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ABSTRACT 

Landslides represent an important hazard that can result in significant damage to properties and may cause 

substantial economic impacts when they affect essential transportation corridors. Over the past 40 years, 

landslides in Colombia have resulted in about 400 Million USD in damages. Moreover, 60% of the country’s 

road networks are affected by landslide problems. In response to this, a proactive approach of conducting 

quantified landslide risk assessments along the roadways is being conceptualized by the Colombian 

Geological Survey and the road agency INVIAS. This study contributes to the starting point for this 

proactive and risk-based approach by developing a proposed method for the generation of a road asset 

management database that allows future quantitative landslide risk assessments (QRA). 

 

Fieldwork was conducted along an initial road section transecting the towns of Copacabana and Girardota 

of the highway that connects Medellin and Bogota, Colombia to subdivide it into homogenous road 

segments and characterize each road segment and the immediate slopes while analyzing data sets presently 

available for integration in the database. The concept of delineating “areas of influence” (AOI) was formulated 

which are part of the standard units for road risk analysis. The AOI was defined as the immediate sloping 

areas in the vicinity of a road segment, possessing a homogenous set of characteristics related to the terrain, 

geology, land cover, mitigation measures and type of mass movements that may affect the road segment. 

The road network was segmented using the criteria mentioned above, and an AOI was delineated per 

segment. 

 

Different methods of delineating road segment AOI’s were evaluated and compared to the field/ground-

based AOI’s produced. Of these methods, the field-based approach of delineating AOI’s works best as a 

standalone method while the other approaches evaluated were applicable as a supplement. A method for 

predictive identification of landslide sources using plane fitting and map calculations was created given 

various release angles and distances from the road. The intersection between the plane and the DEM surface 

was outlined using raster value thresholding and subsequent classification as the probable landslide initiation 

areas that would reach the road given a release angle. 

 

For a quantitative analysis of landslide risk, substantial landslide information is required along with a 

comprehensive maintenance record, data on road network construction and maintenance costs, and data on 

the state of mitigation measure efficacy. A road asset database structure was formulated to address each of 

these required types of information and the method was tested for landslide risk analysis utilizing test 

landslide data over a period of 25 years. The results suggest that the database when accomplished 

comprehensively, would allow the hazard to be expressed in magnitude-frequency relation through power 

law model fitting, which is part of an essential procedure for the quantification of the risk. Extrapolation 

from the power law would yield annual event probabilities and return periods of different landslide 

volume/magnitude thresholds. The database structure also provides starting information on how to estimate 

volume and frequency when no historical landslide information is available. Finally, the database testing 

revealed its applicability for quantification of the direct and indirect risk expressed as the probability of 

landslide occurrence per year and its respective monetary losses. The results are of importance for road 

infrastructure managers seeking to apply a risk-based approach to road slope mitigation especially in 

Colombia. These can also be reproduced in other road networks wherein the prioritization of road segments 

for long term reduction and management of landslide risk is being considered. 
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1. INTRODUCTION 

1.1. Background 

Landslides represent an important hazard that can result in significant damage to properties (Guzzetti et al., 

2012). They may cause substantial impact to the regional economy especially when they affect important 

transport corridors (Pensomboon, 2007). In addition to this, remediating highway embankments due to 

slope failures can be expensive especially when numerous landslide events frequently occur, therefore 

requiring prioritization measures and larger funding (Rose, 2005). Landslides along roads are prevalent in 

many mountainous regions, including the Andes mountain range of South America, where this research is 

focused on (Brenning et al., 2015; Hermanns & Valderrama, 2012). In Colombia, 5% of the total 7.1 billion 

USD the country incurred in losses over the last 40 years is attributed to landslides (Vega, Hidalgo, & Marín, 

2017), while GFDRR, (2012) reports that approximately 60% of Colombia’s road network is potentially 

affected by landslides. 

 

Financial institutions such as the World Bank are frequently engaged in risk management projects and stress 

the importance of developing road asset management databases. These are aimed to account for asset 

inventories along the road network, road condition surveys, and inventories of protection works with the 

overall goal of reducing disaster risk along transport corridors. A road asset management database typically 

contains information on physical infrastructure (pavements, embankments, bridges), equipment and 

material condition, and other items of value such as vehicular density data (OECD, 2001). However, a good 

road asset management database must be able to incorporate landslide inventories, geological, mitigation 

information and most importantly allows the proactive approach of quantitative risk assessment (QRA) in 

addressing road landslide risk (Fell & Eberhardt, 2005). This is the new approach taken by many road 

infrastructure managers, in contrast to previous retroactive approaches where the common practice was to 

remediate slopes only after a failure which has proven to be less cost-effective (Rose, 2005).  

 

Road infrastructure managers around the world have different specific tasks of making sure the roads are 

of good quality for use by the general public. While maintaining this quality, the advanced and state-of-the-

art practice of risk management is being used by several EU member countries (CAREC-ADB, 2009; Rose, 

2005). For a risk-based and proactive approach to be incorporated into spatial road planning especially for 

mitigation works, there must be a definite structure for a database that allows conducting risk analysis along 

the roadways. The execution of risk analysis, particularly along roadways, entails collection of quantities of 

datasets which often vary depending on the purpose, data collection method, and frequency. To add to this, 

some of the datasets that are essential for a successful risk-based approach along roads are not regularly 

collected especially by road network managers (World Bank, 2017a).  

 

The main objective of road asset management is maximizing economic benefits by reducing maintenance 

and road user costs for a given road network. The practice also aids in the determination of optimal funding 

levels and actual funding allocation for specific road segments (CAREC-ADB, 2009). In contrast to passive 

maintenance implementation, the proactive approach of implementing road asset management aims to 

achieve a high level of road condition at the lowest cost while having a long-term perspective which 

considers future impacts such as road damage caused by landslides, blockages and pavement damage 

(CAREC-ADB, 2009; Rose, 2005). Inventories of road data, condition, unit costs, and deterioration form 

the basis for road asset management wherein datasets are entered to a road asset management system 

(CAREC-ADB, 2009). This contains the databases that allow the analysis of data for risk management of 

certain problematic segments along a road network that may reduce maintenance costs in the future. 
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QRA is a procedure of analysis and evaluation of risk based on quantified values of hazard probability, 

vulnerability, and consequences (Fell, Ho, Lacasse, & Leroi, 2005). According to the United States 

Department of Transportation, (2017), QRA allows a “higher degree of transparency, reproducibility, and 

comparability in risk assessment” and therefore prefers integration of risk analysis in their asset management 

systems. On the other hand, some road infrastructure agencies such as the California Department of 

Transportation use a qualitative risk matrix combining ordinal descriptions of hazard and consequence for 

their risk analysis of projects (Rose, 2005). This arises from their need of a rapid evaluation system for road 

maintenance projects and the complexity of data collection required for a quantified assessment of the risk.  

 

Previous work about landslide QRA conducted specifically along transportation corridors consider the 

population (e.g., fatalities), vehicles and road sections as the main part of the elements at risk component 

(Ferlisi et al., 2012; Peila & Guardini, 2008). Budetta et al., (2015), adapted the QRA for an important 

transport corridor in southern Italy while attempting to integrate the efficacy of landslide mitigating 

measures into the final risk values. Ferlisi et al. (2012), used the QRA to emphasize the difference between 

estimating the amount of risk to life an individual experiences to that of the overall computed societal risk 

along an entire road. These studies are successful in determining the level of risk specifically for roads and 

therefore can be applied to other transport corridors in mountainous regions such as in the Andes mountain 

range. However, it is optimal that risk outputs from these studies have to be included in road asset 

management databases that allow risk assessment outputs to be used for effective risk management. QRA 

approaches such as these works above are still rare; in most cases, the risk is assessed in a semi-quantitative 

or qualitative approach mainly because of insufficient data. 

1.1.1. Problem statement  

The proactive approach of conducting risk assessments along roads results in better road infrastructure 

management practices (CAREC-ADB, 2009; Rose, 2005) including more efficient and objective planning 

of mitigation measures. However, in most countries, including Colombia, the passive approach of mitigating 

slopes only after a landslide event is the norm. Moreover, unorganized data collection practices by the road 

managers do not allow a QRA to be conducted at present. QRA approaches are data demanding and in 

most cases the limited available data on historical events or maintenance records are not QRA compatible.  

 

Road asset management databases usually do not take into account landslide information for carrying out 

risk assessments at different road segments or site conditions. This research will contribute solutions to the 

problems indicated above by developing a road asset database that allows infrastructure managers to 

quantitatively analyze the risk for road segments. The challenge is to provide the starting point and blueprint 

for future risk-based approaches to be incorporated by the road managers in Colombia. Currently, Servicio 

Geológico Colombiano & Instituto Nacional de Vías (2018) are formulating guidelines for QRA along the 

road networks. However, this activity is hindered by the insufficiency of suitable data. As a possible solution 

to this, the development of road asset database is a requirement before actual QRA could be conducted in 

the future.  
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1.2. Research objectives and questions 

Aim/General objective: To develop the structure of a road asset management database that allows semi-

quantitative or fully quantitative assessment of landslide risk along roads, based on road segments and their 

area of influence (AOI).  

Specific objectives and related research questions: 

1. Examine the current practices of road management and maintenance in Colombia and evaluate the 

presently available data sets for QRA applicability. 

• What datasets do the road managers collect in their usual routine/practices and at what frequency? 

• How applicable are the current data sets collected by road managers and research institutions with 

respect to conduct of QRA along roads? 

2.  Analyze the applicability, advantages, and disadvantages of different segmentation approaches to generate 

road AOI’s and segments which will be considered as the standard unit for risk analysis along roads. 

• How do the different segmentation approaches compare with respect to fieldwork based/manually 

delineated AOI’s? 

• How do the resulting AOI’s from different segmentation approaches have an effect on how the 

risk is estimated for the road segments and what are the ideal conditions for the use of each type of 

segmentation approach? 

• Can the method for AOI delineation be automated, and which criteria should be considered when 

delineating an AOI for a given road segment? 

3. Design and structure a QRA database which integrates significant information that will allow future 

conduct of QRA along roads in Colombia. 

• What type of databases and spatial units must be included in the QRA database and how will it be 

structured? 

• How will the data sets be collected, compiled and with what frequency should they be updated? 

• What are the different data attributes and respective GIS representations of each essential database 

created for QRA? 

4.  Apply the risk analysis in test segments using data modified for a highway along Medellin, Colombia. 

• Can the proposed database structure allow quantification of magnitude-frequency of landslides and 

risk along the test road segments? 

• Does the proposed database structure address the cost and damage scenarios envisioned by the 

road managers in Colombia? 

 

 

1.3. Thesis structure and outline 

The thesis is organized according 

to the two main topics (road 

segmentation and database 

structure). The concepts, related 

problems and literature, methodologies, results, and discussion parts are included in these chapters. The 

relation of each chapter in the general methodology of landslide risk assessment along roads is summarized 

in Figure 1.2. 

Figure 1.1: Research framework 
showing the main responsibilities of road 
managers in Colombia and the main 
contribution of this work to road 
management. 
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Chapter 1 is the introduction 

and background chapter and 

gives an overview of landslide 

quantitative and semi-

quantitative risk assessments 

and its relation to road asset 

management, and the 

challenges for it to be 

implemented on specific road 

networks. This chapter also 

defines the research problem 

and objectives. 

 

Chapter 2 gives an overview 

of the study area in Colombia 

as well as the responsibilities 

of road management agencies 

in the area. Also presented in 

this chapter are the current 

practices of road management 

along with the description of 

available data sets gathered. 

 

Chapter 3 focuses on 

analyzing and comparing four 

segmentation approaches to 

produce road segment AOI’s 

which are vital to a risk analysis along roadways. This chapter presents the possible implications of the 

different AOI’s that result from different segmentation approaches and discusses the advantages and 

disadvantages of each approach in the context of risk management and prioritization.  

 

Chapter 4 presents the development of the road asset database that is suitable for QRA applications in the 

future. This includes a justification of the specific fields and formats that were prescribed in each component 

of the database and its variability depending on a specific end-user along with its purpose within the overall 

QRA framework. 

 

Chapter 5 demonstrates how to apply the defined database structure and data sets presented in chapter 4 to 

a risk assessment. 

 

Chapter 6 outlines the conclusions and recommendations of the research. This chapter also contains some 

topics for future study and improvement. 

 

Figure 1.2: Thesis structure outlining the general method for road landslide risk 
analysis and flow of this work 
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2. STUDY AREA AND DATA SETS 

The selected study area for this research is a road located in Medellin, Colombia. This site was chosen 

primarily due to a collaboration with the Faculty of Mining of the Nacional University of Colombia in 

Medellin (UNAL), and due to the history of recent landslide events. The collaboration between ITC and 

UNAL helped in the initial investigation of available datasets in the region as well as in finding out the 

current practices of road management in the area. The existing data sets collected during fieldwork will be 

described in this chapter.  

2.1. Medellin-Bogota 
road, location, and short 
description 

The city of Medellin is located in 

the Aburra Valley, and although 

it was confined to the lower and 

flatter portion, it has expanded 

in the past decades along the 

steep slopes surrounding the 

valley. Generally, the lowest 

elevation of the valley in 

Medellin is about 1500m while 

the surrounding mountainous 

terrain goes up to 2000m in 

elevation. The Medellin-Bogota 

road is located northeast of the 

city of Medellin. The selected 

study area traverses the 

municipality of Copacabana and 

portions of Girardota (Figure 

2.1). The total length of the 

highway spans about 450km and 

is an important transportation 

corridor that connects Medellin 

which is the second largest city 

of Colombia, to the capital of 

Bogota. The selected road 

section for study measures 

approximately 5.5km and is 

representative of the current 

mass movement problems. 

Other notable and important highways in the region are the Medellin-San Jeronimo road connecting 

Medellin to the northern ports of the country, and the Medellin-Las Palmas road which connects Medellin 

to the Jose Maria Cordova international airport, the main international entry point in the region. The 

Medellin-Bogota highway also connects to the international airport.  

Figure 2.1: Location map of the study area 
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2.2. History of significant landslide events in the selected road study area 

The most recent significant landslide event happened on the Copacabana section of the selected road in 

2016. This landslide is shown and partly described in Figure 2.2A. This landslide happened on the old section 

of an active quarry located adjacent the Medellin-Bogota highway. The accumulated rainfall amount for the 

last 30 days before the event was about 330mm. The event caused 16 casualties, and it took five days to 

clear the blocking debris from the roadway. Progressive downslope mass movement is also characteristic in 

the area. As shown in Figure 2.2B, the progressive downslope movement has caused significant damages, 

and ultimately a tunnel was 

constructed to address the problem. 

According to authorities, the 

movement downslope is still 

ongoing, and the construction of the 

tunnel has not solved the problem 

completely. This example 

demonstrates the possible structural 

damage to roads by downslope mass 

movement. Another representative 

landslide event in the selected road 

section is shown in Figure 2.2C. A 

large rockslide caused blockage of 

two lanes of the highway for about a 

month resulting to the construction 

of the new road lanes away from the 

upslope. Mitigation measures along 

the study area are rare with only 

small portions of the road having 

them and are also insufficient as 

evidenced by some debris that go 

over the structures.  

 

 

 

 

 

 

 

 

 

Figure 2.2: Representative landslides along the studied road section; A: 
Copacabana event 2016; B: Progressive downslope mass movement forcing 
authorities to divert the roadways and to construct tunnels; C: Large rockslide 
upslope causing traffic blockage 
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2.3. Road management and maintenance practices 

According to interviews conducted with staff of UNAL and the University of Antioquia, road management 

in Colombia is led by two government agencies namely the Agencia Nacional de Infrastructura (ANI) and 

Instituto Nacional de Vias (INVIAS). INVIAS is in charge of constructing, maintaining, and regulation of 

non-concessional highways in Colombia (INVIAS, 2016) while ANI oversees and creates a public-private 

partnership between the national government and the private road companies to construct new 

infrastructure (Agencia Nacional de Infrastructura, 2015). Concessional roads in Colombia refer to the road 

networks managed and maintained by private companies. These companies earn a profit by charging toll 

fees to road users upon entering the highway. On the other hand, non-concessional roads refer to highway 

networks that are currently managed and maintained exclusively by the Colombian Government through 

INVIAS; these roads are those not taken by private companies and are toll-free. The respective road 

networks handled by INVIAS and ANI all over Colombia are shown in Figure 2.3. 

Roughly 5000km of 

highways are 

commissioned and 

monitored by ANI 

while the rest are 

mostly under the 

maintenance of 

INVIAS or the 

respective Departments 

with jurisdiction. The 

map is captured from 

INVIAS carreteras 

portal at: 

(https://hermes.invias.gov.co/carreteras/). 

 

The Medellin-Bogota highway is under the concession of a private consortium, DEVIMED. DEVIMED 

(Desarollo Vial Del Oriente de Medellin) or East road development of Medellin is a consortium consisting 

of nine contractors (8 Colombian, 1 American) primarily in charge of construction and maintenance of road 

networks connecting Medellin, with southeast Departments, up to the capital city of Bogota (Agencia 

Nacional de Infrastructura, 2016). DEVIMED is valued at around 150 million euros in 2014 and is currently 

under contract with ANI from 1996 until 2021. ANI oversees the periodic performance checks of 

DEVIMED and all other private concessions in the country. According to reports from Agencia Nacional 

de Infrastructura (2015), the performance checks mostly comprise of financial auditing and monitoring, and 

private concessionaires are not required to furnish ANI its daily maintenance, mitigation measure, and traffic 

data sets. The private concessionaires also have the responsibility to ensure safety along the highways they 

are maintaining; this includes landslide monitoring and protection from these hazards.  

 

INVIAS mostly operates on its own in maintaining the roads. The main difference between having a 

concessionaire (ANI) and not having one, e.g., in the case of INVIAS is the easy access to funding 

maintenance works of the concessional highways. It is expected that highways under the care of ANI and 

Figure 2.3: Combined 
map of ANI and 
INVIAS managed 
highways in Colombia 



 

8 

its private concessions are in better condition than highways solely maintained by the government through 

INVIAS since private companies in charge of concessional roads maximize profit by ensuring maximum 

number of vehicles that pass through their highways. This is why the Colombian government promotes its 

public-private partnerships- to have better quality infrastructure, including roads. However, according to 

Daheshpour & Herbert (2018), the disparity between the quality of the two road types is not large. The 

primary goal of its road maintenance activities is to achieve an acceptable level of pavement condition which 

is quantified using the pavement condition index (INVIAS, 2016; Shah, Jain, Tiwari, & Jain, 2013). Its 

current maintenance practices include a routine check for pavement, drainage, and vegetation clearing check. 

Periodic preventive treatment of seals, drainage and road pavement is included on top of partial or total 

reconstruction of damaged roads (INVIAS, 2016).  

 

There is no record of INVIAS or ANI utilizing a road asset management database, and maintenance 

practices, especially after a landslide or debris clearing, indicate they do not maintain records of the activity 

as seen below in a photo taken from a road along the municipality of Pasto (Figure 2.4). Currently, INVIAS 

is developing an application for maintenance recording along the roads which could be useful in the QRA 

context.  

2.4. Existing datasets 

Generally, there were three groups of existing data sets, 

which were obtained primarily by UNAL-Medellin and 

also from the INVIAS data set portal. These are the 

DEM derivatives and secondary data such as the 

geological map, rainfall station data and hazard 

inventory. Figure 2.5 shows the maps that were compiled from fieldwork.  

• Landslide inventory 

Sources of the inventories were the SIMMA catalog (SGC-Colombian Geological Survey), and 

DESINVENTAR historical inventory. SIMMA and DESINVENTAR inventories were taken from the web 

portal and updated/monitored daily at the National University of Colombia-Medellin (UNAL) using aerial 

photographs and news reports. The portal can be accessed at https://www.simma.sgc.gov.co and is also the 

official landslide reporting webpage in Colombia. The uncertainty level for the inventory is indicated for 

each record with a value ranging from level 1-3. 1 is the highest level of accuracy which means the 

coordinates indicated is almost exact, 2 is district level accuracy, and 3 is municipality level accuracy. The 

DISINVENTAR records use the same level of uncertainty levels; however UNAL compensates for this by 

supplementing spatial location with aerial photograph interpretation. 

 

According to UNAL staff, the inventories are more accurate especially from 1988 onwards. This is due to a 

change in the method and more attention given to compiling it from after a large event in 1988 in the Aburra 

Valley region. Previously, the inventories were maintained and updated at the municipality disaster office 

(AMVA), but the system was transferred to UNAL in 2015 and is presently maintained and updated using 

a combination of GIS methods, aerial photograph interpretation, and field validation for the most recent 

landslide events. Temporal range of the landslide inventory dataset gathered spans from 1930-present. 

Ongoing research by UNAL utilized the landslide inventory for a number of landslide events to correlate 

with rainfall amount and temporal variability in the Antioquia region. Each event has attributes such as event 

type, approximate neighborhood location, damage description, source, indicated uncertainty level, and 

Figure 2.4: Maintenance staff working on manually 
disintegrating a boulder from the upper slope beside the 
road in Pasto; Photo source: CJ van Westen (2018) 
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longitude, latitude readings. A plot of the landslide inventory within the selected study area is shown in 

Figure 2.5A. 

 

Data set Source Spatial 

resolution 

Last 

updated/Temporal 

range 

GIS 

representation/data 

format 

Landslide 

inventory 

UNAL-Medellin, 

SIMMA-SGC, 

DESINVENTAR 

- 2018/1930-present Point vector map 

DEM and 

derivative maps 

(slope, aspect, 

curvature, TWI) 

 

UNAL-Medellin 

 

2m 

 

2018 

 

Raster map 

Geological map UNAL-Medellin, 

SGC 

- 2017 Polygon vector map 

Rainfall station 

data 

Sistema de Alerta 

Temprana del 

valle de Aburra 

(SIATA) 

- 2018/daily Spreadsheet 

Landcover UNAL-Medellin 2m 2017 Raster map 

Soil thickness UNAL-Medellin, 

AMVA 

2m 2017 Raster map 

Historical traffic 

data 

INVIAS - 2016/2003-2016 Spreadsheet 

Maintenance 

and construction 

costs for roads 

 

INVIAS 

-  

2016 

 

Table form and 

reports 

Table 2.1: Existing data sets compiled 

• Digital Elevation Model (DEM) 

The DEM provided by UNAL-Medellin spans the entire area of the Aburra Valley; this was clipped to 

emphasize more on the selected study area (Figure 2.5B). Previously the DEM comprised of 2m resolution 

for the greater metropolitan area and 5m resolution for the rural areas. This was resampled to an overall 

resolution of 2m for the whole valley. Resampling of the rural areas having a 5m resolution previously, 

resulted in the loss of data quality and artifacts. However, since the study area does not encompass the 

aforementioned rural areas, there was minimal data quality loss and artifacts present. Derivative maps such 

as the slope gradient map, hillshade, aspect, curvature, and topographic wetness index maps were produced 

from this DEM. The DEM was also used to delineate sub-basins (watersheds), slope units, and runout paths 

as possible AOI’s in this research.  

• Geological map 

The geological map provided by UNAL-Medellin contained significant information regarding the types of 

lithologies underlying the study area. In general, the study area is underlain by the following rock types: 

Metamorphic rocks (Amphibolites and Gneisses), Surficial mass movement deposits, and few 

metamorphosed basalts, river deposits and fill materials. The geological map attributes are detailed with 

important fields such as the age of the rocks. However they were created at a regional scale and is not reliable 

for site-specific evaluation.  

• Rainfall data 

The rainfall is monitored closely around the Aburra Valley by SIATA. They have a temporal resolution of 

about 15 minutes per station, and this data can be easily downloaded from their online portal. 
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• Landcover map 

Land cover data set is represented by raster maps with a 2m cell size that was generated using supervised 

classification of mosaicked orthophotos from the greater metropolitan area (Figure 2.5D). The reliability of 

the landcover map is also low given that it was produced on a widely regional scale of the Aburra Valley and 

most of the units classified within the study area were not correct upon field validation.   

• Soil depth/thickness 

 

The soil thickness map provided by 

UNAL-Medellin was created using 

the approach developed by Catani, 

Segoni, & Falorni, (2010) which 

defines soil thickness as the depth to 

bedrock or the depth to a first marked 

change in hydrological properties. 

The method is particularly effective 

for catchment scale estimation of soil 

depth, and that was utilized by 

UNAL-Medellin to create the data set 

as shown in Figure 2.5E. This dataset, 

however, is not reliable with very 

generalized thickness values in the 

study area due to its method of 

preparation and regional scale. 

• Historical traffic data 

Historical traffic data or Average daily 

traffic (ADT) data was obtained from 

the INVIAS web portal; it contains 

the ADT per sector and road network 

for all departments/provinces in 

Colombia. For the department of 

Antioquia where the study area is 

located, the ADT records span from 

2003-2016. The percentages of 

vehicle types traveling along the 

highways are also indicated in this 

historical ADT record.  

• Maintenance and construction 

costs for road 

The prescribed amount for 

maintenance and construction costs 

are published by INVIAS, (2016). 

The amounts that are charged for 

maintenance actions such as brushing, and pavement reinforcement, and most importantly the actual road 

construction costs are outlined by Garzón Iral, Valencia Palacio, & Muñoz Cossio, (2012) & INVIAS, 

(2016). These values may vary slightly from every department, but it provides good insight on to how much 

it costs to maintain or construct quality highways. Aside from this, vulnerability values can also be estimated 

by the road managers using these costs above, utilizing the maintenance/construction costs ratio (Garzón 

Iral et al., 2012; Jaiswal, 2011).  

Figure 2.5: Different maps gathered during fieldwork A: Landslide inventory 
points from SIMMA-DESINVENTAR; B: DEM of the selected road study 
area; C: Geological map showing lithologies underlaying the selected road site; D: 
Landcover map; E: Soil thickness map 
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3. COMPARISON AND EVALUATION OF DIFFERENT AOI 
DELINEATION METHODS  

3.1. Introduction 

It is essential for road design and rehabilitation planning projects to subdivide the road into homogenous 

units before implementation (Misra & Das, 2003). This need arises from avoiding a mixture of pavement 

condition parameters, slope properties, and other criteria which increases the likelihood of poor 

uneconomical road design and mitigation, thus the introduction of the concept of road segmentation and 

delineating their respective “Areas of Influence” or AOI. The procedure of delineating an AOI starts with 

road segmentation wherein a portion of the road with similar characteristics (e.g., type of slope, mitigated 

or not) are defined as a segment. After segmentation, each of the segments has an upslope or downslope 

area wherein mass movement hazard processes may adversely affect the road segment either by runout of 

materials upslope or progressive erosion downslope. These areas above or below the slope are delineated 

and defined as the AOI’s per road segment. This procedure addresses two key problems: (i.) the type of 

maintenance or treatment work to be done for roads with similar condition or problem is aggregated and 

can be addressed efficiently, and (ii.) the basic mapping unit for assessing the risk is established and 

prioritization can commence systematically for the entire road network. 

 

A: Tunnel installed along the road segment, a mitigated segment is different from a segment without one, B: Rockslide scar on 

a cut slope and corresponding upslope AOI, C: Recent landslide on a cut slope. D: Natural slope along the highway. E: 

Downslope AOI. F: Natural slope road segment 

 

This concept was developed to bridge the gap between assessing road pavement condition/problems at 

present and a risk-based proactive approach which provides a long-term perspective for road management 

and maintenance. The AOI is defined as the immediate sloping areas above or below the road that may 

affect or influence the road segment condition or treatment in the future (Figure 3.1). In the context of this 

Figure 3.1: Diagram showing how the AOI works for road segments:  
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research, the road segment AOI is the standard unit of assessment and forms the basis for the development 

of the road asset database for QRA which will be discussed in Chapter 4. Since the road segment AOI’s are 

the most important units for the analysis of risk along roads, examining the various methods that are used 

to delineate it is of utmost importance. In addition to this, the methods are tested to find an optimal 

approach that could be automated while providing reliable AOI’s for analysis of risk.  

3.2. Method of comparison between each method 

For this study, four methods of subdividing the road and AOI delineation are evaluated and compared. The 

four methods are 1-knowledge driven/manual approach (ground truth), 2-sub-basin (watershed) delineation 

approach, 3-Slope unit delineation approach, and 4- Runout propagation approach. The comparison will be 

done with respect to the manual method which was delineated after fieldwork in the selected road study 

area.  

3.3. Method 1: Knowledge-driven/manual approach 

3.3.1 Concept 

The knowledge driven/manual segmentation and delineation of road segments and AOI (Rana, 2017; Sun, 

2018) typically involves a combination of terrain unit mapping, identification of topographic factors, and 

utilizes historical imageries/data, Google Earth, Google Street view, Road videos and fieldwork. The goal 

of a knowledge-driven manual segmentation is to delineate road segments and respective AOI’s with 

homogenous properties according to specific criteria such as the type of landslide activity, drainage, type of 

slope, presence or absence of mitigation measures along the road segment, land use, and evidence of past 

landslide events. This approach allows flexibility in terms of criteria definition and depending on the goal of 

the study. 

3.3.2 Methodology 

 

 

1. Use of multi-

temporal images 

(Evidences of past 

movement) 

To determine the evidences 

of previous landslide activity 

in the road study area, multi-

temporal images were used. 

In addition to this, the 

available SIMMA historical landslide catalog was also used for verification. Utilizing multi-temporal 

images and historical landslide data to identify evidences of past events are an important 

consideration/criteria for delineating AOI’s manually especially for hazard analysis, assuming that 

the occurrence of landslide events in the past is a reliable indication for possible future events (van 

Westen, van Asch, & Soeters, 2006). The Google Earth historical image viewer allows users to 

review historical images and also determine evidences that suggest previous landslide activity. In 

this study, multi-temporal images were inspected before fieldwork and identified evidences 

indicating past landslides were validated on the ground.  

Figure 3.2: Procedures 
done when applying 
manual/knowledge driven 
road segmentation for AOI 
delineation 
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2. Use of Google Street view and road video analysis (treatment works, landslide type) 

Assessing landslide along roads in the study area was made convenient with the use of Google 

Street view, which allows users to review the slope conditions and more importantly, the presence 

of treatment works along the road without going to the actual field site. The identification of 

treatment works or mitigation measures along the road was also used as a criteria for delineating 

the segments and corresponding AOI in this study. The presence of treatment works is vital to the 

estimation of risk per given road segment (Budetta, 2004; Rose, 2005) and is important to be 

differentiated from other segments that do not have one. In addition to the use of Google Street 

view, road video analysis from dashboard camera videos taken during fieldwork allowed the 

interpretation of the probable landslide types present along the road slopes and also later in the 

office. This is to account for the different types of slope mitigation/treatment works to be applied 

(Budetta, 2004; Rose, 2005; Sun, 2018), e.g., rockfall prone slopes are treated differently from 

shallow landslide-prone slopes, and therefore should be differentiated from one another.  

 

3. Field inspection and validation (road characteristics, slope type) 

Field inspection of the road is essential for delineating AOI manually. This allows characterization 

of the road segments according to their properties such as width, number of lanes, and costs which 

is important for consequence analysis during the QRA. In addition to determining road properties, 

the slope types can be identified during field inspection. The type of slope whether they are cut 

slopes, natural slopes, mixed or embankments is difficult to deduce using Google Earth images and 

Streetview, and are most of the time difficult to delineate using DEM’s. It is also emphasized that 

the type of slope that is observed influences the type of mitigation measure to be applied. Finally, 

the geology of the area and landcover are also considered as criteria and were determined using 

overlay functions in GIS, done post-field after data collection.  

 

4. Delineation of segments and their AOI 

The final step of the approach after considering the criteria above is the actual delineation of the 

road segments and their AOI. This is typically done on a satellite image; in this case, the delineation 

was done on Google Earth imagery, extracted as a KML file then converted to SHP files using a 

GIS script. The shp files were overlain on the hillshade map derived from the DEM acquired in the 

field, and minor corrections such as the initiation boundary were adjusted. Typically, the AOI spans 

from the roadside to the upper ridge to be able to account for possible mass movement processes, 

and since the purpose of the AOI is to represent the immediate possible areas along the road 

upslope or downslope that may affect it in the future.  
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3.3.3 Results 

A segment AOI is homogenous in character and therefore in the delineation procedure, no two adjacent 

segments possess exactly the same set of criteria/characteristics. This is noticeable in AOI’s 6 and 7 wherein 

although the landslide type for the slopes concerned is the same (rockslide), AOI 6 did not have protection 

works installed while AOI no. 7 is protected by a gallery and tunnel to prevent damage to the roadway by 

rockfall and retrogressive erosion of the segment’s downslope, which is occurring in AOI no. 9. The results 

yielded 16 total AOI’s, with all of them possessing larger upslope areas than downslope due to significantly 

less steep slope configuration on downslopes of the roads. The downslope areas even though smaller, are 

important to consider since it is one of the sources of immediate structural damage to the roadway once 

they are eroded. AOI no.4 contains the 2016 landslide that caused a week of full road blockage, while AOI 

15 contains the rockslide that forced road managers to construct new lanes of the highway after it caused 

significant damages and delays (Figures 3.3).  

 

The results show that the manual delineation of AOI’s works well in addressing the different site conditions 

that must be considered by the road managers (Figure 3.4). The manual method allows more flexibility for 

the road managers to add more criteria, e.g., pavement condition indices or budgetary constraints. These 

budgetary constraints are common in road asset management practice (CAREC-ADB, 2009; Rose, 2005). 

Manual /knowledge driven approaches such as this method of delineating road segment AOI’s are effective 

and reliable especially when a technical person who has a solid background in geotechnical, geologic, and 

geomorphological studies conducts the actual AOI delineation. This is why it is important for road managers 

to have geotechnical personnel 

who can facilitate and execute this 

method when they conduct AOI 

delineation for the road segments 

during risk assessments. This 

method works well for site-

specific investigations such as risk 

analysis of the road segments and 

can be used alone with minimal 

data. 

 

 

 

 

A: Major portion of road segment AOI 

no.4 encompassing a recent deep-seated 

landslide event in 2016. B: Rockfall 

nets/protection works found in the study 

area. C: Overview of segment AOI nos. 

9-12 as seen from road section affected 

by AOI no. 15. D: material from the 

recent rockslide event that occurred at 

AOI no.15. E: Panoramic view of a 

portion of AOI no.15. 

Figure 3.3: Results and findings from 
the fieldwork in the road study area in 
Medellin, Colombia; 
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1Historical events (1=present, noted from google earth historical image viewer, 0=absent) 

2Protection works (1=there are installed protection works observed from fieldwork and Google Streetview, 0=absent) 

3Landcover (R=Residential, Q=Quarry, B=Bare land, T=tunnel, G=grassland) 

4Geology (1=predominant landslide deposits with occasional amphibolite and gneiss; 2=predominantly underlain by landslide 

deposits and amphibolite; 3=gneiss; 4=mixture of gneiss and amphibolite 

5Slope types (C=cut slope, N=natural slope, M-combined cut slope and natural slope) 

6Landslide types (RS=rock slide, RF=rockfall, SS=shallow landslide, DS=deep seated landslide, 0=no landslide observed) 

 

Table 3.1: Summary of criteria used to delineate road segment AOI in the knowledge-driven approach 

          Criteria 

AOI 

Past 

events1 

Protection 

works2 

Landcover3 Geology4 Slope type5 Landslide 

type6 

1 1 0 R 1 N RS 

2 1 1 R 1 C SS 

3 0 0 Q 2 C 0 

4 1 1 Q 1 M DS 

5 0 0 Q 1 C 0 

6 1 0 B 2 C RS 

7 1 1 T 3 N RS 

8 0 0 B 3 C RF 

9 1 0 B 3 C SS 

10 1 0 B 3 N RS 

11 1 0 Q 3 M DS 

12 1 0 B 3 N RS 

13 0 0 R 3 N 0 

14 1 0 G 3 N RS 

15 1 0 G 3 C RS 

16 1 0 G 4 C SS 

Figure 3.4: Resulting AOI map produced from fieldwork and analysis 
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3.4. Method 2: Watershed (sub-basin) approach 

3.4.1 Concept 

The second segmentation approach considered for this study is the semi-automated watershed delineation 

approach using the SWAT (Soil and Water Assessment Tool) developed by Arnold & Fohrer (2005). The 

method involves integrated DEM pre-processing to calculate flow accumulation and direction then allows 

users to set the minimum size of the watersheds to be created, with the tool selecting the optimal flow 

accumulation and direction for the user determined input size of watersheds. AOI’s are strongly influenced 

by geomorphological processes and drainage delineation and capture may provide a good output for an AOI 

candidate. The SWAT tool is open source and downloadable at https://swat.tamu.edu/software/arcswat/.  

 

3.4.2 Methodology 

1. DEM preprocessing 

Pre-processing of the DEM was done automatically within SWAT to remove minor errors in the 

DEM which could result to the wrong delineation of drainage lines during the procedure (Djokic, 

2017; Zhu, 2013). The DEM product of this operation was then processed to calculate flow 

direction and then the flow accumulation raster. 

2. Setting of the minimum size of watersheds to be created 

After pre-processing, the minimum area of the watersheds to be created has to be specified in m2 

(Arnold & Fohrer, 2005). This will be important for the tool to delineate the stream networks and 

the stream junction points (stream order) where it will adjust the size of the watershed candidates. 

For this research, three minimum watershed sizes were tested ranging from 100000m2 – 200000m2.  

3. Delineate watersheds 

From the minimum area set by the user for the watershed size and the 

stream network and optimum stream order aggregated within the tool, the 

watersheds are drawn. The output watersheds are then selected depending 

on its intersection with the selected road study area and compared to the 

field based AOI’s delineated. Summary of the SWAT process of watershed 

delineation executed is shown in Figure 3.5. 

3.4.3 Results and comparison to manual AOI delineation 

approach 

In comparison to the manual/knowledge driven AOI method explained in 

the previous section, the semi-automated watershed approach using SWAT 

yielded almost the same number of AOI’s with the field based approach. 

This is evident in the 100,000m2 minimum area watershed map (Figure 

3.6A). The results show that the AOI boundaries generated were close to 

the field-based AOI’s, especially for upslope areas. For downslope areas, it 

is expected that the Watershed AOI’s would be longer and expansive since 

it captures the entire dimensions of the stream networks it aggregated in 

accordance with the minimum area size input. Even though watershed 

delineation is generally a regional scale hydrological procedure, this method 

can be effective in AOI production when the minimum area of watershed 

characterized by the SWAT tool is field calibrated. In addition to this, 

refinement of the method by adding other GIS data such as 

geomorphological layers, and landslides from historical datasets would 

further improve its effectivity as a tool for AOI delineation. 

 

 

 

Figure 3.5: Overview of 
the steps done using 
SWAT tool to create 
Watershed AOI’s 

https://swat.tamu.edu/software/arcswat/
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Most works involving sub-

basin or watershed delineation 

is only used for hydrological 

studies, however, with the 

advancement of GIS tools 

such as SWAT, this can now 

be applied in site-specific 

activities such as delineation 

of AOI’s for road segments in 

risk analysis. In terms of the 

SWAT’s drawbacks, there 

could be irregularly shaped 

watersheds that could be 

produced as a result of it not 

taking into account the 

curvature variances in the 

DEM; this could cause 

problems in very small 

minimum area settings.  

3.5. Method 3: Slope unit 
approach 

3.5.1 Concept 

The third segmentation 

approach considered in this 

study involves automatic 

delineation of slope units (SU) which is defined as a geomorphological terrain unit that is bound by drainage, 

and ridgelines or watershed divides (Alvioli et al., 2016; Schlögel et al., 2018). The SU approach is similar to 

the sub-basin approach however the slope units provide more detailed segmentation since it primarily 

considers the aspect and curvature in combination with the slope angle of a given slope face (Alvioli et al., 

2016). A slope unit according to Guzzetti et al., (2006) is easier to recognize in the field and is also well 

suited for hydrological and geomorphological studies for landslide zonation. The goal of this approach is to 

delineate AOI’s which possess homogenous terrain parameters (slope and aspect). 

 

According to Alvioli et al. (2016), there are two strategies to delineating slope units. The first strategy 

involves defining a large number of small areas with homogenous terrain characteristics; this is then enlarged 

and aggregated to a user-defined maximum area. This strategy results to very small SU size (Espindola, 

Camara, Reis, Bins, & Monteiro, 2006; Zhao, Li, & Tang, 2012). The second SU delineation strategy 

described by Alvioli et al. (2016), involves the opposite of the first approach wherein the initially defined 

homogenous areas are larger. Very similar to sub-basins which are fewer in number and comparable to the 

previous AOI method evaluated. The second strategy first divides the whole study area into large sub-basins, 

then is further subdivided into smaller sub-catchments to the left and right side to a drainage line and are 

then called half-basins (HB). Figure 3.7 shows how Alvioli et al., (2016) and Wang et al., (2017) have 

employed the second strategy of subdividing large basins into half-basins. 

 

 

Figure 3.6: Watershed AOI's produced: A: min. area-100,000m2, B: min. area-
150,000m2, C: min. area-200,000m2, D: Field based AOI’s 
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In the two aforementioned SU delineation strategies, this study applied the second strategy which is also the 

operating principle of the r.slopeunits tool developed by Alvioli et al. (2016) in Python and Grass GIS.  

 

3.5.2 Methodology 

 

1. Prepare input DEM and parameters 

The r.slopeunits tool developed by Alvioli et al. (2016) requires a DEM and the following user 

provided input parameters (Figure 3.9): 1.) the flow accumulation area threshold, t; 2.) the minimum 

slope unit planimetric area, a; 3.) circular variance, c; 4.) reduction factor, r; and 5.) Clean size 

threshold in sq.m.  

 

The t value is used to control partitioning of the watersheds generated from the DEM using the 

flow accumulation values, flow accumulation value>t is defined as drainage lines which are then 

used for creating the sub-basins. The a parameter is used to define the smallest allowable area for 

an SU candidate. The c value ranges from 0-1 and represents the amount of circular variance that 

is allowed for an SU candidate; this also represents homogeneity of grid cell direction, e.g., aspect 

variation. The reduction factor, r indicates the subdivision rate of the half-basin process; in this 

study, the default value of 2 is used. Finally, the clean size is an optional filter in the algorithm that 

makes sure that no final SU’s produced have a very small area. Table 3.2 shows the input parameters 

used for the delineation of SU in the study area. Three alternative SU maps were produced; the best 

one was selected on the basis of its visual comparison to the manually delineated/field based AOI 

approach.  

 

DEM: 2 m resolution  

Alternative t (m2) a (m2) c  r Clean size (m2) 

1 50000 150000 0.2 2 50000 

2 50000 100000 0.1 2 10000 

3 50000 10000 0.089 2 1000 

Table 3.2: Input parameters used for SU-AOI delineation using r.slopeunits tool 

2. Delineation and a, c filtering of half-basins 

Once the DEM input is processed, the algorithm uses the flow accumulation area threshold (t) to 

first define drainages in the DEM, similarly to the sub-basin approach in the previous section, the 

drainages serve as the basis for the further delineation of the half-basins (HB) (Alvioli et al., 2016; 

Wang et al., 2017). After the first delineation of HB’s, these resulting HB’s are then filtered with 

respect to parameter a, all HB’s that are larger than this minimum planimetric area set are considered 

for the next round of filtering which is according to the set parameter of circular variance, c. The 

preliminary HB’s that are smaller than parameter a, are then directly considered as SU candidate if 

they also pass cleansize filtering. In the circular variance filtering, all HB’s that have variance values 

lower than the set parameter c, are accepted and will be subjected to the final filtering by cleansize. 

Figure 3.7: Schematic section/profile showing how SU’s are defined with reference to a main drainage line or valley (4); 
slope units (2) and (3) are defined to its left and right respectively while (1) and (2) shows the ridge lines separating the 
two topographic highs. Figure modified from Wang et al (2017) 
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The HB’s that have a larger value of circular variance than the set parameter c, are rejected and 

excluded from the SU candidates.   

 

3. Cleansize filtering 

The final filtering of the SU delineation method used involves the clean size filter; this is also 

included in the r.slopeunits tool as a separate script. According to Alvioli et al.,(2016) & Schlögel et 

al. (2018), filtering by using the clean size is an optional procedure. However, this was still 

performed in this study to make certain the product SU’s are not irregularly shaped. This filter is 

mostly used to remove irregular shaped candidate SU’s and also to act as the final filter for rejecting 

very small SU candidates that may have been accepted from the first filter using parameter a. In 

this study, the clean size parameters used were varied per alternative map (see table 3.2), this is with 

accordance to the variation in the minimum area threshold, a to find the suitable SU AOI products 

that are comparable to the field based method.  

 

4. Final SU rendering and AOI selection 

The final SU’s of the input DEM are rendered after the clean size filtering procedure. The SU’s 

produced are then intersected with the road layer to identify which SU’s are considered as road 

AOI for the study area, the rest of the SU’s that do not intersect with the road layer are left out. 

Figure 3.9 shows a summary of the method done in this study involving the delineation of SU to 

produce road AOI’s.  

 

3.5.3 Results 

The applicability of 

delineating slope 

units as an approach 

to generate road 

segment AOI’s was 

evaluated. This was 

done by running the 

r.slopeunits tool in 

Grass GIS using the 

DEM and varying 

the input parameters 

t, a, and c to come 

up with different 

alternative maps that 

could represent the AOI’s as shown in Figure 3.9. This was compared to the manually delineated/field based 

AOI’s shown in Figure 3.10D. Based on the figures, it was the first alternative map that was selected to be 

scrutinized in detail with the manually delineated AOI map. It also shows that as the a and c parameters 

were decreased, the SU’s became smaller in area and more homogenous in terms of terrain characteristics. 

In addition to this, the 50000m2 difference in the minimum planimetric area parameter set for alternatives 

1 and 2 resulted in more SU’s that differed substantially from the ground-based road AOI map in Figure 

3.9D. 

 

Figure 3.8: Flowchart 
showing summary of 
procedures done in the SU 
approach for this study 
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It is important to point out that the operating principle of delineating SU’s has a subjective element which 

is deciding when to stop the partitioning procedure while implementing the whole method. In the context 

of road segment AOI delineation and future prioritization this could be a disadvantage of the SU approach 

when applied only on its own, also considering that SU delineation focuses only on terrain characterization 

which is only part of the criteria for outlining road segment AOI’s. 

 

The alternative SU maps showed good results in terms of terrain representation given the low circular 

variances assigned along with the additional clean size filter that was implemented during the procedure. 

However, careful comparison with the manually delineated AOI’s revealed that delineating SU’s alone 

cannot provide a good representation of all criteria that should be considered when delineating road segment 

AOI’s. In addition to this, manually delineated AOI’s were based on road segments characteristics first then 

drawing their respective AOI’s based on combining multiple factors that were not considered using SU 

alone.  

 

A: alternative map 1 showing 

larger and comparable AOI’s, 

this map is used for the 

comparison with the manually 

delineated/field based AOI 

map in (D). B: alternative map 

2 showing also good results with 

respect to dividing the sub-

basins; however, there were 

many SU AOI’s that were too 

small or narrow that the clean 

size filter could not address. C: 

alternative map 3 showing the 

most number of SU’s produced, 

the very small SU’s produced 

are irregularly shaped mostly 

representing only small drainage 

channels.  

 

The SU AOI’s rendered 

from alternative map 1 

showed different SU’s associated with the manual AOI 1 and 2. This may imply that the ground-based 

AOI’s may have generalized the terrain characteristics in these sections of the road. In AOI no. 6 of the SU 

approach (Figure 3.9A), it completely enclosed AOI’s 3 and 4 of ground-based AOI’s. When this is analyzed 

with respect to Table 3.1, it reveals that the SU AOI generalized the terrain conditions for both even though 

there was a reported large deep-seated landslide in manual AOI no. 4 and there was no evidence of past 

events on AOI no. 3. Overall, the SU AOI’s delineated were not generalizing the ground conditions to a 

great extent, except for AOI nos. 10 and 11 which enclosed most of the important AOI’s delineated from 

fieldwork. It also shows that SU delineation has good potential for AOI production as evidenced by it's 

complete 1:1 capture of the manual/field AOI’s 5, 6, and 7.  

 

Figure 3.9: SU alternative 
maps and comparison to field 
based AOI's: 
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From Figures 3.9A and 3.9D, the results show that the boundaries of the AOI’s and consequently its 

discretization on the road are different, mainly due to slope and aspect characterization. As a result of this, 

there are cases wherein there may be more SU segmentations per AOI unit delineated manually such as 

manual AOI no.1, or lesser SU segmentations per manual AOI, e.g., manual AOI nos. 3,4, 8-12. 

3.6. Method 4: Runout path delineation approach 

3.6.1 Concept 

The fourth segmentation approach considered for this study is the use of an inverse landslide reach angle 

approach utilizing the empirical landslide runout model Flow-R developed by Horton et al., (2013). The 

software simulates the most probable runout paths for landslides from given initiation points using spread 

algorithms, initiation buffers, travel angle, and landslide velocity parameters. This approach provides areas 

that are considered to have a higher probability of being on the path of upslope landslide types such as 

rockfalls, and debris flows. In addition to this, the runout approach can be useful for determining the source 

areas by varying the travel angles and simulating it in an inverse manner. The runout simulation utilizes the 

DEM of the study area and a user-defined input source area. 

 

3.6.3 Methodology 

The general idea of performing this approach is to be able to determine source areas along the slope that 

would reach the road study area. To do this, three fundamental steps were performed: (i.) the DEM was 

flipped/inverted, (ii.) the input parameters such as travel angle, velocity, and flow algorithms were 

determined, and the road is taken as the source area (iii.) running the Flow-R software, the DEM is inverted 

again back to its original configuration to identify the location of sources that would reach the road given 

the travel angle and velocity.  

 

1. DEM inversion 

The first important step 

performed for the possible 

source area delineation 

was inverting the DEM 

values. By doing so, the 

surface underlying the 

road network would be 

placed at a higher elevation 

than the slopes and will, 

therefore, be the initial 

source areas for the Flow-

R simulation. Runout 

modelling was specialized 

to project propagation 

extents of debris flow and 

other landslides going 

downslope from a source, and cannot run in the opposite direction. This is why the DEM inversion 

was necessary as to determine which portions of the upslope areas could reach the road sections 

while taking the road as the landslide source. This method is similar to what Wang et al. (2017) 

implemented for delineating slope units and source areas along a river network in Southeast China. 

2. Essential input parameters 

The travel angle was varied from 5 to 30 degrees to test its effects on the source area projection. 

The velocity of runout was fixed at 20m/s which is according to the guidebook of landslides 

Figure 3.10: Summary of the procedures performed to identify possible source areas of 
landslides that can be considered as road segment AOI’s 
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published by the USGS and Highland & Bobrowsky (2008). The flow algorithm assigned was D 

infinity, which gives better spreading than the default D8 algorithm (Horton et al., 2013). The 

Holmgren coefficient and exponent was fixed at 1 and 5, respectively to ensure maximum 

propagation and spread to simulate the worst-case scenario. Table 3.3 provides a summary of the 

input parameters used for the simulation. The road layer was converted to a raster with a cell size 

of 2m; this was done to link it with the input DEM layer. 

 

DEM: 2m resolution 

Travel angle (°) Velocity (m/s) Holmgren 

coefficient dh 

Exponent, n 

5 20 1 5 

10 20 1 5 

20 20 1 5 

30 20 1 5 

Table 3.3: Summary table of parameters used during the runout simulations in Flow-R. 

3. Determine source areas as possible AOI 

The resulting propagation extents from the simulation is then overlaid in the original configuration 

DEM to visualize slopes that could be initiated at a given travel angle and velocity and therefore can 

affect the road network (AOI). The results of the simulations are presented in the next section. 

 

3.6.4 Results and discussion 

The applicability of using the runout propagation extents on an inverted DEM as a basis for determining 

possible road segment AOI’s was examined. It is crucial that the sources for run-out simulation is the 

roadway itself, in order for the analysis to provide all potential landslide paths that may affect the road when 

the results are visualized on the normal configuration DEM. The results from Figure 3.12 reveal that the 

lowest travel angle resulted to the most triggered landslide paths that can affect the road. The 30-degree 

travel angle yielded the least amount of probable source areas given the fixed velocity set at 20 m/s. The 

results of the simulations indicate that using runout paths as a basis for establishing road AOI’s is plausible, 

as seen from the maps, the uppermost ridgelines and steep cut slopes are well represented and have the 

highest estimated probability for being sources among the propagation extents.  

 

Although the method is good for identifying possible source areas in the slopes, there are drawbacks in the 

method. An important drawback for this method is in terms of the runout kinetic energies and its relation 

to the inversion of the DEM. This is illustrated in Figure 3.11. The figure shows that the travel angle between 

the two configurations of the DEM are different and therefore the kinetic energy is not the same for both 

scenarios. When the road is used as the hypothetical source area, the adjacent terrain is usually relatively 

flatter as a result of the road pavement and its shoulder, therefore the shoulder should not be included as 

source areas and characterization of the source should begin immediately after the terrain is sloping.  

 

To compensate for this gradual terrain, the travel angle must be decreased to trigger the hypothetical source 

which is the road. This is why the 30-degree travel angle map did not have numerous runout extents because 

the majority of the entire road length did not have a 30-degree immediate gradient. The method, however, 

is still effective in identifying the most plausible source areas such as ridge tops and cut slopes.  



 

 

23 

It is also good to emphasize that while the 5-degree travel angle (Figure 3.12A) yields the most amount of 

projected spreading, it is also considered as the worst case event and would be good to evaluate with the 

manually delineated AOI map for comparison especially in terms of its ability to represent ground conditions 

that are important to consider for mitigation prioritization. It is also noticeable that map A does not project 

the 2016 landslide event, this could be attributed to a possibly lower release angle of the actual landslide, or 

the DEM was recently updated and does not represent the previous slope configuration that led to the 

landslide.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Left: The travel angle β when the source is defined at the upslope of the road using the normal configuration of 
the DEM; Right: The travel angle θ when the source is defined at the road during DEM inversion configuration. 

Figure 3.12: Compiled maps for the runout propagation resulting from variation of the travel angles. 
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3.7. Method 5: Experimental plane fitting method 

3.7.1 Concept 

Finding the possible landslide sources or initiation points using runout propagation models such as the 

method used in Section 3.6 has drawbacks with respect to the lesser travel angle assumed to ‘trigger’ the 

landslide sources. It is also important to emphasize that this task of locating the landslide sources on the 

DEM surface is based on a principle of plane fitting from the road itself and finding the intersection on the 

DEM. Since the inversion of the DEM as evidenced in section 3.6 involves significantly lowering the travel 

angles, another method is presented here that does not involve lowering of the travel angle or specifically 

the line of sight angle from the road to the slopes. Figure 3.14 illustrates this approach.  

 

 

 

 

 

 

 

 

 

Finding the intersection between the plane having a fixed release angle, β and the DEM; the raster values over the intersection 

is presumed to be the possible landslide source that may affect the road. The height raster, H is calculated from the horizontal 

distance layer and line of sight angle β which is equal to the release/travel angle.  

 

3.7.2 Method 

A summary of the procedures conducted in this experimental method is shown in Figure 3.14. The 

method makes use of the concept of landslide travel/release angle on sloping terrain.  

1. Creating a horizontal distance layer from the road to the upper slopes 

The first step in the method of plane fitting and intersection is creating the horizontal distance layer, 

(L) from the road. This is done by using the Euclidean distance function and outputs a raster map 

with distance from the road values per pixel. The assumption in this step would be the horizontal 

distance is measured as a straight line distance from the road (Figure 3.14). Another consideration 

would be masking the downslope portions of the road since the method can only consider landslides 

coming upslope that could reach the road. 

2. Adding the height layer with respect to the horizontal distance and desired angle of 

release/line of sight 

Following the creation of the horizontal distance layer, the height raster is produced from 

multiplying the horizontal raster and the Tan (angle of release, β) and then adding the base level of 

the road to the result. This is equivalent to raster Equation (3.1). There were two angles of release 

that were tested, which are 30° and 15°. 

 

Hc=L*(Tan(β))+Hr   (3.1)  

  

 Wherein, Hc refers to the height of the plane generated from an angle β from the road, L is the 

horizontal distance layer, and Hr is the average base elevation of the road at 2087m. 

 

3. Subtracting DEM layer and height layer/raster 

The altitude/elevation layer (Ac) is subtracted from the height raster produced to yield an 

intersection/difference map between the two surfaces. This was done using equation (3.2). 

 

(L) 

Figure 3.13: Diagram outlining the principle of plane fitting method: 
tested: 
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Z=Ac – Hc    (3.2) 

Wherein Z is the intersection/difference map produced, Ac is the DEM, and Hc is the height of the plane 

per cell layer. 

4. Thresholding of raster values to identify possible source areas 

Thresholding of landslide source raster values is done by manipulating the histogram produced to 

conditional statements. The threshold can be set by expression (3.3) 

 

Source: Z > 0    (3.3) 

 

 

3.7.3 Results and discussion 

Figure 3.15 shows the results of the 

initial steps conducted before the 

source maps were produced.  

 

Since the method was carried out to 

predict landslide source areas, the 

landslide points from historical 

databases and polygons from field 

observations were plotted to check 

the resulting map. The landslides are 

shown together with the predicted 

source areas for a 30° and  15° 

release angle is shown in Figure 

3.16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Detailed procedures 
conducted to produce the source area 
raster 

Figure 3.15: Left: Horizontal map produced with the road as reference (0), Right: Height map produced using equation 
(2) for the 30° plane. Values indicated are in meters. 
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The results show that only 60% of the landslides located within source areas with 30° runout angle, which 

increased to 80% for the 15° release angle. However, there may be overestimations from this, as this covers 

nearly all the upslope areas. Lower release angles could be applied for shallow landslides on cut slopes and 

debris avalanche on the natural slopes such as the 2016 landslide event. Higher release angles are more 

applicable to rockfalls or rockslides which are fewer in number in the study area. It is interesting to note 

that the release area of the 2016 event and large rockslide succeeding it were located within the projected 

source zones, from which landslides could reach the road based on the release/reach angle alone. However, 

it is not only the type or behavior of the landslide and release angle that should be considered, the volume 

0 

0 

Figure 3.16: Projected landslide source maps for release angles 30° (A) and 15° (B). Threshold values set at Z>0 
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or amount of material released is also important to take into account when mapping out probable landslide 

source areas.  

 

Even though the method was able to overlap relatively well for rockfalls and rockslides, there are significant 

drawbacks to the method. First, the horizontal distance on the ground is not directly flat and the method 

when the Euclidean distance function was performed assumed that the distance to the slopes is linear 

therefore terrain inaccuracies may occur from this assumption. Second, the DEM may not be able to 

accurately represent the small overhanging areas or small cliffs that are present along the slopes. The third 

drawback foreseen in this method was the use of average road elevation as the base level (Hr) in Equation 

(3.1). This assumes that the road is at a fixed elevation and not sloping which is often not the case especially 

for mountainous highways. Another major drawback for the method is that it is not capable of analyzing 

the respective AOI’s of road segments since it only determines probable source through a sharp boundary 

or threshold. Moreover, upon comparison to the runout propagation maps, which follow the actual terrain, 

the results are very different. Therefore this method may not be applicable for delineating AOI’s. Finally, 

the method proposed operates on the principle of the landslide release angles and transition of the potential 

energy of sources unto kinetic energy. This may not apply to sub-vertical or vertical slopes since from these 

slope configurations; the actual landslide path could vary significantly depending on the terrain underneath 

and are also more complex to predict. 

3.8. Discussion and conclusions 

3.8.1. Comparing the effectiveness of each method to capture the validated landslides in the area 

The main goal of this chapter was to compare different methods that aim to automate the delineation of 

AOI’s of road segments as input in risk assessment. After the analyses, as evidenced in Figure 3.17, we can 

conclude that the manually delineated/field based method can best capture AOI’s. In addition to this, the 

manually delineated AOI’s are based on several criteria that are tailormade for the whole process of risk 

analysis and can be used alone with minimal data requirements.  

 

The watershed approach and slope units are also able to capture the validated landslides with resulting AOI’s 

that possess comparable boundaries with respect to the field-based AOI’s. However, to use them 

independently for AOI delineation would not be sufficient to incorporate other crucial factors to be 

considered in risk assessments such as the mitigation measures applied, type of landslide, the 

material/lithology, and the type of slope. The runout approach, also as observed in Figure 3.17, shows good 

potential in terms of detecting possible landslide source areas. However, for AOI delineation, it also is not 

sufficient. For instance, the runout propagation path for the 5° release angle which is already considered as 

worst-case conditions for shallow landslides, is not able to predict or capture the validated landslides 

observed in the area or those landslides from historical imagery. Moreover, problems of non-initiation 

persist as a result of inverting the DEM and compensating for this by assigning lower initiation release 

angles. 

3.8.2. Advantages and disadvantages of employing each method 

The manual delineation of AOI has good applicability in terms of its direct approach to risk analysis. It also 

considers most of the crucial factors involved in risk analysis and is highly flexible in terms of its criteria 

usage. The approach allows to homogenize important landslide factors such as the type and its extents, and 

also to allows users to differentiate a segment using the criteria. The drawback of using the manually 

delineated approach to generate AOI’s is its subjectivity which also affects its reproducibility. It is imperative 

that this activity must be conducted by persons with a geotechnical, geomorphological or geological 

background, one who is familiar with the processes and also knowledgeable of its implications to the risk 

analysis. Nevertheless, if the experts sufficiently delineate the AOI’s, it is a good approach that can be 
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directly used in risk analysis. Of all the methods evaluated, only the manual method starts by considering 

the road segment first then delineating the AOI’s after. The rest of the methods directly outline the AOI’s 

first then intersect these AOI’s with the road to define a segment. Therefore only the manual method is able 

to incorporate the components needed to define road segments.  

 

The watershed approach using SWAT to delineate road segment AOI’s for risk analysis can be used for 

preliminary definition of AOI’s. The main strong points of employing the method are in its ability to 

delineate watersheds automatically and efficiently. The approach is especially useful as a starting procedure 

for AOI delineation and can be calibrated with field measurements to further improve its outputs. However, 

it cannot take into account the landslide types, protection works, and other factors that need to be dealt 

with separately during road segmentation and risk analysis.  

 

Slope units (SU)delineation has been proven useful in landslide susceptibility studies and can also be used 

for road segment AOI delineation. Its strong points come in terms of the capability of the approach to 

homogenize terrain units. The approach may be similar to the sub-basin method in terms of principle, but 

the procedures used such as setting a minimum threshold value for area and curvature enhances its capability 

to produce quality AOI’s for road segments. Another strength of the method is in its lack of subjectivity 

during the actual SU delineation in contrast to the manual approach. Reproducibility of the method is good 

especially with the use of r.slopeunits tool in GIS. However, although the approach accurately represents 

homogenous terrain characteristics, the output SU’s can still become unrealistically small or highly irregular 

despite the a,c, and clean size filters. It has to be considered that the SU delineation would work best for 

AOI generation if the minimum planimetric area and circular curvature parameters are field calibrated. This 

also avoids repetition or trial and error during the parameter setting. Apart from these minor drawbacks of 

using SU’s for AOI’s, this approach is still recommended for AOI delineation on the condition that the 

parameters are field calibrated.  

 

The final method evaluated in this section is the runout approach. The total runout propagation by initiating 

the road in an inverted DEM setting is advantageous for the identification of possible landslide source areas 

such as ridges and very steep cut slopes. For AOI production, the runout propagation simulated is not 

feasible; its representation of known landslides in the study area is also not good. This is because of the lack 

of continuity in terms of the runout extents. As seen in Figure 3.17, there are areas that do not have a runout 

propagation extent. This may be reasonable concerning the detection of landslide sources for perceived 

non-source areas. However, for a road segment AOI, it has to be continuous and not only limited to possible 

landslide sources but also include areas wherein there was no record of previous events, provided that 

overestimation of AOI’s must also be avoided.  

3.8.3. Implications to the risk assessment (how does the approach affect how the risk is estimated) 

Currently, INVIAS (2016), keeps a record of maintaining road conditions per kilometer. If the risk 

assessment is conducted using the current scheme of subdividing the road network, it will result in a 

repetitive and inefficient analysis of risk. This is because, in a given kilometer, certain characteristics and 

elements must be treated differently than others, e.g., landslide type, protected slopes and therefore must be 

aggregated to a different AOI. In terms of risk, the manual approach allows the road managers to treat each 

segment differently or conduct a risk analysis method differently than others. A rockfall prone segment AOI 

can be evaluated for risk using the modified rockfall hazard and risk approach by Budetta et al. (2015), while 

shallow landslide prone segment AOI’s can first be correlated with rainfall to come up with a magnitude-

frequency relation for the hazard assessment. Since the manual approach can differentiate these landslide 

types, mitigation works, etc. into separate AOI’s, the risk analysis would be reliable and AOI specific. For 

the SU and watershed approaches, the risk estimation for both is highly variable depending on its calibration 

to actual field-based parameters. Both methods if not field calibrated can result in AOI’s that may generalize 
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landslide types despite a high degree of terrain unit homogeneity and may not represent the presence of 

protection works along the road segment. Finally, the runout approach would yield risk estimates that are 

also highly variable, the spatial probability estimation of the method could be a strong point, but it is only 

limited to that category.  

3.8.4. Best method to use for AOI delineation 

In conclusion, the manual method is the best/preferred method for delineation of road segments and their 

AOI. Other methods considered especially the SU and watershed approach can be used as supplementary 

tools for the procedure but not as standalone tools, for example, the SU’s can aid in the refinement of the 

AOI’s delineated manually, which can improve its reproducibility. The combination and application of the 

manual method with other methods such as the SU and watershed could also be explored. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Compiled maps from all methods evaluated for AOI delineation 
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4. DEVELOPMENT OF QRA COMPATIBLE DATABASE 

4.1. Introduction 

The main objective of road asset management is maximizing the safety of road users, and economic benefits 

by reducing maintenance, road user costs, and road risk for a given road network. The practice also aids in 

the determination of optimal funding levels and actual funding allocation for specific road segments 

(CAREC-ADB, 2009). In contrast to passive maintenance implementation, the proactive approach of 

implementing road asset management aims to achieve a high level of road condition at the lowest cost while 

having a long-term perspective which considers future impacts such as road damage caused by landslides, 

blockages and pavement damage (CAREC-ADB, 2009; Rose, 2005). Inventory of road data, pavement 

conditions, and unit costs form the basis for road asset management which requires a road asset management 

system. This contains the databases that allow the analysis of data for risk management of certain 

problematic segments along a road network. 

 
The framework for landslide risk management as published by Fell et al., (2005), involves the Risk analysis, 

assessment, and management. This chapter presents the development of the database that is QRA applicable 

in the future. This includes a justification of the specific fields and formats that were prescribed in each 

component of the database and its variability depending on a specific end user and its purpose within the 

overall QRA framework. 

 

Risk assessment 

Risk assessment according to Fell et al., (2005) pertains to the process of decision making taking into 

consideration the amount of risk that is tolerable and whether or not risk control measures are needed to 

decrease the calculated overall risk to acceptable levels. This process typically evaluates the outputs of the 

risk analysis phase by risk tolerance criteria which are usually set by lawmakers or those accepted by 

professional organizations, e.g., AGS, (2000) when no tolerance criteria are available. 

 

Risk management 

Risk management is the process wherein the resulting risk from the risk assessment is integrated to form 

strategies within the community affected (Dai, Lee, & Ngai, 2001). Effective risk management, especially 

for roads, is correlated with effective road asset management (World Bank, 2017b). This relies heavily on 

consistent monitoring and preventive intervention within roadworks. 

4.1.1. Risk analysis 

Risk analysis typically involves hazard identification and analysis, consequence analysis and risk estimation. 

Fell et al., (2005) describe the process of risk analysis as characterizing the danger (hazard), analyzing the 

hazard frequency, characterization of consequences (elements at risk), analyzing the probability and severity 

of consequence (vulnerability estimation and costs), and putting it together in the risk estimation process.  

 

For hazard identification along roads, several authors have focused on mapping initiation points with the 

use of detailed inventories and using runout models to compute spatial and temporal probabilities of 

rockfalls (Michoud et al., 2012; Guzzetti, Reichenbach, & Ghigi, 2004). The runout paths and respective 

probabilities of impacts are mostly derived from empirical modeling of the initiation points, e.g., Flow-R 

(Horton et al., 2013). However, without historical records, landslide initiation points can be delineated from 

multi-temporal high-resolution satellite images (Martha et al., 2012; Murillo-García et al., 2015), radar 
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interferometry (Colesanti & Wasowski, 2006), and regional aerial image interpretation (Crozier, 2005). 

Landslide inventories imperatively are important to include in road asset management databases. It 

comprises the most difficult part of any risk analysis, and a complete landslide inventory would result in 

better risk assessments including a successful QRA. A substantially complete landslide inventory would 

allow the hazard to be expressed in terms of frequency-magnitude of landslide events. The magnitude 

parameter for landslides can be expressed using its area, or volume of material. The areal parameter 

according to Corominas, Mavrouli, & Ruiz-Carulla (2018) is mostly used as a result of its ease of collection 

from aerial photographs, maps, or satellite imagery. The magnitude parameter for rockfalls or rockslides is 

commonly expressed as the volume of the blocks (Corominas et al., 2018; Hungr, Evans, & Hazzard, 1999). 

The frequency of occurrence is expressed as cumulative/non-cumulative, or as frequency density 

(Corominas et al., 2018; Guzzetti et al., 2004). QRA requires careful consideration of the different 

frequencies of varying types of magnitude for landslides and rockfalls.  

 

Analysis of consequence involves the identification of elements at risk, vulnerability, and estimation of their 

costs and losses (Fell et al., 2005). Direct and indirect losses are common to roads frequently impacted by 

landslide hazards. The direct losses include road fatalities, roadway damages, and vehicular damages due to 

landslide or runout contacts. Indirect losses include traffic delays, diversions, and income loss due to road 

blockage (Ferlisi et al., 2012). Direct and indirect losses expressed in any unit or quantity along with damage 

data of the roads and element at risk must also be included in road asset management databases, they are 

also vital for QRA. 

 

Quantitative risk is calculating risk based on numerical values of hazards (probabilities), exposed elements 

at risk (value), and vulnerability. Quantitative risk can be expressed in different ways: 1.) as number of 

vehicles damaged per year on a road segment (Guzzetti et al., 2004), 2.) as probability values of fatalities to 

happen (Ferlisi et al., 2012), 3.) in terms of monetary values lost per year (Martinovic et al., 2017), or 4.) 

expressed as a combination of the probability values of fatalities and risk zonation (Qi, Li, Guo, Zhan, & 

Liao, 2015). The ideal road infrastructure risk management systems must have procedures that are 

compatible with quantitative risk analysis studies (Fell & Eberhardt, 2005) 

 

Qualitative methods for risk estimation typically describe the level of risk or frequency of landslides in a 

certain area, which is often in terms of risk rating systems or risk scoring schemes (Fell et al., 2005). 

Qualitative description of the risk is particularly useful for rapid risk assessment of an extensive roadway 

(Pellicani, Argentiero, & Spilotro, 2017; Pratt & Santi, 2014; Sun,2018; Bles et al., 2016). Qualitative risk 

assessments are effective for data scarce areas and relative comparison of numerous sites or segments along 

a road that needs an expert opinion for the assessment. However, it is prone to differing interpretations and 

lacks transparency and is not easily reproducible in other sites (United States Department of Transportation, 

2017). 

4.1.2. Datasets to be considered for proactive, risk-based management of infrastructure including roadways 

The World Bank (2017a) published a guidebook integrating the effects of climate change onto road asset 

management systems. Table 4.1 below is a summary of the data requirements for a variety of analyses 

possible within a road asset management system including risk management. 
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Dataset Applications Is it usually 

collected? 

Data domain Data  collector and 

maintenance 

Geospatial analysis 

data 

-Hazard and vulnerability 

assessment 

-Infrastructure relationships 

-Spatial planning of treatment 

works 

-Post-disaster event planning 

Yes Infrastructure Road network 

concessionaires and 

managers 

Network status data -identifying critical assets 

-differential maintenance and 

prioritization 

Yes Infrastructure Road network 

concessionaires and 

managers 

Failure risk and 

structural health data 

-Road segments that could be 

prone to failure 

No Infrastructure Road network 

concessionaires and 

managers 

Landslides, rockfalls 

and mass movement 

data 

-Landslides and rockfall 

reporting, monitoring and 

treatment 

No Infrastructure Road concessionaires 

and managers 

Rainfall/Storm and 

weather impact data 

-Specific impacts of weather 

events on asset infrastructure 

No Infrastructure Road concessionaires 

and managers 

Road function data 

(community or socio-

economic activity data) 

-prioritization and optimization 

of maintenance works 

-capital investment for pre and 

post disaster event 

No Socio-

economic 

Regional and national 

databases 

Physical environment 

data (soil type, 

waterways, drainage) 

-vulnerability assessments 

-hazard susceptibility 

assessments 

Yes Physical data Regional and national 

datasets 

Historical and current 

weather patterns 

-Useful for hazard assessments 

-Understanding return periods 

for design and vulnerability 

assessments 

Yes Climatic data Regional and national 

datasets 

Table 4.1: Datasets needed for road network resilience, modified from the World Bank, (2017a) 
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4.2. Method of formulating database fields and structure for QRA 

 

 

Formulating the required database fields first 

involved characterizing and collecting all 

available datasets during fieldwork in 

Colombia (Figure 4.1). The collected data sets 

were analyzed per field/attribute and format. 

The spatial datasets including landslide 

inventory, DEM derivative maps, landcover, 

and soil raster maps were also viewed in GIS. 

Other data sets were on spreadsheets such as 

maintenance and construction costs were also 

evaluated.   

 

In addition to the collection of all available 

data sets, two interviews with professionals in 

the road management concessionaires were 

also carried out to further characterize the 

current practices and structure of road management in Colombia. After characterizing the current condition 

and availability of data, an initial database structure was formulated to identify the deficiencies with respect 

to the goal of QRA based management that INVIAS and ANI are aiming to put into practice.  

 

After identifying the deficiencies in the data sets, attributes, and records the database structure and formats 

that will allow improved future QRA was developed. Other studies that were able to successfully conduct a 

QRA in many different settings, especially along transportation corridors, were reviewed. In addition, the 

state-of-the-art in road asset management was also considered especially the best practices and data sets that 

road infrastructure authorities have successfully integrated into QRA within their road management systems. 

The data sets and attributes were then compiled and structured for possible QRA integration by Colombian 

road management authorities. A summary of the databases that were evaluated with a description of its 

respective attributes, formats, role in QRA is given in Appendix 2.  

 

The database’ attributes were first formulated in Excel sheets and coded in apps that would allow a user to 

populate a specific spreadsheet and perform calculations. After preparation and coding in the Excel VBA 

app, the databases/tables were imported into MS Access, for storage and retrieval and separate GIS analysis 

by multiple users. The databases are compiled via Excel sheets first since it is one of the most common 

software that is also powerful yet simple to operate for end users, QRA integration through databases should 

start from simple yet substantial record keeping and population first before a full integration to road asset 

management systems is considered (CAREC-ADB, 2009). 

4.3. The current/present database structure of available data at the study area 

After fieldwork and data collection, the data sets gathered were compiled and structured to find identify 

data deficiencies with respect to landslide QRA. Figure 4.2 shows the initial database set-up with the entity 

Figure 4.1: Summary of procedures undertaken to 
decide and develop specific database requirements that 
would allow future QRA 
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relationship diagram/structure of how the different data sets are connected to one another; the structure 

reveals that there are sufficient data sets available that allow landslide susceptibility studies in the study area. 

However, upon evaluating the data sets in GIS, there were important deficiencies that were identified that 

hamper a QRA: 

• The available landslide inventory has less than 15 landslide events spanning the period from 1930 

to the present for the entire road section. The spatial location uncertainty of these was only level 3 

(least accurate) in the SIMMA-DESINVENTAR event databases.  

• The landslides in the inventory do not have a volume attribute. Therefore a frequency-volume 

analysis which is crucial in hazard assessment in the QRA procedure, cannot be conducted.  

• Landslide initiation point data do not have the event date attribute which is also an important 

component for temporal probability estimation during hazard analysis.  

• The dataset indicating the location, condition, and efficacy of mitigating measures along the road 

was insufficient for a possible risk assessment for rockfall.  

• The soil thickness map only contained thickness information that was highly uncertain and 

generalized with none indication of its type which can be essential during landslide susceptibility 

assessment. 

Figure 4.2: Database structure of all available gathered data sets during fieldwork; blue boxes indicate information 
directly linked to road segments, the rest of the datasets refer to information linked to the AOI of the road segment. 
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Of these deficiencies, the most significant factors are those concerning the landslide inventories which is 

the most important data set for QRA (Corominas et al., 2013). The number of events recorded on the 

SIMMA-DESINVENTAR landslide database is significantly fewer especially in the study area which is not 

surprising because the SIMMA-DESINVENTAR database only has records of large landslide events that 

have caused a large amount of damages and fatalities. The 2016 event and rockslide described earlier in 

Chapter 2 were recorded in the database. Commonly, for the road study area, the landslides that were noted 

from historical imagery and visual interpretation are mostly shallow and are not expected to be recorded on 

databases such as the SIMMA-DESINVENTAR. These deficiencies identified are addressed by developing 

and proposing new databases with specific attributes and formats that will allow the QRA to be conducted 

in the future.  

4.4. Proposed database structure for QRA integration 

To address the deficiencies determined earlier, four new databases were developed. These are the 

maintenance database, the refined landslide inventory database, mitigation measure database, and road 

network database (Figure 4.3). All of these databases are linked to the road segment AOI database which 

serves as the standard unit of analysis for QRA along roads. Each of these databases contains 

essential/critical attributes that will be explained per section. The rest of the non-critical but still important 

attributes for consideration during risk assessments are described in Appendix 1.  

A: Road network database, B: 

Road segment database, C: AOI 

DB, D: Landslide inventory 

DB, E: Maintenance DB point, 

F: Mitigation measure DB 

 

4.5. Maintenance 
database 

4.5.1 Role of the 

database in QRA 

Maintenance records such as 

road and railway slip registers 

have proven to be useful for 

landslide QRA along 

transportation corridors as 

these can be used to estimate 

the hazard component of 

QRA (Jaiswal, 2011; 

Martinovic et al., 2017). The maintenance records offer an opportunity to supplement the landslide 

inventories through a more detailed record of all landslide events and repairs along the road including 

rockfall/cut slope failures/shallow landslides that are often overlooked. This is in contrast to the existing 

SIMMA-DESINVENTAR database which only accounts larger reported events, that have actually caused 

damage or casualties. The practice in Colombia shows that keeping a record of landslide debris clearing is 

usually not done according to INVIAS (2016) and some interviews with former professionals in the road 

concessionaires. A detailed and continuous record of slope failures and repairs by road maintenance units 

A 

B 

C 

D 

E 

F 

Figure 4.3: Map view of the 
proposed databases that are 
elaborated in the succeeding 
sections: 
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would enhance the capability of road managers to integrate landslide QRA in the future. In addition to this, 

the maintenance databases also support repair records that are crucial for estimating total rehabilitation costs 

incurred by road managers on specific road sections. 

4.5.2 Attributes crucial for landslide QRA 

The maintenance database is represented by point data in a GIS. This was proposed for rapid ground 

application and data collection purposes. Figure 4.4 shows the database form/app created to populate the 

attributes of the maintenance database and the description and significance of each attribute assigned is 

detailed further below.  

 

The date of occurrence attribute is crucial for 

temporal probability estimation. This 

attribute is mostly linked with devices that 

automatically records GPS location, which is 

also an important attribute to record.  

 

The number of trucks that were used to haul 

debris or clear the road is also crucial. This 

attribute is an important volume indicator of 

the amount of material that was removed 

from the road (Jaiswal, 2011). Its Float 

format allows more precision in terms of 

defining the number of trucks used, the 

presumed volume reaching the road can be 

calculated by multiplying the number of 

trucks with the truck capacity. In case the material is not hauled by trucks and simply moved to the 

downslope of the road, it would be difficult to record its actual volume and should be approximated. The 

number of truck loads is also of importance when compiling landslide historical inventories.  

 

Another crucial attribute is the extent or length of damage attribute, formatted by a text and value combination 

(varchar). This attribute gives information on how much of the roadway is blocked in the event of a 

landslide; this is also information that is significant when estimating the costs for road repair/rehabilitation. 

This is an important input to indirect risk and vulnerability value estimation (Jaiswal, van Westen, & Jetten, 

2011; Martinovic et al., 2017). Similar to damage extent attributes, the duration of clearing is important for 

indirect risk estimation. The number of hours/duration of clearing activity along the road especially for 

blocked lanes would lead to significant amount of losses for the road concessionaires and probable increased 

fuel costs for vehicle users who are non-moving or need to find another route. The maintenance database 

can also store non-structural types of damage such as hits by rockfall, clearing of drainages, or damage to 

mitigation measures, and structural damage as well to the road such as eroded embankments. These can be 

stored by modifying the type of damage attribute.  

 

4.5.3 Data Collector and frequency 

Most of the datasets will be collected by maintenance personnel who are usually the first to respond to any 

road related emergencies (INVIAS, 2016). This includes minor debris clearing that could come from shallow 

landslides that may block some portion of the roadways. The attributes defined constitute the most 

significant fields for maintenance records that will contribute to full QRA integration. For a QRA campaign 

Figure 4.4: Database form/app created to 
populate the attributes and avoid errors in the data 
compilation 



 

 

37 

to be successful, it is important that data collection schemes, requirements, and specific formats are 

identified and defined to maintenance personnel. Moreover, since the maintenance staff is deployed daily to 

the roads to perform other types of inspection and activities such as vegetation clearing, they can also be 

the first to report signs of slope instability.  

 

INVIAS is currently developing a mobile app that lets road users report problems on the roadway while 

also informing other users of the problem. The app could be useful for maintenance teams of road 

concessionaires since the reports by the general public can also contribute to actual maintenance records 

especially for partial road blockages or minor road damages such as rockfall impacts on the roadway.  

 

The period of collection of these data attributes defined depends on whether there are reported debris or 

damage along the road that needs to be cleared. This is also done by maintenance teams that patrol the 

highway every day for routine pavement and slope checks (INVIAS, 2016; Universidad Nacional de 

Colombia & Instituto Nacional de Vías INVIAS, 2006). On such occasions, the maintenance teams who 

will undertake clearing activities and collect the data attributes for records, are immediately deployed, this 

task has to be considered as an emergency task (INVIAS, 2016; Turner & Waibl Consulting, 2016).  

4.6. Landslide inventory database 

4.6.1 Role of the database in whole QRA 

The landslide inventory is the most important dataset for quantifying landslide hazards and risk (van Westen, 

Castellanos, & Kuriakose, 2008). A substantial and comprehensive record of landslides through multiple 

years and multiple events will allow accurate susceptibility assessment, and spatial, size, and temporal 

probability estimation for the hazard assessment component of the QRA. 

 

4.6.2 Attributes crucial for landslide 

QRA 

The landslide inventory database is 

represented by polygons in GIS. This was 

chosen over point data format to avoid 

uncertainties such as lack of areal 

representation of point data which can 

still be useful for identifying landslide 

initiation points (Simon, De Roiste, 

Crozier, & Rafek, 2017). The database 

app created to fill out the attributes is 

shown in Figure 4.5.  

 

Landslides recorded in the field are almost 

impossible to delineate using polygons, in 

these cases, the landslides can be stored as points first then the final landslide polygons and records are 

usually outlined in the office after fieldwork using satellite imagery or aerial photographs. It is also important 

to differentiate between landslide source areas and runouts. Landslide initiation points/sources can be 

stored initially using points or polylines, but upon recognition of the runout extents, they must be outlined 

with a polygon for final storage in the landslide database.  

 

Figure 4.5: Landslide entry form/app for 
populating attributes of the inventory database 
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In addition to the location of landslide, the landslide event date can be taken from the maintenance records and 

validated by geotechnical personnel. This is a crucial attribute for frequency-volume analysis of landslides 

(Corominas et al., 2013; van Westen et al., 2006). The event date has to be specified in the landslide 

inventory. If the landslide inventory is acquired using satellite imagery, the event dates may not correspond 

to the date of acquisition of the image, therefore prior to preparing a landslide inventory, the event date 

must be known locally and must be immediately put on record. This attribute is also useful for estimation 

of temporal probability or return periods using extreme value analysis, e.g., Gumbel plots for relating 

number of landslides to amount of rainfall as a triggering factor.  

 

The landslide type is an important attribute in landslide inventories. This attribute is frequently used for 

susceptibility assessments and hazard analysis (Sterlacchini, Frigerio, Giacomelli, & Brambilla, 2007; van 

Westen et al., 2006). The landslide type affects how the susceptibility analysis is carried out, e.g., assessment 

for rockfalls and shallow landslides using a statistical approach are different. Further, the landslide type is 

one of the most important criteria used for road segmentation and AOI delineation.  

 

The volume attribute, is also crucial, which serves as a magnitude proxy during the establishment of 

magnitude-frequency relation in the study area (Budetta, 2004; Corominas et al., 2013; Guzzetti et al., 2012). 

The volume considered in this database can be either the volume of landslide at the initiation points or volume of a 

landslide that reaches the roadway. The latter is more important. This attribute can be supplemented by 

maintenance records, pending validation and analysis of the maintenance records by geotechnical personnel. 

This attribute addresses the deficiency present in the available landslide inventory (SIMMA-

DESINVENTAR) in the study area. 

 

4.6.3 Data Collector and frequency 

The landslide inventory databases have to be filled out and compiled by a geologist or a geotechnical 

professional within the road management agency. Although some of the records from the maintenance 

database are linked to the landslide inventory such as location and volume of material along with damage 

extents, these attributes should be validated by technical personnel with geotechnical knowledge. This also 

suggests that the landslide database should be carefully maintained, stored by technical persons within the 

road management authority.  

 

The landslide inventory should be collected and updated regularly especially after significant landslide 

events. Landslide activity attributes can be updated annually depending on the observations of maintenance 

teams (e.g., reactivated or mitigated slides), however monitoring for new landslide movement along the 

roads has to be done on a daily basis (van Westen et al., 2008). In cases wherein there are landslide 

reactivations, the landslides can have multiple records of information but under the same landslide ID, with 

the landslide type clearly defined as reactivated. The location of the reactivations can also be cross-checked 

with previously recorded landslides for confirmation of the activity and location buffers can also be used to 

confirm the reactivations. Finally, in cases where the road can be affected by multiple landslide sources and 

runouts, it is very important for geotechnical teams to trace back the landslide extents/runout back to the 

sources using runout models or satellite images before storing the landslides in the database. An ID can be 

assigned once the source area is identified and the volume of material reaching the road attribute can also 

be estimated after analysis.  

4.7. Database of mitigation works 

4.7.1 Role of the database in whole QRA 

A database containing information on protection/mitigation works along the roads is an important 

component for landslide QRA. The data attributes compiled are important for rockfall hazard and risk 
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assessments (Budetta, 2004). Apart from rockfall risk, hazard frequency can be inferred from damages 

incurred by protection works (Sun, 2018). Information on protection works such as its current state and 

condition is significant for road asset planning and management. In addition to this, the presence of 

protection works are used as criteria for segmentation of the road and delineation of its AOI.  

 

The mitigation measure database representation in a GIS may vary depending on the type of mitigation 

works either as those that protect the slopes from landslide initiation e.g. rock bolts, terracing (represented 

by polygons) or those that are located on the road segment itself to protect the pavement from damage e.g., 

retaining walls (represented by polylines). The mitigation works database has to be directly linked to the 

road segment database and AOI database depending on the type of mitigation work that is recorded. The 

database app created to fill out the attributes during or after inspections is shown in Figure 4.6.  

The location of the mitigation 

measures including the length of 

the road being protected by 

mitigation works is an 

important consideration for 

QRA since it indicates where 

the risk is expected to 

significantly reduce as a result 

of decreasing the hazard 

probability and exposure to 

landslide (Budetta, 2004; 

Jaiswal, 2011). The most 

important attribute in the 

database for mitigation 

measures is the %efficacy of the mitigation measure installed. This is a significant addition and consideration 

for QRA along roads especially for rockfall hazards (Budetta, 2004; Budetta et al., 2015). The efficacy % 

indicates the overall level of effectiveness of the mitigation work, and it affects how the risk is calculated by 

increasing it when the % efficacy of the mitigation measure is significantly decreased. The % Efficacy can 

be estimated by the amount of damage a mitigation work has incurred overtime. The efficacy could be assessed 

by conducting stability tests annually, having multiple sensors that detect ground movements such as GPS, 

inclinometers, or tilting meters (Popescu & Sasahara, 2008). % Efficacy is an attribute that is difficult to 

measure and most of the time assumed as 100% in most assessments, future works could focus on how to 

translate % efficacy into landslide frequency (Budetta et al., 2015). 

 

4.7.3 Data collector and frequency 

The datasets/attributes prescribed above must be collected by technical staff familiar with how mitigation 

measures are constructed and damaged. The location of the mitigation works must first be recorded, then 

an annual inspection and inventory of their effectiveness or damage have to be conducted. Damage can 

accumulate overtime for mitigation works, therefore, it is crucial to identify the amount of damage incurred, 

its evidences, repair needs, and most importantly the level of efficacy of a specific protection work in 

question.  

 

Figure 4.6: Database entry form 
and app to fill out attributes for 
mitigating measures. 
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According to (INVIAS, 2016; Universidad Nacional de Colombia & Instituto Nacional de Vías INVIAS, 

2006), the inspection of mitigation works along the roads is done periodically, mostly quarterly. The 

exception to this data update frequency is for mitigation works that need immediate repairs, mostly those 

that have incurred structural damages that need to be addressed quickly to prevent aggravation. The 

maintenance or inspection aspects of the mitigation works can be stored in the proposed database since the 

most important attributes to record are their amount of damage/condition. If the mitigation work is newly 

installed, its location can be recorded immediately, and its condition can be described as no damage or 100% 

efficacy.  

4.8. Road network database 

4.8.1 Role of the database in QRA 

The main role of the road network database in QRA is to have a detailed data set that will allow analysis of 

consequence along the roadways in conjunction with repair records acquired by maintenance personnel. 

QRA along roads is a more specific undertaking wherein the elements at risk are restricted to the roadway 

pavements or vehicles that pass by the highway. Substantial and continuous data population of the road 

network database ensures reliable vulnerability value estimates through cost ratios and accurate analysis of 

consequences as part of the QRA.  

4.8.2 Attributes crucial for landslide QRA 

The road network database is created in the GIS platform (ArcGIS) via the network analysis module. This 

database is represented by network polyline data, the majority of the fields included in the database are 

available in the road study area, this database compiles them in a more orderly manner for convenient future 

analysis. There is no app developed for filling out information on the road network database. However, the 

GUI of the basic setup of the road network data set for the study area is shown in Figure 4.7. 

this shows the network 

dataset computing for the 

shortest route in the event of 

total road blockage in the 

study area. 

 

The length of the road 

segment polyline is a 

crucial attribute in 

vulnerability estimation and consequence analysis component of the QRA (Jaiswal, 2011; Martinovic et al., 

2017). The attribute is used to estimate construction costs that are vital in maintenance/construction ratios 

representing the vulnerability. Apart from the length, the road network database must have the 

corresponding amount of maintenance costs. This refers to the costs the road maintenance organizations spend 

on repairing the road segment in the event of landslides, this may include clearing operation costs spent on 

specific segments, or costs spent to rehabilitate the road pavement from landslide damage, e.g., ditch repairs. 

All of these repair types are also supplements to repair records compiled by maintenance personnel. Similar 

to maintenance costs, the road segment total construction costs are crucial to the consequence and vulnerability 

analysis component of the landslide QRA (Garzón Iral et al., 2012; Jaiswal, 2011; Martinovic et al., 2017).  

 

Figure 4.7: Screen capture 
of the GUI of the basic 
setup of the road network 
data set for the study area: 



 

 

41 

Apart from the maintenance, construction costs and total length, the average daily traffic (ADT) is also 

considered as a crucial component for estimating the losses incurred by road managers along specific road 

segments (Budetta, 2004; Rose, 2005; Turner et al., 2016). The ADT consists of the number of vehicles 

passing through the toll gates in 24 hrs. Finally, the road deviation length attribute is essential in the road 

network database. This field refers to the additional length that is covered by vehicles/road users in the 

event a blockage occurs within the network. This attribute allows a more accurate estimation of risk or losses 

to road users when full blockage of the road occurs (Jaiswal et al., 2011).  

4.8.3 Data collector and frequency 

Majority of the data attributes has to be collected and maintained by technical staff with GIS background. 

The attributes are mostly derived from GIS operations of the road network including cost assignments, 

calculation of deviation length, traffic changes, etc. The average daily traffic attribute is collected at tollways 

and must be transferred to the road network data set being maintained and operated by technical staff at 

the office. The length, width, number of lanes, cost attributes, and average daily traffic are monitored 

continuously by toll stations, but its most useful form is when it is compiled annually for analysis. The 

diversion/deviation length is monitored annually, but its update frequency depends on the construction of 

new secondary roads that connect to the primary or main highway.  

4.9. Segment and AOI databases 

The road segment and AOI databases are closely linked to one another. The road segment database is 

derived from the road network and contains the sets of information that made it a homogenous road 

segment. It contains its Segment ID, an AOI ID, and geometry linking the segment to the area on its upslope 

or downslope that may influence the risk, start/end coordinate locations, and mitigation measure ID as 

optional data attribute if present for the segment. The segment ID is the only attribute in the database 

structure (Figure 4.8) that is central to all analysis derived databases; this is because the analysis of the hazard, 

consequences, and risk are based per road segment and are automatically translated to the road segment 

database as the final repository. In addition, the construction and maintenance costs from the road network 

database is also linked to the segments.  

 

The AOI database is an important component of the QRA database given that they influence how the risk 

is calculated in the road segment. The AOI database contains all the attributes that are contained within the 

upslope or downslope polygons delineated immediately beside the road segment. The types of data sets that 

contribute to the AOI database are mostly spatial data in the form of geological data, DEM derivatives, 

landslide inventories, and regionally available data such as rainfall (Figure 4.8).  

4.10. Analysis derived databases 

After populating all the above-mentioned databases and crucial attributes, and aggregating information per 

respective segment and corresponding AOI, databases with data derived from analysis can then be 

produced. Starting from the maintenance database, the repair records, containing aggregated records of repair 

per segment that entailed maintenance costs to the road managers are compiled.  These records emphasize 

the costs per type of repair done per road segment. The road repair records are contributors to the estimation 

of the total consequences/costs which are compiled separately into a consequence table/dataset wherein costs 

per road damage scenario are computed. The detailed information regarding the road damage scenarios is 

presented in Chapter 5. Perhaps the most important analysis derived database are the hazard table/dataset 

and magnitude-frequency database. These two datasets are linked and derived from analyzing the event date, 

and volume attributes stored in the landslide historical inventory. The most difficult part of a landslide QRA 

is establishing the M-F relation and having a good estimate of the annual probability of event occurrence 

per volume and the probability that a landslide volume reaches the road segment.  
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4.11. Discussion 

In this chapter, the databases and most crucial data attributes that are essential for a landslide QRA were 

defined and elaborated. The proposed entities/databases were formulated taking into consideration the 

existing datasets in the study area. The relationship between each database and all the attributes proposed 

are illustrated in the overall database structure in Figure 4.8. The fields are further described in Appendix 1. 

Interpreting the structure, the road network database is directly linked (can access all attributes) to the road 

segment database, and the risk analysis is performed per defined homogenous segment. From the figure, 

the road segment database collates the segment information linked to the road network database 

(construction costs, maintenance, traffic density, etc.), its corresponding AOI’s (AOI ID) and AOI 

geometric properties, and mitigation measure information if available.  

 

Closely linked to the road segment database is the AOI database, containing mostly spatial information that 

affect how the risk is calculated per segment. Spatial datasets particularly contributing to the AOI database 

are mostly produced by research institutes or in this case by UNAL. These datasets were used by UNAL to 

come up with regional-scale susceptibility maps generated using statistical methods; the data sets could 

complement the AOI’s delineated, however, the scale of the data sets, e.g., geological map, landcover must 

be reconsidered since the risk assessment is segment specific. Therefore a site-specific scale is required. This 

is also true for assessments on other roads, the scale of the spatial datasets must be compatible with the 

scale of the  segments, and corresponding AOI’s that would be produced. Other data sets such as the tabular 

construction costs are contributors to the road network database and finally the rainfall data (continuous) 

can be used for landslide trigger correlation in the landslide inventory for frequency-magnitude analysis. 

 

Maintenance database attributes rely heavily on the data collection of maintenance teams who in real 

situations preferably want the job done as soon as possible. Although the app form and database sheet 

developed for maintenance teams will contain valuable information for the QRA, it takes considerable time 

to accomplish which could present some problems in the data collection and recording. Some assistance to 

the maintenance teams can be provided by the road users/general public in the simple form of reporting 

incidents through apps which already store the location automatically on the road, with some descriptions 

of an incident. This activity could reduce the workload and probability of data collection errors for the 

maintenance teams. A good collection scheme by the maintenance teams would lead to better road repair 

records, and more records for the geotechnical teams to scrutinize for the landslide inventory and other 

analyses.  

 

Finally, the analysis derived databases have to be prepared from the crucial database attributes outlined. All 

of the analysis derived databases are essential for the landslide QRA procedure translated per segment; their 

preparation along with all the databases that were defined, heavily relies on the quality of data collection and 

organization of all data attributes and users involved in road management. 
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5. APPLICATION OF THE DATABASE IN ASSESSING 
RISK 

In this chapter, the use of the data attributes defined in Chapter 4 will be demonstrated utilizing hypothetical 

datasets, and with an assumption that all databases defined are complete for risk analysis. Artificial data was 

used due to the lack of actual datasets from the study area, that allow to carry out QRA. A sample 

demonstration of the defined databases for each component of the risk will give more insight with respect 

to conducting the actual risk analysis in the future. The chapter is broken down into the hazard analysis 

section, consequence analysis, and finally the risk estimation. Each section will show which specific 

attributes are required for a specific analysis and the usage in the procedure is discussed.  

5.1. Hazard analysis for segments with previous landslide events 

Hazard in the QRA context is usually defined using a magnitude-frequency relation. These relations 

according to Corominas et al. (2018), often follow a power law with minor deviations at high and low 

magnitude values. To demonstrate the application of the proposed databases, hypothetical data regarding 

the volumes of rockfalls/rockslides along the field based AOI’s will be used. Table 5.1 shows a hypothetical 

landslide inventory dataset in Sola d’ Andorra modified from Corominas et al. (2018). It contains the 

historical volumes of rockfalls and rockslides modified in this example over a 25-year span. The inventory 

is considered substantial and complete for segments that have volume records reaching the road and can be 

analyzed for M-F curve fitting for the power law that will allow extrapolation of frequencies or return periods 

per given expected volume classes. The volume classes formulated to derive equation (5.1) is outlined in 

Table 5.2. 

The relationship established in Figure 5.1 

fits sufficiently to the power law given 

equation (5.1): 

 

𝑁 = 1.383𝑉−0.536  (5.1) 

 

Wherein N refers to the number of 

rockfalls/rockslides expected per year 

exceeding a given volume (V). Extrapolating 

from equation (5.1), rockfall/rockslide 

volumes that could be larger than the 25 

inventoried events results to annual frequencies and their respective return periods for specific ranges of 

volume classes indicated. These results are outlined in Table 5.3. Equation (5.1) was established by creating 

representative volume classes of the sample inventory, counting the number of events of each volume class, 

and dividing this by the total number of years of the sample interval (25), similar to the approach 

implemented by Hungr et al. (1999).  

 

Figure 5.1: Relationship established between the 
hypothetical volumes of rockslide and rockfall 
events at segment AOI that were characterized 
having similar landslide type. 
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Segment ID Event date (year of 

occurrence) 

Volume (m3) 

15 2016 1000 

8 1996 450 

14 2013 300 

6 2001 150 

10 2000 100 

7 1996 80 

1 2011 30 

6 2010 30 

7 1997 30 

12 2004 25 

1 2009 25 

10 2016 20 

14 2004 20 

7 2011 10 

1 1993 10 

6 2011 10 

12 1999 10 

8 2010 10 

1 2003 10 

1 1994 10 

1 2016 5 

1 1995 5 

6 1992 5 

1 2001 4 

15 1991 4 

Table 5.1: Historical inventory modified from Sola d’ Andorra by Corominas et al.,(2018) to demonstrate attributes that 
are crucial for establishing M-F relations in the study area. The volume attribute can be collected from the proposed multi-
temporal landslide inventory or directly from the maintenance records; larger events (>1000m3 volume of material) are expected 
to be on record in DESINVENTAR databases as well.  

Volume class Count Frequency (events/year) 

>1 12 0.48 

>10 7 0.28 

>30 2 0.08 

>100 2 0.08 

>300 1 0.04 

>500 1 0.04 

Table 5.2: Volume classes formulated to fit the inventory volume attributes to the power law curve; equation (5.1) was 
derived from this curve 

Volume class range (m3) Frequency (events/year) Return Period (years) 

>1 1.383 0.72 

>10 0.402 2.5 

>100 0.117 8.5 

>1000 0.034 29 

>10,000 0.010 100 

>100,000 0.003 346 
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Table 5.3: Extrapolated frequencies from the power law equation (1) derived from fitting the hypothetical data in Table 
5.1 The frequencies represent the probability of landslide occurrence of a given volume class range. This comprises the hazard 
component of the QRA procedure. 

Ideally, the M-F relation should be established per road segment since the final risk values would also be 

expressed per segment. However, it could be difficult to obtain a substantial amount of records within a 

single road segment and corresponding AOI. In addition to this, for segments that do not have recorded 

previous activities, they will be presumed as having no probability of having a landslide event in the future, 

which is incorrect in principle. Moreover, since the M-F relation represents the hazard, it is possible that 

some AOI’s could exhibit similar landslide characteristics/types. Therefore, it is sufficient to combine their 

landslide event attributes particularly their volumes and event dates to come up with an M-F relation that 

characterizes that hazard for a given area. The database structure for doing the hazard analysis for segments 

with previously recorded landslides with volumes is shown in Figure 5.2 below. A proposed method of 

assessing the hazard using some attributes also included in the database structure introduced in Chapter 4 

is presented next. 

 

 

Figure 5.2: Database structure for hazard assessment for segments with previously recorded landslides, highlighted 
attributes are used for establishing M-F relation 
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Figure 5.2 shows the database structure and attributes utilized to come up with the results in Table 5.3. It 

all begins with the definition of the segments followed by accessing landslide information on volume 

reaching the road and event dates within the respective AOI’s per road segment. Historical databases such 

as the SIMMA-DESINVENTAR catalog can also be referenced for large event dates while the number of 

truck loads and reported occurrence dates from the maintenance database could also be used to supplement 

landslide information. Once the datasets are organized (Table 5.1), the establishment of the M-F relation 

can proceed, and in the demonstration above, this is through fitting the landslide events in a power law 

model shown in Figure 5.1.   

 

For analysis of hazard when there is not enough historical data per road segment, the hazard assessment 

could be threshold based. This may be applicable to segment no. 4 wherein the large landslide of 2016 

occurred, prior to the event, there were no reported landslides within the AOI. The database structure 

showing the selected attributes for conducting such hazard assessment methodology is shown in Figure 5.3.  

Figure 5.3: Database structure showing highlighted attributes that can be used for threshold based hazard analysis 
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The method begins with first assessing the landslide susceptibility of the AOI. This can be done by using 

the spatial datasets connected to the AOI database such as the DEM derivative maps, geological data, and 

landcover, etc. using statistical analysis or physical models. After which the spatial probability could be 

estimated after finding the susceptibility. The runout probability would also have to assessed using empirical 

models and the initiation probability along with magnitude probability could be estimated by physically 

based models, utilizing limited attributes from the landslide inventory database. Finally, the annual 

probability of occurrence of triggering events could be estimated by setting rainfall thresholds and extreme 

value analysis such as the Gumbel distribution function (Jaiswal et al., 2011; Martha et al., 2012). The hazard 

could then be calculated by multiplying the spatial, temporal and magnitude probabilities of a landslide in a 

study area. 

5.2. Consequence analysis 

In the context of this research, estimating the costs for landslide occurrence along the segments primarily 

involves considering how much the road is obstructed by the landslide, and the level of structural failure the 

road has incurred. This is expressed in four scenarios formulated by INVIAS. To estimate the costs, the 

hypothetical volume classes in Table 5.3 were used, as well as the costs for road construction, average daily 

traffic (ADT) and debris clearing which were obtained from Klose (2014), and INVIAS. Table 5.4 outlines 

how the costs could be estimated per landslide scenario using the data attributes defined earlier in Chapter 

4. In this example, an assumption was made that irrespective the volume of the landslide, it would reach the 

road, thereby also affecting the estimation of the consequences. However, in reality, careful considerations 

must be made concerning the volume of landslides and how it correlates to the calculation of the 

consequences and the probability that certain landslide volume classes would cause roadway damage. These 

considerations are explained and demonstrated further by Mavrouli & Corominas, (2018).  

 

Scenario  Consequence formula 

1-Partial blockage 

without structural 

failure 

 

𝐶𝑜𝑠𝑡𝑠 = 𝑉𝑚𝑎𝑡 ∗ 𝐶𝑙𝑒𝑎𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 

2-Partial blockage 

with structural 

failure 

 

𝐶𝑜𝑠𝑡𝑠

= (𝑉𝑚𝑎𝑡 ∗ 𝐶𝑙𝑒𝑎𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡)

+ (𝐷𝑎𝑚𝑎𝑔𝑒𝑑 𝑟𝑜𝑎𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

∗ 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡) 
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3-Complete 

blockage without 

structural failure 

 

𝐶𝑜𝑠𝑡𝑠

= (𝑉𝑚𝑎𝑡 ∗ 𝐶𝑙𝑒𝑎𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡)

+ (# 𝑜𝑓 𝑑𝑎𝑦𝑠 ∗ 𝐴𝐷𝑇

∗ 𝑇𝑜𝑙𝑙 𝑓𝑒𝑒 𝑝𝑒𝑟 𝑣𝑒ℎ𝑖𝑐𝑙𝑒) 

4-Complete 

blockage with 

structural failure 

 

𝐶𝑜𝑠𝑡𝑠

= (𝑉𝑚𝑎𝑡 ∗ 𝐶𝑙𝑒𝑎𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡)

+ (#𝑜𝑓 𝑑𝑎𝑦𝑠 ∗ 𝐴𝐷𝑇

∗ 𝑇𝑜𝑙𝑙 𝑓𝑒𝑒 𝑝𝑒𝑟 𝑣𝑒ℎ𝑖𝑐𝑙𝑒)

+ (𝐷𝑎𝑚𝑎𝑔𝑒𝑑 𝑟𝑜𝑎𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

∗ 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡) 

Table 5.4: Formulated scenarios by INVIAS envisioning the type of damage to the roads in the event of a landslide; The 
costs per scenario are different, depending on a number of crucial attributes such as construction costs, the volume of material 
(Vmat), road toll costs, and length of road damaged.  

In addition to the amount of structural damage and duration of road blockage, the vulnerability of the road 

segment can be estimated using its rehabilitation cost divided by the total construction cost of the segment 

(Garzón Iral et al., 2012; Jaiswal, 2011). The volume of material reaching the road also affects the 

vulnerability estimation through the costs incurred by having to conduct debris clearing activities, since the 

vulnerability is based on cost ratios, the volume would be a factor during estimation. The data attributes 

required for estimating costs per respective scenario presented in Table 5.4 are also defined in the proposed 

database. The entity relationship diagram for consequence analysis highlighting the crucial data fields in the 

database structure is presented in Figure 5.5. Of all these crucial datasets presented, the amount of road 

length damaged is the most important since it affects many attributes including duration of road blockage, 

rehabilitation costs, clearing costs and ultimately the risk.  

 

The probability of structural damage is difficult to estimate given that it is not dependent on the volume of 

material that reaches the road from upslope landslides. Moreover, structural damage to the road is mostly 

attributed to downslope failures which also presents an additional challenge for risk analysis. In the 

consequence scenarios presented in Table 5.4, it is not possible to estimate the probability of structural 

damage.  

5.3. Risk incurred by road infrastructure managers 

The risk to the roadway for landslides occurring per respective road segment was estimated making use of 

the hypothetical volume classes and respective return periods outlined in Table 5.3. Using the equation 

adapted from AGS (2000), Fell et al. (2005) and Jaiswal (2011), the risk was calculated per consequence 

scenario as: 
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𝑅 = 𝐻𝑚 ∗ 𝑃𝑚 ∗ 𝑃𝑡 ∗ 𝐶𝑜𝑠𝑡𝑠     (5.2) 

 

R is the risk in terms of monetary losses per consequence scenario and segment. Hm, is the hazard due to 

magnitude class ‘m’ (volume in m3) expressed as the probability of event occurrence per given volume class. 

Pm, is the probability that the landslide of magnitude/volume ‘m’ reaches the road, assumed as 1 in this 

demonstration. Pt, is the temporal probability of the road to be exposed to the landslide, also assumed as 1 

since the roadway is stationary. Finally, Costs is the amount in monetary terms per consequence scenario 

computed using formulas outlined in Table 5.4. The losses for this demonstration was calculated per road 

segment and for the consequence scenarios 1-4. The results of the risk estimation for segments 4, 9, and 15 

for demonstration of the compatibility and completeness of the proposed landslide QRA database is shown 

in Figure 5.4 as risk curves for scenario 3. The critical attributes in the database structure used to come up 

with the risk estimation below are outlined in Figure 5.5.   

To come up with the risk curves 

in Figure 5.4, segments were first 

chosen based on their previous 

record of having landslides in 

the study area, and their 

respective segment lengths were 

taken from the segment 

database. The construction costs 

for the segment were calculated 

by multiplying its length by the 

cost of construction per meter 

attribute that is taken from the 

road network database. 

Hypothetical test data for the 

volumes were then formulated 

as shown in Table 5.5 and were 

first populated using volume 

attributes from Table 5.3 in Section 5.1 to determine the effects of having increasing landslide volume to 

the consequences and the risk. The volume information per segment would come from landslide inventory 

databases. The annual/event probability of having a landslide per given expected volume was then calculated 

using Equation 5.1. Blockage duration and length of road affected attributes were then populated, these 

attributes come from the maintenance database and repair records (Figure 5.5). The blockage duration was 

estimated based on the 2016 landslide event wherein 25000m3 of material took approximately 7 days before 

the road was passable. The 2016 event happened on segment 4 of the study area. In segment 15, there was 

also a large rockslide event that reportedly took more than a week before vehicles could pass through the 

highway. The rehabilitation costs refer to losses incurred due to road clearing expenses, and 

construction/maintenance costs for affected length of the road. The consequences/costs were computed 

per scenario equation outlined in Table 5.4, and finally the losses per scenario per segment were calculated 

by using Equation 5.2.  

 

The probability of having consequence scenarios 1 and 3 (with non-structural damage) can be estimated 

with the probability of occurrence since they are related to volume of materials that may come into contact 

with the road from the upslope. However for scenarios 2 and 4 (with structural damage), the probability of 

these types of damages occurring are difficult to assess and cannot be determined by the volume probability, 

therefore the calculations for scenarios 2 and 4 have to be reconsidered.  
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The hypothetical risk curves shown in Figure 5.4 reveal the total risk for selected segments 4, 9, and 15. To 

calculate the specific risk, the area under the risk curves must be estimated. In this example, foreseeing 

damage scenario 3 (full road blockage), road segment 9 has a relatively lesser risk in comparison to segments 

4 and 15. Although the resulting risk curves are relatively close to one another visually, the minute 

differences in the area under the curve could prove vital for prioritization procedures. For this demo analysis, 

it shows that the proposed database structure along with its compiled attributes when it is substantially 

accomplished allows the quantitative estimation of the hazard, vulnerability, costs, and direct risk. The 

complete dataset and table of operations conducted for this example are shown in Tables 5.5 and 5.6.  

 

 

 

 

 

 

 

 

 

Figure 5.5: Database structure highlighting attributes utilized for Consequence/loss analysis 
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5.4. Losses incurred by road users 

The proposed database is also applicable for estimation of losses that road users experience in the event of 

a landslide causing full blockage of the roadway. This can be estimated using the deviation length and average 

daily traffic attributes from the road network database. The duration of clearing/road blockage can be 

extracted from the maintenance database, while information regarding the approximate fuel costs and 

mileage per vehicle are readily published by daily local news outlets and automobile companies, respectively. 

Equation (5.3) below shows the indirect risk formula due to additional fuel consumption for road users 

adapted from Jaiswal (2011) to estimate indirect risk for a single vehicle type.  

 

I𝑅 = (𝐷𝑙 ∗ 𝐴𝐷𝑇 ∗ 𝐹𝐶 ∗ 𝐵𝐿𝑇)/𝑀𝑖     (5.3) 

 

Wherein IR, refers to the indirect risk/losses incurred by road users. Dl, refers to the total deviation/detour 

length (Km), ADT (number of vehicles passing through the road per 24 hours) is the average daily traffic, 

FC (Euro/L) is the published cost of fuel, BLT (days) is the total blockage time (hours) estimated depending 

on how large the landslide is, and Mi is the published average mileage (Km/L) of the vehicle type considered. 

In order to estimate indirect risk, a simulated landslide blockage must be placed in one of the road segments, 

the road network dataset allows calculation of an alternative route and its distance given a specific blockage 

on the road network. This will serve as the starting point (deviation length) for indirect risk estimation. The 

total blockage time is a major source of uncertainty for estimating the indirect risk due to road blockage, it 

is important to have this parameter validated and checked from the maintenance database records.  

5.5. Discussion 

The proposed database structure supports the collection of relevant data for the estimation of landslide risk 

quantitatively. The hazard expressed as the annual probability of event per segment for a given magnitude 

(volume) class was appropriate in determining the risk. This was derived from fitting a power law model in 

the hypothetical landslide dataset. However for segments with no previous landslides in their respective 

AOI’s, the quantification of the hazard and eventually the risk is more complicated and would have to start 

from susceptibility analysis. Aside from the volume, the number of landslides per segment could also be 

used to represent landslide magnitude given a landslide database that has more extensive temporal range.  

 

For estimating the consequences, the proposed database structure allows calculation of the costs for the 

road manager’s (INVIAS) envisioned four (4) damage scenarios in the event of a landslide along the road. 

Of these scenarios, those involving structural damage to the road (scenarios 2 and 4) are the most difficult 

to quantify mainly due to varying amounts of construction costs needed for the road and difficulty in 

estimating the probability of occurrence, since it is not based on past landslide events. The probability of 

occurrence for each scenario varies depending on the presence of structural damage or non-structural 

damage. For scenarios 1 and 3, the probability of occurrence can be estimated using the volume of landslide 

material reaching the road since road blockage (non-structural damage) is directly related it. However, for 

scenarios 2 and 4, the probability of structural damage cannot be determined by the volume of materials 

that reach the road; but rather through determining the probability that a landslide with a given magnitude 

occurring on the downslope AOI of a road segment would cause structural failure (e.g., resulting from 

significant erosion of the embankment).  

 

The risk is most sensitive to the blockage duration and the affected length of the road. This is because the 

losses in the event of total road blockage are higher than clearing high volume landslides that do not cause 

full blockage of the roadways. In addition to this, rehabilitation costs increase significantly with an increase 
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in affected road length. Moreover, an increase in the affected length of the road would lead to longer 

blockage duration.  

 

In terms of indirect risk, the scope of the database does not include quantification of losses due to delays of 

transportation delivery, loss of working hours/salary, or social risks. The database structure was designed 

to express direct risk in monetary terms. The risk in terms of monetary loss was selected since the main 

objective of the risk assessment for roads is the prioritization of road segments due for mitigation. Moreover, 

the losses calculated serve as an input for future cost-benefit analysis studies to be done by infrastructure 

managers. Although the risk to life is also important to be considered, it could be included in future studies 

aimed to establish tolerable, acceptable or unacceptable risk limits along the highways. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1. Conclusions 

This research aimed to provide a detailed database structure for a road asset management system that would 

allow integrating landslide QRA, in order to change from reactive road risk management in Colombia to a 

proposed risk-based and proactive approach. The present datasets collected by road managers in the area 

were only sufficient for addressing current road pavement conditions on a daily basis, while research 

institutes such as UNAL only have adequate datasets to conduct landslide susceptibility analysis on a regional 

scale. During fieldwork, it was identified that the road managers do not have a road asset management 

database and they also do not have detailed records of landslide events along the road network. Under these 

conditions, it is not possible to conduct risk assessments in a quantitative approach at present. With this 

background, the proposed database structure would be of significant value as a blueprint for the QRA 

consideration of road managers in the study area. 

 

In order to make the transition to a risk-based approach, the concept of delineating homogenous road 

segments with their areas of influence (AOI) was formulated. Different segmentation approaches and their 

resulting AOI’s were compared to the field-based AOI’s. In conclusion, the field-based method of 

delineating AOI’s works best as a standalone method while the other approaches evaluated were applicable 

as a supplement. The use of watershed delineation and slope units are ideal for an initial screening of 

problematic areas or may yield AOI boundaries that are comparable to the ground truth. However, the 

methods cannot be used as a standalone approach for delineating AOI’s because the methods may 

overgeneralize the landslide type and important road segment characteristics. The application of runout 

simulation is suitable for delineating possible landslide sources. However, its lack of continuity with respect 

to delineating AOI’s on the road is a significant drawback. A method was developed to reveal possible 

landslide source areas that may affect the road. The threshold raster values between source and non-source 

areas were identified when the plane intersection raster value, Z goes above zero (Z > 0). This would be 

applicable in identifying probable landslide sources along shorter road segments wherein the gradient does 

not vary greatly.  

 

The database structure developed combines several components related to maintenance, landslides, 

mitigation measures, and road network. The database when sufficiently completed can be stored in a 

Database Management System (DBMS) such as MS Access, Oracle, or PostgreSQL. This allows flexibility 

of data attribute use in GIS analysis and ease of sharing between multiple users within the road management. 

The data attributes stored within these databases allow the hazard to be expressed in a power law M-F 

relation using volume as a magnitude proxy and frequency represented as annual probability while also 

providing starting information on how to estimate volume and frequency when no historical landslide 

information is available. It also accommodates cost estimates for different landslide event damage scenarios 

along the road. The data attributes in these databases as demonstrated in Chapter 5 are applicable for 

quantification of direct and indirect landslide risk in monetary terms per road segment. This can serve as a 

significant input for future cost-benefit analysis and subsequent mitigation prioritization of road segments. 

 

The methods presented for road segmentation and AOI delineation along with the database structure 

defined contributes to the guidelines formulated by INVIAS and the Colombian Geological Survey by 

providing a standard structure for data collection and storage, as well as methods for segmenting the road 

network to begin quantitative analysis of the risk.  
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6.2. Highlights of the research 

1. The research defined the databases required as the initial blueprint for conducting landslide QRA 

along roadways. It also highlighted the crucial attributes that have to be collected and stored to 

enable the QRA procedure, including specific recommendations on who collects the data, for 

whom it is for, and how often should it be collected or updated.  

2. The research presented and demonstrated a database structure/entity relation system that is 

applicable for establishing the M-F relation of landslides in a catchment scale, provided the database 

is sufficiently completed. 

3. The research presented and demonstrated that the proposed database along with its respective 

attributes could accommodate cost calculations for consequences and risk.  

4. The research demonstrated that the proposed database structure was applicable for expressing the 

risk in monetary terms per segment that is incurred by road managers and also indirect risk to road 

users in the event of a landslide along the roadway.  

6.3. Recommendations for future study 

1. The concept of fully automated road segment AOI delineation can be further explored. Starting 

from road segmentation and identifying problematic upslope and downslope areas. 

2. Further refinement of the method developed for delineating landslide sources is recommended. 

Better thresholding metrics done per pixel value instead of elevation average of the road should be 

developed to make the method applicable to longer road networks with varying gradients.  

3. It is recommended that the database structure be improved also to accommodate assessing the 

population risk along the roadways. This direction will allow the development of risk tolerance 

criteria along the roads.  

4. A web-application is recommended to integrate the proposed database structure and allow 

centralized data management and validation while providing multiple users access to encode in the 

proposed databases.  

5. Exploring the options for integrating the structure into a DBMS is recommended. DBMS platforms 

will make the editing, maintenance, and analysis involving the different proposed databases, more 

efficient, especially for GIS processing. 
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7. APPENDICES 

7.1. Appendix 1-Overall description and justification of data fields in proposed databases 

 

Maintenance database attributes: 

 

• Attribute or field: User_ID/Code, Data domain/format: Integer 

The userID or code is essential for all database types since it serves as a key identifier of a specific record in 

the database (Tegtmeier, van Oosterom, Zlatanova, & Hack, 2009). In the case of this maintenance database, 

the userID or code is used to track  records of a presumed road clearing activity and is essential for data 

retrieval, manipulation, and storage purposes as part of the analysis that could be undertaken using it, 

including QRA (Guzzetti et al., 2004; Turner & Waibl Consulting, 2016). 

• Attribute: Kilometer reading, Data domain/format: Integer 

The kilometre reading or kilometre post reading attribute does not have a significant role in the context of 

QRA. However for purposes of convenient identification of relative location along the road, it is still useful 

to include in the database (Martinovic et al., 2017; Turner et al., 2016).  

• Attribute: GPS location, Data domain/format: Double 

The location of road clearing is often times a good indicator that a minor landslide event has occurred 

(Jaiswal, 2011). This also aids in the population of the landslide inventory by technical personnel. The 

coordinates of such activity should be on record since spatial location of presumed events or landslides can 

be used for susceptibility assessment and subsequent spatial probability estimation (Corominas et al., 2013; 

van Westen et al., 2006). 

• Attribute: Material type, Data domain/format: Text 

The material type attribute is not directly involved in the QRA process. However, this field is useful for 

identification of the landslide type e.g. rockfall, shallow landslide by geotechnical staff (Jaiswal, 2011) and 

landslide characterization e.g. solid rock or soil material. 

• Attribute: Duration of clearing, Data domain/format: Float 

Similar to damage extent attributes, the duration of clearing is important for indirect risk estimation (Jaiswal 

et al., 2011). The number of hours/duration of clearing activity along the road especially for blocked lanes, 

would lead to significant amount of losses for the road concessionaires and probable increased fuel costs 

for vehicle users who are non-moving or need to find another route (Jaiswal, 2011).  

• Attribute: Date of restoration, Data domain/format: Date 

The date of restoration attribute is also included for the database since it is also an important component 

for indirect risk estimation (Jaiswal, 2011). The date of restoration indicates when the roadway returns to 

100% operational capacity. The duration of clearing, damage extents and date of restoration form the 

most significant attributes with regards to estimation of indirect risk along the road ways. 

• Attribute: Number of trucks used to haul debris, Data domain/format: Float 

The number of trucks that were used to haul debris or clear the road is a crucial attribute to be included. 

This field is an important volume indicator of the amount of material that was moved or volume of the 

shallow landslide or rockfall boulders that were cleared (Jaiswal, 2011). The Float format of this attribute 

gives it more precision in terms of defining the number of trucks used, the presumed volume would be 

calculated by multiplying the number of trucks with the truck capacity. 

• Attribute: Damage extent, Data domain/format: Text 

The extent of damage attribute is formatted by text and gives a description of how much of the roadway is 

blocked. This is according to amount of structural damage the road pavement incurs and the estimates of 

the number of lanes in the highway was blocked as a result of the event and clearing activity. This is an 
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important input to indirect risk assessment and also for vulnerability estimation (Jaiswal et al., 2011; 

Martinovic et al., 2017).  

 

Landslide historical inventory database attributes: 

 

• Attribute: Landslide ID, Data domain/format: Integer 

The landslide ID serves as the primary key of the landslide inventory, one unique integer value is assigned 

per landslide. The ID is used primarily for data storage, retrieval for analysis, and for monitoring its activity 

e.g. reactivation, mitigated.  

• Attribute: Inspection date, Data domain/format: Date 

The inspection date is not essential for QRA conduct, however it is still important to record when the 

inventory or mapping activity was conducted with respect to the actual landslide event date. Generally, the 

less time difference between the event and the inspection date, the more reliable the inventory is, given that 

material movement and amount of interference is less. 

• Attribute: Centroid GPS location, Data domain/format: Double 

For landslide inventories, the GPS location can be in the centroid of the polygon covering the landslide 

area. The location of the landslide is essential for susceptibility studies and spatial probability estimation as 

part of the hazard component of QRA (Corominas et al., 2013; van Westen et al., 2006). The location of 

landslide initiation is also crucial to estimate runout propagation for shallow, deep-seated landslides, debris 

flows, rockfall simulations, and prediction of other source areas. 

• Attribute: Landslide Activity, Data domain/format: Text 

The identification of landslide activity plays an important role in susceptibility studies and hazard assessment 

(Corominas et al., 2013). Landslide activity affects hazard assessment in QRA because the approach to 

quantify the hazard for areas that have not undergone failures is different to areas that have previously 

recorded landslide activity such as reactivated cut slopes along the road (Jaiswal, 2011). With this, it is 

necessary to include the type of landslide activity in the landslide inventory database.  

• Attribute: Landslide Type, Data domain/format: Text 

Similar to landslide activity, the landslide type is an important attribute in landslide inventories that will be 

used for susceptibility assessments and hazards (Sterlacchini et al., 2007; van Westen et al., 2006). The 

landslide type also affects how the susceptibility analysis is carried out, e.g. assessment for rockfalls and 

shallow landslides using a statistical approach are different. Therefore, the landslide type is an important 

attribute to be included in the landslide inventory.  

• Attribute: Volume (m3), Data domain/format: Double 

The volume attribute in the landslide inventory database is important as a proxy for magnitude in frequency-

magnitude analysis (Budetta, 2004; Corominas et al., 2013; Guzzetti et al., 2012).This is especially true for 

cut slope shallow landslides which are prevalent along roads. This attribute is connected to maintenance 

records of slide records, the volume data inferred from maintenance records can be used to supplement this 

attribute in the landslide inventory database. This attribute addresses the deficiency present in the available 

landslide inventory (SIMMA-DESINVENTAR) in the study area.    

• Attribute: Landslide morphometry, Data domain/format: Float 

Landslide morphometry especially length provides a good insight with regards to how much of the roadway 

is affected. Morphometric measurements of the landslides especially larger ones can be useful for detailed 

scale geotechnical assessments which involve more accurate and precise area and volume measurements.  

• Attribute: Runout extent, Data domain/format: Float 

The runout extent attribute is important to be included in susceptibility assessments and hazard analysis 

(Horton et al., 2013; Jaiswal, 2011). The runout outlines how far landslides reach after initiation, and in the 

context of road QRA, landslides reaching the road would constitute blockage for a certain duration. This is 

also an important parameter for indirect risk estimation involving road blockage of landslides along roads 
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especially some empirical models such as Flow-R by Horton et al., (2013). This can define runout extents 

accurately given a high-resolution DEM and initiation points. 

• Attribute: Failure mechanism, Data domain/format: Text 

Apart from location, types, activity, the frequency of occurrence, and volumes, landslide inventories should 

also contain information regarding its failure mechanism (van Westen et al., 2008). The type of failure 

mechanism is also included for susceptibility mapping (Jaiswal, 2011). 

 

Mitigation measure database attributes: 

 

• Attribute: Protection work ID, Data domain/format: Integer 

The mitigation measure ID serves as its primary key for data storage and retrieval purposes.  

• Attribute: Inspection date, Data domain/format: Date 

The inspection date is related to the monitoring done by maintenance teams along the entire road network. 

Although this is not essential for QRA, it is important to keep on record the latest date the mitigation 

measure was inspected for its condition.  

• Attribute: Location, Data domain/format: Double 

Same with the previously defined databases, the location of the protection works is essential for QRA. This 

is especially valid for rockfall susceptibility analysis and risk assessments (Budetta et al., 2015). The location 

of the protection work will typically have significantly reduced hazard and risk. 

• Attribute: Type of protection work, Data domain/format: Text 

The type of protection work present (e.g., gabions, retaining structures) are not significant for QRA conduct. 

However records of these must be kept for asset database management. 

• Attribute: % damage, Data domain/format: Float 

The condition or % damage to the protection work is not used in QRA. However, it is an important 

parameter which may indicate hazard frequency. Also it is important for estimating the efficacy of the 

mitigating measure.  

• Attribute: Evidence of damage, Data domain/format: Text 

Evidence of damage for the protection works are also not used QRA, but since it is important to be 

monitored periodically for asset management purposes, it is still included in this proposed mitigation 

measure database.  

• Attribute: Efficacy, Data domain/format: Float 

The most important attribute in the database for mitigation measures is the efficacy %. This is a significant 

addition and consideration for QRA along roads especially for rockfall hazards (Budetta, 2004; Budetta et 

al., 2015). In addition to this, efficacy % indicates the overall level of effectiveness and it affects how the 

risk is calculated by increasing it when the % efficacy of the mitigation measure is significantly decreased. A 

constant monitoring and checking of mitigation measure efficacy can also aid in crude hazard frequency 

estimation.  

 

Road network database attributes: 

 

• Attribute: road ID, Data domain/format: ID/varchar 

The road ID for this database represents segments, and this field serves as the key identifier of the database. 

It is important for road segments to have sufficient codes or ID for easier recognition and faster data 

retrieval (Rose, 2005; Turner et al., 2016). The format for this attribute is the variable character ID which 

differs from the integer formats set for the other primary keys. This is because most road segment keys are 

made with consideration to the locality where the segment of the road belongs and its relative location along 

the network, e.g. kilometer reading. This is also for easier modification by the road managers and faster 

identification of maintenance teams.   
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• Attribute: Segment_ID, Data domain/format: ID/varchar 

The segment ID is an attribute that is created after an AOI delineation procedure (Chapter 3). The segment 

ID identifies the immediate road way that is directly affected by the AOI defined. This attribute is assigned 

here since it refers mostly to road way properties equivalent to the road network but on a more specific 

aspect of a given road segment that may possess different properties such as pavement type, number of 

lanes, width, and maintenance/construction costs.  

• Attribute: Lane width, Data domain/format: Text 

The lane width of the road is an important attribute for estimating cost ratios, vulnerability values, and also 

for indirect risk estimation (Martinovic et al., 2017; Rose, 2005). In the context of indirect risk estimation, 

the width or amount of road way that is blocked, whether partial blockage or full blockage, will affect the 

overall indirect risk estimates.  

• Attribute: Number of lanes, Data domain/format: Integer 

The number of lanes the road network has also plays a crucial role in determining vulnerability values and 

also for indirect risk estimation (Martinovic et al., 2017; Rose, 2005). The number of lanes multiplied by the 

lane width attribute would constitute to total width of the road way, the assessment with regards to how 

much a road way is blocked is partly based on this total width parameter. This also affects how the runout 

from landslides is interpreted. 

• Attribute: total construction costs, Data domain/format: Double 

Similar to maintenance costs, the road total construction costs are vital to the consequence and vulnerability 

analysis component of the QRA (Garzón Iral et al., 2012; Jaiswal, 2011; Martinovic et al., 2017). It is 

imperative that this attribute is also included in the road network database.  

• Attribute: Average daily traffic, Data domain/format: Float 

The average daily traffic is a crucial component for estimating population risk and vehicular risk along 

specific road segments (Budetta, 2004; Rose, 2005; Turner et al., 2016). The average daily traffic attribute in 

the case of the available data at the study area, consists of number of vehicles passing through the toll gates 

in 24 hrs. The average daily traffic can also be used as a parameter for estimating the amount of losses the 

road concession may incur in the event of a full road way blockage due to a landslide.  

• Attribute: Deviation/diversion length, Data domain/format: Double 

The road deviation length refers to the additional length that is covered by vehicles in the event a blockage 

occurs within the network. This is an important addition to the database currently maintained in the road 

study area. This attribute allows a more accurate estimation of indirect risk when full blockage of road lanes 

occurs (Jaiswal et al., 2011)
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7.3. Appendix 3-Cost tables used 

 

Cost tables used, Adapted from INVIAS and Klose (2014) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clearing costs (euro per m3) 1400 

Toll payment (euro per vehicle) 6 

Construction (Euro per 

kilometer) 

500,000 

Historical Average Daily 

Traffic Medellin-Bogota road, 

medellin-guarne section (all 

vehicles) 

25000 




