.1) 

where Qp is the peak discharge, Vd is the volume of the debris flow, 

and K is an empirical coefficient which equals 0.1 [93].  

In the case study, Rickenmann equation has been used.  

ii) Hungr's formula:  

Qp = K*Vd
0.5,   (3.2) 

where Qp is the peak discharge, Vd is the volume of the debris flow, 

and K is an empirical coefficient. Hungr's formula is based on the field 

measurements of debris flow in British Columbia, Canada [107].  

iii) Mizuyama et al. (1992)'s formula:  

                             Qp = K*Vd
0.78  (3.3) 

where Qp is the peak discharge, K is empirical coefficient which equals to 0.135 

for granular debris flows and 0.0188 for muddy debris flows, b is taken. Mizuyama's 

formula is based on field measurements of debris flows in Japan [108].  

➢ Flow Velocity Calculations 

Debris flow is known for its ability to travel long distances, cause significant 

damage, move at high speeds, and leave large amounts of debris in alluvial fans. 

Researchers in the field of Geo-hazards have shown a great interest in understanding the 

dynamic features of debris flow. Analyzing the factors that affect the run-out and physical 

characteristics of debris slurry is an essential aspect of studying this phenomenon. 

Parameters such as peak discharge, volume, impact force, velocity, and material 
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properties play a crucial role in understanding debris flow. Velocity is particularly 

important for mitigating the hazards caused by debris flow, as it affects the distance 

travelled, impact force, and the time taken for debris to reach the alluvial fan. The 

estimation of velocity is, therefore, a critical factor in preventing and mitigating the 

damages caused by debris flow, and any mitigation structure needs to consider the 

velocity of the flowing mass. 

In hydrodynamics, there are several methods for estimating longitudinal flow 

velocity. However, due to the highly complex and unpredictable nature of debris flow, 

conventional velocity estimation procedures are not always effective. Only a limited 

number of methods have been used to determine the velocity of debris flow. These 

methods can be broadly classified into two categories: (1) velocity approximation using 

analytical methods and (2) Field investigations, which involve real-time monitoring or 

back-calculation based on superelevation [109]. There are also many analytical methods 

formulations in the literature, and they include  exact solution methodologies for a fully 

2D channel flow ([110], [111]), mean formula calculation methods [112], and the recent 

two-phase fluid model method as discussed by [113].  However, the above analytical 

formulation requires rigorous studies and lacks the practicality that empirical methods 

offer. The most used and well-known empirical method is the super-elevation method 

which is often used for the practical analysis of debris flow [109].  

The super-elevation method involves measuring the amount of lateral 

displacement of a debris flow in a curved channel and using this measurement to estimate 

the velocity of the flow. This method assumes that the debris flow follows a circular path 

and that the centrifugal force acting on the flow is balanced by the gravitational force. 
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The velocity of the flow can then be calculated using Chow 1959 velocity equation which 

was later improved by some studies that suggested the addition of a correlation coefficient 

([107], [114],[115]) described in Figure 25 below :  

𝑉 =  (𝐾 ∗ 𝑔 ∗ 𝑅 ∗ 𝛥𝑒/𝑤)0.5  (3.4) 

 

 
Figure 25. Cross profile illustration of superelevation method ([115]) 

Where V is the velocity, g is the acceleration due to gravity, R is the radius of the 

curved channel, w is the channel width, K is the correlation coefficient and Δe is the 

difference in elevation between the inner and outer banks of the channel. 

 It should be noted that this method has some limitations and uncertainties, as it 

assumes a uniform flow and neglects the effects of flow turbulence and roughness. 

Therefore, it is recommended to use this method in combination with other methods to 

obtain more accurate velocity estimates. It should also be noted that the key characteristic 

of debris flow is the presence of a channelized or confined flow as discussed by [89], thus 

the above formulation of debris flow velocity can also be termed as confined flow 

velocity.  
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Perhaps, one of the challenges involved in the use of this method is the estimation 

of the radius of curvature which is a subjective measurement in natural channels. There 

is a lack of detailed discussions on how to estimate bend radius in technical writings, 

except for a study by [116], which highlighted the challenges involved in determining the 

radius. [117] and [118] discuss the derivation of unconfined alluvial fan flow velocity 

using the kinetic potential energy equation. This assumes a total transformation of kinetic 

energy into potential energy. The unconfined flow velocity equation is given below:  

                                            𝑉 =  (2 ∗ 𝑔 ∗ ℎ)0.5  (3.5) 

Where g is the gravitational acceleration, and h is the distance between the 

ground surface and the energy line.  

Additionally, as discussed by [93], maximum velocity can be calculated using 

flow peak discharge. Even though equation (3.6) is based on clear water analysis, it has 

been shown that it can also be used to estimate debris flow maximum velocity [119].  

𝑉𝑚𝑎𝑥 =  2.1 𝑄𝑝0.33𝑆0.33 (3.6) 

Where S is the local slope and Qp is the peak discharge.  

➢ Runout Distance Calculations 

The total travel distance and runout distance (Figure 26) might be of much interest 

especially to roughly delineate debris flow endangered zones [93].  A parameter that 

illustrates the ability of debris flow to move down a slope is called mobility of the flow 

(L/H). This parameter is only based on the ratio of the height difference to the distance 

between the source and the deposit area [120].    
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Figure 26.  Diagram illustration of the energy line concept. H is the drop in the 

height over runout distance (L). ED is the Euclidean distance from the source point, HT 

(the energy line elevation) = HA – HE, h= HT – DEM-elevation [120].  

Different studies ([91]; [93];[121]) have indicated that there is quite a relationship 

between the mobility ratio and the volume of the debris, and that one can be used to 

estimate the other. [91] mentions that the boundary conditions and geometry of the runout 

path are the main factors affecting the mobility ratio, thus runout distance.  

➢ Debris Flow Modelling by LAHARZ 

Debris flow is a non-Newtonian fluid, and its mechanics are complex due to the 

interaction between particles and the fluid. There are quite several debris flow modeling 

software like FLO-2D (a widely known debris flows modelling software that considers 

the factors like soil properties, local slope, water content to predict debris flow mechanics) 

and RAMMS which stands for Rapid Mass Movement Simulation is also used to simulate 

debris flow, rockfalls, avalanches, and landslides. Another way to predict the behavior of 

debris flow is to use LAHARZ [121]. LAHARZ is GIS-based software (plugin) 

developed by USGS (United States Geological Survey) and is used as a plugin of ArcGIS 

and it is written in the ArcInfo Macro language (AML) as it is described by [121]. 
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LAHARZ is an empirical model that requires two main parameters, namely, 

debris flow volume and the underlying DEM (Figure 27 and Figure 28). LAHARZ was 

designed as a hazard-delineation tool [122] and the accuracy of the model is coarse, and 

it is generally used to simulate the inundation of debris flow [123]. The program assumes 

that the volume that leaves the proximal hazard zone (source area) equals the volume that 

reaches the distal hazard zone (deposition area) ([121]; [122]).  

 

 

Figure 27. Diagram illustrating the planimetric area (B) and cross-sectional area 

(A) used by LAHARZ. The height drop (H) to horizontal runout distance (L) ratio 

stands for the proximal lahar hazard extent [121]. 
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Figure 28. Diagram to illustrate Inundation extents of debris flow from source 

area. Cross sections areas (A) along the inundation limits are shown in yellow, whereas 

the total planimetric area (B) is shown by dashed lines. (July 20, 2003’s Minamata 

debris flow in Kyushu, diagram [124]). 

As discussed by Iverson et al. (1998), LAHARZ uses those to parameters to 

predict inundation extent (planimetric area, B) and depth in form cross-sectional area (A). 

[122] has predicted the relationships between volume and both cross-sectional (A) and 

planimetric areas (B) using scaling analysis:  

𝐴 =  𝑐1 𝑉2/3 
 

(3.7) 

𝐵 =  𝑐2 𝑉2/3 
 

(3.8) 

Where V is the volume, A is the largest cross-sectional area through which lahar 

or debris pass, B is the deposition planimetric area. c1 and c2 are the proportionality 

coefficients. Through worldwide examination of data set, [122] has found out that 

c1=0.05 and c2=200 for lahars produce results closely related to observed values. This 
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study was expanded by [124] to examine the debris flow behavior, and it was found that 

for debris, c1=0.1 and c2 =20 (Figure 29). 

 

Figure 29. Relationships between volume to cross-sectional area (A) and 

planimetric area (B) respectively [124]. 

Creating debris flow inundation map in LAHARZ requires adequate topographic 

data (DEM), to identify potential proximal zones (source areas) and a good estimate of 

corresponding volumes of debris flow from each source [124]. The software has seven 

main tools for the analysis [122]: (i) To Create Surface Hydrology Raster, (ii) Generate 

New Stream Network using stream thresholds, (iii)Create Zone Proximal (Create a 

proximal hazard zone), (iv) Lahar Distal Zones (Create inundation areas based on User 

supplied volume), (v) Merge Rasters and (vi) Raster to Shapefile that converts raster to 

vector dataset. 

3.3.1. Debris Flow Hazard Analysis 

The empirical analysis of debris flow using LAHARZ starts with the preparation of a 

digital elevation model (DEM) of the place [125]. For our case, a 10-m resolution DEM 

is downloaded from the Italian territory DTM database (TINITALY) in the UTM WGS 
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84 zone 32 projection system as a GeoTIFF file. This DEM is also used to calculate the 

flow paths slopes between the transport and deposition areas (Table 4).  

Another important parameter for the empirical analysis of debris flow is the 

volume of the mass involved. [126] has estimated each debris flow channel disrupted 

volume (table) by using the source area and its thickness, aerial photography, and DEM 

analysis. As indicated by Dorta et al. (2007), two flow categories were observed (i) those 

with a transport zone (Ep-1, Ep-3a, Ep-5, Ep-7a, Ep-7b, Lav-1, and Lav-2 where Ep 

stands for Episcopio and  Lav for Lavorate) and (ii) others without transport zones (Ep-

2, Ep-3b, Ep-4, Ep-6a and Ep-6b) between source and deposit areas. They have found 

this estimation by adding the volume of the deposited soil and the soil in the disrupted 

area. Recorded in the table below are the local slopes measured using the digital elevation 

model, peak discharge and maximum velocity values calculated using equation (3.1) and 

equation (3.6) respectively.   

As noted above LAHARZ (GIS tools for Automated Mapping of Lahar 

Inundation Hazard zones) and ArcMap are free software provided by the United States 

Geological Survey (USGS) and can be downloaded from their website. First, we start 

ArcMap, and open ArcToolbox. We then load the downloaded Laharz.py.tbx to 

ArcToolbox. Laharz_py toolbox has seven tools as discussed in the section above. The 

first three are used to prepare datasets necessary for the simulation of the project. Digital 

elevation model is then imported into ArcMap (Figure 30) and convert it to hillshade 

view.  
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Table 4: Assessed debris flow volume and peak discharge [127], measured local slopes 
and estimated maximum flow velocity. 

Flow Volume (m3) Q (m3s-1) Slope Vmax(ms-1) 

Ep-1 36000 600 0.34 12 

Ep-2 124000 1700 0.30 16 

Ep-3a 101000 1500 0.29 16 

Ep-3b 88000 1300 0.40 17 

Ep-4 53000 900 0.29 13 

Ep-5 158000 1500 0.35 17 

Ep-6a 121000 1700 0.35 17 

Ep-6b 73000 1100 0.21 13 

Ep-7a 38000 700 0.22 11 

Ep-7b 253000 3200 0.23 19 

Lav-1 105000 1600 0.28 16 

Lav-2 275000 3400 0.24 19 

 

 * Where Ep stands for Episcopio and Lav for Lavorate.  

 

Figure 30: Hillshade view of Sarno digital elevation model in ArcMap. 
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As can be seen on the lists of the tools of Laharz_py [121], the simulation begins 

by creating surface hydrology rasters. We click on the tool, we specify our workspace 

and DEM, then we choose stream threshold value. When this tool is run, DEM sinks are 

all filled, flow accumulation, flow directions and stream raster are generated (Figure 31). 

This step generates four new rasters, some of which will be used in the ensuing steps. 

Sometimes, the user might think it expedient to regenerate another stream network with 

a different stream threshold value.  

 

Figure 31: Created surface hydrology rasters showing Sarno stream networks. 

The second step is to create proximal hazard zone boundaries using the proximal 

Hazard Zone boundary tool [121]. Here, we specify a filled DEM (one of the four rasters 

obtained above), stream raster and the slope of the cone (i.e., the height to the length ratio, 

H/L), and the location (XY coordinates) of the cone. Slopes used here are recorded in 

Table 4 above.  The Lahar Distal Zone tool is then used to calculate inundation areas of 

drainage whose XY coordinates are specified. In this part, volume text file containing 

volumes of each drainage, filled DEM, and a text file containing XY coordinates of source 
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area are specified. It is on this step where we specify the flow type of our simulation, 

namely lahar, debris_flow and Rock_Avalanche.  This tool uses Equations (3.7 & (3.8) 

above to calculate both planimetric area and maximum cross-sectional area. When this 

step is completed, the program generates an inundation area file (raster file) and a text 

file with “. pts” file extension. The generated inundation area of each of the drainage 

zones can be seen in Figure 32 below.  

 

Figure 32. Generated inundation map for May 1998 Sarno debris flow in the Episcopio 

and Lavorate regions.  

3.3.2. Exposure Analysis  

Shapefiles of the building data of the Sarno region are provided Italian Government 

website downloaded from National dataset of Italian Structural Aggregates. However, the 

data available does not provide detailed information on what type of building, number of 

stories of the building, functions of the building and so on. According to [128] 81% of 
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the buildings in the Episcopio region were residential buildings, mostly masonry 

structures, although few reinforced structures and other framed structures were present. 

As for the age of the buildings, the study suggests that most of the buildings in the region 

were more than 30 years old at the time of the May 1998 Sarno landslides. The produced 

inundation map shapefiles were superimposed with the building data shapefiles to 

generate the May 1998 Sarno debris flow exposure map (Figure 33).  

 

Figure 33. Generated May 05-06, 1998, Sarno debris flow hazard map 

To estimate velocities affecting each individual building, 3-4 sample points were 

taken on each debris flow path. Cross section of each point is drawn to estimate the 

channel width (w) and the difference in elevation between the inner and outer bank (e). 

A circle is carefully positioned at the location of the point where velocity measurements 

are calculated to correctly estimate the radius of the curvature (Rc). Then using the 

equation (3.4), velocity is calculated. K is taken as 1 for more conservative calculations. 

Below is an illustrating example of velocity estimation on the Ep_7 debris flow channel. 
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Drawing the circle gives a circle of 370 m-diameter (185 m-radius) in Figure 34. The 

cross-section at the point shows a channel width of 90 meters and e of 0.9 meters as 

shown in Figure 34. Applying the Equation (3.5) gives a velocity of 18 m/s.  

 

 
 

Figure 34. Diagram illustration of debris flow velocity estimation on Ep-7 channel.  

3.3.3. Vulnerability Analysis 

Fuchs et al. (2007) has proposed an empirical vulnerability function which has 

been appropriated by so many other proceeding studies in the debris flow risk 

assessments (Figure 35). He has appropriated well-documented data of debris flow from 

the Austria Alps events and has concluded that the damage pattern of masonry and 

concrete structures caused by debris flow can be estimated using a second order 

polynomial function (Equation (3.9). 

𝑌 =  0.11 𝑥2 –  0.02 𝑥 (3.9) 

where, y is the vulnerability second order polynomial function for all debris flow 

intensity, i.e., deposition height (x< 2.5 m) [34]. 
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Figure 35. Fuchs et al. (2007) vulnerability curve (relationship between debris 

flow intensity (x) and vulnerability (y)) 

Another well-known study on vulnerability assessment of buildings is the work 

of Kang and Kim [22]. The study is based on the analysis of 11 debris flow events that 

took place between July and August 2011 in South Korea. Vulnerability functions based 

on debris flow velocity and flow depth were proposed for both reinforced concrete and 

non-reinforced concrete buildings as shown in Table 5,  Figure 36 and Figure 37.  

Table 5: Kang and Kim [35]’s vulnerability functions for building structures. 
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Figure 36. Kang and Kim [22]’s debris flow vulnerability curves as a function 

of flow depth.  

 

 

 

Figure 37. Kang and Kim [22]’s debris flow vulnerability curves as a function 

of flow velocity. 

We have also used the empirical vulnerability functions suggested by [36]. Those 

functions were developed following the July 13, 2008, debris, and mud flow in the central 

parts of Valtellina between Berbenno and Morbegno, Selvetta Province of Italy. The 
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study suggests a second order polynomial relationship between debris deposition height 

and the building vulnerability (see Figure 38). The function is used for both masonry and 

reinforced concrete single to four-story buildings.  

𝑉 =  0.17 ℎ 2–  0.03 ℎ (3.10) 

where V is the vulnerability function and h are the deposition height of debris flow 

with values between 0 and 2.5 m. 

 

 

Figure 38. Akbas et al. [36] vulnerability curve. 

To estimate the losses, buildings in the debris flow extent were identified, then 

using linear interpolation, debris flow velocities and depth on each building was 

estimated. Using the above discussed methods, namely Fuchs [34], Kang and Kim [35], 

and Akbas [36], building damages due to debris flow in the Sarno region were calculated. 

To estimate the economic losses on each building, we have adopted the Huizinga et al. 

(2017) building-based and content damage values for residential buildings in Italy. [29] 

estimates a total of €739 per square meter. Figure 39 below shows estimated total 
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financial loss using the three debris flow damage functions.  Fuchs, Kang and Kim, and 

Akbas debris flow damage functions estimate € 93 million, € 167 million, and €102 

million of financial losses respectively. The damage costs estimated by both Fuchs and 

Akbas are comparatively low compared to the damage estimated by Kang and Kim 

functions. This is fundamentally due to the type of damage functions used in those studies 

as Fuchs and Akbas both propose second order polynomial function whereas Kang and 

Kim use exponential function to estimate the damage costs.  

It is hard to clearly validate the estimations done here since there is no detailed 

study of economic losses of the May 1998 Sarno debris flow event. Nevertheless, [11] 

estimates $100 million property losses of the May 1998 Sarno debris flow. This amount 

agrees with the damage costs estimated using both Fuchs and Akbas methods. It is also 

important to add that the Akbas debris flow damage functions were developed following 

the July 13, 2008, debris, and mud flow in the central parts of Valtellina between 

Berbenno and Morbegno, Selvetta Province of Italy, which explains why it might be the 

most correct estimation.  
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Figure 39. Diagram comparing the total estimated building losses due to May 5-

6, 1998, Sarno debris flow. 

Additionally, uncertainties associated with unit prices and building properties and 

the impact of these uncertainties on the loss quantities are evaluated. The spatial 

correlations in demand and capacity of buildings to withstand the hazard are incorporated 

to assess the overall loss estimation for a particular region. Here Equations (2.11), (2.12)&  

( 2.13) from [63], are used. Figure 40 demonstrates the probability of exceedance for the 

aggregated debris flow losses using the three different methods used above, Fuchs, Kang 

and Kim and Akbas methods. From Figure 40, it can be concluded that not accounting 

for spatial correlation in losses resulting from shared hazard exposure and building 

vulnerability can lead to an underestimation of the comprehensive loss and recovery 

evaluations for the highest levels of loss occurrences. 
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Figure 40. Probability of exceedance for the aggregated Debris flow losses.  

3.4. Sensitivity Analysis 

The main obstacle in the process of debris flow loss estimations lies in the calculation of 

debris flow velocity. Debris flow velocity calculation is a rigorous process that might not 

be practical. Hence, we have opted to use maximum velocity and calculated the maximum 

expected financial loss from a debris flow hazard. Using the maximum velocity in each 

of the flow channels of the 1998 Sarno debris flow hazard, the estimated loss changes 

from €167 million to €223 million using Kang and Kim loss method.  

We have also examined how the total loss would be by changing the debris 

volume (V). We have calculated the total financial loss by using twice the volume (2V), 
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half of the volume (0.5V) and a quarter of the volume (0.25V) in each channel source. 

Table 6 below shows the results of the analysis. Doubling the debris flow volume would 

result in a total financial loss of €386 million while halving the debris volume would 

cause a loss of €129 million based on Kang and Kim’s loss method.  

Table 6: Results of debris flow loss assessment using different debris flow 

volumes.  

Volume Input (m3) Debris Flow Loss (€ million) 

Twice the Volume (2V) 386 

Actual Volume (V) 223 

Half the Volume (0.5) 129 

Quarter the Volume (0.25V)  74 

 

Due to limited availability of data for the case of Sarno debris flow, the 

relationship between debris flow intensity (which is debris flow volume for this case 

study) cannot be suggested. However, from the few data in Table 6 above it can be 

inferred that there is a relationship between the debris flow volume and the regional loss 

for the Sarno region. 
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      CHAPTER IV 

      CONCLUSION 

4.1. Summary 

This study was done on two rainfall triggered natural disasters: flooding and debris flow. 

The world suffers greatly from those two natural hazards and Turkey is not an exception. 

Given the sheer effects of the two hazards, our study aims at contributing to the 

development of proper and practical methods for the hazards’ risk assessment and 

management. Moreover, having realized the research gap on the consideration of flood 

and debris flow plagued uncertainties, the study shades light on the effects of ignoring 

uncertainties and spatial correlation on the total regional flood losses.  

First, using the flood hazard and loss assessment framework found in the 

literature, a regional flood hazard modelling is performed on the town of Bozkurt in 

Turkey. A hydrologic analysis is performed using HEC-HMS, a hydraulic analysis using 

HEC-RAS, an exposure analysis is done in QGIS program, and a vulnerability analysis 

is performed using four different methods of flood financial loss estimation on individual 

building losses. Additionally, we have investigated the effects of uncertainties and spatial 

correlations to the overall regional flood loss costs. From the analysis, it can be inferred 

that it is unconservative to ignore the uncertainties during hazard loss assessment.  It 

should also be added that the study does not seek to quantify uncertainties related to flood 

loss, therefore, a reasonable coefficient of variation of 0.3 was chosen to represent 

individual building’s inherent uncertainties. As discussed above, a sensitivity analysis is 

performed using flood discharge as the only variable. The suggested relationships 

between flood discharge to flood loss are only representative of the loss of Bozkurt.  
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Second, the study performs a debris flow and loss analysis. Using the May 1998 

Sarno debris flow in Italy as a case study, the debris flow of the place is modeled in Laharz 

software. Exposure analysis is also done on the buildings in the affected region and 

corresponding direct building costs are estimated. As is the case for all natural disasters, 

debris flow modeling also is not free of uncertainties and the study investigates the effect 

of including uncertainties and spatial correlation on the total costs. It is realized that 

ignoring them can lead to wrong loss estimates, especially for extreme events. Sensitivity 

analysis is performed for some values of debris flow volume on the area. Due to complex 

nature analysis and difficulties in calculating the needed debris flow intensities, the study 

has not established the relationship between flow volume and incurred losses.  

4.2. Limitations and Future Works 

Although the study is intended to contribute to literature in the field of hazard loss 

modeling, some assumptions were made due to the following limitations: 

➢ There is a lack of flood and debris flow damage curves that are specific to Turkey. 

For this reason, the used damage curves are borrowed from other studies in 

literature.  

➢ There is a lack or limited knowledge of the uncertainties inherent to flood and 

debris flow hazard modeling and loss assessment.  

➢ As shown, the amount of structural damage incurred by natural disasters is a 

combination of many factors like the function of the building, the age of the 

building, the building material of the building and the number of stories of the 

considered building. Limited information on the above-mentioned building 

aspects can lead to wrong and unconservative loss estimates.  
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➢ The study also uses full replacement costs provided by Huizinga et al. (2017) 

rather than depreciated buildings values.  

➢ There is a lack of enough data to validate the hydrological and hydraulic models.  

➢ The study uses a relatively low-resolution DEM, thus fails to capture detailed 

information of basin and stream channels. For that reason, there is limited data on 

the physical characteristics of the places studied.  

➢ There is a lack of debris flow data of the past events in Turkey. This is somewhat 

problematic since it shows that despite the past recorded landslides, little has been 

done to enhance the data on landslides in the country.  

➢ Due to the complex nature and limited knowledge on the flow mechanism of 

debris flow, it is difficult to quantify its velocity and other flow parameters, 

especially in the absence of observed data.  

Below are the suggested future works and related parties should be engaged in 

finding the necessary solutions: 

➢ The flood study only covers the town of Bozkurt whereas it is expedient that such 

readily available models can be done on all water basins, or at least flood-prone 

regions in Turkey.  

➢ Given the need of flood and debris flow damage curves for buildings, further research is 

needed to develop those curves that would ease the estimation of the hazard’s loss. 

➢ Development of comprehensive building database is needed for all towns in Turkey and 

should be made readily accessible to researchers in the corresponding areas.  

➢ Further studies should be conducted to understand fully the mechanism of debris flow. 

➢ Effort should be directed in the proper quantification of hazard related uncertainties.  
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