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Abstract. Earthquakes, landslides, and other natural hazard events have severe 
negative socio-economic impacts. Among other consequences, those events can 
cause damage to infrastructure networks such as roads and railways. Novel meth-
odologies and tools are needed to analyse the potential impacts of extreme natural 
hazard events and aid in the decision-making process regarding the protection of 
existing critical road and rail infrastructure as well as the development of new 
infrastructure. Enabling uniform, integrated, and reliable access to data on his-
torical failures of critical transport infrastructure can help infrastructure managers 
and scientist from various related areas to better understand, prevent, and mitigate 
the impact of natural hazards on critical infrastructures. This paper describes the 
construction of the InfraRisk ontology for representing relevant information 
about natural hazard events and their impact on infrastructure components. Fur-
thermore, we present a software prototype that visualizes data published using 
the proposed ontology. 
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1 Introduction 

A natural hazard can be defined as a natural process that poses a threat to human life or 
property [1]. Extreme natural hazard events have the potential to cause devastating im-
pacts to infrastructure networks, resulting in significant economic losses. In Europe, the 
number of disasters due to natural hazards increased in recent decades due to a combi-
nation of climate change effects, and changes in physical and social systems. For the 
period between 1998 and 2009, natural hazards and technological accidents caused 
nearly 100,000 fatalities and affected more than 11 million people, at the same time 
resulting in overall economical impact of about 200 billion euro [2]. These natural haz-
ards have included hydrometeorological hazards (e.g. storms, floods) and geophysical 
hazards (e.g. landslides, earthquakes). Thus, floods, along with storms, are natural haz-
ards that cause the highest economic losses in Europe. The flood-related losses in the 
EEA member countries over the period from 1998 to 2009 amounted to more than 60 
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billion euro [3]. In [4], the authors estimated that the expected annual damage (EAD) 
from flooding events in Europe may increase to 23.5 billion euro by 2050. 

Given the potential economic losses caused by natural hazards, it is necessary to 
analyse the effects of natural hazards on the infrastructure, in particular critical infra-
structure. Reliable transport infrastructure is of a great value to society as it facilitates 
the effective transportation of people and goods. The EU transport network has over 
4.5 million km of paved roads and 212,500 km of rail lines1. Transport infrastructure 
plays a fundamental role in the EU and the ability to transport goods safely, quickly 
and cost-efficiently is highly important for international trade and economic develop-
ment [5]. The complex interdependency of European infrastructure networks results in 
spreading the interruptions in infrastructure networks to many parts of Europe. 

In this context, novel methodologies and tools are needed to analyse the potential 
impacts of extreme natural hazard events and aid in the decision-making process re-
garding the protection of existing critical road and rail infrastructure as well as the de-
velopment of new infrastructure. One example of initiative addressing such aspects was 
the InfraRisk project.2 The project aimed to develop reliable stress tests on European 
critical infrastructure using integrated modelling tools for decision-support. An im-
portant aspect of the project was to set the foundations for the development of a Geo-
graphical Information System (GIS) knowledge base of major global infrastructure fail-
ures, enabling users uniform, integrated, and reliable access to data on historical failures 
of critical transport infrastructure. The potential users of such a knowledge base are 
infrastructure managers, but also researchers (risk management, transportation, civil 
engineering, natural sciences, etc.). The knowledge base can serve as a case study for 
the events an infrastructure manager might consider important, and provide them with 
data of good/bad practices of managing solutions during and after the event.  

In order to share common understanding of the data structure among the knowledge 
base users and enable semantic interoperability of infrastructure failure related data, the 
InfraRisk ontology was developed. Although the ontology was primarily developed to 
support data sharing and data usage within the scope of the InfraRisk project, it is ge-
neric and can be used for publishing and integrating various kinds of infrastructure 
components and natural hazards data. In this paper we present the design and imple-
mentation of the InfraRisk ontology for describing infrastructure failures due to the 
natural hazard events. Furthermore, we present a software prototype developed to con-
sume data using the proposed ontology and interactively visualize information about 
various infrastructure components and natural hazards. The contributions of this paper 
are thereby two-fold: 

1. First, we describe the InfraRisk ontology (design, implementation) for enabling se-
mantic interoperability for critical infrastructures at risk from natural hazards; 

2. Second, we propose a software prototype to visualize infrastructure components and 
natural hazards data made available using the developed ontology. 

                                                           
1 http://ec.europa.eu/transport/infrastructure/tentec/tentec-portal/site/en/facts_and_figures.html 
2 https://www.infrarisk-fp7.eu/ 
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The rest of the paper is organized as follows. Section 2 discusses related work. Sec-
tion 3 describes the development process of the InfraRisk ontology. Section 4 illustrates 
an example of using the ontology for data publishing and integration, and presents the 
software prototype developed to visualize the data made available using the developed 
ontology. Section 5 summarizes the paper and outlines directions for future work. 

2 Related Work 

Defining and modeling natural hazards and their consequences is inconsistent across 
various natural hazard studies, databases and vocabularies. We have analyzed the most 
common natural-hazard and infrastructure related terminologies and vocabularies in 
order to use available ontological knowledge in the ontology development process.  

The terminology used by UNISDR (United Nations office for Disaster risk reduc-
tion)3 defines natural hazard as a process, phenomenon or human activity associated 
with natural processes and phenomena that may cause loss of life, injury or other health 
impacts, property damage, social and economic disruption or environmental degrada-
tion. Natural hazards, as well as any other hazardous event can cause a disaster – a 
serious disruption of the functioning of a community or a society involving widespread 
human, material, economic or environmental losses and impacts, which exceeds the 
ability of the affected community or society to cope using its own resources. It is further 
commented that disasters are often described as a result of the combination of: the ex-
posure to a hazard; the conditions of vulnerability that are present; and insufficient ca-
pacity or measures to reduce or cope with the potential negative consequences. Disaster 
impacts may include loss of life, injury, disease and other negative effects on human 
physical, mental and social well-being, together with damage to property, destruction 
of assets, loss of services, social and economic disruption and environmental degrada-
tion. 

The International Federation of Red Cross and Red Crescent Centres (IFRC)4 defines 
disaster as a sudden, calamitous event that seriously disrupts the functioning of a com-
munity or society and causes human, material, and economic or environmental losses 
that exceed the community’s or society’s ability to cope using its own resources. 
Though often caused by nature, disasters can have human origins. Natural hazards are 
considered as types of disasters and are defined as naturally occurring physical phe-
nomena caused either by rapid or slow onset events. 

The concepts Natural Hazard, Loss and Event as a generalized concept representing 
occurrence of a particular set of circumstances, are key concepts used in various termi-
nologies and vocabularies in this field. The above mentioned concepts were also taken 
as the most general concepts in the domain and were used as a basic classes in the 
developed ontology. 

                                                           
3 https://www.unisdr.org/ 
4 http://www.ifrc.org/en/ 
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A few linked open vocabularies have emerged to capture natural hazard consequence 
data. For example, the Management of a Crisis Vocabulary (MOAC)5 provides a min-
imum set of classes and properties for describing crisis management activities. The vo-
cabulary is specifically designed to aid the disaster information managers to carry out 
activities in response to a disaster, but doesn’t describe losses related to natural hazard 
events. 

None of existing terminologies and vocabularies cover aspects related to how natural 
hazard events affect infrastructure components and therefore they were found unsuita-
ble for a direct use in the InfraRisk project. Nevertheless, the analysis of existing ter-
minologies and vocabularies have provided us a good baseline for ontological 
knowledge to be built upon in the development of the InfraRisk ontology.  

3 InfraRisk ontology development process 

The InfraRisk ontology was developed in accordance with existing guidelines and 
methodologies for ontology development process, in particular the one proposed by [6]. 
As a first step in the ontology development process we defined the ontology domain, 
scope and purpose, and requirements. After that we analyzed existing ontologies in or-
der to find a way to refine and extend them for our particular domain and task. The next 
step was to collect domain knowledge to determine important terms in the ontology and 
build and refine a conceptual model using Object-Role Modelling (ORM). Finally, the 
conceptual model was realized in a concrete language (RDFS/OWL). Defining the do-
main and scope of the ontology is described in Section 3.1. The resulting conceptual 
model is discussed in Section 3.2. The process of the ontology implementation is dis-
cussed in the Section 3.3. 

3.1 Defining the scope of the ontology 

The main purpose of the ontology creation was to relate global major infrastructure 
failures with natural hazard events. Although the ontology was primarily developed to 
follow the InfrarRisk project’s focus on critical transport infrastructure (more specifi-
cally, European Ten-T core network6) and high-impact natural events, one can expect 
the developed ontology to be applicable in a wider critical infrastructure context. 

In order to define the scope of the ontology, a set of competency questions were 
developed with infrastructure components and natural hazards experts in the project. 
The followings are samples of competency questions used in the process: 

 Which tunnels/bridges are located in country X? 
 Which road bridges have collapsed between 1990 and 2014 in region Y and were 

triggered by floods? 
 Which infrastructure failures were triggered by the 2003 flood of Danube river? 
 What were the consequences (monetary loss) of the collapse of bridge Y in 2010? 
                                                           
5 http://www.observedchange.com/moac/ns/ 
6 https://ec.europa.eu/transport/themes/infrastructure/ten-t-guidelines/maps_en 



5 

 How many tunnels collapsed in region Y due to floods during 2001-2011 and in-
curred monetary losses more than X amount euro? 

 What were the events that triggered the collapse of bridge Y in 2002? 
 What were the infrastructure failure events that were triggered by no distinguishable 

natural hazards or by low/moderate/high/"black swan" natural hazards? 
 Which original natural hazard events caused cascading hazard events (and subse-

quently caused infrastructure failure)? 
 Which type of infrastructure failure causes the biggest losses relatively to other 

types? 
 Due to the flood event in country X, which bridges had to be closed to traffic? 
 What were the casualties due to the collapse of bridge Y in 2010? 
 Which highway segment on infrastructure X could not be accessed due the earth-

quake in 2010? 

The scope of transport infrastructure therefore covers road and rail transport infra-
structures and their elements. The scope of natural hazards covers disasters affecting 
road and rail transport infrastructures and their elements. This includes components 
such as bridges (single or viaducts), tunnels, off ramps, embankments and slopes, and 
road and rail surface segments. In terms of natural hazards we consider events such as 
floods, earthquakes, landslides and any cascading hazards. 

3.2 Building the conceptual model 

Conceptual modeling methodologies have proven to be very effective for building in-
formation systems in a graphical interface at the high level of abstraction. Conceptual 
data schemes and ontologies have a lot of similarities, as both model concept relations 
and rules (constraints) [7]. The idea of reusing conceptual modeling techniques for on-
tology development is proposed by several authors (e.g. [7, 8, 9]) and provides a lot of 
advantages such as ability to use numerous existing conceptual modeling tools and 
methods.  

A conceptual model for the InfraRisk ontology was developed with the help of the 
ORM (Object-Role Model) data modeling approach. ORM models consist of objects 
(mapped to classes in the ontology) playing roles (relations) [10]. One advantage of 
using this technique is that ORM diagrams can be translated into pseudo natural lan-
guage statements. This enables non-computer scientists (e.g. infrastructure experts) to 
evaluate the developed model. The ORM model for the InfraRisk ontology defines a 
conceptual model that relates major global infrastructure failures with natural hazard 
events. In the following we provide a brief description of key aspects covered by the 
conceptual model: infrastructure components and events (consequences and natural 
hazards). 

Infrastructure components 
An Infrastructure represents a transport mode, e.g., Road or Rail in our context. It 

has a name, description and a geographical feature. An infrastructure consists of one 
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or more Infrastructure Components, e.g. Bridge, Tunnel, etc. (see Fig. 1). Each com-
ponent has a name, description, a number of lanes, and a geographical feature. An 
Infrastructure Component can be connected to other Infrastructure Components. As 
mentioned above, the scope of this ontology is limited to components such as bridges, 
tunnels, embankments, off ramps, slopes and segments (e.g. of a road or rail line). Each 
of these infrastructure component types has its own set of properties as shown in the 
ORM models in Appendix A. 

 

Fig. 1. ORM model for Infrastructure Component 

Events 
An Event represents an incident where a Natural Hazard or Infrastructure Compo-

nent Failure has occurred. It has a name, description, location, date and consequence 
(see Fig. 2). An Infrastructure Component Failure concerns the full or partial collapse 
of an Infrastructure Component.  
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(.id)

Infrastructure
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Description

Infrastructure Component
(.id)

Importance

Geographical Feature
(.shape)
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Bridge Tunnel Embankment Off Ramp Slope Segment

Name
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Point Line Polygon

has
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is of

is geospatially described by

consists of

is geospatially described by
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has number of

is connected to

{'high', 'medium', 'low'}

{[1..}
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Fig. 2. ORM model for Event and Infrastructure Component Failure 

A Consequence represents the expected losses in a specific location as a result of a 
given event. The Consequence can be a Monetary Loss, Societal Loss or Usability 
Problem concerning closure of or reduced traffic on an Infrastructure Component (see 
Fig. 3). The conceptual model distinguishes between three types of Natural Hazard 
events, namely Earthquakes, Floods and Landslides. The conceptual models for natural 
hazards are detailed in Appendix B. 
 

 
Fig. 3. ORM model for Consequence 

3.3 Realizing the conceptual model in RDFS/OWL 

The next step in the development of the InfraRisk ontology was its realization in a con-
crete language that can be used for publishing data. The InfraRisk conceptual model 
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Natural Hazard Infrastructure Component Failure
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(.id)

Name
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(.id)

triggered / was triggered by
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has
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occurred on

had

concerns full collapse of
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was specified using class hierarchy in RDFS7/OWL8 and implemented in the Neolo-
gism vocabulary publishing platform9 (see Fig. 4). RDFS is the most basic schema lan-
guage commonly used in the semantic Web to model concepts, properties and their 
relationships and characteristics (such as domains and ranges of properties). In its turn 
OWL is built upon RDFS and provides a larger vocabulary for web ontology modelling 
and can be used to model more advanced relationships. 
 

 

Fig. 4. Screenshot of the InfraRisk ontology in Neologism 

In order to cover geospatial attributes of natural hazard and infrastructure component 
data, the InfraRisk ontology makes use of OGC GeoSPARQL standard [11]. The OGC 
GeoSPARQL standard supports representing and querying geospatial data on the se-
mantic Web. It defines a vocabulary for representing geospatial data in RDF, and also 
provides an extension to the SPARQL query language for processing geospatial data. 

The InfraRisk RDFS/OWL vocabulary is openly available10 and contains 28 classes 
and 48 properties. The vocabulary is licensed under Creative Commons Attribution (CC 
BY)11 and is available as an endpoint12 via the DataGraft platform13. 

 

                                                           
7  https://www.w3.org/TR/rdf-schema/ 
8  https://www.w3.org/TR/webont-req/ 
9  http://neologism.deri.ie/ 
10  http://vocabs.datagraft.net/infrarisk 
11  https://creativecommons.org/licenses/by/3.0/ 
12  https://rdf.datagraft.net/4037543173/db/repositories/infrarisk-vocabulary-1 
13  https://datagraft.io/ 
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4 Software prototype 

Five datasets have been published on the DataGraft [12, 13] platform during the Infra-
Risk project using the ontology as a central reference model. The source datasets in-
cluded data about natural hazard events (floods and landslides) in Europe that resulted 
in failures of critical transport infrastructure during the period 1972-2016. Data was 
obtained from InfraRisk project partners.  

The DataGraft platform's warehouse for the RDF data is realized through the Se-
mantic Graph Database-as-a-Service (DBaaS) component – a fully managed, cloud-
based version of GraphDB14 semantic graph database (triplestore). To meet the require-
ments of working with geospatial data and linked data, the DBaaS component intro-
duces support for GeoSPARQL. The implementation of the GeoSPARQL specification 
in DBaaS is delivered as an additional plug-in for the GraphDB engine. 

After the data has been published, it was possible to perform queries on data related 
to historical failures of critical transport infrastructure using the SPARQL query lan-
guage. In order to query geographic information, GeoSPARQL extension functions for 
spatial computations are used. The following shows a SPARQL query retrieving infra-
structure failures that occurred in 2015.  

PREFIX geo: <http://www.opengis.net/ont/geosparql#> 

PREFIX geof: <http://www.opengis.net/def/function/geosparql/> 

PREFIX : <https://www.infrarisk-fp7.eu/vocabs/#> 

PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> 

PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#> 

PREFIX xs: http://www.w3.org/2001/XMLSchema# 

 

SELECT distinct ?eventCause ?eventDescription ?coordinates  

?hasFatalities ?hasInjuries 

 

WHERE { 

    [] :hasinfrariskCom ?infrastructureComponent; 

       :isGeospatiallyDescribedBy ?point. 

    ?infrastructureComponent rdf:type :InfrastructureComponent . 

    ?point geo:asWKT ?coordinates . 

    ?infrastructureComponentFailure a :InfrastructureComponentFailure . 

    ?infrastructureComponentFailure ?icAssociation ?infrastructureComponent . 

    ?event rdf:type ?eventClass . 

    ?eventClass rdfs:subClassOf :Event . 

    ?event ?eventAssociation ?infrastructureComponent . 

           ?causedBy :hasEvent ?event . 

           ?causedBy :hasName ?eventCause . 

    ?event :hadConsequence ?societalLoss . 

    ?societalLoss rdf:type :SocietalLoss . 

                                                           
14  http://graphdb.ontotext.com/ 
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    ?societalLoss :hasFatalitiesSocietalLoss ?hasFatalities . 

    ?societalLoss :hasInjuriesSocietalLoss ?hasInjuries . 

    ?event :occurredOnDate ?eventDate . 

    ?event :hasDescription ?eventDescription . 

 

    FILTER (?eventDate < xs:dateTime("2016-01-01T00:00:00Z") 

           && ?eventDate >= xs:dateTime("2015-01-01T00:00:00Z") ) . 

} 

Table 1 shows a result sample of the above SPARQL query. 

Table 1. Result excerpt of the SPARQL query 

event 
cause  

event description  
 

coordinates 
 

has fa-
talities 

has 
injuries 

Storm 
Frank 

bridge subsided and par-
tially collapsed 

POINT 
(53.688716 -1.840771) 

no no 

rockfall rockfall blocked & damaged 
tracks 

POINT 
(46.749723 8.642357) 

no no 

mudflow 
due to 
heavy rain  

mudflow caused by thunder-
storm covered road and 
trapped several cars 

POINT 
(34.886522 -118.904150) 

no yes 

 

Thus, using the InfraRisk ontology one can represent and query integrated data from 
originally heterogeneous data sources. The results of the queries can further be visual-
ized in various tools. A graphical user interface (GUI) application prototype was devel-
oped to visualize the data published using the ontology on a map using various interac-
tion mechanisms. The prototype’s GUI is based on the open source MASTER applica-
tion15. It is an HTML5 application which can be used on smartphones, tablets and desk-
top computers. In addition to the map view, the application was integrated with the 
Google Street View technology. It allows the user to navigate along the roads photo-
graphed by Google. This mode provides an interesting alternative for viewing of hazard 
events (see Fig. 5). 

Data about infrastructure components and events published using the InfraRisk on-
tology are retrieved via SPARQL queries and the results are presented in the GUI ap-
plication (see Fig. 6). The output data is formatted using JSON. 
 

                                                           
15  https://github.com/SINTEF-9012/mobileMaster 
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Fig. 5. Visualizing infrastructure events in the software prototype 

 

 

Fig. 6. Example of event details visualized in the software prototype 

5 Summary and outlook 

This paper provided an overview of the InfraRisk ontology developed in order to assist 
publishing and integration of data about infrastructure failures due to natural hazard 
events. The ontology was developed in accordance with well-known ontology devel-
opment guidelines. The ontology aimed to relate critical transport infrastructure with 
high-impact natural hazard events. The ontology was used to integrate and publish da-
tasets about natural hazard events resulted in failures of critical transport infrastructure 
as Linked Open Data.  

Furthermore, we developed a software prototype that visualizes data about infra-
structure components and natural hazards published using the proposed ontology. 
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The ontology and the software prototype were developed based on the InfraRisk 
project’s focus on European critical transport infrastructure, however they are suitable 
for use with infrastructure components failure data from other sources than those de-
fined in the project. Future activities will be related to publication of data from various 
sources using the ontology, standardization of the ontology, and further improvements 
to the developed prototype.  
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Appendix A. ORM models for various Infrastructure Components 
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Appendix B. ORM models for various Natural Hazards 

 

  
 
 
 

 
 

Flood

Hazard Map

Risk Map

Duration
(h:m:s:)

Flow Velocity
(m/s:)

Water Level
(m:)

Extent
(km^2:)

has

has

has

has

has

has
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Earthquake

Magnitude

Fault Mechanism

Shape Map

Shock

Intensity

Shake Map

Depth
(m:)

has

has

has

has

is of

has

has

{'Strike-slip', 'Thrust', 'Normal'}

{'main', 'after'}

{(0..}

Landslide

Slope Grade

Mass
(.id)

Soil Landslide Rock Landslide

Soil Rotation Soil Translation Rock TopplingRock Falling Rock Movement

has

resulted in displacement of

{(0..}
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Mass
(.id)

Soil
(.name)
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Volume
(m^3:)

Depth
(m:)

Run-out
(m:)

Soil Category

has

has

has

is of
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{(0..}
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