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Abstract. The resilience of historic areas is highly threatened by natural sudden onset events
such as earthquakes. Major weak points of an urban environment, widely debated in the past
literature, concern mainly masonry buildings. However, also the complex urban paths system
could be prone to lose its functionality in the aftermath of a seismic event. Urban paths
alterations due to earthquake effects can be attributed to extrinsic (i.e.: ruins formation from
buildings) and intrinsic (e.g.: ground instability due to landslide or underground cavities)
vulnerability, these factors jointly combined with exposure condition of hosted population
in urban areas and with the local seismic hazard represent a possible impediment to
evacuation process and at the same time, an obstacle to rescuers’ teams occupied in
offering a first aid response. Therefore, the work aim is to apply a tool for preliminary
evaluation of risk, strictly related to urban paths system considering all abovementioned
aspects from a holistic point of view. This goal is achieved by a simplified methodology
applicable to a wide-scale on a whole historic centre that takes advantages from a series of
easy-to-detect parameters influencing the risk with limited availability of resources.
Parameters grouped by topics (i.e.: path use and exposure;, geometric features;, physical-
structural features; extrinsic vulnerability; seismic hazard) are assigned to scores and
weights according to a multi-criteria decision-making process generating a numerical
index. A typical lItalian urban centre made by historical masonry constructions is
assumed as a case study to implement the existing method. The detected risk indexes are
then graphically provided through risk maps, a chromatic scale indicates which areas are
more prone to possible unavailability of paths rather than others. Evacuation planners and
emergency managers could embody this tool in their studies to prevent the high number
of losses by guiding evacuees toward assembly points through the risk lower paths and to
direct risk-reduction interventions punctually where critical condition emerges with
different  priority  levels.  Paths  accessibility  evaluation  through a  risk
characterization could also result useful as a tool for rescuers’ activities optimization and for
inhabitant disaster preparedness in terms of being familiar with safest and alternatives paths
in emergency conditions.
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1 INTRODUCTION

Historical urban centres in earthquake-prone regions are exposed to severe threats not only
referred to the stability of the constructions but principally related to their trapped inhabitants
and victims. Preventive measures and actions should be planned to avoid or limit losses
especially in these complicated scenarios. Current literature had focused insistently on
buildings vulnerability by developed novel interventions techniques or adopting innovative
survey tools. The historic built environment cannot be intended as limited to constructions, but
it could be a blend of further composing elements [1], two at least: open spaces (e.g.: squares),
defined as urban voids where people can gather for everyday life activities in ordinary
conditions, but these could become extremely important in an emergency too; moreover,
between buildings and open spaces, an interconnection exists embodied by the urban streets
defined as an intricate network of paths. The present contribution is mainly centred to the urban
paths network without never leave the holistic perspective just introduced above.

Catastrophic effects of an earthquake on populations could be reduced through consciously
evacuation procedures that should be preventively planned. Emergency planners necessitate of
reliable tools supporting their choices [2], with this aim factors influencing the seismic risk
related to the built environment have to be rapidly collected at the wide urban scale to
evaluate all the possible scenarios. Focusing on evacuation paths in urban fabrics the
risk can be influenced by three main aspects [3]. The first is embodied by the hazard,
connected to soil category, morphology and topography, local amplification phenomena [4].
A key role is played by vulnerability subdivided in intrinsic vulnerability, which relates to the
elements composing the street itself (i.e.: street pavements, foundations, embankment, and
lifelines) [5] and extrinsic vulnerability, which refers to the elements that do not directly
belong to the path itself but can compromise or block it (i.e.: buildings collapse into
narrow streets). Finally, the human presence and their use of spaces have to be evaluated
constituting the exposure conditions (i.e.: high density of citizen, tourists’ presence, mass-
gathering events) [6].

The present work takes advantage of the application of the seismic risk assessment method
developed by [7] to a significant case study Sulmona (Italy) representative of the central
regions of Italy frequently exposed to earthquakes. The work aim is to indicate ad hoc
emergency solutions measured on the inquired scenarios for the studied historic centre
starting from specific indication provided by the employed method. The multiple capabilities
of the method are tested promoting it as a functional supporting tool for emergency
management, especially for indicate to rescuers which are the possible higher populated safe
areas where to direct their first aid actions and at the same time how they could reach them
through the safer and without damages urban paths. This method could be proper to
promoting sustainable evacuation strategies or to guide punctual interventions, in case of
limited resources, directed to mitigate the seismic risk in historic areas.

2 MATERIALS AND METHODS

2.1 Historic urban area characterization

Historic parts of urban centres are generally characterized by a complex system made by
irregular buildings aggregates that not always follow a specific expansion plan, especially if
they are belonging to the mediaeval period (European regions). The most ancient buildings
are
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principally made by masonry and they could be affected by serious lacks in their maintenance
or could be not well-made, constituting a weak point in case of a seismic event. For these
reasons, their vulnerability has to be assessed by taking advantages from the Macroseismic
method [8] selected for its rapid application.

Other key components of the historic urban layout are the open spaces that could be privates
(e.g.: courtyards, private parking areas, gardens) that are generally fenced and not accessible by
pedestrians or public (e.g.: urban squares, widenings street area, parking areas, public parks);
these lasts could be assumed as fundamental elements in the emergency planning process. In
fact, wide areas dislocated within the built environment must be individuated to host pedestrians
during a sudden onset emergency and constitute a safe area where wait for rescuers’ arrival and
first aids in case of necessity.

Interconnection among buildings stocks and public open spaces are made by streets, in other
words, the infrastructure systems play the role of the emergency paths network that should be
guaranteed the accessibility to the historic part of the city (to rescuers) and the reachability of
safe areas to hosted populations.

The described paths network constituting the urban layout merged among buildings is now
categorized in three basic elements: Nodes, Squares, and Links. Nodes are placed at crossroads,
at significant plano-alti-metric variation or at the start and endpoint of a specific road structure.
Squares are wider nodes that can be considered as assembly points or rescuers’ first-aid areas.
Finally, a Link is a connection between two consecutive nodes.

2.2 Risk influencing factors for emergency paths: a holistic methodology

Risks that influence the availability of an urban paths network in emergency condition have
to be inquired. The adopted methodology [7] in this work could be defined as semeiotic, for its
rapid application thanks to easy to detect data about the built environment, and holistic because
it jointly combine several aspects that have different influence on paths safety. Thanks to a
series of alternatives differently weighted related to a list of parameters the method is able to
quantify numerically (0-100%) the seismic risk of each element (introduced in Section 2.1)
composing the urban layout. For this purpose, a multi-criteria decision-making process is
established by grouping parameters in six main topics. The final risk index calculation is
achieved by the weighted sum of the Analytical Hierarchy Process [9].

Each risk influencing factors are discussed below following the subdivision in topics:

- The first condition to be established is necessary to guarantee the total accessibility of
the link width, however sometimes urban street could be partially obstructed by
temporary maintenance interventions on pavements or on facing buildings, in other
cases, vehicles access could be impeded by traffic bollards; all these situations that could
reduce the ordinary use must be reported;

- Exposure conditions represent a key aspect in emergency conditions to be evaluated
under a different point of view. Firstly, in terms of path role and importance that it
assumes within the urban fabric during the emergency through a functional analysis.
Indeed, certain paths can represent an access route to the urban environment, strategic
in emergency phases, or can constitute simply an interconnection among safe areas and
strategic buildings defined in the emergency plan. Moreover, links are preferred without
barriers, traffic lane dividers or further obstacles that entirely limit the width of lanes.



M. Lucesoli, G. Bernardini and E. Quagliarini

A semi-quantitative assessment of the average flow of vehicles and pedestrians highly
influence the importance of an urban street, while for squares is involved their intended
use (e.g.: wide crossroad characterized by multi-directional movement of both vehicles
and pedestrians, pedestrian zone, parking area characterized by possible available areas
limitations due to parked vehicles). In addition, other square-specific parameters refer
to the presence of architectural elements like street furniture, fences, low walls, trees
which could be widespread in the square area and could interfere with pedestrians’
motion/rescuers’ access or emergency operations;

- Length of the street could affect the travel time required to reach a safe area, while its
width can influence the evacuation flows because of interfering obstacles that could also
limit the effective width of the path (i.e.: urban furniture; debris presence due to
damaged buildings). Longer and narrower paths in the sample are considered more
hazardous in respect to the others. For squares, the considered geometrical parameter
concerns the area extension;

- Street surface conditions (i.e.: asphalted, paved or rough) could influence the streets’
accessibility also related to its conservation state causing pedestrians accidents or
injuries during the escape. Potential slide down of soil and rocks on both sides of the
path and the preventing measures (e.g.: retaining walls) are identified so as to include
the linked risks. A specific parameter is also added in this work to include the existence
of caves, cisterns and natural or artificial underground structures that are typical of the
historical urban environment. These subsoil vulnerable elements could provoke
instability leading to local collapses of streets. Furthermore, the study also assumes as
weak points the risk connected to pipelines of gas or water supply system that could
lead to cascade effects (i.e.: dangerous gas leaks, fires, local soil destabilization).

- Extrinsic vulnerability (of buildings) constitutes one of the major parameters to take
into account for paths accessibility. The adopted method evaluates the risk connected
to the buildings’ presence along street sides as a function of their vulnerability index 1},
(obtained through a macroseismic method to ensure quick application [8]) and the
single building incidence I}, on the studied link, defined as the ratio between building
L, and link L lengths (I, = L, /L). For each link j the formulation proposed by [1]
permit to quantify this parameter calculating the V3, ; index as shown in Equation (1):

1
Viink,j = Zb Vi x 1 M
€j

However, in the same scenario, Vi, j values must be normalized by the maximum
obtainable and divided into four alternatives according to [10].

- Real cases highlights how both base and local features of soil can be relevant for the
paths’ damaging, because of cracks or damages occurring on the ground and directly
affecting the carriageway state [4]. Proposed methodology, taking advantages from
Eurocode 8, evaluates the seismic hazard basing on the design ground acceleration (ag4)
[g] related to each seismic zone, to the ground types.

Applying this method, a percentual risk index is associated to each network element (i.e.:
nodes, links and squares), for a more comprehensive visualization indexes are graphically
returned on risk maps by choosing at least four different colours to diversify values within their
variation interval.
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2.3 Case study individuation: a relevant historic city centre highly prone to earthquakes

The method is applied to a significant case study from the central region of Italy, the city of
Sulmona (AQ) is located in a valley along the Apennine’s ridge interested by conspicuous
seismic hazard. Within the city centre of about 25.000 inhabitants is possible recognise three
main urban areas: the historic centre (of Roman origin) enclosed by two expansion areas one
mediaeval and the other erected in the second half of last century. In the 1706 Sulmona know
the most violent seismic event (9-10 MCS intensity) that produced over a thousand human life
losses and lead to a massive reconstruction of the city. For this reason, the constructive
typologies of the historic centre are almost homogeneous, buildings belonging to this area are
generally made by massive thickness walls in rough stone punctually improved with regular
brick inserts but the masonry quality is very low.

Sulmona is erected in one of the worst zones according to the Italian seismic hazard map
[11], its territory is interested by an expected peak ground acceleration (PGA) equal to 0.256g
and maximum expected magnitude equal to 7.06Mw. The municipal territory extends on
seismogenic sources and it is characterized by faults systems in direction NW-SE as it is visible
in Errore. L'origine riferimento non é stata trovata.. Additionally, the bedrock under the city
is located to a depth that varies between 200 and 400 meters left the built areas within the valley
exposed to further amplification phenomena due to an alluvial layer of clays. The right side of
Errore. L'origine riferimento non é stata trovata. shows a database reporting the main historic
seismic events (64 since the IV century) and their intensity during the time.

Sulmona (AQ)
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Figure 1: Central Italy faults systems on the left and the seismic history of Sulmona in the right respective
sources: hitps://emidius.mi.ingv.it/GNDT/P5 12/pictures/lavecchia.jpg and https.//emidius.mi.ingv.it/CPTI15-
DBMI15/query_place/ (last access: 03/12/19)

The sample choice is relapsed to this urban centre not only because of it has been prone to
relevant seismic events but also for the large availability of collected data. In fact, about urban
geometry (e.g.: streets width and squares extension) and structural-physical aspects (e.g.:
conservation state, streets typologies, morphologic information related to soil, possible
landslides) data are obtained through remote data collection technologies (e.g. desktop web
mapping services, photographs, aerial maps); more detailed data for instance related to the
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seismic hazard and soil category have obtained by asking directly municipal offices. A different
process is followed for data and information related to features and vulnerability values of
buildings, these data are collected from [12] where are obtained through the GNDT
methodology, however according to Section 2.2 extrinsic vulnerability have to be inquired by
employing vulnerability values of [8]. Hence, the translation from one to the other vulnerability
index is achieved by establishing a linear correlation on maximum increasing values of a known
sample, a similar process has been already experimented also in [13].

3 RESULTS

3.1 Scenario characterization: urban paths network elements

Errore. L'origine riferimento non é stata trovata. gives a graphical representation of the
elements composing the urban paths network (defined in Section 2.1) individuated for the
assumed case study. Particular attention is paid for the main urban streets of Sulmona
connecting the principal square “Giuseppe Garibaldi” (letter D in the Errore. L'origine
riferimento non ¢é stata trovata.) to widening areas immediately out of the historic perimeter
of the urban centre that can be considered as safe places (““Access”, green arrows in the Errore.
L'origine riferimento non é stata trovata.) where waiting for rescuers’ arrival (Evacuation
Scenario). At the same time, the central square (D) is also able to host thousands of people
considering a density of 2 pp/m? (according to Italian regulations [14]) thank to its considerable
dimension of 13.000 m?; additionally, in two periods of the year the same square is the location
of religious events and historical commemorations bringing in a massive flow of citizen, visitors
and tourist for a capacity that must be limited to 10.000 people. Hence, it is thus desirable to
inquire the risk of paths, in a rescuers’ accessibility perspective toward this hot spot, also in
case of a seismic emergency during these drastic circumstances (Rescue Scenario). Other small
squares along main streets could constitute a possible assembly points within the historic centre
(A, B, C, E, F, and G in Errore. L'origine riferimento non é stata trovata.) where trapped
people could safely stop their evacuation; thus specific risk evaluation is also necessary here.

Available data according to Section 2.3 related to the vulnerability of built areas are
graphically reported in the Errore. L'origine riferimento non é stata trovata. through the
assumption of a chromatic scale, just to give an idea of the location of highly vulnerable
masonry structures along urban streets. It is easy to comprehend how the most
vulnerable buildings are unfortunately placed on each side of the evacuation paths
embodied a serious problem for their availability in the aftermath of a considerable
earthquake. These values combined with geometrical features of buildings and street are
employed to esteem the extrinsic vulnerability component in the paths risk index assessment
methodology (Section 2.2).
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Figure 2: Case study map with the individuation of urban paths network elements and buildings vulnerability.

3.2 Seismic risk entity and mapping, weak points of the emergency paths network

The methodology [7] application highlights from one side, a certain homogeneity in the
outcoming risk indexes due to the similar features of inquired links but, from the other side, the
complex situation of the Sulmona’s historic centre especially for those streets that could be
considered as the main connections for the central square of the city. In Figure 3 different
colours are associated to four risk levels individuated between the maximum and minimum risk
index by dividing into equal parts this interval and rounding the obtained indexes reported in
Table 1 for each inquired links and squares.

Table 1: Obtained risk indexes for case study links and squares [7]

Link Risk index Square Risk index
1-3 0.418 A 0.489
2-3 0.402 B 0.482
3-4 0.443 C 0.482
4-5 0.489 D 0.470
6-7 0.459 E 0.482
7-8 0.474 F 0.419
8-9 0.474 G 0.482

11-10 0.482

12-13 0.402

14-15 0.484

15-16 0.419

17-18 0.482

18-19 0.482

19-20 0.435

21-22 0.404

22-23 0.482
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From the point of view of the Evacuation Scenario, concerning the necessity for
pedestrians to leave the historic centre perimeter, from the obtained indexes it emerges that
the southern escape route from the “Giuseppe Garibaldi” square is constituted by high-risk
links (i.d.:4-5, 6-7, 7-8 and 8-9 in Figure 3); at the same time also the squares displaced along
this path are not able to guarantee low levels of risk where evacuees can seek refuge.
Additionally, crossing information with the Errore. L'origine riferimento non é stata
trovata., the same street arch is very long and faced by interminable buildings aggregates with
relevant values of vulnerability. Links 17-18 and 18-19 in Figure 3 show a high-risk level
but the presence of the F square reveals the possibility for evacuees to reach it and wait for
rescuers’ arrival in this safe assembly point, also people coming from the link 22-23 should be
conducted to this area instead of the more risky square G. Further consideration could be
made by combining also data related to the number of evacuees and the capacity of the single
safe areas.

The shortest way to reach a wide and safe area out of the built environment from the
“Giuseppe Garibaldi” square could be given by travelling the link 14-15 although it is
interested by a high level of risk. The main square D, because of its extension, in case of
earthquake occurrence in ordinary conditions (i.e.: without particular events that gather a
large mass of people) is able to host a large number of evacuating inhabitants, thus it can
be reached by rescuers through the link 14-15 only if no obstruction deriving from the
buildings collapse would impede the pjassage_gf vehicles (é?escue %gario )

Paths Risk Index:
[ Ir s 42%
[142% < Ir = 45%
[ 45% < Ir < 47%
B 1r < 47%
Squares Risk Index:
[ Ir = 44%
[144% < Ir s 45%
[0 45% < Ir < 47%
e L T
10 50 100 m

Figure 3: Case study map with the evaluation of the risk indexes for emergency paths and squares along
Sulmona’s main streets according to the adopted method [7].

3.3 Proposing risk reduction strategies from risk indexes analysis

From the results of the previous Section 3.2, three interesting situations emerge and can be
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deeply analysed by proposing evacuation strategies and rescuers’ action strictly related to the
outcoming data from the applied methodology. Hence, the evaluated risk index for each paths
network element is not limited to embody a unique and overall value to quantify the risk
but for its structure, it can be decomposed in values referred to each single risk topics
(i.e. accessibility, exposure, geometrical features, physical and structural features,
extrinsic vulnerability and hazard). Taking advantage of this subdivision the method is
capable to justify and determine causes of a high-risk level rather than a low one, in this sense
emergency planners can inquire punctually which factor leads to a specific risky situation and
they can promote ad hoc interventions.

- The square F in Figure 4-A shows a low level of risk index in contrast with the other
squares along considered paths, from an accurate analysis of single values composing
the index it emerges that this urban area is wider than the others (it is detectable making
comparisons among geometrical parameters), it is also surrounded by low height
building suffered by moderate vulnerability (extrinsic vulnerability parameter) and
finally it is can be considered as a pedestrian areas, easily accessible with generally few
obstacles and parked vehicles. During a seismic event, trapped people along adjacent
riskier links (18-19 and 22-23) have to be guided by placing wayfinding signs (green
arrow in Figure 4-A) towards this area, thanks also to the low risk registered for the
contiguous links 18-20 and 21-22 (Evacuation Scenario). These last-mentioned links
are considered safer than others, in fact, their evaluation reveals a low risk in:
geometrical parameters due to their shortness, exposure conditions for the one-way
travel direction and their low extrinsic vulnerability.

- A worst condition is represented by all those evacuees that in case of high magnitude
event are trapped in the proximity of the square A and along links 4-5, 6-7, 7-8 and 8-9
in Figure 4-B. Analysing single risk components in relation to the whole sample average
values, two are the factors that characterise these risk indexes: the street narrowness
(geometrical features) and the presence of high vulnerable buildings homogeneously
distributed along paths (extrinsic vulnerability). Guiding evacuees towards less risky
links (1-3, 2-3 and 3-4) through an urban wayfinding signs system is probably not
sufficient to guarantee a safe evacuation of this street (Figure 4-B). Further vulnerability
analysis should guide planners to indicate precise retrofitting interventions on such
buildings to mitigate the risk level (Evacuating Scenario).

- The last issue concerns the Rescue Scenario considering the entrance of rescuers’ teams
and vehicles within the major square D capable to gather a large mass crowd of people
during an emergency and characterised by a medium risk level. The link 14-15 is the
shortest path to reach the gathering area from the road system out of the urban centre
(Figure 4-C). For this reason, the exposure parameter is higher rather than other links
because it can be considered as a strategic direct access to the historic centre. Extrinsic
vulnerability value is high too, but through the investigation on the single buildings
vulnerability indexes in Figure 2 is demonstrable how the main problem is represented
by the two more vulnerable buildings of the link that are placed on opposite sides in
front of each other. In case of a disruptive earthquake, there could be the possibility that
buildings collapse could cause an impediment to the vehicles passages due to debris
presence. In this case, retrofitting interventions are directed on these single buildings
reducing costs related to large scale vulnerability reduction measures, and the final aim
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to obtain a safe access path to the main assembly point is pursued.
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Figure 4: Specific analysis of risk components and mitigating strategies for the three situations (A, B and C).

4 CONCLUSIONS

Seismic events could modify the current scenarios in historic urban areas where high density
of people and vulnerable buildings coexist in combination with intricated paths networks
usually made by narrow streets. The exposed population could also be trapped in these scenarios
during their escape or they could not be reached to rescuers’ teams for first aid. Damages
affecting streets integrity or make them inaccessible (e.g.: buildings collapse blocking the
streets, ground failures or links interruptions due to their damage) can compromise the
emergency phases with adverse effects.

Emergency actions (i.e.: risk-mitigating solutions and alternative evacuation strategies)
should be planned by considering all the possible aspects that could affect the inhabitants’
safety. This contribution takes advantage of a holistic methodology able to assess the seismic
risk principally of an urban paths network but also considering other risk influencing factors
specifically for the historic urban centre in the post-earthquake scenario (i.e.: vulnerability,
hazard, and exposure conditions). Each factor and related parameters are specifically evaluated
and assigned to weights and values in order to obtain a numerical risk index. The application
of a representative case study in this paper permits to test how it is possible to represent urban
fabric criticalities into thematic maps graphically through a discrete risk scale. Moreover, it is
possible to realize a deeper analysis of single factors that modify the risk index, promoting
specific and punctual intervention with certain priority to allocate the available resources.
Making comparison among risk indexes of different strategic paths it is possible to adopt some
evacuation strategies rather than the other to better manage the emergency phases. This adopted
method ensures the rapidity and easy application that could be preferred instead of models that
require onerous and detailed surveys, this advantage can allow to employ it at a wide-scale
application that concerns the urban fabric, in the same context, graphical outputs permit to have
under control the situation of the overall scenario.

The case study implementation demonstrates the functionality and the reliability of the entire

10
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process suggesting which links of Sulmona should be excluded from safer paths selection
because of their high-risk level, and which could be considered as possible escape routes. As it
is demonstrated, results can also be employed to guide rescuers’ actions by considering the
method as a supporting tool to paths availability assessment and as a standalone procedure to
verify or justify adopted approaches within emergency plans.
The work limits are related to the availability of information, especially for data concerning the
buildings’ vulnerability that are adjusted through a linear regression from other vulnerability
indexes based on a limited sample, at the same time these data are not recently updated, the
same buildings may have been recently refurbished. In addition, the adopted methodologies to
collect the other information (about exposure conditions rather than geometrical features for
instance) could be not sufficiently accurate and could be substituted by others more proper.
Future activities may focus on the necessity to esteem (in terms of damages quantity) the
built environment alterations related to debris formation and losses of street integrity and
availability provoked by earthquakes of different and settable severities. This kind of tool could
be combined with the evaluation of criteria related to pedestrians’ safer path choice, behavioural
aspects and human motion speed which could be integrated into pedestrians’ evacuation
simulation models.
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