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Abstract

:

Transportation networks are one of the most vulnerable civil infrastructures during an earthquake and an estimation of traffic impacts in the post-earthquake scenario is a crucial aspect in the context of risk assessment and evaluation of remedial measures. In this paper, a methodology is presented, combining GIS tools, probabilistic seismic risk analysis and traffic simulation models, which is able to assess the direct and indirect (social) costs: bridge repairs, increase in travel time and a lack of accessibility. Operating issues related to the development and calibration of traffic models applicable to a damaged road network are carefully analysed and reviewed and an innovative approach to evaluate the social cost due to the lack of accessibility is also proposed. The developed modelling framework has been applied on a realistic bridge stock within a road transportation network in central Italy where local land-use data have been collected, extensive traffic surveys have been performed and a traffic model has been calibrated. A probabilistic risk analysis employing a ShakeMap derived from a historical real seismic event has been carried out.
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1. Introduction


Road networks are considered crucial for our society since they play a significant role in assuring the economic and social prosperity of a country. In an event of a natural disaster, road networks are regarded as critical infrastructures for their role in assuring the mobility and the accessibility of the affected region and in supporting the recovery of struck communities [1,2,3,4,5].



Despite their importance, past earthquakes have proven the extreme vulnerability of road networks that are susceptible to damages or even collapses during seismic events [6,7,8]. Bridges are one of the most vulnerable components of a road network, and their damage can affect the transportation of people and goods as well as the circulation of emergency vehicles in support of the rescue activities.



The structural impairment of bridges due to an earthquake has a direct impact on both life-safety issues and repair/replacement costs of the damaged components, but it also has an indirect impact since a persistent alteration of the accessibility and the mobility of people and goods, during the lengthy repair operations of damaged bridges, strongly affects the functionality of a transportation infrastructure, generally measured in terms of trip delays affecting road users, with an immediate influence over the economy of a nation [9,10].



In this respect, a comprehensive seismic assessment of a road network is an important step towards defining the necessary improvements, scoping the suitable and efficient mitigation measures to be enforced for a more resilient infrastructure [11,12,13,14].



On the issue of road network seismic vulnerability, different state-of-the-art reviews have been presented over time [15,16,17,18].



The importance of evaluating the seismic performance of road networks associated with a potential seismic event is shown, for example, by Rasulo et al. [4] and Killantis et al. [10]. In those studies, not only is the vulnerability of the physical components of the infrastructure evaluated, but also the network operability as a whole, assessing the resilience due to repair/replacement times of network components as well.



In Nicolosi et al.’s work [5], the focus is given on a comprehensive analysis of damage/repair costs of the different road elements that may be damaged by an earthquake such as embankments, cuttings and bridges, considering also the time needed to complete the works, thus developing a resilience indicator.



The topic of prioritising the intervention over bridges is tackled, among others, by Abarca et al. [13] and D’Apuzzo et al. [14]. In [13], risk assessment metrics based on average annual losses have been explored, even if the technical difficulties to acquire large amounts of data are recognised, and so, practical approaches have been proposed. Following this same line, [14] promotes a simplified method for prioritizing the seismic retrofit of bridges based on the use of fragility curves consistent on the characteristics of the bridges and their overall conditions, on the evaluation of the seismic hazard at sites and the generalised breakdown costs related to the transportation network.




2. Objectives and Methods


The main research objective of the paper is to develop a computational methodology for the assessment of the post-seismic performance of a road network, considering the effectiveness of available data from a specific case in Italy, deemed representative of many developed countries of the western world.



To pursue this objective, a realistic medium-sized road network has been selected from central Italy, covering a territory that is almost as wide as a province. Major links (highways) will be analysed together with principal secondary roads. Significant, most vulnerable bridges have been included as damageable components of the network, which are susceptible to be impaired by an earthquake. Since the considered road links are all rural, the possibility of road closures due to the obstruction of debris from the heavy damage of the densely built environment that may otherwise be encountered in urban areas is not included in the study.



Once the sample road network is defined, the tasks of the research are, therefore, to simulate the effects on the ground of a seismic event (either historic or hypothetical), to analyse the structural damage of the bridges due to the event and to evaluate the operational consequences on network functionality, considering the travel time loss resulting from the traffic assignment, in post-seismic conditions.



The significant contribution of the research is the combination of expertise from seismological, structural and transportation engineering to deal with a realistic Italian road network, using available data. Since, so far, very few studies provide a comprehensive insight of modelling aspects associated with the evaluation of traffic scenarios in the ex-ante and ex-post-seismic conditions, in this paper, an attempt to shed some light to this issue is presented. It is believed that the methodology presented may help highway engineers to improve current screening methods for the seismic retrofitting of bridge stock and to develop effective strategies aimed at improving road network seismic resilience.



The computational framework presented in the paper can also be adapted in a multi-hazard approach, where not only the seismic risk is at stake, but also when different other situations can be simulated such as floods, fires or landslides.



In Section 3, the main methodologies applied in the research are presented in terms of the representation of the seismic input over the network extension, the definition of the bridge vulnerability and the preparation for the traffic analysis. These methodologies have been applied for the evaluation of the case study presented in Section 4. The results are discussed in Section 5.



In particular, the traffic analysis has been performed by means of Visum© [19], a commercially available software for computer-aided transport planning able to analyse very complex transportation systems. Geographical data have been treated with the aid QGIS© [20], a well-known open-source free software for geographic information system.



The research was conducted using publicly available data form relevant international or national agencies.




3. Computational Framework


The conceptual stages of the methodology comprised the following:




	(a)

	
Defining the road transportation system serving the area of interest, namely the physical infrastructure;




	(b)

	
Choosing a possible seismic event that defines a shaking scenario over the area;




	(c)

	
Generating a possible bridge damage scenario;




	(d)

	
Defining the mobility demand in the area of interest (eventually considering the effects of the seismic event);




	(e)

	
Performing a traffic flow analysis over the damaged transportation system adopting traffic assignment algorithms.









The road transportation system is usually represented, according to the graph theory, through a network composed by arcs and nodes. Arcs are the representation of homogenous road sections. Nodes mainly represent intersections between arcs. Main properties of the arcs are either based on the physical description of the network, like the length of the road sections, road class (highway, major and minor arterials and local roads) and the number of lanes, or related to the traffic conditions, such as the free flow time and the road capacity [21,22].



In order to keep the presented methodological framework computationally sustainable, road bridges have been considered as the only components of the road physical infrastructure susceptible of seismic damage. Each bridge has been treated by means of a separate network section.



Fictitious nodes have been added to the network to consider the so-called exchange traffic and through traffic, i.e., travel demand that the examined road network will exchange with the external surrounding area. The traffic demand is represented by an origin destination (O/D) matrix that contains the transportation demand, i.e., the overall amount of vehicular flows between a defined origin and a specific destination. For the sake of simplicity, in this study, seismic events do not influence the O/D matrix that has been calibrated, considering the ex-ante earthquake conditions.



A seismic event producing a shaking scenario on the territory under scrutiny may induce a damage scenario in the bridges, possibly reducing their capacity to carry traffic and therefore the traffic assignment all over the road network, inducing trip delays.



3.1. Seismic Action


The consequences of any seismic event (either a hypothetical future or a past historic earthquake) over the ground can be represented through ShakeMap, a computational tool developed by the U.S. Geological Survey (USGS) [23] and used to represent the shaking action of a seismic event over the territory, mapping out some intensity measures, like macro-seismic intensity or other physical-based ground motion parameters, namely peak ground acceleration (PGA), peak ground velocity (PGV) and spectral acceleration (SA), at 0.3, 1.0 and 3.0 s.



In order to map the results, the ShakeMap’s code implements some algorithms that combines, through geospatial interpolation, available data (like high-quality recorded ground motions or damage data) with predictor functions based on magnitude and distance (ground motion prediction equations), including soil conditions.



The procedure was initially conceived to provide a near-real-time representation of the ground shaking measures after a strong earthquake and is routinely used for a rapid post-event estimation of damages in the affected region by civil protection agencies. The procedure can also be applied to past historic events and seismic scenarios simulating a deterministic outcome of a hypothetical event of an assigned magnitude and location.




3.2. Bridge Damage


The seismic vulnerability of bridges has been expressed through one or more fragility curves F(·). A fragility curve is a function that expresses the conditional probability of exceeding a predefined performance of the bridge, given that a level of the earthquake intensity, Im, is registered on the ground at the site.



A set of discrete limit states (LSi i = 1, 2, 3 … n) is employed to describe the bridge performance in terms of the level of damage D sustained by the structure during the earthquake.



In analytical terms, a fragility function provides a continuous relationship between the ground motion intensity measure and the probability of reaching a damage equal or greater than a specified limit state:


  F   D ≥ L  S i  |  I m    = Φ    1   β i    l n      I m     μ i         



(1)




where Φ(·) is the standard normal cumulative distribution function, ln(·) is the natural logarithm,  μ i and  β i are, respectively, the median value and the lognormal standard deviation of Im associated with damage state LSi.



The probabilistic approaches adopted for the development of fragility curves can either be observational, based on the damages surveyed on real structures during medium to strong earthquakes [24], or analytical, based on the numerical simulation of the response of fictitious structures [25].



Obviously, the level of seismic damage in a bridge has a direct impact on its capacity to carry vehicle loads, essentially affecting the traffic assignment on the whole network.




3.3. 2 Travel Demand Forecasting Model


Transportation demand arises from the need to carry out activities falling in locations other than the place where the travel originates. The travel demand model used in the following case study is the conventional macroscopic four-stage model which consists of four sub-models, namely the generation sub-model, the distribution sub-model, modal choice sub-model and finally, the assignment sub-model, each one interacting according to a “cascade” approach: the output of each sub-model is the main input for the next sub-model [21,22,26].



The travel demand model simulates the average amount of trips with their relevant characteristics that are carried out in the study area in a given reference period. The relevant trip characteristics consist of:




	
The purpose, s, that is conventionally identified by the type feature characterizing the origin and the destination of each trip (i.e., home-to-work);



	
Period, h, i.e., the time slot in which a trip occurs;



	
The socioeconomic category of the users of a transport system, ni;



	
The zones of origin and destination of travel (“o” and “d”, respectively);



	
The main mode, m, or sequence of modes, by which a trip is composed (i.e., on foot + by car + by train + on foot);



	
The selected path for travel, k, represented by a sequence of arcs connecting the origin zone “o” and the destination zone ”d” on the network model representative of the mode’s supply model.








In summary, the model can be conceptually represented by the following relationship, employing a typical conditional probability framework (Equation (2)):


   d i    h , s , o , d , m , k   =  n i     o   p i    x / o s h      p i    d / o s h      p i    m / d o s h      p i    k / m d o s h    



(2)




where:




	
ni(o)pi(x/osh) is the generation model, i.e., the model that will provide the amount of trips generated by a defined origin zone that can be evaluated by multiplying the amount of a specific socioeconomic category of the users of transport system living within a specific origin zone, ni, by a conditional probability to generate a defined amount of trips given a defined origin zone, o, a trip purpose, s, and a time slot, h.



	
pi(d/osh) is the distribution model, i.e., the model that will provide the conditional probability to reach a defined destination zone, d, involving a specific socioeconomic category of the users of transport system, given a specific origin zone, o, a trip purpose, s, and a time slot, h.



	
pi(m/dosh) is the modal choice model that will provide the conditional probability to carry out the aforementioned trips by making use of a specific transport mode, m.



	
pi(k/mdosh) is the route choice model, that will provide the conditional probability to select a specific path for the aforementioned trips.








It appears therefore necessary to define the geographical area within which it is considered that most of the effects of the case histories analysed are exhausted. In this connection, it is therefore necessary to define the boundary of the study area indicated as a cordon and everything that is outside of it constituting the external environment, of which only the interconnections with the system under consideration are of interest.



Trips that take place in a given area may, in general, begin and end anywhere in the territory. To allow the modelling of the system, it is useful to discretise the territory by dividing the study area into traffic zones, among which there are travels that affect the transportation system. Such trips are referred to as inter-zonal trips, whereas intra-zonal trips are defined as travels that begin and end within the same traffic zone.



Since the goal of zoning is to approximate all the starting and ending points of interzonal travel with a single point (zone centroid), the theoretical criterion to be followed for zoning is to identify the portions of the study area for which this concentration represents an acceptable assumption. Therefore, zoning is closely related to the next step of extracting relevant supply elements; a denser set of elements usually corresponds to more traffic zones and vice versa.



From an application point of view, there are several possible zonings [27,28,29] for the same problem. Some rules for identifying traffic zones can be enucleated:




	
Physical land separators (rivers, stretches of railway line, etc.) are usually used as zone boundaries since they prevent a “diffuse” connection between contiguous areas and thus usually imply different conditions of access to transportation infrastructure and services;



	
Traffic zones are often obtained as aggregations of administrative territorial units identified by the National Statistical Office (ISTAT) [30,31] as census zones, i.e., zones in which at least the minimum aggregation of data from which demographic and socioeconomic information can be derived is guaranteed;



	
Different zoning details may be adopted for different parts of the study area depending on the different precisions with which a part of the system is to be simulated; for example, denser zoning may be adopted in the vicinity of a specific element of the transportation system, such as a new railroad stop or a new highway exit, whose traffic flows and impacts are to be predicted with greater precision.



	
In defining zone boundaries, there is a tendency to aggregate “homogeneous” areas with respect to both settled activities and accessibility, infrastructure and transportation services.








The centroids, previously mentioned, represent fictitious nodes from which the trips begin and to which they end. For this reason, a zone centroid is usually placed “barycentrically” with respect to such points or to some proxy variables (e.g., the number of households or workplaces). In principle, different centroid nodes may be associated to different trip types (e.g., origin and destination centroids). In other cases, centroids represent the places of entry into or exit from the study area for the trips, which are partly carried out within the system (cordon centroids). In this case, they are usually associated with physical locations (road sections, airports, railway stations, etc.).



At this stage, the transport infrastructures and services in the study area play a relevant role in connecting the different areas where the study area has been divided and the outdoor areas are identified.



The choice of the elements to be considered is closely related to the purposes for which the model is built; therefore, all roads that determine vehicular movements between the different traffic zones of the study area must be considered. The set of elements considered for a particular application is called the “basic network” or “basic scheme” and is usually represented graphically by highlighting the infrastructure on which transportation services take place and the main functional characteristics needed to build the mathematical model of transportation supply.



Primarily, it is necessary to refer to the temporal structure of demand for a certain transportation system, as this varies over time between points in a given territory.



There are long-term variations, related to the trend of economic cycles and socioeconomic changes that occur in the territory, and there are fluctuations that occur in the short term, between days of the week and between hours of the day. For instance, if the commuting trips need to be investigated, one may consider a typical weekday where several peak-hour periods occurring in early morning as well as at lunch time and in the late afternoon may represent good candidates as analysis periods.



Once the focus scenarios of a transport system have been identified, it is necessary to characterise the demand by taking into account the several purposes for travel, referring, for example, to commuting trips, namely the home-to-work or home-to-school trips made by private motorised means, that will imply a demand issue located mainly in residential areas.



Following this stage, travel–spatial demand will have to be tackled on a spatial basis: it will be necessary to identify the trips that occur between the various centroids (internal and external ones) within the predefined time interval and quantify them.



Spatial characterisation is among the most important because of the very nature of the mobility phenomenon. Trips can be divided by place (zone or centroid) of origin and destination and are represented by origin–destination matrices (O/D matrices) [24].



As previously explained, such matrices have a number of rows and columns equal to the number of zones, between which trips can occur, and the generic element dod provides the number of trips that originate in zone “o” and destination in zone “d” in the unit of time (O/D flow).



The sum of the elements of the i-th row


   d d  =  ∑ o   d  o d      



(3)




represents the overall number of trips that “depart” from the i-th zone in the unit of time and is called the “flux emitted or generated” from the o-th zone.



The sum of the elements in the d-th column represents the overall number of trips arriving at zone d


   d o  =  ∑ d   d  o d    



(4)




and takes the name “attracted flow” from the d-zone.



The elements of an O/D matrix can be classified according to the type of source and destination zone. We can divide the matrix into four parts as explained in Figure 1:




	-

	
The I submatrix of internal trips in the case where the origin and destination are zones within the study area;




	-

	
The IE submatrix of exchange trips from the internal zones to the external ones;




	-

	
The submatrix EI of the exchange trips from the outside to the inside traffic zones;




	-

	
The EE submatrix of through traffic trips, having both origin and destination externally located, but needing to travel through the study area and use its transportation system.









The total number of displacements affecting the study area in the reference interval is given as d:


    d d  =      ∑ o   ∑ d   d  o d     



(5)







The demand for transportation, however characterised, which occurs over a certain time interval, is the result of the choices of a very large number of individuals, which are by their nature unpredictable; therefore, this demand is a random variable distributed with a certain probability law, and what is meant in the study of transportation networks by transportation demand is actually the average value of this random variable over the time interval relevant to the problem.



From the data derived from the distribution model, it is possible to define the mode choice model, which indicates the choice of transport mode used by the user, to make the journey from the origin area to the destination area, depending on the type of travel and the needs of the user.



Alternatives to transportation choices depend on the context of the case study; if we are talking about an urban rather than an interurban context, the means chosen by the user will be different.



The output data of the modal choice model becomes the input for the assignment model.



The latter provides, given the demand that moves between the various pairs of centroids in the network using a given mode of transport, the proportion of that demand that travels over the various routes connecting each pair by the mode considered.



The existence of a stable equilibrium condition in a transportation network is necessary for the proper functioning of the network.



Each individual, present in a given centroid, has been given a set of choice alternatives, each consisting of a destination, a mode of transportation and a route. Each alternative is identified by a vector of attributes, and the set of choices is the same for all individuals who are in the defined centroid.



The attributes of each alternative will be given by a measure of the attractiveness of the destination area and the travel cost expected by users at the time they make their choice.



Several traffic assignment methodologies have been proposed and implemented in the last forty years in order to evaluate the equilibrium condition of the transport network; however, one of the most used approach exploits a deterministic theory by making use of the Frank–Wolfe algorithm [32].



Once the traffic assignment is made, there is a need to calibrate the model in order to obtain a transport flow simulation as real as possible.



The calibration process consists of optimizing the supply model, i.e., the parameters that describe the characteristics of the network elements, with the goal of obtaining for the same relevant variable, generally vehicular flows on the network, a high correlation between calculated and measured values. Calibration is a key step, as the network simulation model, created for the analysis of the interaction between transport supply and demand, must be representative of actual traffic conditions.



For the calibration of the representative model of the urban or rural road network, the correction of the O/D matrix is crucial.



Particular attention was paid to the choice and definition of the cost functions. A BPR (Bureau of Public Roads function) [33] was chosen for the cost functions associated with the links:


   T  c u r   =  T 0    a +    F   C 0     b     



(6)




where:




	
Tcur is the travel time evaluated in congested network conditions (s).



	
T0 is the travel time in uncongested network conditions (s) and it can be evaluated as the ratio of arc length L to free-flow speed (vehicle speed assuming a null vehicular density on that specific road arc), V0.



	
F is the actual flow (veh/h).



	
a and b are model parameters, usually equal to the values shown in Table 1.








	
C0 is the road capacity (veh/h), i.e., the maximum vehicle flow rate under prevailing traffic conditions that is assigned on the basis of the type of road and of road cross-section layout in the ex-ante scenario.






With references to the cost function of the intersections, a modified BPR formula was chosen, which is the one defined by Lohse and co-authors [34,35]:


   T  c u r   =              T 0    a + s a  t b                                                                                                          s a t ≤ s a  t  c r i t          T 0    a + s a  t  c r i t     b    + a b  T 0    s a  t  c r i t      b − 1         s a t − s a  t  c r i t           s a t > s a  t  c r i t                            



(7)




where:




	
sat is the ratio F/C0 (dimensionless).



	
satcrit is the critical degree of saturation from which the linear section of the flow curve begins (dimensionless).



	
a and b are model parameters that assume the values given in Table 1.








When considering the network in post-seismic conditions, the capacity C0 of the segments representing the bridge reflects the damage state reached by the single road component. This modifies the magnitude of trips between O/D pairs with the goal of minimizing the deviations between estimated and measured traffic flows in the monitored sections or road network.





4. Case Study


The network used to assess the seismic performance of a road transportation system is derived from a real case in central Italy. Three different rural road classes have been identified: highways, freeways and arterials.



The identification of the transportation network serving the territory was performed using OpenStreetMap and the resulting simplified network, eliminating irrelevant roads serving only local traffic was obtained. The final network is represented by 14,962 arches and 6638 graph nodes, of which 97 fictitious nodes represent the centroids.



These centroids are divided into ninety-one internal and six external and are connected to the road network through connectors highlighted in green in Figure 2: the connectors have been placed where there is an emission and/or attraction of flows.



The total extension of the arcs (considering that all of them have been duplicated to represent two-way carriageways) is 4870 km.



The representation of the basic network graph can be observed in Figure 2.



From OpenStreetMap, the arcs of the road network are characterised by having several properties, including the most important, the C0, that is the maximum vehicle flow rate under prevailing traffic conditions, assigned on the basis of the type of road and of road cross-section layout, and the V0, that is a vehicle speed assuming a null vehicular density on that specific road arc. Both C0 and V0 are used in Equations (6) and (7).



The following figures show the distribution of C0 capacities (see Figure 3a) and undisturbed flow velocities V0 (see Figure 3b) in proportion to the length of the links.



Along the network, 208 bridges are present. All of them have been visually inspected and for each of them, a report has been filled, identifying maintenance and structural defects, according to the level 1 of recent Italian guidelines for the risk classification of existing bridges [36].



The main types of bridges present in the stock are as follows:




	
Masonry bridge 2%;



	
Reinforced concrete bridge 59%;



	
Pre-stressed concrete bridge 30%;



	
Steel–concrete bridge 9%.








4.1. Damage Scenarios


In order to assess the consequence of the bridge performance in the occasion of a seismic event, several damage scenarios have been generated. In this research, a single seismic event has been adopted for all the scenarios.



In each damage scenario, for all the bridges, the predicted ground motion intensities at site have been retrieved using a ShakeMap, and the damage states have been sampled, considering the probability provided by the fragility curves as a function of the ground motion intensity registered at the site of each bridge.



A number of 30 scenarios has been arbitrarily decided, since it was deemed statistically consistent with the initial assumptions about the seismic intensity and variability of damage pattern over the bridge stock. This choice will be discussed when presenting the results of the analysis.



The seismic event chosen for this study is the M 6.7 1349 earthquake, that occurred on 9 September 1349, in the south–west area of central Italy. This event is one of the most catastrophic events experienced along the Apennines, striking a vast area across Molise, Latium and Abruzzi, and whose effects were felt at a very large distance. [37,38]



The simulated ShakeMap for this event has been produced by INGV [39,40] and released for planning emergency response exercises. The ShakeMap event has been superimposed over the road network as shown in Figure 4, where the assumed epicentre position is depicted together with the contour lines expressing the ordinate of the acceleration spectrum Sa at a natural period of Tn = 1.0 s (SA1.0).



The selection of the intensity measure to be adopted in a seismic risk analysis is a crucial step that should be consistent with the expected seismic performance of the class of structures to be studied and the vulnerability model adopted for the damage assessment. In this case, the choice has fallen on SA1.0, since the acceleration spectrum at a period very close to the natural one of the studied bridges has been proven to provide an unbiased damage estimate and to reduce the dispersion of the results [41,42,43]. A possible alternate solution could have been the peak ground acceleration (PGA) [44].



For the sake of simplicity and also in order to not disclose real data about critical infrastructural assets, only one set of fragility curves has been adopted in this study, not considering the specificity of the considered bridges. In particular, the study uses the fragility functions derived in [45]. As already pointed out in previous studies [4,12,14], those curves, originally conceived for the bridges serving the Greater Lisbon area, are also suitable to represent the vulnerability of the bridge stock in the central Italian investigated area. There are five damage states considered, as indicated in Table 2. The outcomes of the damage states sampled for the different damage scenarios are represented in Figure 5 (in average, only 5% of the bridges reach the collapse state, DS4, whilst 84% of them remain undamaged, DS0).



The actual practicability of bridges in post-seismic conditions are conditioned by different factors, such as: the level of damage sustained, the works required for their repair/replacement and the traffic restrictions imposed by the regulatory authorities [46,47,48]. In this study, on the basis of the bridge damage state, the traffic capacity is reduced using a capacity reduction coefficient, αred, as follows:


   C  a c t   =  α  r e d    C 0   



(8)




where: Cact is the actual traffic capacity to be considered for the damaged bridges in the traffic assignment algorithms in Equation (5), C0 is the traffic capacity of the undamaged bridges and αrid is given in Table 2. The reduction factors in the table considers also the residual flow capacity that may be provided by local detour routes not directly included in the modelled network.




4.2. Zoning, Preliminary Traffic Flow Analysis and O/D Matrix


For this analysis, the study area coincides with the entire provincial territory.



Everything outside the border, called cordon, is the external environment and only interconnections with the study area are taken into account.



Generally, trips that are made in a given area can begin and end anywhere in the territory, but to allow the modelling of the transport system, it is necessary to discretise the study area in traffic zones, characterised by a centroid, where it is assumed that all the issued and attracted trips are located.



Taking into account the location of the inhabited area and the productive activities, and considering the results obtained from the preliminary analysis of the travels, a zoning with 91 internal zones and six external centroids was proposed and is presented in Figure 6.



With the aim of conducting a preliminary analysis of the traffic flows involving the study area and the relative construction of the O/D matrix, the traveling data relating to the aforementioned municipalities have been extrapolated from the commuting matrix.



This matrix, taken from the 15th General Population Census (9 October 2011), is edited every ten years by the Italian National Institute of Statistics ISTAT [30,31] and the analysed record layout contains information relating to home–work and home–study movements relating to the resident population.



In particular, the data used for this study contain the following information: the province of residence, municipality of residence, reason for travel (school or work), habitual municipality of study or work, departure time (before 7:15; from 7:15 to 8:15; from 8:15 to 9:15 and after 9:15), duration of traveling (>60 min; 30–60 min; 15–30 min and <15 min) and used mean of transport. Although 12 categories of the means of locomotion are present in the standard record, only car and bus have been selected in this study.



As extensively described previously, the O/D matrix is composed of four sub-matrixes, which require a separate preliminary analysis of the flows: internal trips to the province (II, Figure 1); external–internal trips (EI, Figure 1); internal –external trips (IE, Figure 1) and through trips (EE, Figure 1). The four preliminary analyses carried out are described separately below.



As far as internal trips are concerned, II, all the movements that took place between the various municipalities present in the provincial territory have been considered (excluding the internal movements of each individual municipality). Observing Table 3, the busiest time slot, and therefore chosen for the analysis, is from 7:15 to 8:15.



With regard to internal–external and external–internal trips, from the analysis carried out in the four time slots for cars and buses, it was found that six provinces account for more than 97% of the total trips issued and attracted by the provincial territory (see Table 4). For this reason, six external centroids are fixed, which represent the six identified provinces.



The departure time selected for internal–external trips is still between 7:15 and 8:15, as these flows, added to the internal ones, constitute the greatest traffic load on the transport network.



On the other hand, with regard to the selection of the departure time for external–internal trips, it is also necessary to consider the duration of these trips. In fact, in order to be able to load the road network in the time slot 7:15–8:15, starting outside of the provincial territory, trips must start before 7:15 and last at least 30 min. Table 5a,b summarise the percentages of external–internal trips, broken down into the various departure times and by trip duration, respectively.



Finally, with regard to the through trips, as a design choice, the six provinces that most interact with the provincial territory in terms of attracted and emitted trips have been selected. Furthermore, they constitute the cordon, which delimits the province in question (see Figure 2), and it is plausible to assert that they use the infrastructures present in this territory to reach each other. In particular, the combinations considered are summarised in Table 6.



Finally, observing Table 7a,b, which summarises the percentages of crossing trips broken down into the various departure times and trip duration, respectively, it is possible to deduce that, similarly to what was deduced for external–internal trips, the trips emitted first for 7:15 will be used for the crossing trips (EE) in the O/D matrix.



Having deduced these flows, it was possible to create the O/D matrix in which corrective coefficients were applied for the collective trips (busses) and it was also amplified to take into account trips for other reasons other than work and study.




4.3. Traffic Model Calibration


The traffic model calibration is essential to ensure that traffic demand was as close to reality as possible.



In particular, in the study, the measured flows provided by eighty automatic detection stations along the studied network were used. These stations ensure the automatic detection of vehicle flows through the use of magnetic sensors or toll-ticketing systems, without the presence of operators.



In a first phase of assignment (see Figure 7a), it can be noticed that there is no alignment between simulated flows and measured flows, obtaining a Pearson coefficient equal to 0.80.



The calibration of the O/D matrix derived from ISTAT data [30,31] by counting network traffic was therefore carried out (see Figure 7b).



From the coefficient of Pearson pairs of 0.97, in Figure 7b, a good calibration is deduced between the estimated flows from the simulation and those measured; therefore, the model is very close to the real situation.



Below are the results of a typical day in the peak-hour early morning time slot in terms of vehicular flows assigned to the examined road network (see Figure 8).





5. Discussion of Results


Following the calibration, it was possible to simulate the ex-ante scenario with the software Visum [19] and see the distribution of the ratio of volume and capacity by identifying congestion zones as in Figure 9.



As a result, by reducing the capacity according to the limit state assigned to the bridges (Equation (8)), it was possible to simulate a post-earthquake scenario (Equations (6) and (7)) with the following results in Figure 10.



In scenario 1 presented in Figure 10, bridges are characterised by the damage states (DM) indicated in Table 8.



What can be noted is that in the post-earthquake scenario, the arches that are most congested are those at the bridges affected by high-damage states.



In particular, the motorway bridge that is in a limit state 4 leads to the closure of the motorway section concerned and a consequent congestion on possible alternative routes.



The same applies to the arches near the epicentre, where the bridges are in damage state 4.



What can be seen in comparison between the two scenarios is that the situations of a worsening saturation remain almost localised and do not spread over a wide range.



As for the times, the travel time matrices have been extrapolated in the situations before and after the earthquake.



Downstream of the generic scenario k, the matrix T(k) is obtained (of the same size as O/D), containing the travel times from i to j for the scenario k, derived from the matrix ΔT (delays), which is like O/D where each pair is i j.


  ∆ T i j  k  = T i j  k  − T i j  0   



(9)




where



	
Tij(k) is estimated travel times in the ex-post k scenario;



	
Tij(0) is estimated travel times in the ex-ante 0 scenario.






For each source–destination pair, a weighted average between the input and output flows multiplied by the relative delays recorded has been evaluated obtaining, for each centroid (i), the indicator    I b   k     i   :


   I b   k     i  =     ∑  j   q  i j   ∆  T  i j    k    +   ∑  j   q  j i   ∆  T  j i    k        ∑  j   q  i j   +   ∑  j   q  j i      



(10)




where








	
   q  i j     is the flow from centroid i to centroid j;



	
   q  j i     is the flow from centroid j to centroid i;



	
  ∆  T  i j    k      is the delay recorded from centroid i to centroid j;



	
  ∆  T  j i    k      is the delay recorded from centroid j to centroid i.








These values were divided by the maximum delay in order to obtain a dimensionless indicator for each traffic area as presented in Figure 11.



As can be seen from the figure, the internal traffic areas that are most affected by the effects of the earthquake are those closest to the bridges with DM4, DM3 and DM2.



The external traffic zones are strongly affected by this earthquake, since the loss of the service of a motorway bridge significantly increases the journey times of all the crossing movements.



Moreover, for municipalities with slightly damaged bridges but with significant delays, this is probably due to their high attractiveness.



In order to validate the model, 30 different scenarios have been implemented, all based on the same earthquake but with different bridges damaged.



An overall indicator    I a   k      has been evaluated indicating the ratio of travel times in the ex-post scenario (k) to travel times in the ex-ante scenario (0), both multiplied by flows.


   I a   k    =     ∑   i j    q  i j   ∆  T  i j    k        ∑   i j    q  i j    T  i j    0       



(11)







These terms have the same meaning as those in (10).



The trend of the mean and the standard deviation of    I a   k      were evaluated in order to understand if 30 scenarios were sufficient to study this phenomenon.



Figure 12 below shows the average trend for delays in the 30 scenarios developed.



As can be seen from the graph in Figure 12, Scenario 1 is the one that deviates the most from the overall trend because in it, there are two very impacting conditions:




	-

	
DM4 damage state bridge on a highway;




	-

	
The isolation of a centroid.









Further deviations from the overall performance can be noted for Scenarios 8, 16 and 22, where one of the following conditions occurs:




	-

	
DM3 or DM4 damage state bridge on a highway;




	-

	
The isolation of a centroid.









In order to better understand if the amount of scenarios implemented allowed a stabilisation of the average, the trend of the progressive average expressed by Equation (12) was evaluated.


   μ k  =     ∑   i = 1  k   I a   i     k   



(12)




where:




	
k is the number of scenarios included in the calculation.








As evidenced in Figure 13 as well as in Figure 14, it is possible to notice a deviation from the general course for the Scenarios 1, 8, 16 and 22.



From both, it is clear that a stabilisation is already obtained around the tenth scenario. Therefore, the number of scenarios chosen for this case study is more than sufficient.



The same calculation is repeated for the standard deviation (Figure 14), which is also evaluated progressively:


   σ k  =       ∑   i = 1  k       I a   i    −  μ i     2      k − 1        



(13)




where:








	
   μ i    is the mean as calculated by Equation (12);



	
 k  is the number of scenarios included in the calculation.








As can be seen in Figure 13 and Figure 14, there is a rapid convergence of the average, while for the standard deviation, there is a slower convergence but a good evaluation.




6. Conclusions


The research presents a risk assessment of a realistic medium-sized road system after a major earthquake, considering possible bridge damage/collapse. A road network of the affected area has been constructed, including a realistic travel demand model. A main limitation of the study is that the developed O/D matrix is representative of the non-seismic conditions, despite the fact that it is widely recognised that after a severe earthquake like the one considered in this study, the damages to the built-environment may cause a general relocation of people and businesses, thus altering the initial assumptions of the travel demand adopted in the traffic model.



The methodology, given a seismic event, foresees the use of different damage scenarios in order to consider uncertainty in the structural vulnerability. By performing a traffic assignment in post seismic conditions over the network with damaged bridges, it was possible to identify the losses, in terms of time, that users suffer as a result of the seismic event. Global indicators have been proposed, representing the overall delay for all the users of the network.



The number of damage scenarios to be generated for an affordable estimate of those indicators is very limited.



From the study carried out, it is clear that an acceptable approximation value is already obtained from the first scenario, and therefore, the expected number, 30, is more than sufficient.



In particular, via analysing the results obtained in terms of trip duration, it was found that the greatest delays are observed in the close vicinity of the bridges sustaining a more severe damage, but also that those delays spread over a wider portion of the network when damaged bridges interfere heavily trafficked roads (such as highways).



Moreover, the network redundancy is a crucial aspect. Where alternative routes are absent, the traffic analysis reveals that centroid isolation is impossible for internal or external trips.



The results of this study can provide a reliable representation of the possible consequences of a seismic event and therefore permit to adopt the more appropriate mitigation strategies.
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Figure 1. Simple diagram of O/D matrix. 
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Figure 2. Transport network diagram of the case study. 
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Figure 3. (a) V0 speed distribution, (b) C0 capacity distribution. 
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Figure 4. ShakeMap of the case study (the red star represents the epicentre of earthquake) superimposed to the road network (see legend of Figure 2 for explanation of symbols). 
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Figure 5. Percentage of bridges in damage state. 
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Figure 6. Zoning of the study area. 
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Figure 7. (a) Pre-calibration between measured and simulated flows, (b) calibration between measured and simulated flows. 
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Figure 8. Car and motorcycle mode traffic flow assignment for morning peak-hour matrix. 
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Figure 9. Saturation of the ex-ante scenario. 
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Figure 10. Saturation of the ex-post scenario and the damage state of bridges. 
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Figure 11. Distribution of delays. 
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Figure 12. Average of delays. 
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Figure 13. Average of overall indicator    I a   k     . 
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Figure 14. Standard deviation of overall indicator    I a   k     . 
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Table 1. Values of parameters a and b.
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Parameters

	
One Lane

	
More Lanes




	
130 km/h

	
100 km/h

	
80 km/h

	
130 km/h

	
100 km/h

	
80 km/h






	
a

	
0.88

	
0.83

	
0.56

	
1

	
0.83

	
0.71




	
b

	
9.8

	
5.5

	
3.6

	
5.4

	
2.7

	
2.1
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Table 2. Capacity reduction based on the damage state of bridges.
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	Damage State
	Description
	αred





	DS0
	No Damage
	1.00



	DS1
	Slight Damage
	0.95



	DS2
	Moderate Damage
	0.65



	DS3
	Extensive Damage
	0.10



	DS4
	Collapse
	0.00
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Table 3. Percentage of internal journeys divided into various departure times (in bold typeface the selected solution for the analysis).
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Departure Times






	
Mean

	
<7:15

	
7:15–8:15

	
8:15–9:15

	
>9:15




	
Car

	
22.03%

	
39.80%

	
13.62%

	
5.71%




	
Bus

	
4.93%

	
11.73%

	
1.83%

	
0.36%
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Table 4. Percentage of internal–external (IE) and external–internal (EI) trips divided into the various provinces.






Table 4. Percentage of internal–external (IE) and external–internal (EI) trips divided into the various provinces.





	External Centroids
	IE − Bus + Car
	EI − Bus + Car





	EC1
	76.8%
	35.1%



	EC2
	11.2%
	26.8%



	EC3
	3.8%
	22.5%



	EC4
	3.1%
	5.7%



	EC5
	1.8%
	5.2%



	EC6
	1.7%
	2.8%



	Others/Ignored
	2.9%
	2.7%
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Table 5. (a) Percentage of external–internal (EI) trips divided into the various departure times (in bold typeface the selected solution for the analysis). (b) Percentage of external–internal (EI) trips broken down by trip duration.
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(a)




	

	
Departure Times






	
Mean

	
<7:15

	
7:15–8:15

	
8:15–9:15

	
>9:15




	
Car

	
41.92%

	
26.36%

	
6.00%

	
5.19%




	
Bus

	
12.78%

	
6.32%

	
0.68%

	
0.75%




	
(b)




	

	
Trip Duration




	
Departure times

	
>60 min

	
30–60 min

	
15–30 min

	
<15 min




	
<7:15

	
21.9%

	
22.0%

	
7.9%

	
1.6%




	
7:15–8:15

	
6.5%

	
13.3%

	
8.8%

	
1.7%




	
8:15–9:15

	
1.5%

	
3.4%

	
2.9%

	
0.6%




	
>9:15

	
1.6%

	
3.5%

	
2.2%

	
0.6%
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Table 6. Crossing trip combinations between external centroids (EC1–EC6 see Figure 2). The x symbol signifies that a combination exists.
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	EC1
	EC2
	EC3
	EC4
	EC5
	EC6





	EC1
	
	
	
	x
	x
	x



	EC2
	
	
	x
	x
	x
	x



	EC3
	
	x
	
	x
	
	x



	EC4
	x
	x
	x
	
	
	



	EC5
	x
	x
	
	
	
	



	EC6
	x
	x
	x
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Table 7. (a) Percentage of crossing trips (EE) divided into the various departure times (in bold typeface the selected solution for the analysis). (b) Percentage of crossing trips (EE) broken down by trip duration.






Table 7. (a) Percentage of crossing trips (EE) divided into the various departure times (in bold typeface the selected solution for the analysis). (b) Percentage of crossing trips (EE) broken down by trip duration.





	
(a)




	

	
Departure Times






	
Mean

	
<7:15

	
7:15–8:15

	
8:15–9:15

	
>9:15




	
Car

	
52.03%

	
19.64%

	
4.22%

	
5.00%




	
Bus

	
13.30%

	
4.40%

	
0.59%

	
0.82%




	
(b)




	

	
Trip Duration




	
Departure time

	
>60 min

	
30–60 min

	
15–30 min

	
<15 min




	
<7:15

	
55.05%

	
10.37%

	
2.69%

	
0.69%




	
7:15–8:15

	
11.11%

	
4.84%

	
2.78%

	
0.85%




	
8:15–9:15

	
2.91%

	
0.87%

	
0.76%

	
0.49%




	
>9:15

	
4.57%

	
1.01%

	
0.74%

	
0.27%











[image: Table] 





Table 8. Damage state of bridges in Scenario 1.
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Scenario 1




	
Damage State

	
Percentage of Bridges






	
DM0

	
83%




	
DM1

	
7%




	
DM2

	
1%




	
DM3

	
2%




	
DM4

	
7%
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