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METHODOLOGY

Integrating criticality concepts into road 
network disruption assessments for volcanic 
eruptions
Josh L. Hayes1*, Sébastien Biass1, Susanna F. Jenkins1,2, Elinor S. Meredith1,2 and George T. Williams1,2 

Abstract 

Road networks in volcanically active regions can be exposed to various volcanic hazards from multiple volcanoes. 
Exposure assessments are often used in these environments to prioritise risk management and mitigation efforts 
towards volcanoes or hazards that present the greatest threat. Typically, road exposure has been assessed by quantify-
ing the amount of road network affected by different hazards and/or hazard intensity. Whilst this approach is compu-
tationally efficient, it largely fails to consider the relative importance of road segments within the network (i.e., road 
criticality). However, road criticality is an important indicator of the disruption that may be caused by an eruption. In 
this work, we aim to integrate road criticality concepts to enhance typical volcanic eruption road exposure assess-
ments into road disruption assessments. We use three key components to quantify disruption: a) road criticality, b) 
impact severity, and c) affected road quantity. Two case study eruptions: Merapi 2010 and Kelud 2014, both in Java, 
Indonesia, are used to demonstrate the usefulness of integrating road criticality into road disruption assessments 
from volcanic eruptions. We found that disruption of the road network from the Kelud 2014 case study was an order 
of magnitude greater than the Merapi 2010 case study. This is primarily driven by the more widely dispersed tephra 
fall from the Kelud 2014 event, which affected nearly 28% of Java’s road network length, compared to Merapi 2010, 
which affected 1.5%. We also identified potential disruption hotspots that were affected by both of these case study 
eruptions. At Merapi, roads that carry traffic directly away from the summit, those that cross major valleys, and the 
major Yogyakarta-Magelang highway were key disruption hotspots, which has implications for moving large volumes 
of traffic efficiently, such as in an evacuation. The Kelud case study highlighted the potential impacts of widespread 
tephra falls on socio-economic activity and connectivity of large urban centres. Our approach has been designed 
such that it can be applied entirely using open-sourced datasets. Therefore, the approach to integrating road criticality 
in this paper can be used, applied, and adapted to assess road network disruption at any volcano in the world. 
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Introduction
Road networks contain important links that enable the 
movement of people and goods between and within geo-
graphically dispersed communities. Disruptions to road 

networks can occur when either nodes (e.g., road inter-
sections) or links (i.e. the road connecting the nodes) 
within the network have to operate under a reduced 
functionality and/or become completely inoperable (Zhu 
and Levinson 2012; Diakakis et al. 2020). This introduces 
inefficiencies such as route changes to avoid conges-
tion, or barriers to movement within the network such 
as bridge failures (Zhu and Levinson 2012; Diakakis 
et al. 2020). Disruptions of various levels of severity can 
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manifest through mechanisms such as accidents, main-
tenance works, or impacts from natural hazard events 
(e.g., earthquakes, severe weather and flooding, tsunami, 
or volcanic eruptions) (Zhu and Levinson 2012). Due to 
the importance of roads to society, cascading effects from 
disruption to road networks can then flow onto other 
infrastructure and socio-economic systems (Rinaldi et al. 
2001; Kotzanikolaou et  al. 2013; Sword-Daniels et  al. 
2015). Road disruption and the corresponding cascading 
effects can also be detrimental during emergencies and 
disasters as it can exacerbate the negative consequences 
by delaying emergency access and inhibit recovery opera-
tions (Little 2002; Boin and McConnell 2007; Xie et  al. 
2014; Alexander 2018). Thus, evaluating the exposure of 
road networks to potential disruptions is an important 
aspect of mitigating the impact of disasters and identify-
ing long-term resilience initiatives.

Performance of road networks under disruptive condi-
tions is an active area of research within the transporta-
tion risk assessment and resilience literature, for both 
non-specific disruptions (Sullivan et al. 2009, 2010; Zhu 
and Levinson 2012; Jenelius and Mattsson 2012; Bhavath-
rathan and Patil 2015), and frameworks for specific haz-
ards such as earthquakes (Costa et al. 2020) and flooding 
(Lu et al. 2015). A wide variety of metrics such as travel 
cost, accessibility, traffic flow, and quality of service 
have been used to measure network performance under 
normal and disruptive conditions (see the following for 
detailed review of existing approaches: Sullivan et  al. 
2009; Zhu and Levinson 2012; Nakat et al. 2015; Matts-
son and Jenelius 2015; Hardiansyah et  al. 2019; Jafino 
et  al. 2020). Such metrics are often computed using 
detailed attribute data of the road network under consid-
eration (e.g., topology, travel speed, capacity, traffic flow, 
and traffic lights), but these analyses are often impeded 
by two aspects. Firstly, detailed datasets required for such 
analyses are often proprietary and time-consuming to 
produce and maintain (Brovelli et  al. 2017). Open- and 
crowd-sourced road network datasets (e.g., OpenStreet-
Map; OSM) are increasingly more up to date than pro-
prietary ones, but in many parts of the world lack the 
quantity and quality of attributes needed to run detailed 
analyses (Haklay 2010; Ludwig et al. 2011; Brovelli et al. 
2017). Secondly, these types of analysis are often com-
putationally intensive to run at larger than local scales 
(e.g., regional or global) (Bagloee et al. 2017). This makes 
evaluating potential disruption in data limited contexts 
challenging.

Volcanic eruptions can disrupt road networks through 
multiple different mechanisms, both direct (e.g., physi-
cal damage) and indirect (e.g., implementation of evacu-
ation/exclusion zones) (Blong 1984; Wilson et  al. 2014; 
Blake et  al. 2017a, 2018). A complicating factor when 

assessing the potential impacts to roads is that volcanic 
eruptions are intrinsically multi-hazard events, and 
these different volcanic hazards can manifest at differ-
ent times through an eruption sequence, spatially around 
a volcano, and to differing degrees of intensity (Kappes 
et al. 2012; Hayes et al. 2020; Selva et al. 2020). Thus, the 
resulting severity of impacts on the road network can be 
heterogenous in space and time (Blake et al. 2017b). For 
example, for the same eruption some areas may only be 
subject to minor nuisance impacts (e.g., reduced visibil-
ity), whilst others may have roads completely impassable 
due to burial from deposits (Wilson et  al. 2014; Blake 
et  al. 2018). Further, in volcanically active regions, it is 
common that exposure of road networks to volcanic haz-
ards can come from multiple different source volcanoes 
spread across a large region. For example, Java, Indonesia 
contains 36 volcanoes that exhibit varying eruption styles 
and frequency (Global Volcanism Program 2013; Whel-
ley et al. 2015; Jenkins et al. 2018), which could affect the 
road network. National Route 1, which forms part of the 
Asian Highway Network (Abdul Quium, 2018), is approx-
imately 1,300 km in length and spans the entire length of 
the island, linking many of the major metropolitan areas 
of Java (Fig.  1). Jakarta is potentially exposed to tephra 
fall from at least 19 different volcanoes, each with differ-
ing hazard characteristics (Jenkins et al. 2018). Therefore, 
it is challenging to prioritise research initiatives to inves-
tigate resilience or vulnerability of road networks in such 
environments, particularly given the intensive computa-
tional and data requirements to run such analyses.

One typical approach to evaluate the relative impact 
different volcanoes or eruption scenarios may pose to 
society is to conduct an exposure assessment. In this con-
text, an exposure assessment is where the type and num-
ber of assets (e.g., buildings or roads) likely to be affected 
by volcanic hazards are evaluated. Volcanoes or scenarios 
can then be ranked by a given exposure metric (Brown 
et al. 2015; Osman et al. 2019). For road networks, quan-
tifying the length of road affected by a volcano or an 
eruption scenario, often characterised by road hierarchy 
and hazard intensity, has previously been applied (Biass 
et  al. 2017; Osman et  al. 2019). However, the length of 
road affected is just one component that contributes 
towards the overall disruption of a road network and the 
flow-on effects to society. The criticality of different road 
links (i.e. how important each is to overall functionality 
of the system) and the degree to which they are affected 
(e.g., quantitative measure of functionality loss) is also of 
importance (Balakrishnan and Zhang 2020). A measure 
of road criticality is important because the more critical 
the road segment (i.e. a link between two or more nodes 
within a road network data model) the more severe the 
resulting consequences to society can be (Jenelius et  al. 
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2006; Jafino et  al. 2020). For example, disruption of a 
road segment that is the only route for evacuation for a 
community may result in fatalities if people are unable to 
exit high hazard/risk zones or if responders are unable to 
access an affected area in an emergency (Kim et al. 2019). 
This was an issue of consideration following the 2015 
Calbuco eruption, Chile, where responding authorities 
made specific arrangements to maintain a key evacua-
tion route to ensure connectivity between communities 
that may have needed to evacuate in the event of further 
eruptions (Hayes et al. 2019). Similarly, roads that lead to 
critical infrastructure facilities such as power plants, are 
important to ensure workers are able to access the site 
and minimise electricity service disruption (Comes and 
Walle, 2014; Dong et al. 2019).

Road segment criticality has previously been used 
to evaluate the potential consequences of disrup-
tive events such as traffic accidents or natural haz-
ards (Sullivan et  al. 2010; Rupi et  al. 2015; Togia et  al. 
2019; Kumar et  al. 2019; Jafino et  al. 2020). However, 
relatively few studies have considered this concept for 

volcanic eruptions (Blake et  al. 2017b; Mossoux et  al. 
2019). Blake et al. (2017b) utilised stakeholder engage-
ment as a method to dynamically explore the level of 
service roads would be able to sustain during and fol-
lowing an eruption. Whilst this is an effective approach 
to evaluate potential disruption, the intensive stake-
holder engagement component makes this difficult 
to apply on a large scale or to large numbers of volca-
noes. Mossoux et  al. (2019) evaluated how important 
segments are within a road network by removing each 
segment iteratively from the network to investigate the 
effects of a complete blockage due to lava flow inun-
dation. This approach could be applied across a wide 
area, but road segments might not always be com-
pletely blocked by the spectrum of different volcanic 
hazards, and instead exhibit a reduced level of service 
(e.g., reduced speed limits). Therefore, there is a need 
for an approach that can balance computational costs 
and resource requirements whilst integrating concepts 
of criticality to obtain a more robust indication of dis-
ruption to road networks from volcanic eruptions.

Fig. 1  Roads and Holocene volcanoes of Java, Indonesia. Roads data from OpenStreetMap (OSM) and volcano location from (Global Volcanism 
Program 2013). The two case study volcanoes of Merapi and Kelud are highlighted, as are major cities. Inset: Location of Java (within box) relative to 
southeast Asia 
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In this work, we have developed a generic and widely 
applicable approach that quantifies potential disruption 
using globally available open- and crowd-sourced data 
sets. Our approach can be used to evaluate and rank 
the severity of road disruption from volcanic eruptions. 
There are two applications we suggest this approach 
could be used for. The first approach is to evaluate the 
severity of disruption within a given scenario to consider 
roads likely to be heavily disrupted. The second is to com-
pare overall disruption scores for an entire road network 
can be ranked and compared across scenarios, eruptions 
and volcanoes. This allows the analyst to identify particu-
larly disruptive scenarios or volcanoes, or compare the 
disruption from historic eruptions.

We use two case studies to demonstrate the utility 
of the approach, based on the Merapi 2010 and Kelud 
2014 eruptions in Indonesia (volcano locations shown 
in Fig. 1). In what follows, we present an overview of the 
rationale that underpins our approach. We then evalu-
ate the criticality of Java’s roads, and examine how the 
two case studies differ in their modelled disruption and 
reported impacts. Finally, we discuss the implications for 
road disruption on Java, the limitations of the approach 
developed in this paper and where future research could 
build upon it.

Method
Conceptual overview of road network disruption analysis
Our intention was to develop a road disruption assess-
ment framework that produces first-order estimates 
of disruption that can be used to rank different volca-
noes, volcanic hazards, and/or eruption scenario-sets, 
and identify potential disruption hotspots. To do so, 
we structured our analysis around three indicators that 
characterise different components of road disruption: 
a) road criticality, b) impact severity, and c) length of 
road affected. We characterise each of those compo-
nents for each road segment. A length of road can be 
segmented in a number of ways (e.g., equal length seg-
mentation), but we use the segmentation within Open-
StreetMap, which are the links between nodes and 
intersections. Road criticality was used to provide an 
indication of the level of importance of each road seg-
ment, under the assumption that more disruption to 
society will occur if important road segments suffer a 
reduced functionality. This is because high criticality 
roads may have a high degree of: a) interdependencies 
for other critical infrastructure systems (e.g., maintain-
ing access to electricity supply sites), b) dependence for 
every-day socio-economic activities (e.g., education, 
security, shopping), and c) the efficient movement of 
people and goods. The impact severity defines the level 
of service loss for a road segment. This is important 

because volcanic eruptions can affect road networks in 
different ways with different levels of severity (Wilson 
et al. 2014; Blake et al. 2017c). For example, some seg-
ments may only require speed restrictions, whilst oth-
ers may require complete closure (Blake et  al. 2017c). 
Finally, the length of road affected was used to provide 
an indication of the spatial extent of disruption and the 
level of resources and/or time required to restore func-
tionality. This indicator was used under the assumption 
that—all other aspects being equal—larger quantities 
of road will take more resources and/or time to restore. 
The road criticality indicator was evaluated across the 
entire road network under consideration, whilst the 
impact and length of road indicators were evaluated 
at the scale of each individual scenario, hazard, or vol-
cano. This approach allows scenarios, hazards, or volca-
noes to be compared across a consistent road criticality 
dataset. We elaborate on each of these three indicators 
and how they were assessed in the subsections that will 
follow.

We used an amalgamated scoring system assessing 
each of these three indicators (Fig.  2). For each erup-
tion scenario, scores were assigned to each affected 
road segment based on criteria outlined in the subsec-
tions below. Road criticality, impact severity, and length 
of road scores for each road segment were equally 
weighted and multiplied together to produce a Road 
Segment Disruption Score (RSDS). We kept each facet 
of the RSDS equally weighted to so that we can explore 
how each influences the RSDS. All RSDS values were 
summed to produce an overall Road Network Disrup-
tion Score (RNDS) for the affected road network under 
consideration. Each disruption scenario or volcano can 
then be ranked using this common measure of disrup-
tion. The scoring system for each of the three RNDS 
components is described below. Python code used in 
this analysis is available at: www.​github.​com/​vharg/​
RNDS.

Road criticality score
In this work, we sought to obtain a measure of critical-
ity that can fully utilise open-source datasets and can be 
applied for large-scale analysis. To do so, we built upon 
the road criticality framework presented in Rebello et al. 
(2019), with some modifications outlined in the sec-
tions below. There are three elements to the criticality 
framework:

1.	 Road hierarchy (e.g., motorway, arterial road, resi-
dential road)

2.	 Access to important sites (e.g., international border 
entry points, power stations)

http://www.github.com/vharg/RNDS
http://www.github.com/vharg/RNDS


Page 5 of 21Hayes et al. Journal of Applied Volcanology            (2022) 11:8 	

3.	 Access to community facilities and services (e.g., hos-
pitals, supermarkets)

To determine the criticality of a road segment, each 
of the above three components were weighted and then 
summed to produce a road segment criticality value. For 
simplicity, in this work we assumed equal weighting for 
all criticality components. Road segment criticality values 
were then classified by the percentile that each road seg-
ment criticality value falls within, across the entire road 
network (Fig.  2). Road segment criticality was scored 
using percentile bins and assigned a criticality score (1, 
10, 100, 1,000) and classification (minor, substantial, 
major, vital) (Fig.  2). We chose to use percentile bins 
rather than absolute scores because we wanted to weight 

the relative criticality of each road segment into an order 
of magnitude scale. The percentile bins were chosen 
based on the assumption that road networks will contain 
many more roads of minor criticality than vital criticality 
in the overall system. Whilst different weighting systems 
for each criticality component could be used (e.g., rela-
tively higher weighting towards access to important sites) 
the effect of the weighting is not likely to be influential 
given that each segment is subsequently scored based 
on the percentile range it falls within. Since percentile 
bins are used, the criticality of any given road is relative 
to the spatial scale of the analysis being undertaken. For 
instance, a road may be of little or moderate importance 
at a regional or national scale, but of high criticality at 
a local village scale if it is the only ingress/egress route. 

Fig. 2  Approach to calculate the RNDS. Scores are assigned based on criteria described in the Methods section 

Table 1  Data types and sources used in this study to conduct road criticality assessment 

Data type Data Source Date obtained

Airports https://​ourai​rports.​com 3 June 2020

Amenities and roads OSM: https://​downl​oad.​geofa​brik.​de/​asia/​indon​esia.​html 26 November 2020

Border crossings World Food Programme, Logistics Cluster: https://​data.​humda​ta.​org/​datas​et/​global-​border-​cross​ing-​points 4 June 2020

Power plants Global Energy Observatory, Google, KTH Royal Institute of Technology in Stockholm, Enipedia, World 
Resources Institute. 2018. Global Power Plant Database. Published on Resource Watch and Google Earth 
Engine; http://​resou​rcewa​tch.​org/ https://​earth​engine.​google.​com/

7 February 2020

Sea ports World Port Index from OCHA: https://​data.​humda​ta.​org/​datas​et/​world-​port-​index 4 June 2020

https://ourairports.com
https://download.geofabrik.de/asia/indonesia.html
https://data.humdata.org/dataset/global-border-crossing-points
http://resourcewatch.org/
https://earthengine.google.com/
https://data.humdata.org/dataset/world-port-index
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Our analysis undertaken here considered criticality at the 
scale of Java, Indonesia, but the approach can be applied 
at any scale.

We used OSM data, supplemented by specialised open-
source geospatial datasets, to conduct our road criticality 
assessment for Java, Indonesia (Table  1). The reason for 
restricting our analysis to data that can be openly obtained 
was to ensure the methodology is transferable across study 
areas and does not rely upon proprietary datasets. Whilst 
additional critical infrastructure sites could be used in this 
analysis (e.g., waste water treatment plants, electricity sub-
stations), we opted to restrict ourselves to global datasets 
that are actively being maintained to limit the potential for 
geospatial biases to enter the analysis.

Road hierarchy
A road hierarchy describes how road objects are defined 
based upon their function and capacity within a road 
network, broadly inferring a degree of criticality (Rebello 
et al. 2019). Motorways/highways are designed to provide 
high-speed and high-volume traffic flow, and typically 
occupy the top of a road hierarchy. Local roads on the 
other hand are usually low traffic volume and designed 
to provide access to housing, and typically occupy the 
lower portion of a road hierarchy. This structure provides 
a useful indicator of number of road users that could be 
affected. Thus, an assumption we made in this work was 
that the number of road users affected is related to road 
hierarchy class. For example, loss of service on a motor-
way will disrupt more road users than roads occupying 
lower levels of the road hierarchy (e.g., a local road). 
The OSM road classification system includes 17 dif-
ferent road types, and it can be challenging to make a 
specific distinction between the importance of each of 
these classifications. Therefore, we simplified the OSM 
road classification into four categories of road hierar-
chy (Table 2). We used an ordinal scale to assign scores 
to each hierarchy class, with a value of four being the 
highest score and occupying the top of the road hierar-
chy (Table  2). We excluded roads classified as pedes-
trian from the analysis to avoid classifying many walking 
tracks that are common on volcanoes.

Access to important infrastructure sites
There are a number of important infrastructure sites 
that need to maintain functionality before, during, and 
after disasters to facilitate socio-economic activities and 
ensure disaster response and recovery is efficient. Roads 
that lead to these sites need to be functional to allow 
access for activities such as maintenance and repairs or 
their continued use. For example, maintaining the sup-
ply of electricity during a volcanic eruption may require 
cleaning of components at power supply sites (Wardman 
et al. 2012). International border entry sites (e.g., seaports 
and airports) are important for maintaining trade and 
providing entry points for foreign humanitarian aid to 
flow into affected areas and evacuation for small island 
settings. Thus, we considered access to important infra-
structure sites as an indicator of road segment criticality. 
To do so within our framework, we treated each critical 
infrastructure utility site (power station, airport, seaport) 
as points within the road network and assigned a score to 
each segment of road depending on the number of these 
critical infrastructure points that fall along that road seg-
ment. To assign a point to any given road segment, each 
point is automatically moved to its nearest road seg-
ment. We limited movement of points to a maximum of 
500 m, this meant that if a point was more than 500 m 
from its nearest road it was excluded from the analysis. 
The reason for this is that some of the datasets we use 
are global, and so we wanted to prevent clearly inaccu-
rate assignment of points that were very far away from 
road segments in our analysis (i.e., in other countries). 
Our choice of 500 m as a limit was to ensure that points 
such as airports or seaports, which may have their point 
geospatially located hundreds of metres from the nearest 
road, are still captured within the analysis.

Access to community services and facilities
Access to community services and facilities is an impor-
tant component contributing to the liveability of an area 
and the wellbeing of its inhabitants (Guite et  al. 2006; 
Leby and Hashim 2010). Further, maintaining access to 
essential services during a disaster is important for pub-
lic health (e.g., healthcare facilities), emergency response 
(e.g., police and fire stations), and sustenance (e.g., local 
marketplaces, supermarkets) (Sword-Daniels et al. 2015). 
OSM contains a large database of community facilities 
such as those described above. Thus, we used the full 
OSM dataset for Indonesia and filtered using the com-
mand line Java application, ‘Osmosis’,1 for ‘nodes’ (as 
characterised in the OSM data structure) that have the 
key: “Amenities”.

Table 2  Road network hierarchy scoring system used in this 
study

Hierarchy 
classification

OSM classification Score

Motorway Motorway; Motorway link 4

Arterial Trunk; Trunk link; Primary; Primary link 3

Collector Secondary; Secondary link; Tertiary; Tertiary link; 2

Local Unclassified; Residential; Living street; Service; 
Road; Unknown

1

1  Details of the Osmosis application can be found at: https://​wiki.​opens​treet​
map.​org/​wiki/​Osmos​is and the GitHub repository: https://​github.​com/​opens​
treet​map/​osmos​is

https://wiki.openstreetmap.org/wiki/Osmosis
https://wiki.openstreetmap.org/wiki/Osmosis
https://github.com/openstreetmap/osmosis
https://github.com/openstreetmap/osmosis
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Different community services and facilities may hold 
different levels of priority for an affected community. 
For example, access to a medical facility may be consid-
ered more critical than access to a restaurant. Therefore, 
we assigned amenities to one of four service classes and 
assigned different scores to each (Table  3). The prior-
ity scores were chosen to reflect a simple ordinal scale 
from facilities that are likely to have a high priority dur-
ing an emergency or disaster (e.g., emergency services) 
compared to non-essential services. Amenities are then 
assigned to their nearest road segment that falls within a 
50 m radius. We have chosen a smaller radius here than 
for the strategically important sites because amenities are 
not likely to be located on large property lots that extend 
hundreds of metres from the nearest road in the same 
way an airport or seaport might be. This also aids com-
putational efficiency. An overall priority score for a given 
road segment was then calculated by summing all prior-
ity scores along that road segment. For example, a road 
segment with a hospital (priority score = 4), supermarket 
(priority score = 3), and kindergarten (priority score = 2) 
would result in an access to community services/facilities 
value of nine.

Impact score
The impacts from volcanic eruptions on ground trans-
portation networks are diverse. Proximal volcanic haz-
ards such as lahars, lava flows, and pyroclastic density 
currents (PDCs) cause severe damage to roads, often 
with the consequence that an affected road becomes 
impassable for a period of time due to thick sediment 
deposition, flow inundation, scouring and/or bridge 
damage (Blong 1984; Wilson et al. 2014; Dagá et al. 2018). 
Cracks and fissures in roads can also occur due to ther-
mal effects from the flows or from ground deformation 
associated with volcanism (Blong 1984; Wilson et  al. 
2014), whilst ballistic impacts can cause irregular depres-
sions in the road surface (Blong 1984; Wilson et al. 2014; 
Blake et al. 2015). The impacts from tephra fall on roads 
are not typically destructive, but are disruptive and wide-
spread, even at relatively modest thicknesses of a few 
millimetres (Blong 1984; Wilson et  al. 2012; Blake et  al. 
2017c). Visibility can be severely reduced during tephra 

fall or as a consequence of remobilisation of tephra (Blake 
et al. 2018). Tephra deposits can obscure road markings 
and reduce skid resistance of the road surface, which 
can contribute to increased accident rates (Blong 1984; 
Wilson et  al. 2012; Blake et  al. 2017a). Roads can also 
become impassable at high and unconsolidated deposit 
accumulations (Blong 1984; Blake et al. 2017c). Thus, the 
diversity of impacts and their severity meant that it was 
important to include a grading of severity in our analysis.

We classified impact severity by considering three lev-
els of functionality loss state (FLS): no direct function-
ality loss likely (FLS 0), reduced service likely (FLS 1), 
and road closure likely (FLS 2) (Fig.  2). No direct func-
tionality loss means that the road can largely operate as 
usual. Reduced service means that the road may require 
speed restrictions whether they be enforced formally, 
by authorities, or informally, by drivers self-moderating 
their speed due to hazardous driving conditions. These 
roads might be expected to have higher incidence of traf-
fic jams and accidents until full functionality is restored. 
Road closure means that the road is likely to require clo-
sure for debris clearance or consolidation and/or cool-
ing of the material before it is able to be driven on again. 
Note, these functionality loss states do not consider how 
long the functionality loss will remain. This is because 
functionality loss will be conditional on the efficiency of 
road maintenance activities and decision-making from 
authorities, which we did not consider in this analysis.

To assess functionality loss, we used a framework that 
links hazard intensity thresholds with functional loss 
states (FLS) (Fig. 2). Impact scores were then mapped to 
road segments as per the schema in Fig.  2. For tephra, 
we used the thresholds outlined in Jenkins et al. (2015b) 
with some modifications based upon Blake et al. (2017c). 
We assumed a binary impact threshold for flow hazards, 
where no exposure means the FLS is 0, and where expo-
sure occurs the FLS is 2. For consistency, if a road seg-
ment was co-incident with a hazard layer, the entire road 
segment was assigned the appropriate FLS, even if it is 
only a partial overlap. When hazards overlap in space, 
we adopted the highest FLS. Functionality loss was only 
assigned from direct exposure to a hazard and not from 
indirect functionality loss due to impacts or inefficiencies 

Table 3  Priority scores for different amenities used in this study

Service class OSM features included in class Score

Emergency Hospital; Fire station; Police; Rescue station 4

Essential Supermarket; Prison; Waste transfer station; Lighthouse; Social facility; Bank; Shelter; Pharmacy; Water 
well; Dentist; Doctors; Embassy; Town hall; Public building; Water tower; Nursing home; Courthouse; 
Fuel; Consulate; Chemist; Veterinary

3

Educational Kindergarten; School; Library; College; University 2

Non-essential All remaining 0.1
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elsewhere within the road network (i.e. our analysis did 
not operate as a graphical network).

Length of road score
The length of road affected will play a role in how fast dis-
ruption can be reduced through clean-up and/or repairs. 
More resources will be required to restore functionality 
where large quantities of road are affected because impacts 
will be more widely distributed. To determine a length of 
road score, we again classified road segments by percen-
tiles based on their length, with each increasing percentile 
class being scored as an order of magnitude greater than 
the previous class (Fig. 2). We chose this percentile-based 
scoring system rather than using the absolute length of 
road to avoid the length of road having an undue influence 
on the overall disruption score. For example, a road that is 
very long but is low criticality and experiences a low level 
of impact may become high disruption if absolute lengths 
are used. The scoring system was designed so that relatively 
vast road segments (likely time- and resource-intensive to 
restore) had a multiplicative effect, but small lengths (likely 
quicker and less resource intensive to restore) reduced the 
overall disruption score for that segment.

Selected case studies
We selected two volcanic eruptions within Southeast 
Asia to demonstrate the applicability of the approach: 
1) Merapi 2010, and 2) Kelud 2014. To select these case 
studies, we opted to consider eruptions for which we 
could obtain either quantitative or qualitative informa-
tion relating to road network disruption so we could 
compare modelled disruption with reported disruption. 
Both eruptions were Volcanic Explosivity Index (VEI) 4 
and caused significant damage to the built environment 
(Jenkins et al. 2013; Williams et al. 2020). Published maps 
detailing the hazardous phenomena were digitised to 
obtain hazard footprints and intensity (Fig. 3).

Merapi 2010
The November 5 paroxysm phase of the 2010 eruption of 
Merapi produced southward-directed PDCs from dome 
explosion and collapse, and a 14–17  km-high plume 
that dispersed tephra to the SW (Jenkins et  al. 2013; 
Komorowski et al. 2013; Pallister et al. 2013). Soon after 
this paroxysm, rainfalls started remobilising loose pyro-
clastic material into lahars that have affected roads and 
settlements (de Bélizal et al. 2013; Jenkins et al. 2015a).

National Route 14 connecting Yogyakarta with Magel-
ang and Semarang was affected by tephra fall in 2010 and 
lahars in 2011 (de Bélizal et al. 2013; Solikhin et al. 2015; 
Jenkins et  al. 2015a). Reported impacts from the erup-
tion indicated that most of the roads affected by PDCs 
were covered with deposits a few cm to tens of cm thick 

(Jenkins et al. 2013). Lahars were reported to be a large 
driver of road network disruption by damaging roads 
and bridges, with 21 bridges and 14 Sabo dams being 
destroyed during the rainy season following the eruption 
(de Bélizal et al. 2013). National Route 14 (N14 on Fig. 7) 
in particular was affected by lahar activity for months fol-
lowing the eruption, each time requiring debris clearance 
and traffic diversions through a narrow mountain road, 
which caused substantial traffic jams in the area (de Béli-
zal et  al. 2013). Unfortunately, we were unable to find 
any source material indicating the severity of disruption 
caused to roads leading into Yogyakarta from tephra.

Kelud 2014
The February 13 2014 eruption of Kelud volcano was a Plin-
ian eruption with a VEI of 4. PDCs ran out to 4.7 km from 
the vent (Goode et  al. 2019), and the eruption developed 
a strong plume with the top of the umbrella cloud reach-
ing an elevation of 18–19 km asl (Kristiansen et al. 2015). 
One key characteristic of the 2014 Kelud eruption was the 
bilobate tephra deposit that resulted from wind shear, with 
southerly winds at an elevation of ~ 6 km and the easterly 
winds above (Kristiansen et al. 2015). The elevation of the 
main tephra emission was estimated at ~ 17  km, where 
strong easterly winds drove tephra accumulations of up to 
2 cm thick in Yogyakarta, more than 200 km away from the 
volcano (Kristiansen et al. 2015; Maeno et al. 2019).

In Yogyakarta it was reported that the government 
advised people to remain off the roads unless travel was 
necessary due to the tephra fall (Blake et  al. 2015). Bus 
operations also completely ceased within the city for 
four days, and it took ~ 10  days before service was fully 
restored (Blake et al. 2015). We also identified Surabaya 
and National Route 1 as disruption hotspots, although 
we were unable to identify literature that reports on road 
network disruption specifically for these locations. How-
ever, given that a few centimetres of tephra fell on these 
locations and Surabaya airport was closed for two days 
(Blake et al. 2015; Maeno et al. 2019), we anticipate that 
road disruption was evident.

The 2014 Kelud eruption was reported to have severely 
damaged roads close to the volcano through lahars, bal-
listic impacts, and heavy tephra fall (Blake et  al. 2015). 
Damage to the road network in proximal areas disrupted 
access to the Kelud crater and local villages, with about 
1 km of road reportedly closed for several months. Four 
bridges were destroyed by lahars in Kali Konto due to 
sporadic lahar activity up to several months following 
the eruption (Dibyosaputro et  al. 2015). Major clean-
up operations were reportedly required in the Kediri 
regency and thousands of buildings collapsed/were dam-
aged due to the heavy tephra deposition (IFRC 2014; 
Blake et al. 2015; Williams et al. 2020).
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Fig. 3  Map of hazard extent and impact scores for each case study: A) Merapi 2010, and B) Kelud 2014. Derived from published tephra isopach 
maps and lahar/PDC footprints for the eruptions of A Merapi 2010 (de Bélizal et al. 2013; Jenkins et al. 2013; Komorowski et al. 2013; Solikhin et al. 
2015) and B Kelud 2014 (Maeno et al. 2019). Note that for Merapi 2010, no tephra accumulation > 100 mm impacted the road network
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Results
Road criticality in Java, Indonesia
There is approximately 460,000 km of road in Java based 
upon the OSM data set we have used in this analysis. 
Of this total road length, our approach classified 86% of 
roads as having minor criticality, 0% as substantial criti-
cality, 13% as major criticality, and 1% as vital criticality 
(Table 4). The reason 0% of roads were scored as substan-
tial criticality was because 95% of individual road seg-
ments obtained the same road criticality value (0.33). In 
this instance the 25th, 50th, and 75th percentiles were the 
same value and so obtain the same criticality score (criti-
cality score = 1 = minor criticality) (Fig. 2).

Using kernel density estimation for the location of 
important site points unsurprisingly yielded major urban 
centres such as Jakarta, Yogyakarta, and Surabaya, as 
major hotspots (Fig. 4A). In addition, other smaller cities 
(Cilegon, Cirebon, and Cilacap) where ports are located 
that feature a relatively dense distribution of important 
infrastructure sites (Fig.  4A). Cilegon is a major indus-
trial city and is one of the largest producers of steel in 
Southeast Asia (Yeoh 2021). The city also contains the 
Port of Merak, which is a key transport link between 
Sumatra and Java. Cirebon is the only coastal city within 
the West Java province and contains a port that primar-
ily receives goods from other Indonesian ports. Cilecap 
is a sea port town, and one of only a few that service the 
southern coast of Java. Taking the same approach for 
access to community facilities and services, and weight-
ing for priority score, we also found these concentrated 
within the major urban centres (Fig.  4B). However, the 
port cities barely registered using this metric, indicating 
the usefulness of considering access to important infra-
structure sites in the analysis. The geographical distri-
bution of the road hierarchy across Java also highlights 
the important links between population centres and 
port cities (Fig.  4C). Thus, whilst the major population 
centres are obvious hotspots of system level disruption, 
strategically important locations and the roads that link 
them together could be the cause of considerable flow-on 
effects for wider disruption on Java, which is why these 

cities and the roads that link them together were scored 
as high criticality (Fig. 4D). In particular, the vital route 
(National Route 1) linking Jakarta to Semarang and on to 
Surabaya is prominent (Fig. 4C-D). Sporadic and isolated 
high criticality roads are seen across the map and often 
associated with main roads of smaller cities, towns, and 
villages (Fig. 4D).

The similarity between road hierarchy and road criti-
cality can be seen by comparing Fig.  4C and Fig.  4D, 
where there appears to be similarity between motor-
ways and high criticality values, but this does not trans-
late through to roads lower on the road hierarchy (e.g., 
arterial/collector/local roads). This perhaps supports the 
rationale of using road hierarchy as a proxy for road criti-
cality at large scales. However, road hierarchy alone may 
not capture the same level of detail as using explicitly 
defined criticality indicators, such as those used in this 
study, and the same comparability may not be evident for 
other locations around the world.

Modelled disruption
Case study one: Merapi 2010.
Our approach calculated that the Merapi 2010 case study 
affected ~ 7,000 km of road (~ 1.5% of total road length) 
and ~ 29,000 road segments (~ 1.4% of all road segments) 
on Java (Table  5). We obtained a RNDS for the Merapi 
2010 case study of 1.5 × 107. Of the affected road seg-
ments, only a small proportion (~ 0.4% of segments 
or ~ 1% by length) were classed as vital criticality within 
our criticality framework (Fig.  5A-B), but the disrup-
tion of these vital road segments contributed to around a 
quarter of the RNDS value (Fig. 6A). Most of the affected 
roads (98% of the affected segments or 97.1% of the 
affected road length) were affected by small accumula-
tions of tephra, and so were classed as FLS 1 (Fig. 5C-D). 
Despite only ~ 2% of affected road segments (~ 2.9% by 
length) being assigned FLS 2, these roads contribute to 
approximately ~ 26% of the total RNDS value (Fig. 6C). A 
largely even proportion of all road segment length classes 
were affected by this case study (Fig. 5E-F). Of the total 
RNDS, 91% was made up of road segments with a RSDS 

Table 4  Criticality classification of the Java road network, following the ‘Road criticality score’ approach outlined in Fig. 2

Criticality class Criticality score Number of segments Length (km) % total road 
network 
length

Minor 1 2,039,369 396,419 86

Substantial 10 0 0 0

Major 100 85,840 60,599 13

Vital 1,000 11,925 6,685 1

All - 2,137,134 463,704 100
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Fig. 4  Road importance characteristics on Java. A) kernal density heat map of important sites, B) kernal density heat map of community services/
facilities weighted by priority score, C) road hierarchy on Java, and D) Road criticality map for Java. Note: grey lines on A and B are roads, which are 
displayed for context



Page 12 of 21Hayes et al. Journal of Applied Volcanology            (2022) 11:8 

of ≥ 10,000 (Fig.  6D). However, these high RSDS roads 
made up only 2% of all affected road segments (~ 14% of 
the affected road length) (Fig. 5G-H).

A map of RSDS for the Merapi 2010 eruption is pre-
sented in Fig. 7, which can be used to identify potential 
road network disruption hotspot locations. Modelled dis-
ruption was concentrated in areas of PDC inundation to 
the south of Merapi, roads leading into Yogyakarta, and 
National Route 14 connecting Yogyakarta with Magel-
ang and Semarang. Our modelling suggests roads lead-
ing to Yogyakarta could also be a disruption hotspot. We 
note the disruption may be inflated on the road segments 
denoted by the ‘a’ and ‘b’ labels on Fig. 7. This is because 
our approach automatically assigned amenity or impor-
tant site points to road segments based on the closest 
road within a given threshold distance, but the closest 
road to the point is not always the best road to assign the 
point to. Thus, model outputs should be carefully inter-
preted at this level of detail.

Case study two: Kelud 2014
We estimated that ~ 127,000  km of road (~ 27.5% of 
total road length) and ~ 529,000 road segments (~ 24.7% 
of all road segments) were affected by the eruption 
(Table  5). The RNDS for the Kelud 2014 case study 
was calculated as 2.3 × 108. Of all affected road seg-
ments for this case study, ~ 0.4% were classed as vital 
(~ 1% of affected road length) (Fig. 5A-B). Disruption of 
vital road segments contributed to ~ 45.5% of the total 
RNDS value (Fig. 6A). Roads assigned an impact score 
of 10 (FLS 1) amounted to 99.6% of all affected road 
segments (99.5% of the total length of affected roads) 
(Fig.  5C-D), and account for approximately 98% of the 
RNDS value (Fig.  6C). A largely even proportion of all 

road segment length classes were affected by this case 
study (Fig. 5E-F). Approximately 2.2% of road segments 
(14.2% of affected road length) had an RSDS of ≥ 10,000 
(Fig. 5E-F), which contributed to over 90% of the total 
RNDS (Fig. 6D).

Modelled disruption for the Kelud case study indi-
cated widespread disruption across Java (Fig. 8A). This 
disruption appears to be particularly evident in the port 
city of Cilacap (Fig. 8B), major urban centres of Yogya-
karta (Fig. 8C), and Surabaya (Fig. 8E), and the motor-
ways that connect them. We also found that roads 
within 10–20  km of Kelud were hotspots for disrup-
tion (Fig.  8D), which is indicative of the heavy tephra 
fall and impact severity that occurred within this area 
(Maeno et al. 2019).

Case study comparison
Whilst the proportionality for each of the disruption 
indicators for both case studies were similar (Fig.  5), 
there was an order of magnitude difference in RNDS 
between the two case studies. This indicates that the 
Kelud 2014 case study was considerably more disruptive 
to the wider road network than the Merapi 2010 case 
study. This is in agreement with the eruptive styles of 
both eruptions, with Merapi 2010 being the magmatic 
paroxysm of a sequence of dome growth and explo-
sions and Kelud 2014 being a Plinian eruption that was 
sufficiently intense to develop an umbrella cloud. As a 
result, the Kelud 2014 case study affected more roads 
overall, and a greater proportion of vital road segments 
than the Merapi 2010 case study (Fig.  5A), which are 
major drivers of disruption within our framework. The 
Kelud 2014 case study affected ~ 16% of vital road seg-
ments on Java, compared to just 0.4% for the Merapi 

Table 5  Quantification of affected road segments and length for each disruption metric

a Numbers in square brackets are the percentages of the total road network that has been assigned that criticality score.
b Numbers in square brackets are the percentage of the total Java road network.
c Numbers in square brackets are the percentages of the total road network that has been assigned that length of road score.

Metric Score Segments Length (km)

Merapi Kelud Merapi Kelud

Criticalitya 1 (Minor) 28,249 [1.4] 505,900 [24.8] 6,071 [1.5] 108,808 [27.4]

100 (Major) 1,092 [1.3] 20,869 [24.3] 969 [1.6] 17,300 [28.5]

1,000 (Vital) 50 [0.4] 1,904 [16] 67 [1.0] 1,275 [19.1]

Impactb 10 (FLS 1) 28,888 [1.4] 526,647 [24.6] 6,915 [1.5] 126,780 [27.3]

100 (FLS 2) 503 [0.02] 2,026 [0.1] 193 [0.04] 603 [0.1]

Length of roadc 0.01 5,770 [1.1] 114,516 [21.4] 174 [1.2] 3,197 [21.4]

0.1 7,275 [1.4] 123,165 [23.1] 525 [1.4] 8,907 [23.1]

1 7,616 [1.4] 133,788 [25] 1,073 [1.4] 18,915 [24.3]

10 8,730 [1.6] 157,201 [29.4] 5,322 [1.6] 96,364 [28.7]

Allc - 29,391 [1.4] 528,673 [24.7] 7,094 [1.5] 127,383 [27.5]
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Fig. 5  Percentage of affected road segments and lengths assigned scores for A-B) Criticality, C-D) Impact, E-F) Length of Road, and G-H) Road 
Segment Disruption Score (RSDS)
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Fig. 6  Percentage of the total RNDS value for A) Criticality, B) Length of road, C) Impact, and D) Road Segment Disruption Score (RSDS)

Fig. 7  RSDS results using the Merapi 2010 event as hazard input. See text for explanation of points a and b, and N14 (National Route 14). RNDS 
value = 1.5 × 10.7
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2010 case study. Both case studies had the vast major-
ity of the total RNDS value coming from roads at func-
tionality loss state one, which is indicative of the wide 
spread disruptive nature of tephra fall. However, for the 
Merapi 2010 case study, a larger proportion of the dis-
ruption was driven by the proximal effects from PDCs 
and lahars compared to proximal hazards from the 
Kelud 2014 case study (26% compared to 2% of RNDS 
respectively).

Discussion
Using and adapting the RNDS
The approach presented in this paper provides a struc-
tured method to quantify potential road network dis-
ruption from volcanic eruptions. Of importance was 
the inclusion of road segment criticality, an element that 
has received limited attention in road network exposure 
assessments for volcanic eruptions (Mossoux et al. 2019). 
The fundamental purpose of this approach is to identify 

Fig. 8  RSDS results using the Kelud 2014 event as hazard input. RNDS value = 2.3 × 10.8. A) Overview map of RSDS spanning West, Central and East 
Java; B) Cilicap; C) Yogyakarta. D) Kediri, and E) Surabaya
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priority areas for further research, disaster and long-term 
resilience planning using more detailed road vulnerability 
or resilience analysis techniques. Thus, it is not intended 
to provide an absolute quantitative estimate on disrup-
tion, but rather assess the relative potential for volcanoes, 
eruptions, or scenarios to cause differing levels of disrup-
tion to socio-economic activities.

In this study we used open-source data relating to ser-
vices and infrastructure important for societal function-
ality across Java. However, other studies could also be 
undertaken that investigate potential disruption at a finer 
grained resolution (e.g., individual city or community) 
and the criticality indicators and scoring system may dif-
fer from those used in this study. For example, a commu-
nity that is likely to require a full evacuation during an 
eruption may incorporate key emergency egress routes 
and score these highly, whilst access to other community 
amenities may be considered inconsequential due to this 
evacuation and scored lower (or even omitted). There-
fore, our intention with the framework presented here 
is to highlight the utility of including criticality metrics 
within road disruption assessments, and any number of 
indicators could be used.

Whilst the scoring system used in this study was based 
on subjective estimates, we consider this superior to the 
commonly used practice of solely using length of road 
affected as a measure of road exposure. This is because 
the decision to omit other characteristics about the 
importance of the road is a subjective choice usually taken 
without explicitly defined justification. Specific scoring 
values do not necessarily need to be implemented exactly 
as we have done so in this work, but the broad overarch-
ing principles of using criticality, impact, and length of 
roads affected is a simple, adaptable, and transferrable 
method to obtain an estimate of disruption for purposes 
of ranking of disruptive scenarios, hazard types, or volca-
noes. Therefore, what is important is that the subjectivity 
is contextualised by transparent rationale that underpins 
the choices in the scoring system. To moderate the effect 
of subjective values in this work, we have used order of 
magnitude scales and assign scores based on percentiles. 
This is advantageous in this use-case as we were assessing 
relatively high-level/coarse-grained characteristics of dis-
ruption from different eruptions. Other studies may opt 
to take a community-driven approach where stakehold-
er’s views regarding the importance of different attributes 
are incorporated via various community-based participa-
tory methods.

The two case studies used in this paper demonstrate 
some of the varying characteristics that can occur when 
volcanic hazards affect road networks. The widespread 
nature of the Kelud 2014 tephra fall meant that disrup-
tion was also widespread, affecting several large cities. 

The implications of this were sizable, but temporary, 
reductions in urban functionality and socio-economic 
activities in these cities. Whilst for the Merapi case study, 
the disruption was more concentrated due to the nature 
of the eruptive activity. At the scale of the entire road 
network this meant that the Kelud 2014 eruption caused 
island-wide disruption that amounted to an order of 
magnitude greater RNDS than for the Merapi case study. 
However, the disruption caused by tephra fall is typically 
concentrated to the immediate aftermath of the erup-
tion (excepting remobilisation), while lahars can continue 
over many years (as in the case of Merapi). This illus-
trates the differing spatial, temporal and disruptive scale 
of consequences that can be produced by volcanoes to 
the road network. Java contains 36 volcanoes, each with 
the potential to affect the road network in a number of 
ways. Identifying the volcanoes that are most likely to 
cause disruption, and the manner that they may cause 
disruption would be of value to informing emergency 
planning and research priorities. For example, identify-
ing and differentiating between the volcanoes likely to 
cause substantial disruption due to widespread tephra 
deposition on large urban areas (e.g., Jakarta) and those 
volcanoes that might cause severe but relatively localised 
disruption. This would provide insights into the different 
approaches that could be taken for disaster risk reduc-
tion. In the case of volcanoes producing widespread 
urban disruption, considering the implications to supply 
chains and conducting tephra clean-up planning will be 
useful planning exercises for how to manage road net-
work disruption caused by an eruption from a given vol-
cano (Wilson et al. 2012; Hayes et al. 2015). On the other 
hand, locally specific hazard and risk studies will be of 
value for volcanoes that are assessed as likely to produce 
severe but localised disruption. As an example, a volcano 
identified as having the potential to cause severe local-
ised disruption from lahars may warrant further analysis 
that refines lahar hazard and risk assessments to identify 
specific risk mitigation options. Risk mitigation in this 
situation could include incorporation of anticipated road 
disruption within community outreach, disaster planning 
programmes, and, where appropriate, specific engineered 
solutions and land-use planning (Lavigne 1999; Pierson 
et al. 2014; Andreastuti et al. 2015; Cho et al. 2016; Lest-
ari et al. 2018). These analyses may also identify underap-
preciated risks, which could be particularly important for 
volcanoes that have not been active for hundreds of years, 
but have the potential to cause substantial disruption.

The approach is also well suited to be applied within 
a long-term resilience planning framework that aims to 
inform long-term infrastructure investment and asset 
management strategies. We have shown how using this 
approach can assist in identifying volcanoes, hazards, or 
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even criticality hotspots likely to be the cause or source 
of considerable disruption during natural hazard events. 
Ranking of volcanoes, hazards, or specific scenario event 
sets by the corresponding RNDS value then facilitates 
identification of priority research areas. In addition, par-
ticular road segments that have high disruption scores 
across many different scenarios may indicate areas of 
particular concern for long-term resilience enhancement. 
More in-depth investigation of these areas using typical 
road vulnerability and resilience methodologies that are 
more computationally intensive can then be confidently 
undertaken to confirm initial results and identify poten-
tial asset redundancy and investment options.

Indirect disruption
In this analysis we demonstrated that the RNDS value 
was being driven by relatively few high RSDS road seg-
ments. It is important to recognise that these high RSDS 
road segments could cause disruption to propagate fur-
ther through the road system. Asset redundancy may 
also reduce potential disruption as it reduces reliance 
upon any given road segment due to the potential for 
multiple road segments to be used for the same purpose. 
The analysis undertaken here does not capture potential 
propagating impacts within the road system, nor poten-
tial redundancy within the road network, because both 
would require graphical models to be used. However, 
potential disruption hotspots can be identified, which 
allows for triaging of research efforts to focus in-depth 
and resource intensive analysis (e.g., using graph theory 
or agent-based modelling) on these hotspot locations. 
These hotspots would be defined as areas that will suffer 
severe disruption with the potential to propagate region-
ally. Such areas may be at risk from several different 
volcanoes and different volcanic hazards. Thus, a trans-
parent approach to prioritising in-depth investigations is 
particularly important in regions with high numbers of 
source volcanoes, such as Java, Indonesia.

Disruption can also be caused by decisions that are 
made by authorities. For example, the establishment of 
evacuation and/or exclusion zones will have substantial 
disruptive effects on road networks within and near the 
affected areas. In this work, we have not implemented 
any decision-derived disruption. Consideration of evacu-
ation and exclusion zones in impact or exposure assess-
ments has typically been undertaken at an individual 
community scale and in collaboration with emergency 
managers and local communities or using pre-established 
evacuation policies (Zuccaro et  al. 2008; Deligne et  al. 
2017). Whilst decision-derived effects are likely to cause 
substantial disruption to road networks, the criteria 
they rely upon requires detailed analysis of the volcano 
and the social context of the affected community (Blake 

et al. 2017c), which can make generic and widely applica-
ble criteria difficult to produce for regional assessments. 
Wild et al. (2021) recently put forward a methodological 
approach to assess population exposure to evacuation 
areas across a large number of potential vents for a vol-
canic field using pre-existing evacuation policies. These 
policies were based upon concentric circles of a given 
radius from a potential vent opening position, and were 
derived from the likely extent of hazardous phenomena. 
However, when defining evacuation zones, it is important 
to also consider additional factors not directly associated 
to hazard exposure. For example, some areas might not 
necessarily be directly exposed to eruption hazards, but 
could have access to and from them cut off by either the 
hazard or evacuation zone extent. Thus, when defining 
decision-derived disruption it is important to focus on 
the decision-making criteria and key decision-drivers 
in addition to hazard extent, both of which will require 
localised input and knowledge.

Duration of disruption
A commonly acknowledged characteristic of volcanic 
eruptions is that the effects they have on communities 
can be relatively short-lived (e.g., hours to days) or very 
long-lasting (e.g., years). For example, lahars or lava flows 
can disrupt road networks over a period of months to 
years following a volcanic eruption. A road segment that 
is blocked and then cleared within a few hours is likely 
to be less disruptive than if that same road segment is 
unpassable for months (Kim et  al. 2018). Thus, dura-
tion of disruption would be a useful indicator for overall 
disruption. A complicating factor is that the disruption 
caused by volcanoes can occur sporadically or continu-
ously throughout the eruption duration. Lulls in volcanic 
activity can also allow for mitigation efforts to be under-
taken to reduce societal impacts, assuming it is safe to 
do so. Hazard intensity is also likely to be a relevant fac-
tor that will influence disruption duration. For example, 
a dense PDC deposit is likely to cause thermal damage 
and potential scouring to bridges and roads, but a surge 
deposit could be removed by the next rainfall having 
caused relatively little long-lasting damage to road infra-
structure (Jenkins et  al. 2013). Here, we have adopted 
a conservative approach in our assignment of hazard 
intensity for PDCs and assume that any inundation and 
deposition is likely to require road closures for a period 
of time. This is because it will take time for authorities 
to undertake impact and risk assessments to determine 
whether it is safe to travel within PDC affected areas, 
due to either eruptive hazards or secondary road hazards 
caused by the eruption (e.g., fallen electricity poles). Fur-
ther, decisions on long-term recovery of areas that suf-
fer large scale damage and thick depositions of volcanic 
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material within the built environment may also take time 
to resolve (e.g., whether to clean-up/remove deposited 
material or to consolidate and/or build on top) (Sword-
Daniels et al. 2014; Jenkins et al. 2017; Hayes et al. 2021).

Both of the case study eruptions used in this study had 
road segments that were sporadically affected for months 
following the start of the eruption. We have not explicitly 
incorporated any time sensitive metric into the analysis 
of this study, although length of road affected will incor-
porate some elements of disruption duration related to 
the amount of work required to restore the road segment. 
That is to say, all other aspects being equal, an exten-
sive length of road takes longer to restore than a small 
amount of road. However, we highlight that the approach 
taken in this work was to assume that if a road segment 
was affected by a hazard, the entire segment was assigned 
the same impact score regardless of the proportion of 
that segment that was directly affected by the hazard. 
This was to ensure consistency and repeatability of the 
methodology across case studies and also to factor in that 
even if a small section of a road segment is affected, the 
entire segment would likely reach the same loss of func-
tionality. For example, a lahar that destroys a bridge will 
result in an entire road segment being impassable. But 
this also means that for those segments that are only par-
tially affected (e.g., at the periphery of the tephra deposi-
tion area) would probably be restored quicker in practice 
that those segments that are wholly affected. Overall, we 
suspect this affect is minimal and consider adopting the 
consistent treatment of these segments to be advanta-
geous compared to individually assigning impact based 
on specific context, which would be time consuming 
and would be unaligned with the aim of the approach to 
provide an efficient assessment of road disruption. Con-
sideration of dynamic exposure throughout an eruption 
as a result of the sporadicity and duration of an eruption 
would be a useful area of future research to build upon 
the methodological approach developed in this paper.

Conclusions
There are multiple factors involved in defining the 
severity of disruption caused by a volcanic eruption, 
such as criticality of the road affected, severity of physi-
cal impact, and length of road affected. Previous studies 
of road exposure from volcanic eruptions have omit-
ted road criticality from this analysis. In this study we 
proposed an approach to incorporate road criticality 
concepts into road disruption assessments. By com-
bining criticality scores with impact and length of road 
scores, we were able to obtain a common measure of 
disruption that is comparable across case studies. Our 
approach is widely applicable and utilises open-data 
sets, and can be applied in a range of different contexts 

globally. We evaluated criticality as a function of three 
components: road hierarchy (as a proxy for number of 
road users), access to community services and facilities, 
and access to important infrastructure sites. Incorpo-
rating road criticality concepts can enhance insights 
into the potential drivers of disruption and identify 
potentially unexpected high disruption areas. Thus, 
examining road disruption in this manner facilitates 
identification of key disruption hazards, hotspots, and 
volcanoes.

In this paper, we used two case studies based on the 
Merapi 2010 and Kelud 2014 eruptions to demonstrate 
how this approach can be used, and its limitations. We 
found that the Kelud 2014 case study resulted in an order 
of magnitude greater disruption to the road network 
compared to the Merapi 2010 case study. Our modelling 
results found for both case studies that disruption to the 
road network was largely driven by tephra fall, but for the 
Merapi 2010 case study, a sizable proportion was due to 
lahar and PDC inundation. We demonstrated how poten-
tial disruption hotspots can be identified, but that cau-
tion should be observed when interpreting these results 
due to the automated nature of our criticality score 
assignment. Whilst we have used real world case study 
eruptions in this work to retrospectively examine dis-
ruption, we suggest that utilising our methodology with 
probabilistic hazard assessment methodologies or hypo-
thetical scenario sets could also be valuable for assessing 
and planning for potential future disruption.

Abbreviations
RSDS: Road Segment Disruption Score; RNDS: Road Network Disruption Score; 
PDC: Pyroclastic Density Current; OSM: OpenSteetMap; FLS: Functional loss 
state; VEI: Volcanic Explosivity Index.

Acknowledgements
The authors would like to thank all of the volunteers and contributors working 
to maintain the important and useful open-source datasets and libraries used 
in this work.

Authors’ contributions
JLH conceptualised the project, developed the methodology, carried out 
formal analysis, and wrote the original draft. SB, SFJ, ESM, and GTW provided 
feedback on the methodology, and reviewed/edited the manuscript. The 
authors all read and approved the final manuscript.

Funding
This research was supported by the Earth Observatory of Singapore via its 
funding from the National Research Foundation Singapore and the Singapore 
Ministry of Education under the Research Centres of Excellence initiative. This 
work comprises EOS contribution number 403. JLH and SFJ are also grateful 
for funding from the AXA Joint Research Initiative under the project “Volcanic 
Risk Assessment in Asia”.

Availability of data and materials
Python code for producing the road criticality file used in this analysis can be 
found at: https://​github.​com/​vharg/​RNDS/.
The geospatial datasets used to assess disruption from the two case studies 
can be obtained from: https://​resea​rchda​ta.​ntu.​edu.​sg/​priva​teurl.​xhtml?​
token=​d3f91​45b-​ba2c-​4394-​b7a9-​3054f​0880c​de.

https://github.com/vharg/RNDS/
https://researchdata.ntu.edu.sg/privateurl.xhtml?token=d3f9145b-ba2c-4394-b7a9-3054f0880cde
https://researchdata.ntu.edu.sg/privateurl.xhtml?token=d3f9145b-ba2c-4394-b7a9-3054f0880cde


Page 19 of 21Hayes et al. Journal of Applied Volcanology            (2022) 11:8 	

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 Earth Observatory of Singapore, Nanyang Technological University, Singa-
pore, Singapore. 2 Asian School of the Environment, Nanyang Technological 
University, Singapore, Singapore. 

Received: 22 September 2021   Accepted: 16 June 2022

References
Abdul Quium ASM (2018) The Asian Highway and Trans-Asian Railway net-

works. In: Zhang J, Feng Z (eds) Routledge handbook of transport in Asia, 
1st edn. Routledge, Taylor & Francis Group, London, pp 44–60

Alexander D (2018) A magnitude scale for cascading disasters. Int J Disaster 
Risk Reduct 30:180–185. https://​doi.​org/​10.​1016/j.​ijdrr.​2018.​03.​006

Andreastuti S, Subandriyo J, Sumarti S, Sayudi D (2015) The importance of 
communication in hazard zone areas: case study during and after 2010 
Merapi eruption, Indonesia. In: Loughlin SC, Sparks S, Brown SK et al (eds) 
Global Volcanic Hazards and Risk. Cambridge University Press, Cam-
bridge, pp 267–272

Bagloee SA, Sarvi M, Wolshon B, Dixit V (2017) Identifying critical disrup-
tion scenarios and a global robustness index tailored to real life road 
networks. Transp Res Part E Logist Transp Rev 98:60–81. https://​doi.​org/​
10.​1016/j.​tre.​2016.​12.​003

Balakrishnan S, Zhang Z (2020) Criticality and Susceptibility Indexes for 
Resilience-Based Ranking and Prioritization of Components in Interde-
pendent Infrastructure Networks. J Manag Eng 36:04020022. https://​doi.​
org/​10.​1061/​(ASCE)​ME.​1943-​5479.​00007​69

Bhavathrathan BK, Patil GR (2015) Quantifying resilience using a unique critical 
cost on road networks subject to recurring capacity disruptions. Transp 
Transp Sci 11:836–855. https://​doi.​org/​10.​1080/​23249​935.​2015.​10872​30

Biass S, Todde A, Cioni R et al (2017) Potential impacts of tephra fallout from a 
large-scale explosive eruption at Sakurajima volcano. Japan Bull Volcanol 
79:73. https://​doi.​org/​10.​1007/​s00445-​017-​1153-5

Blake D, Wilson T, Cole J et al (2017a) Impact of Volcanic Ash on Road and 
Airfield Surface Skid Resistance. Sustainability 9:1389. https://​doi.​org/​10.​
3390/​su908​1389

Blake DM, Deligne NI, Wilson TM et al (2017b) Investigating the consequences 
of urban volcanism using a scenario approach II: Insights into trans-
portation network damage and functionality. J Volcanol Geotherm Res 
340:92–116. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2017.​04.​010

Blake DM, Deligne NI, Wilson TM, Wilson G (2017c) Improving volcanic ash 
fragility functions through laboratory studies: example of surface 
transportation networks. J Appl Volcanol 6:16. https://​doi.​org/​10.​1186/​
s13617-​017-​0066-5

Blake DM, Wilson TM, Stewart C (2018) Visibility in airborne volcanic ash: con-
siderations for surface transportation using a laboratory-based method. 
Nat Hazards 92:381–413. https://​doi.​org/​10.​1007/​s11069-​018-​3205-3

Blake DM, Wilson G, Stewart C et al (2015) The 2014 eruption of Kelud volcano, 
Indonesia: impacts on infrastructure, utilities, agriculture and health. GNS 
Science, Lower Hutt, N.Z.

Blong RJ (1984) Volcanic hazards: a sourcebook on the effects of eruptions. 
Academic Press, Sydney, Orlando, Fla

Boin A, McConnell A (2007) Preparing for Critical Infrastructure Breakdowns: 
The Limits of Crisis Management and the Need for Resilience. J Contin-
gencies Crisis Manag 15:50–59. https://​doi.​org/​10.​1111/j.​1468-​5973.​2007.​
00504.x

Brovelli MA, Minghini M, Molinari M, Mooney P (2017) Towards an Automated 
Comparison of OpenStreetMap with Authoritative Road Datasets. Trans 
GIS 21:191–206. https://​doi.​org/​10.​1111/​tgis.​12182

Brown SK, Auker MR, Sparks RSJ (2015) Populations around Holocene volca-
noes and development of a Population Exposure Index. In: Loughlin SC, 
Sparks RSJ, Jenkins SF, Vye-Brown C (eds) Global Volcanic Hazards and 
Risk. Cambridge University Press, Cambridge

Cho S, Won S, Kim S (2016) Living in Harmony with Disaster: Exploring 
Volcanic Hazard Vulnerability in Indonesia. Sustainability 8:848. https://​
doi.​org/​10.​3390/​su809​0848

Comes T, Van de Walle B (2014) Measuring disaster resilience: The impact of 
hurricane sandy on critical infrastructure systems. In: Hiltz SR, Pfaff MS, 
Plotnick L, Shih PC (eds) ISCRAM 2014 Conference Proceedings – 11th 
International Conference on Information Systems for Crisis Response 
and Managemen. pp 195–204

Costa C, Figueiredo R, Silva V, Bazzurro P (2020) Application of open tools 
and datasets to probabilistic modeling of road traffic disruptions due 
to earthquake damage. Earthq Eng Struct Dyn 49:1236–1255. https://​
doi.​org/​10.​1002/​eqe.​3288

Dagá J, Chamorro A, de Solminihac H, Echaveguren T (2018) Develop-
ment of fragility curves for road bridges exposed to volcanic lahars. 
Nat Hazards Earth Syst Sci 18:2111–2125. https://​doi.​org/​10.​5194/​
nhess-​18-​2111-​2018

de Bélizal E, Lavigne F, Hadmoko DS et al (2013) Rain-triggered lahars fol-
lowing the 2010 eruption of Merapi volcano, Indonesia: A major risk. 
J Volcanol Geotherm Res 261:330–347. https://​doi.​org/​10.​1016/j.​jvolg​
eores.​2013.​01.​010

Deligne NI, Fitzgerald RH, Blake DM et al (2017) Investigating the conse-
quences of urban volcanism using a scenario approach I: Development 
and application of a hypothetical eruption in the Auckland Volcanic 
Field, New Zealand. J Volcanol Geotherm Res 336:192–208. https://​doi.​
org/​10.​1016/j.​jvolg​eores.​2017.​02.​023

Diakakis M, Boufidis N, Salanova Grau JM et al (2020) A systematic assess-
ment of the effects of extreme flash floods on transportation infra-
structure and circulation: The example of the 2017 Mandra flood. Int 
J Disaster Risk Reduct 47:101542. https://​doi.​org/​10.​1016/j.​ijdrr.​2020.​
101542

Dibyosaputro S, Dipayana GA, Nugraha H, Pratiwi K, Valeda HP (2015) Lahar at 
Kali Konto after the 2014 Eruption of Kelud Volcano, East Java: Impacts 
and Risk. Forum Geografi 29(1):59–72. https://​doi.​org/​10.​23917/​forgeo.​
v29i1.​793

Dong S, Wang H, Mostafavi A, Gao J (2019) Robust component: a robustness 
measure that incorporates access to critical facilities under disruptions. J 
R Soc Interface 16:20190149. https://​doi.​org/​10.​1098/​rsif.​2019.​0149

Global Volcanism Program, 2013. Volcanoes of the World, v. 4.11.0 (08 Jun 
2022). Venzke, E (ed.). Smithsonian Institution. Downloaded 04 Jul 2022. 
https://​doi.​org/​10.​5479/​si.​GVP.​VOTW4-​2013

Goode LR, Handley HK, Cronin SJ, Abdurrachman M (2019) Insights into erup-
tion dynamics from the 2014 pyroclastic deposits of Kelut volcano, Java, 
Indonesia, and implications for future hazards. J Volcanol Geotherm Res 
382:6–23. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2018.​02.​005

Guite HF, Clark C, Ackrill G (2006) The impact of the physical and urban envi-
ronment on mental well-being. Public Health 120:1117–1126. https://​doi.​
org/​10.​1016/j.​puhe.​2006.​10.​005

Haklay M (2010) How Good is Volunteered Geographical Information? A Com-
parative Study of OpenStreetMap and Ordnance Survey Datasets. Environ 
Plan B Plan Des 37:682–703. https://​doi.​org/​10.​1068/​b35097

Hardiansyah, Priyanto S, Muthohar I, Suparma LB (2019) Identifying road 
network vulnerability during disaster, a case study of road network 
evacuation in Mount Merapi eruption. Songklanakarin J Sci Technol 
41(4):769–776. https://​doi.​org/​10.​14456/​sjst-​psu.​2019.​98

Hayes JL, Wilson TM, Magill C (2015) Tephra fall clean-up in urban environ-
ments. J Volcanol Geotherm Res 304:359–377. https://​doi.​org/​10.​1016/j.​
jvolg​eores.​2015.​09.​014

Hayes JL, Calderón BR, Deligne NI et al (2019) Timber-framed building damage 
from tephra fall and lahar: 2015 Calbuco eruption, Chile. J Volcanol Geo-
therm Res 374:142–159. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2019.​02.​017

Hayes JL, Wilson TM, Deligne NI et al (2020) Developing a suite of multi-
hazard volcanic eruption scenarios using an interdisciplinary approach. J 
Volcanol Geotherm Res 392:106763. https://​doi.​org/​10.​1016/j.​jvolg​eores.​
2019.​106763

Hayes JL, Wilson TM, Brown C et al (2021) Assessing urban disaster waste man-
agement requirements after volcanic eruptions. Int J Disaster Risk Reduct 
52:101935. https://​doi.​org/​10.​1016/j.​ijdrr.​2020.​101935

IFRC (2014) In: Emergency plan of action (EPoA) Indonesia (ed) Volcanic erup-
tion - Mt Kelud. International Federation of Red Cross and Red Crescent 
Societies. http://​relie​fweb.​int/​report/​indon​esia/​indon​esia-​volca​nic-​erupt​
ion-​mt-​kelud-​emerg​ency-​plan-​action-​epoa-​opera​tion-n

https://doi.org/10.1016/j.ijdrr.2018.03.006
https://doi.org/10.1016/j.tre.2016.12.003
https://doi.org/10.1016/j.tre.2016.12.003
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000769
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000769
https://doi.org/10.1080/23249935.2015.1087230
https://doi.org/10.1007/s00445-017-1153-5
https://doi.org/10.3390/su9081389
https://doi.org/10.3390/su9081389
https://doi.org/10.1016/j.jvolgeores.2017.04.010
https://doi.org/10.1186/s13617-017-0066-5
https://doi.org/10.1186/s13617-017-0066-5
https://doi.org/10.1007/s11069-018-3205-3
https://doi.org/10.1111/j.1468-5973.2007.00504.x
https://doi.org/10.1111/j.1468-5973.2007.00504.x
https://doi.org/10.1111/tgis.12182
https://doi.org/10.3390/su8090848
https://doi.org/10.3390/su8090848
https://doi.org/10.1002/eqe.3288
https://doi.org/10.1002/eqe.3288
https://doi.org/10.5194/nhess-18-2111-2018
https://doi.org/10.5194/nhess-18-2111-2018
https://doi.org/10.1016/j.jvolgeores.2013.01.010
https://doi.org/10.1016/j.jvolgeores.2013.01.010
https://doi.org/10.1016/j.jvolgeores.2017.02.023
https://doi.org/10.1016/j.jvolgeores.2017.02.023
https://doi.org/10.1016/j.ijdrr.2020.101542
https://doi.org/10.1016/j.ijdrr.2020.101542
https://doi.org/10.23917/forgeo.v29i1.793
https://doi.org/10.23917/forgeo.v29i1.793
https://doi.org/10.1098/rsif.2019.0149
https://doi.org/10.5479/si.GVP.VOTW4-2013
https://doi.org/10.1016/j.jvolgeores.2018.02.005
https://doi.org/10.1016/j.puhe.2006.10.005
https://doi.org/10.1016/j.puhe.2006.10.005
https://doi.org/10.1068/b35097
https://doi.org/10.14456/sjst-psu.2019.98
https://doi.org/10.1016/j.jvolgeores.2015.09.014
https://doi.org/10.1016/j.jvolgeores.2015.09.014
https://doi.org/10.1016/j.jvolgeores.2019.02.017
https://doi.org/10.1016/j.jvolgeores.2019.106763
https://doi.org/10.1016/j.jvolgeores.2019.106763
https://doi.org/10.1016/j.ijdrr.2020.101935
http://reliefweb.int/report/indonesia/indonesia-volcanic-eruption-mt-kelud-emergency-plan-action-epoa-operation-n
http://reliefweb.int/report/indonesia/indonesia-volcanic-eruption-mt-kelud-emergency-plan-action-epoa-operation-n


Page 20 of 21Hayes et al. Journal of Applied Volcanology            (2022) 11:8 

Jafino BA, Kwakkel J, Verbraeck A (2020) Transport network criticality metrics: 
a comparative analysis and a guideline for selection. Transp Rev 40:241–
264. https://​doi.​org/​10.​1080/​01441​647.​2019.​17038​43

Jenelius E, Mattsson L-G (2012) Road network vulnerability analysis of area-
covering disruptions: A grid-based approach with case study. Transp Res 
Part Policy Pract 46:746–760. https://​doi.​org/​10.​1016/j.​tra.​2012.​02.​003

Jenelius E, Petersen T, Mattsson L-G (2006) Importance and exposure in road 
network vulnerability analysis. Transp Res Part Policy Pract 40:537–560. 
https://​doi.​org/​10.​1016/j.​tra.​2005.​11.​003

Jenkins SF, Komorowski J-C, Baxter PJ et al (2013) The Merapi 2010 eruption: 
An interdisciplinary impact assessment methodology for studying pyro-
clastic density current dynamics. J Volcanol Geotherm Res 261:316–329. 
https://​doi.​org/​10.​1016/j.​jvolg​eores.​2013.​02.​012

Jenkins SF, Phillips JC, Price R et al (2015a) Developing building-damage scales 
for lahars: application to Merapi volcano. Indonesia Bull Volcanol 77:75. 
https://​doi.​org/​10.​1007/​s00445-​015-​0961-8

Jenkins SF, Wilson TM, Magill C et al (2015b) Volcanic ash fall hazard and risk. In: 
Loughlin SC, Sparks S, Brown SK et al (eds) Global Volcanic Hazards and 
Risk. Cambridge University Press, Cambridge, pp 173–222

Jenkins SF, Day SJ, Faria BVE, Fonseca JFBD (2017) Damage from lava flows: 
insights from the 2014–2015 eruption of Fogo. Cape Verde J Appl Vol-
canol 6:6. https://​doi.​org/​10.​1186/​s13617-​017-​0057-6

Jenkins SF, Magill CR, Blong RJ (2018) Evaluating relative tephra fall hazard and 
risk in the Asia-Pacific region. Geosphere 14:492–509. https://​doi.​org/​10.​
1130/​GES01​549.1

Kappes MS, Keiler M, von Elverfeldt K, Glade T (2012) Challenges of analyzing 
multi-hazard risk: a review. Nat Hazards 64:1925–1958. https://​doi.​org/​10.​
1007/​s11069-​012-​0294-2

Kim K, Pant P, Yamashita E (2018) Managing uncertainty: Lessons from volcanic 
lava disruption of transportation infrastructure in Puna. Hawaii J Emerg 
Manag 16:29. https://​doi.​org/​10.​5055/​jem.​2018.​0351

Kim K, Pant P, Yamashita E, Ghimire J (2019) Analysis of Transportation Disrup-
tions from Recent Flooding and Volcanic Disasters in Hawai’i. Transp Res 
Rec J Transp Res Board 2673:194–208. https://​doi.​org/​10.​1177/​03611​
98118​825460

Komorowski J-C, Jenkins S, Baxter PJ et al (2013) Paroxysmal dome explosion 
during the Merapi 2010 eruption: Processes and facies relationships of 
associated high-energy pyroclastic density currents. J Volcanol Geotherm 
Res 261:260–294. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2013.​01.​007

Kotzanikolaou P, Theoharidou M, Gritzalis D (2013) Interdependencies 
between Critical Infrastructures: Analyzing the Risk of Cascading Effects. 
In: Bologna S, Hämmerli B, Gritzalis D, Wolthusen S (eds) Critical Informa-
tion Infrastructure Security. Springer, Berlin Heidelberg, Berlin, Heidelberg, 
pp 104–115

Kristiansen NI, Prata AJ, Stohl A, Carn SA (2015) Stratospheric volcanic ash 
emissions from the 13 February 2014 Kelut eruption. Geophys Res Lett 
42:588–596. https://​doi.​org/​10.​1002/​2014G​L0623​07

Kumar A, Haque K, Mishra S, Golias MM (2019) Multi-criteria based approach to 
identify critical links in a transportation network. Case Stud Transp Policy 
7:519–530. https://​doi.​org/​10.​1016/j.​cstp.​2019.​07.​006

Lavigne F (1999) Lahar hazard micro-zonation and risk assessment in Yogya-
karta city, Indonesia. GeoJournal 49:173–183. https://​doi.​org/​10.​1023/A:​
10070​35612​681

Leby JL, Hashim AH (2010) Liveability Dimensions and Attributes: Their Relative 
Importance in the Eyes of Neighbourhood Residents. Journalof Constr 
Dev Ctries 15:67–91

Lestari P, Paripurno ET, Nugroho ARB (2018) Disaster Risk Reduction Based on 
Community through a Contingency Plan for Mount Sinabung. J Ilmu Sos 
Dan Ilmu Polit 21:231. https://​doi.​org/​10.​22146/​jsp.​30059

Little RG (2002) Controlling Cascading Failure: Understanding the Vulnerabili-
ties of Interconnected Infrastructures. J Urban Technol 9:109–123. https://​
doi.​org/​10.​1080/​10630​73023​17379​855

Lu Q-C, Peng Z-R, Zhang J (2015) Identification and Prioritization of Critical 
Transportation Infrastructure: Case Study of Coastal Flooding. J Transp 
Eng 141:04014082. https://​doi.​org/​10.​1061/​(ASCE)​TE.​1943-​5436.​00007​43

Ludwig I, Voss A, Krause-Traudes M (2011) A Comparison of the Street 
Networks of Navteq and OSM in Germany. In: Geertman S, Reinhardt W, 
Toppen F (eds) Advancing Geoinformation Science for a Changing World. 
Springer, Berlin Heidelberg, Berlin, Heidelberg, pp 65–84

Maeno F, Nakada S, Yoshimoto M et al (2019) A sequence of a plinian eruption 
preceded by dome destruction at Kelud volcano, Indonesia, on February 

13, 2014, revealed from tephra fallout and pyroclastic density current 
deposits. J Volcanol Geotherm Res 382:24–41. https://​doi.​org/​10.​1016/j.​
jvolg​eores.​2017.​03.​002

Mattsson L-G, Jenelius E (2015) Vulnerability and resilience of transport 
systems – A discussion of recent research. Transp Res Part Policy Pract 
81:16–34. https://​doi.​org/​10.​1016/j.​tra.​2015.​06.​002

Mossoux S, Kervyn M, Canters F (2019) Assessing the impact of road seg-
ment obstruction on accessibility of critical services in case of a hazard. 
Nat Hazards Earth Syst Sci 19:1251–1263. https://​doi.​org/​10.​5194/​
nhess-​19-​1251-​2019

Nakat Z, Moor R, Broadbent M (2015) Disaster Risk Management in the Trans-
port Sector: A Review of Concepts and International Case Studies. The 
World Bank, Washington

Osman S, Rossi E, Bonadonna C et al (2019) Exposure-based risk assessment 
and emergency management associated with the fallout of large clasts 
at Mount Etna. Nat Hazards Earth Syst Sci 19:589–610. https://​doi.​org/​10.​
5194/​nhess-​19-​589-​2019

Pallister JS, Schneider DJ, Griswold JP et al (2013) Merapi 2010 eruption—
Chronology and extrusion rates monitored with satellite radar and used 
in eruption forecasting. J Volcanol Geotherm Res 261:144–152. https://​
doi.​org/​10.​1016/j.​jvolg​eores.​2012.​07.​012

Pierson TC, Wood NJ, Driedger CL (2014) Reducing risk from lahar hazards: con-
cepts, case studies, and roles for scientists. J Appl Volcanol 3:16. https://​
doi.​org/​10.​1186/​s13617-​014-​0016-4

Rebello K, Jaggi K, Costello S et al (2019) Testing a criticality framework for 
road networks in Auckland, New Zealand. Int J Disaster Resil Built Environ 
10:36–51. https://​doi.​org/​10.​1108/​IJDRBE-​03-​2018-​0012

Rinaldi SM, Peerenboom JP, Kelly TK (2001) Identifying, understanding, and 
analyzing critical infrastructure interdependencies. IEEE Control Syst 
21:11–25. https://​doi.​org/​10.​1109/​37.​969131

Rupi F, Angelini S, Bernardi S et al (2015) Ranking Links in a Road Transport 
Network: A Practical Method for the Calculation of Link Importance. 
Transp Res Procedia 5:221–232. https://​doi.​org/​10.​1016/j.​trpro.​2015.​01.​
003

Selva J, Bonadonna C, Branca S et al (2020) Multiple hazards and paths to erup-
tions: A review of the volcanic system of Vulcano (Aeolian Islands, Italy). 
Earth-Sci Rev 207:103186. https://​doi.​org/​10.​1016/j.​earsc​irev.​2020.​103186

Solikhin A, Thouret J-C, Liew SC et al (2015) High-spatial-resolution imagery 
helps map deposits of the large (VEI 4) 2010 Merapi Volcano erup-
tion and their impact. Bull Volcanol 77:20. https://​doi.​org/​10.​1007/​
s00445-​015-​0908-0

Sullivan J, Aultman-Hall L, Novak D (2009) A review of current practice in net-
work disruption analysis and an assessment of the ability to account for 
isolating links in transportation networks. Transp Lett 1:271–280. https://​
doi.​org/​10.​3328/​TL.​2009.​01.​04.​271-​280

Sullivan JL, Novak DC, Aultman-Hall L, Scott DM (2010) Identifying critical road 
segments and measuring system-wide robustness in transportation 
networks with isolating links: A link-based capacity-reduction approach. 
Transp Res Part Policy Pract 44:323–336. https://​doi.​org/​10.​1016/j.​tra.​
2010.​02.​003

Sword-Daniels VL, Rossetto T, Wilson TM, Sargeant S (2015) Interdependence 
and dynamics of essential services in an extensive risk context: a case 
study in Montserrat, West Indies. Nat Hazards Earth Syst Sci 15:947–961. 
https://​doi.​org/​10.​5194/​nhess-​15-​947-​2015

Sword-Daniels V, Wilson TM, Sargeant S et al (2014) Chapter 26 Consequences 
of long-term volcanic activity for essential services in Montserrat: chal-
lenges, adaptations and resilience. Geol Soc Lond Mem 39:471–488. 
https://​doi.​org/​10.​1144/​M39.​26

Togia H, Francis OP, Kim K, Zhang G (2019) Segment-Based Approach for 
Assessing Hazard Risk of Coastal Highways in Hawai‘i. Transp Res Rec 
J Transp Res Board 2673:83–91. https://​doi.​org/​10.​1177/​03611​98118​
821679

Wardman JB, Wilson TM, Bodger PS, Cole JW, Stewart C (2012) Potential 
impacts from tephra fall to electric power systems: a review and mitiga-
tion strategies. Bull Volcanol 74:2221–2241. https://​doi.​org/​10.​1007/​
s00445-​012-​0664-3

Whelley PL, Newhall CG, Bradley KE (2015) The frequency of explosive volcanic 
eruptions in Southeast Asia. Bull Volcanol 77:1. https://​doi.​org/​10.​1007/​
s00445-​014-​0893-8

Wild AJ, Bebbington MS, Lindsay JM, Charlton DH (2021). Modelling spatial 
population exposure and evacuation clearance time for the Auckland 

https://doi.org/10.1080/01441647.2019.1703843
https://doi.org/10.1016/j.tra.2012.02.003
https://doi.org/10.1016/j.tra.2005.11.003
https://doi.org/10.1016/j.jvolgeores.2013.02.012
https://doi.org/10.1007/s00445-015-0961-8
https://doi.org/10.1186/s13617-017-0057-6
https://doi.org/10.1130/GES01549.1
https://doi.org/10.1130/GES01549.1
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.1007/s11069-012-0294-2
https://doi.org/10.5055/jem.2018.0351
https://doi.org/10.1177/0361198118825460
https://doi.org/10.1177/0361198118825460
https://doi.org/10.1016/j.jvolgeores.2013.01.007
https://doi.org/10.1002/2014GL062307
https://doi.org/10.1016/j.cstp.2019.07.006
https://doi.org/10.1023/A:1007035612681
https://doi.org/10.1023/A:1007035612681
https://doi.org/10.22146/jsp.30059
https://doi.org/10.1080/106307302317379855
https://doi.org/10.1080/106307302317379855
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000743
https://doi.org/10.1016/j.jvolgeores.2017.03.002
https://doi.org/10.1016/j.jvolgeores.2017.03.002
https://doi.org/10.1016/j.tra.2015.06.002
https://doi.org/10.5194/nhess-19-1251-2019
https://doi.org/10.5194/nhess-19-1251-2019
https://doi.org/10.5194/nhess-19-589-2019
https://doi.org/10.5194/nhess-19-589-2019
https://doi.org/10.1016/j.jvolgeores.2012.07.012
https://doi.org/10.1016/j.jvolgeores.2012.07.012
https://doi.org/10.1186/s13617-014-0016-4
https://doi.org/10.1186/s13617-014-0016-4
https://doi.org/10.1108/IJDRBE-03-2018-0012
https://doi.org/10.1109/37.969131
https://doi.org/10.1016/j.trpro.2015.01.003
https://doi.org/10.1016/j.trpro.2015.01.003
https://doi.org/10.1016/j.earscirev.2020.103186
https://doi.org/10.1007/s00445-015-0908-0
https://doi.org/10.1007/s00445-015-0908-0
https://doi.org/10.3328/TL.2009.01.04.271-280
https://doi.org/10.3328/TL.2009.01.04.271-280
https://doi.org/10.1016/j.tra.2010.02.003
https://doi.org/10.1016/j.tra.2010.02.003
https://doi.org/10.5194/nhess-15-947-2015
https://doi.org/10.1144/M39.26
https://doi.org/10.1177/0361198118821679
https://doi.org/10.1177/0361198118821679
https://doi.org/10.1007/s00445-012-0664-3
https://doi.org/10.1007/s00445-012-0664-3
https://doi.org/10.1007/s00445-014-0893-8
https://doi.org/10.1007/s00445-014-0893-8


Page 21 of 21Hayes et al. Journal of Applied Volcanology            (2022) 11:8 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Volcanic Field, New Zealand. J Volcanol Geotherm Res 416. https://​doi.​
org/​10.​1016/j.​jvolg​eores.​2021.​107282

Williams GT, Jenkins SF, Biass S et al (2020) Remotely assessing tephra fall 
building damage and vulnerability: Kelud Volcano. Indonesia J Appl 
Volcanol 9:10. https://​doi.​org/​10.​1186/​s13617-​020-​00100-5

Wilson TM, Stewart C, Sword-Daniels V et al (2012) Volcanic ash impacts on 
critical infrastructure. Phys Chem Earth 45–46:5–23. https://​doi.​org/​10.​
1016/j.​pce.​2011.​06.​006

Wilson G, Wilson TM, Deligne NI, Cole JW (2014) Volcanic hazard impacts to 
critical infrastructure: A review. J Volcanol Geotherm Res 286:148–182. 
https://​doi.​org/​10.​1016/j.​jvolg​eores.​2014.​08.​030

Xie W, Li N, Li C et al (2014) Quantifying cascading effects triggered by dis-
rupted transportation due to the Great 2008 Chinese Ice Storm: implica-
tions for disaster risk management. Nat Hazards 70:337–352. https://​doi.​
org/​10.​1007/​s11069-​013-​0813-9

Yeoh WJ (2021) ASEAN Steel Industry: Steel Market Developments
Zhu S, Levinson DM (2012) Disruptions to Transportation Networks: A Review. 

In: Levinson DM, Liu HX, Bell M (eds) Network Reliability in Practice. 
Springer, New York, New York, NY, pp 5–20

Zuccaro G, Cacace F, Spence RJS, Baxter PJ (2008) Impact of explosive eruption 
scenarios at Vesuvius. J Volcanol Geotherm Res 178:416–453. https://​doi.​
org/​10.​1016/j.​jvolg​eores.​2008.​01.​005

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jvolgeores.2021.107282
https://doi.org/10.1016/j.jvolgeores.2021.107282
https://doi.org/10.1186/s13617-020-00100-5
https://doi.org/10.1016/j.pce.2011.06.006
https://doi.org/10.1016/j.pce.2011.06.006
https://doi.org/10.1016/j.jvolgeores.2014.08.030
https://doi.org/10.1007/s11069-013-0813-9
https://doi.org/10.1007/s11069-013-0813-9
https://doi.org/10.1016/j.jvolgeores.2008.01.005
https://doi.org/10.1016/j.jvolgeores.2008.01.005

	Integrating criticality concepts into road network disruption assessments for volcanic eruptions
	Abstract 
	Introduction
	Method
	Conceptual overview of road network disruption analysis
	Road criticality score
	Road hierarchy
	Access to important infrastructure sites
	Access to community services and facilities

	Impact score
	Length of road score
	Selected case studies
	Merapi 2010
	Kelud 2014

	Results
	Road criticality in Java, Indonesia
	Modelled disruption
	Case study one: Merapi 2010.
	Case study two: Kelud 2014

	Case study comparison

	Discussion
	Using and adapting the RNDS
	Indirect disruption
	Duration of disruption

	Conclusions
	Acknowledgements
	References


