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Abstract 

After an introduction presenting the possible levels of analysis and the model of a Road 
Network (RDN), the report deals with the adopted building collapse / road blockage model, 
that is used to take into account the possibility that the debris coming from the building 
collapse might block some roads. The analysis of a RDN in a seismically active environment 
is carried out at the connectivity level, i.e. not computing the vehicle flows and congested 
travel times on the edges, but simply focusing on connectivity, both in the undamaged or 
reference state and in the damaged one. Consistently with the modelling approach adopted 
within the SYNER-G general methodology, the object-oriented paradigm (OOP) has been 
employed for both the seismic hazard and the road network modelling. The last section 
presents the application of the OO model to an example road network. 
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1 Analysis and model of a road network 

1.1 LEVELS OF ANALYSIS OF A ROAD NETWORK 

A fundamental distinction among the studies related to the seismic performance of road or 
transportation networks can be made based on the importance of the role played by the network 
itself. In a way of simplification, available studies can be assigned to the following three levels: 

o Level I: the attention is focused on the functioning of the network in terms of pure 
connectivity. This type of studies focuses on just one of the services provided by the 
network, e.g. most typically the rescue function immediately after the earthquake, and may 
be of interest in identifying portions of the network which are critical with respect to the 
continued connectivity of the network. 

o Level II: the scope of the study is widened to include consideration of the network capacity to 
accommodate traffic flows. The damage to the network causes traffic congestion, resulting in 
increased travel time which is in turn translated into monetary terms. This indirect loss 
summed to direct loss incurred due to damage to the building stock results in a first partial 
estimate of the overall economic impact of an earthquake. 

o Level III: The most general approach, which aims at obtaining a realistic estimate of total 
loss, inclusive of direct physical damage to the built environment (residential and industrial 
buildings as well as network components), loss due to reduced activity in the economic 
sectors (industry, services), and network-related loss (increased travel time). Economic 
interdependencies are accounted for, such as the reduction in demand and supply of 
commodities (due to damaged factories, etc.), hence in the demand for travel, and due to 
the increased travel costs. At this level the relevance and the complexity of the economic 
models become dominant over that of the transportation network. This is a full systemic 
study requiring important inputs from the economic disciplines.  
The treatment of the third level involves reaching beyond the area of structural engineering 
and involves important inputs from the economic disciplines. Further, the practical feasibility 
of these studies requires data which are seldom available, both in terms of quantity and 
quality. In particular, studies of the third level necessitate collections of detailed data on the 
demand and supply of goods and commodities disaggregated by economic sector and 
spatial location. Collection of this information requires the involvement of governmental 
bodies. 

Two similar examples of Level I studies can be found in Nuti and Vanzi (1998) and in Franchin et 
al. (2006). In both studies the road network serves the purpose of connecting the hospitals in a 
regional health-care system. The mortality rate of casualties, in case of seismic event, is 
substantially reduced if they receive care in a short time. After a strong earthquake, damage and/or 
congestion of hospitals, and of the transportation network, cause an increase in the distance to be 
covered, because casualties exceeding the hospitals capacity have to be moved to non full ones 
and because of interrupted links which result in a decrease in the transportation speed. The first 
study proposes the distance covered by each casualty, defined in probabilistic terms, as a 
meaningful system performance measure. Comparing the distance distribution after an earthquake 
(accounting for damage to hospitals and road network, as well as for casualties and congestion), 
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under different seismic retrofit/upgrade scenarios with the baseline distribution gives useful 
indications for the allocation of resources. 

Examples of Level II studies are those in Shinozuka et al. (2003) and Chang et al. (2011). The 
approach in Shinozuka et al. (2003) aims at the determination of direct and indirect economic loss 
due to damage to a transportation network. Direct loss is related to physical damage to vulnerable 
components, while indirect loss is related to functionality of the system, whose degradation is 
measured in terms of a system-level performance index called Driver’s delay (DD), i.e. the increase 
in total daily travel time for all travellers. Indirect loss is expressed as the DD times a unit cost of 
time. Traffic flows are evaluated by equilibrium analysis under a static origin-destination matrix. The 
vulnerable components are the bridges within the network, for which four states of increasing 
damage and corresponding fragilities are employed: minor, moderate, major and collapse. The 
state of each link, corresponding to a different residual traffic capacity, equals that of its most 
severely damaged bridge. Total DD is obtained by summing the values for all days over which the 
delay persists. However, the DD decreases over time due to repair activity taking place after the 
event, modelled in an admittedly over-simplified manner. This study is extended in Zhou et al. 
(2004), to consider the effect of retrofit strategies in improving the performance in future events.  

The work by Chang et al. (2011) advances a proposal for going beyond the use of the pre-
earthquake (static) origin-destination matrix as an input for traffic flow analysis. The post-quake 
travel demand is complicated and the change of traffic pattern after the event is coupled with the 
damage of transportation infrastructures. To arrive at a new origin-destination matrix the paper 
modifies the trip generation and distribution stages of a traffic analysis to accommodate for 
earthquake-induced damage. Traffic Analysis Zones (TAZ) are classified into four types, depending 
on the presence of attractants (e.g., hospitals or emergency shelter) and repellents (e.g., 
hazardous materials (HAZMAT) release, fire following earthquake, or damaged facilities). Then the 
pre-earthquake travel demand of each TAZ is modified according to the classification. Several 
general assumptions are made on post-earthquake travel behaviour and emergency traffic 
management measures. The paper reports also an extensive literature review on attempts to model 
traffic pattern changes in the aftermath of an earthquake. 

Finally, among the few available Level III studies, an example is the work by Karaca (2005). The 
work reports a regional earthquake loss methodology that emphasizes economic 
interdependencies at regional and national scales and the mediating role of the transportation 
network. In an application to the Central U.S. under threat from earthquakes from the New Madrid 
Seismic Zone, regional and national losses from scenario earthquakes are evaluated, together with 
a quantification of the corresponding uncertainty including contributions from seismicity, 
attenuation, fragilities, etc. The effectiveness of alternative mitigation strategies is also considered. 
The loss assessment methodology includes spatial interactions (through the transportation 
network) and business interaction (through an input-output model) and extends geographically to 
the entire conterminous U.S. The losses reflect damage to buildings and transportation 
components, reduced functionality, changes in the level of economic activity in different economic 
sectors and geographical regions, and the speed of the reconstruction/recovery process. 
Evaluation of losses for a number of scenario earthquakes indicates that losses from business 
interruption may be as significant as infrastructure repair costs. 
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1.2 ROAD NETWORK MODEL 

The modelling and the analysis of a transportation network for the purpose of seismic performance 
assessment relies on tools and methods of increasing complexity depending on the adopted 
approach. Level I studies require a simple description of the network in terms of a graph and 
analysis tools are limited to basic graph theory results. Level II and III studies require additional 
information and specialized algorithms for the determination of traffic flows on the congested, 
damaged network. Section 1.2.1 deals with level I studies and gives a brief overview of graph 
theory basics. In Section 1.2.2 a short introduction to the concepts of transportation engineering 
that are employed in level II and III studies is presented. 

1.2.1 Network modeling and analysis for Level I studies  

A road network can be represented as a graph consisting of a set V of n nodes or vertices, 
connected by a set A of na arcs, or links or edges. Several alternative representations are in use to 
describe the relationship between nodes and arcs. One common choice is in terms of the 
adjacency matrix B = [bij], which is a n x n Boolean square matrix, whose terms are either 0, when 
no connection exists between nodes i and j, or 1 when a connection exists. Another Boolean matrix 
representation is in terms of the na x n incidence matrix. If a graph is directed (also known as 
digraph), the existence of a link from nodes i to j does not imply the presence of a link between 
nodes j and i (e.g. some roads are one-way only); in this case, the adjacency matrix is not 
symmetric. When for every directed arc the opposite one exists, the graph is said to be symmetric, 
or non-directed or simply a graph. A simple symmetric graph is shown in Fig. 1.1. In many 
applications it is useful to associate to nodes or links of a graph some additional information or 
weights (e.g. the length of the link, the free flow speed, etc.). When this is the case one speaks of 
labelled graphs. When the graph is described in terms of the adjacency matrix B, the additional 
information can be either included in this matrix, if it is a simple scalar (e.g. the arc length), or 
stored separately. Given a graph, a finite or infinite sequence of links such that the origin node of 
each arc coincides with the destination node of the previous one is called a path P. The order of the 
path is the number np of links making up the path. A path is called simple when it is made up of 
distinct arcs, and elementary when it passes through distinct nodes. 

 
Fig. 1.1 A graph and its symmetric adjacency matrix 

With reference to directed graphs, two different types of connectivity are involved: strong and weak. 
The difference is in the fact that the latter does not consider the edges directions, actually treating 
the network as non-directed. Of course, for non-directed graphs only the weak connectivity can be 
considered. In general, a graph is composed of one or more (strongly or weakly) connected 
components (i.e. groups of connected nodes). 
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A bridge (also known as a cut-edge or cut-arc or an isthmus) is an edge whose deletion increases 
the number of connected components. 

An articulation point (also known as a cut-vertex) is any node that when removed increases the 
number of connected components. 

1.2.2 Network modeling and analysis for Level II and III studies  

The most common methodology applied for Urban Travel Forecasting is the four stages 
transportation/land-use model, also known as the sequential procedure, originally developed in the 
fifties by transportation engineers and planners for the Detroit Area Transportation Study (DATS) 
and the subsequent Chicago Area Transportation Study (CATS). It is important to note that it was 
not conceived as a “real-time” predictor of the state of traffic on a damaged network at discrete time 
instants after a seismic event. In fact, the application of aggregate trip distribution models (see 
later) has only proven to be effective for relatively long term forecasting (Levinson and Kumar, 
1994). 

Typically, the region of interest is subdivided into n TAZ’s and, by either trend or regression 
analysis, population and employment levels are determined for each zone. The four stages of the 
procedure are: 

o Trip Generation. In each zone, the frequency of origins and destinations, i.e. the number of 
trips generated from or attracted to each zone, are evaluated by trip purpose as a function of 
land use, household demographics and other socio-economic factors. 

o Trip Distribution. Movements between zones are evaluated, i.e. the total trips originated 
from zone i are distributed among all the other zones as a function of the zonal demands 
and inter-zonal distances. 

o Mode Split. Movements between origins and destinations are disaggregated by type of 
transportation or mode (bus, railway, car, airplane, etc.) depending on the availability of each 
mode, their respective costs and user preferences. 

o Traffic Assignment. All the estimated trips between zones, disaggregated by purpose and 
mode, are loaded on the transportation network to determine the total flows on each arc. 
Typical traffic assignment algorithms account for the fact that users want to minimize their 
travel time. 

It should be noted that the four stages are to a large extent interrelated. For example when traffic 
flow exceeds the capacity of a specific arc, resulting in congestion and affecting travel time, this, 
through a feedback process, may influence trip generation and distribution. The procedure is hence 
inherently iterative. Convergence is often measured in terms of minimal transportation generalized 
cost (e.g. distance, time, money, etc.). 

Models of different types are applied at the four stages of the procedure. 

For the purpose of the trip generation stage, Land Use Models are used. These models account for 
the spatial structure of macro- and micro-economic components. For instance, by using a set of 
economic variables, such as population, employment and consumption levels, it is possible to 
calculate the generation and attraction of passenger and freight trips. 

Passenger trips are usually divided in categories according to trip purpose, such as home-to-work, 
home-to-shop, home-to-other, etc. Freight trips are also grouped, usually as a function of the 
transported goods: durable, non-durable, mining, oil, etc. While data on passenger trips are usually 
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available, either as the result of surveys and/or by manipulation of census data, the estimate of 
freight trips is a more challenging task. This type of traffic is originated by several sources, both 
external (airport, seaport, etc.) and internal (local industries) to the region of study; data are usually 
available in terms of goods production (measured in monetary units), and they have to be 
converted to passenger car units (PCU); inter-industry relationships (the so-called input-output 
models) have to be established to derive the trip production and attraction of commodities, etc. 
Determination of freight trips is intrinsically related to the description of the economics of the region 
and it is the natural domain of level III studies. For what follows it is assumed that the trips 
production and attraction (the product of the trip generation stage) are known. 

For the purpose of the trip distribution and mode split stages, Spatial Interaction Models are used. 
These models produce flow estimates between TAZ’s, in terms of origin-destination pairs, which 
can be disaggregated by nature, mode and time of the day. In the available earthquake engineering 
applications, the attention is focused exclusively on the road network, i.e. on the public and/or 
private transportation by car, making unnecessary the mode split stage. Input data of the trip 
distribution stage are the total number of trips originated from and destined to all the TAZ’s in which 
the region of study is subdivided. Originated trips can be regarded as the trip-productions or 
capacities Ci ’s (index i spanning TAZ’s), destined trips can be regarded as the trip-attractions or 
demands Di ’s. The output of the trip distribution stage is the n × n “trip table” matrix Tij, also called 
origin-destination matrix, which displays the number of trips from each origin to each destination. 

Once the trips among the zones are (tentatively) established, the next stage is to “load” them on 
the road network (the traffic assignment stage). The models currently in use are the network 
equilibrium models. They are based on the so-called two principles of equilibrium by Wardrop 
(1952): 

o First principle: At equilibrium all used routes from node i to node j have equal travel times, 
and no unused route has a lower travel time; 

o Second principle: At equilibrium the average travel time is minimal. 

The first principle implies that each user non-cooperatively seeks to minimize his cost of 
transportation, and cannot lower his transportation cost through unilateral action. The traffic flows 
that satisfy this principle are usually referred to as user equilibrium (UE) flows, since each user 
chooses the route that is the best. The second principle implies that each user behaves 
cooperatively in choosing his route to ensure the most efficient use of the whole system. Traffic 
flows satisfying Wardrop's second principle are generally deemed system optimal (SO) flows. 

The UE flows can be found by solving a nonlinear programming problem. Once convergence is 
achieved, the volume of traffic on each link and the corresponding average travel time are 
available. 

1.3 IMPLEMENTATION WITHIN THE SYNER-G PROTOTYPE SOFTWARE 

As addressed in deliverable report D2.1, for the purpose of modelling the Infrastructure and the 
seismic hazard acting upon it, the object-oriented paradigm (OOP) has been adopted. In abstract 
terms, within such a paradigm, the problem is described as a set of objects, characterized in terms 
of attributes (or properties) and methods, that interact with each other. Objects are instances 
(concrete realizations) of classes (abstract models, or templates for all objects with the same set of 
properties and methods). 
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The SYNER-G prototype software includes an object-oriented representation of some systems, 
among which the road network. The following sections report the properties and methods of the 
RDN class and its subclasses. 

1.3.1 The RDN class 

Fig. 1.2 illustrates the RDN class diagram. In the software, the RDN is modeled as a directed 
graph, i.e. a graph in which all edges have a travelling direction, from node i to node j. For this 
reason, the RDN class is considered as a subclass of the Directed abstract class, that in its turn is 
a subclass of the Network abstract class. 

A road network is made up of nodes and links/edges connecting them. As a consequence, the 
RDN class is the composition of the RDNnode and RDNedge abstract classes. The first is the 
generalization of the TAZ, ExternalStation and Intersection classes. A brief explanation of these 
node typologies is given in section 3.1. The RDNedge class is the generalization of the 
RoadSegment, Embankment, Trench, UnstableSlope, RDNtunnel and Bridge classes. The 
definition of these edge typologies is given in deliverables D3.6 and D3.7, where the “road 
pavement” typology corresponds to the RoadSegment class. 

 
Fig. 1.2 Class diagram for the RDN class 

The following is the list of properties of the RDN class, with the names following the naming 
convention adopted for variables in developing the prototype software, whereby multi-word names 
have no blank spaces in between words and the latter are separated by capitalizing the initial letter 
of each word. The list is split into five parts:      

List of pointers  
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o parent: this is a pointer to the parent object which, in this case, is the Infrastructure (the 
object from the Infrastructure class)  

o road: pointers to all the road pavements in the system, objects from the RoadSegment 
class  

o embank: pointers to all embankments, objects from the Embankment class 

o trench: pointers to all trenches, objects from the Trench class 

o unstSlope: pointers to all unstable slopes, objects from the UnstableSlope class 

o tunnel: pointers to all tunnels, objects from the RDNtunnel class  

o bridge: pointers to all bridges, objects from the Bridge class 

o taz: pointers to all TAZ’s, objects from the TAZ class 

o intersection: pointers to all intersections, objects from the Intersection class 

o external: pointers to all external stations, objects from the ExternalStation class 
Road network global properties  

o nEdges: number of links or edges in the RDN  

o nNodes: number of nodes in the RDN  

o dependency: list of dependent edges, i.e. those edges sharing the component (e.g. an 
embankment) with the reference edge (edge defined in the input file). These edges are 
assigned the same damage state of the reference edge   

o edges: connectivity matrix of the RDN listing the start and end nodes of each link  

o lowOrderRoadWidth: average width of low order roads (not modeled in the network), 
for considering road blockage and computing buildings’ accessibility to the RDN  

o distanceBDG_lowOrderRoad: average distance between buildings and low order 
roads  

o roadBlockageModel: road blockage model to be used  

o roadBlockageCoefficients: coefficients of road blockage model to be used  

o vulnSites: list of vulnerable sites of the RDN, containing their location and intensity 
measure (IM) type(s)  

o adjacencyMatrix  

o incidenceMatrix 

o incidenceList 

o deadEnds: list of network dead ends 

o articPTS: list of network articulation points 

o bridges: list of network bridges 

Link and node characteristics  

o edgeVs30: Vs30 value at the links centroid  

o edgeType: typology of edges  
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o edgeClass: class of edges (minor, principal or highway)  

o edgeCapacity  

o edgeFreeFlowSpeed 

o edgeFreeFlowTT: free flow travel time of edges 

o edgeNumWays: number of ways (1 or 2) of edges 

o edgeNumVulnEl: number of vulnerable elements (1 or 2) for edges with 2 ways 

o edgeIsVulnerable: flag indicating if the generic link is considered vulnerable or not 

o edgeIMType  

o edgeCentroidPosition 

o edgeLength 

o edgeSiteClass: site class at the edge centroid site according to the amplification 
method to be used 

o edgeDepth2GW: depth of the groundwater at the edge centroid site 

o edgeLiqSusClass: liquefaction susceptibility of the edge centroid site 

o edgeLandSusClass: landsliding susceptibility of the edge centroid site 

o edgeYieldAcc: yielding or critical acceleration for landsliding at the edge centroid site 

o nodePosition  

o nodeAltitude  

o TAZtype: TAZ type, CBD (Central Business District) or non-CBD 

o TAZindex: numbering of TAZ’s in the network 

o externalIndex: numbering of external stations in the network 

o nodeType: typology of nodes  

o nodeVs30  

o nodeIsVulnerable  

o nodeIMType 

o nodeSiteClass: site class at the node site according to the amplification method to be 
used  

Properties that record the state of the RDN for each event  

o states: nE×1 collection of properties that describe the current state for each of the nE  
events  

o SCL: Simple Connectivity Loss, first system-level performance indicator 

o WCL: Weighted Connectivity Loss, second system-level performance indicator 

o mean_SCL: moving average of SCL over the simulation, until the current run 

o mean_WCL: moving average of WCL over the simulation, until the current run 

o mean_TR: probability of disconnection of TAZ’s from each other 
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o std_SCL: moving standard deviation of SCL over the simulation, until the current 
run 

o std_WCL: moving standard deviation of WCL over the simulation, until the current 
run 

o adjUpdated: updated adjacency matrix, taking into account the network damage 

o numSources: number of TAZ’s connected to the single TAZ’s 

o numSourcesW: number of TAZ’s connected to the single TAZ’s, weighted by the 
number of edges composing the paths 

o numGroups: number of node groups composing the network 

o belong2group: number of the group which the single nodes belong to 

Properties that assess the global performance of the RDN at the end of simulation 

o MAF: Mean Annual Frequency of exceedance values for the considered system-level 
PI’s 

The following is the list of the main methods of the RDN class (some of these are briefly explained):  

o  anySDFS 

o  computeCovMean 

o  computeCovMeanIS 

o  addSecondEdge 

o  evaluateRDNdamage 

o  computePerformanceIndicator 

o  stronglyConnectedNodes 

o  weaklyConnectedNodes 

o  discretizeEdges 

o  edges2Adjacency 

o  edges2IncidenceList 

o  edges2IncidenceMatrix 

o  findDeadEnds 

o  getListOfLists 

o  isStronglyConnected 

o  isWeaklyConnected 

o  minPath 

o  retrieveLandSusEdges 

o  retrieveLiqSusEdges 

o  retrieveSiteClassEdges 

o  retrieveSiteClassNodes 

o  retrieveVs30edges 
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o  retrieveVs30nodes 

o  retrieveYieldAccEdges 

o  subNetwork 

o  updateConnectivity 

o  setRoadBlockageModel 

The evaluateRDNdamage method computes components’ damage state. If such damage state is 
the most severe (i.e. collapse), then the component is set to broken and successively deleted from 
the network. 

For the generic edge directed from node i to node j, if the travel is requested also in the opposite 
direction, the addSecondEdge method adds a second edge in the model from node j to node i. 

Within the discretizeEdges method, all the links with a length greater than a threshold are 
subdivided into smaller segments, so to allow a more refined computation of links intensity 
measure(s) and, consequently, damage. 

The updateConnectivity method, based on the network damage for the generic event, sets to 0 the 
elements in the adjacency matrix corresponding to broken edges and checks if TAZ’s are isolated 
from each other. 

1.3.2 The RDNedge class and subclasses  

The following is the list of properties of the RDNedge abstract class. These properties are common 
to all subclasses of this class.  

o parent: this is a pointer to the parent object which is in this case the road network (the 
object from the RDN class)  

o siteClass  

o connectivity: start and end node of the edge  

o centroid: edge centroid location 

o type: edge sub-typology, definining the component fragility functions 

o class 

o capacity 

o freeFlowSpeed 

o numWays 

o numVulnEl 

o refEdge: pointer to reference edge (for dependent edges)  

o L: link length  

o Vs30: Vs30 at link centroid 

o isVulnerable  

o IMType 

o depth2GW 
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o liqSusClass 

o landSusClass 

o yieldAcc 

o states: nE×1 collection of properties that describe the current state for each of the nE  
events  

o broken: flag indicating if the edge is broken   

o primaryIM: primary intensity measure at link centroid, as interpolated from the regu-
lar grid points  

o localIMs: secondary or local intensity measures, correlated to the primary IM  

o damage: damage state of the edge  

o distance:  source to site distance (km), referred to edge centroid 
The RDNEdge abstract class and its subclasses do not have any methods (only the object 
constructor for the concrete subclasses). 

1.3.3 The RDNnode class and subclasses  

The following is the list of properties of the RDNNode abstract class. These properties are common 
to all subclasses (TAZ, ExternalStation and Intersection) of this class.  

o parent: this is a pointer to the parent object which is in this case the road network (the 
object from the RDN class)  

o position: node location  

o altitude: node altitude  

o Vs30: Vs30 at node  

o isVulnerable  

o IMType  

o states: nE×1 collection of properties that describe the current state for each of the nE  
events (only for TAZ objects) 

o isolated: flag indicating if the TAZ is isolated from all the others  

o TR: vector of flags (0/1) indicating if the TAZ is connected to the single TAZ’s  

The subclass ExternalStation has one further property, i.e. tazType. The subclass TAZ has five 
further properties, i.e. tazType, refCells, totalHouseholds, totalEmployment, 
employmentPerPurpose, that objects of this subclass do not share with those of the other 
subclasses. Such properties are used only for a capacitive analysis of the road network and contain 
information related to the number of households and employed people living in the BDG system 
tributary cells of each TAZ. 

 

The RDNNode abstract class and its subclasses do not have any methods (only the object 
constructor for the concrete subclasses). 
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2 Building collapse / Road blockage model 

Within the SYNER-G general methodology, taking into account the interdependencies between the 
different systems composing the Infrastructure is of crucial importance. The interaction which this 
section focuses on concerns the impact of collapsed buildings on the functionality of roads, 
especially in urban areas with high population and building density (see Deliverable Report D5.1). 

In this report, it is presented a simplified model of building collapse / road blockage that is 
consistent with the approach, addressed in deliverable report D2.1, for the modelling of buildings, 
i.e. area-like components. According to the adopted methodology, buildings at the urban/regional 
scale are not modelled individually, but through a set of mutually exclusive and collectively 
exhaustive cells that cover the study region and are characterized in terms of physical (distribution 
of buildings amongst standardized typologies with associated fragilities) and socio-economic 
(population, income, etc.) parameters. By using the raster approach, cells are defined in a regular 
grid and the intersections between these predefined cells and the polygons deriving from the urban 
databases (Sub City Districts, Building Census areas, Land Use Plan areas) are used to project the 
data onto the grid cells using an area ratio. This approach is convergent to the individual building 
modelling upon mesh refinement. Further, in order to model interdependencies, each cell maintains 
a link with a number of nodes in the other systems of the Infrastructure. In particular, each cell 
“knows” its reference node in each of the present lifelines. Conversely, nodes in the networks 
maintain a list of links to all tributary cells. With reference to the RDN, the reference nodes are 
represented by the TAZ’s; all the inhabited cells are assigned a dependency edge connecting their 
centroid with the closest TAZ, through which incoming and outgoing traffic transits.  

Within the SYNER-G scope, the impact of collapsed buildings on the functionality of roads is 
modelled by determining, for the generic scenario event, the accessibility of buildings, grouped into 
cells, from the road network. The cells access the RDN through the reference nodes, but the minor 
roads connecting buildings to such nodes are not modelled in the framework. For these reasons, it 
has been decided to apply in approximation the proposed building collapse / road blockage model 
to the dependency edges, considered as physical roads, of the different cells. Despite considering 
the shortest cell-node path, this approach is not necessarily non-conservative since the generic cell 
is “forced” to reach its reference node through that specified path, ignoring the eventual presence 
of other physical roads available. 

The model, consisting of a number of steps, is presented in the following. The first step (input 
phase) is undertaken only once, before the simulation starts. During this step each inhabited cell is 
assigned five parameters: 

o A vector 
1%

...
% n

T
T

T

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

, containing the repartition of the building total number over the n 

typologies present in the cell; 

o A vector 
1

...

n

C
C

C

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

, containing the collapse state (0 for not collapsed, 1 for collapsed) for 

the n typologies present in the cell; 
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o A scalar Y indicating the average height of the buildings within the cell. Assuming that 
the Sub-City Districts (SCD’s), being sufficiently homogeneous in terms of some socio-
economic indicators (e.g. income), do not show dramatic changes in building height, this 
parameter is firstly set at the SCD level. Then, it is projected onto the cells belonging to 
the generic SCD. In the case that a cell belongs to more than one SCD, an area ratio is 
used for retrieving the weights and the cell average height Y comes from a weighted 
average; 

o A scalar v indicating the occupied volume per person. Like Y, also this parameter is set 
at the SCD level and then projected onto the cells based on the rule above;  

o A scalar l indicating the length of the generic building facing on the road:  

BDG

pop vl
Y N

⋅
=

⋅
 

where pop is the cell total population and NBDG is the cell total number of buildings. 

Moreover, as proposed by BRGM (SYNER-G, 2011), for each inhabited cell, the dependency edge 
is projected on the crossed (inhabited) cells, thus determining the length L for all intercepted 
segments. Based on the existence of adjacent buildings, such segments are assigned an effective 
length L’, that can assume the value 0, L or 2L for the cases of no buildings, buildings on one side 
and buildings on both sides, respectively. Each of the segments is also characterized by the road 
width, Wr, and the distance between the building façade and the road, Wbr. 

After terminating the “input” phase, the following procedure is repeated for every single run within 
the simulation. With reference to the generic inhabited cell, for all cells crossed by its dependency 
edge the number of collapsed buildings of the different typologies along the generic road segment 
is computed as:  

%' ; 1,...,i
i i

TN L C i n
l

= ⋅ ⋅ =  

The total number of collapsed buildings along the road segment is 
1

n
ii

N N
=

= ∑ . 

Successively, as outlined by Pitilakis and Argyroudis (SYNER-G, 2011), the debris width, Wd, for 
each collapsed building in the generic crossed cell is sampled from a Gaussian distribution, with 
mean E[Wd] and standard deviation σWd that are dependent upon the average height in the cell, Y, 
and the employed collapse model. In fact, the collapse is assumed to occur in one of four different 
mechanisms, corresponding to four models. Such models have been found to be sensitive mostly 
to two parameters, the collapse angle φ and the ratio kv between the volume of the collapsed part 
and the original building volume. 

After terminating the loop on all crossed cells, the maximum debris width over all the segments, 
Wd,max, is computed. Then, the width of the closed part of the road, Wcl, is obtained as: 

( ),max0 cl d br rW W W W≤ = − ≤   

Finally, based on the Wcl value, the dependency edge giving the generic inhabited cell the access 
to the RDN is considered to be in one of three functionality levels: 

' ' 0
' ' 0 / 2
' '

cl

cl r

open if W
open for emergency if W W
closed otherwise

=⎧
⎪ ≤ ≤⎨
⎪
⎩
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Such functionality levels characterize the accessibility of the generic cell. If the cell’s reference 
node, represented by a TAZ, is isolated from all the remaining TAZ’s, the functionality level is set to 
‘closed’ for the cell itself and all the other tributary cells of that TAZ. 

2.1 EXAMPLE APPLICATION OF THE MODEL 

Here it is presented an application of the building collapse / road blockage model to the prototype 
Infrastructure that in D2.1 is named “Little Italy” and is shown in Fig. 2.1. For this application, only 
the road network (green layer in the figure) and the building system (City A, B and C) have been 
considered. 
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*

 
Fig. 2.1 The prototype Infrastructure considered within SYNER-G 

Seismic activity in the region is caused by three area type sources, whose activity is described 
through a truncated Gutenberg-Richter model. The chosen scenario event is a magnitude 7 
earthquake on source number 2. The corresponding damage scenarios for the present building 
typologies, i.e. Unreinforced Masonry (URM) and Reinforced Concrete (RC), are shown in Fig. 2.2. 
According to the adopted modelling approach, all the buildings of a given typology belonging to the 
generic cell present the same damage state. As can be seen, City B buildings of both typologies 
experience the most severe damage in the region, in agreement with the fact that City B is the 
closest to the seismo-genetic sources. 
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Damage of URM buildings Damage of RC buildingsDamage of URM buildings Damage of RC buildings

 
Fig. 2.2 Damage scenario for URM (left) and RC (right) buildings 

Based on a given set of values for the parameters of interest (pop, NBDG, Y, Wr, Wbr, etc.), the 
accessibility map shown in Fig. 2.3 has been obtained. Most of cells have full access to the road 
network through their reference node, while some of them in City B are prevented to reach the 
main roads or to be reached. 

 
Fig. 2.3 Accessibility map for the three cities 

From a careful analysis of the previous figures, it can be noted that all the cells where are present 
RC and/or URM collapsed buildings, present a closed access. This is because their dependency 
edges surely go through areas of collapsed building and thus have the possibility to be blocked by 
debris in one or more segments. Aside from this, one interesting aspect to be pointed out is that 
two further cells, though not presenting collapsed buildings of any typologies, cannot reach the 
RDN. Such cells are highlighted by a green hatch in Fig. 2.4, that shows a close-up of RC damage 
scenario in City B, with the indication (red dotted lines) of the dependency edges linking the cells’ 
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centroids with their RDN reference nodes. It is apparent how the two dependency edges at issue 
have small segments crossing a collapsed cell, thus getting the chance to be blocked. 

 
Fig. 2.4 Close-up on RC damage in City B and indication of dependency edges 

A sensitivity analysis on the model parameters has been carried out with the aim of detecting those 
affecting the cells’ accessibility in larger measure. Starting from the damage scenarios shown in 
Fig. 2.2, further accessibility maps have been obtained by modifying the parameters, one at a time. 
The most interesting maps are shown in Fig. 2.5, together with the reference map, reported here 
for the sake of clarity. They highlight that for an increase by three times of the road width, Wr, or the 
distance between the building façade and the road, Wbr, some cells, that were previously blocked, 
now gain an ‘open for emergency’ functionality level, as expected. Similarly, a decrease by two 
times of the average height of buildings within the cell, Y, makes some cells get an emergency 
access to the RDN. 

Finally, it has been decided to vary the cell total population, pop, the cell total number of buildings, 
NBDG, and the occupied volume per person, v, i.e. the parameters affecting the number of collapsed 
buildings along the road segment and, hence, the likelihood of having a debris width blocking the 
road. The results for this particular case study highlighted a very low sensitivity of accessibility to 
these parameters. 
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Fig. 2.5 Accessibility maps: a) Reference case, b) for Wbr increased, c) for Wr increased, d) 

for Y lowered 
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3 Application to an example road network 

This section presents the application of the object-oriented model of the RDN to an example road 
network. 

With reference to the undamaged network, i.e. non-seismic conditions, different models exist in the 
literature for the first two stages of the sequential procedure (trip generation and trip distribution). In 
such conditions, the computations of the origin-destination matrix, the link flows and congested 
travel times are straightforward. 

On the other hand, the literature lacks of traffic demand models for a seismically damaged network. 
In this case, the number of attracted and generated trips for each TAZ should ideally be estimated 
according to people accessibility to the RDN and their needs in the emergency post-earthquake 
phase; consequently, the travel demand is likely to be completely different from that in the normal 
operating conditions. For this reason, it has been decided to perform a level I analysis, focusing the 
attention on the network operation in terms of pure connectivity. 
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Fig. 3.1 Example road network 

The simple network in Fig. 3.1 belonging to the “Little Italy” prototype Infrastructure is chosen as an 
examples here. It is composed of 72 nodes and 151 edges.  

The nodes are subdivided into TAZ’s, simple intersections (just linking two or more edges) and 
external stations. The latter are distributed along the imaginary cordon line enclosing the region of 
interest and represent the network boundary conditions, i.e. points where the major roads of the 
surrounding area enter or leave the network. In such stations it is usually counted the Average 
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Daily Traffic (ADT). Their presence in the model is crucial only in capacitive problems and is 
considered here just for the sake of completeness.  

The edges, that are the only vulnerable components in the network, belong to the typologies and 
sub-typologies defined in deliverable reports D3.6 and D3.7. Among these typologies, only the road 
pavements are assumed to be vulnerable to peak ground displacement (PGD), while the remaining 
components have fragility curves that are function of peak ground acceleration (PGA). In the OO 
model, only the simple road segments that do not include geotechnical and/or structural 
constructions (i.e. trenches, embankments, slopes, bridges or tunnels) are assumed to suffer from 
a damage to the road pavement, whose damage state is taken as the worse one due to PGD 
deriving from three different geotechnical hazards, i.e. liquefaction, landslides and co-seismic 
rupture.  

The edges within cities A, B and C are minor roads connecting the building census areas, while the 
remaining ones, connecting the cities, are principal roads or highways. Since the RDN is modeled 
as a directed graph, all edges have a travelling direction, from node i to node j; if the travel is 
requested also in the opposite direction, a second edge is added in the model between nodes j and 
i. 

3.1 DESCRIPTION OF THE INPUT 

The MATLAB environment provides through the function xlsread the capability of importing data 
organized within an Excel workbook. The latter was chosen as the format of the input file for the 
prototype software. Input is prepared as a workboox (file extension .xls or .xlsx) within which, 
in general, each sheet correspond to a different system in the SYNER-G taxonomy. 

Fig. 3.2, Fig. 3.3 and Fig. 3.4 show the input for the road network, contained in the sheet rdn. The 
first line in Fig. 3.2 specifies the number of edges (sides) and of nodes, 83 and 66, respectively. 
The want discretization? and following fields contain values used to (if the former parameter is 
assigned a “yes” value) discretise too long edges into a number of smaller roads to improve the 
computation of roads’ damage (each sub-segment is considered as a separate vulnerable element, 
with the IM evaluated at the segment centroid). 

The following lines, after the nodes keyword, specify in a standardized way (similar for all 
network/line-like systems) the nodes of the system. In particular the information to be provided for 
each node is in the order: localization, site properties, functional data and details related to seismic 
damageability. Localization is given in terms of latitude and longitude in degrees and altitude above 
sea level in m. The site properties are specified in terms of the average shear wave velocity Vs30. 
It can be noted from the figure that Vs30 is not specified for some nodes, in order to highlight the 
possibility for the user to input such property through a GIS shape file, in case the value is unknown 
for the generic node. For the remaining nodes, the entered Vs30 value is very high (1000 m/s); for 
values higher than 750 m/s the software considers the sites to be on rock and does not amplify 
their local IM. Functional information for the node of a RDN is the type of node (either a TAZ, an 
external station or an intersection) and the type of TAZ (either CBD or non-CBD). The last two 
columns specify whether the node is vulnerable, and in case it is which is the IM(s) to be input to 
the corresponding fragility model. 

In the right part of the sheet, the user can supply the information for low order roads, i.e. those 
roads that are not modelled and that connect the buildings (if present in the infrastructure) with the 
high order roads. This input is needed for considering the possibility that the debris coming from 
building collapse might block the low order roads. 
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Fig. 3.2 Input workbook: specification of the Road Network (nodes) 
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Fig. 3.3 Input workbook: specification of the Road Network (edges, first set of columns) 
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Fig. 3.4 Input workbook: specification of the Road Network (edges, second set of columns) 

The next portion of the rdn sheet, shown in Fig. 3.3 and Fig. 3.4, after the sides keyword, specifies 
in a standardized way (similar for all network/line-like systems) the sides/edges of the system. In 
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particular, the first two columns specify the edge connectivity (start and end nodes). The site 
properties are specified in terms of Vs30, site class, depth to groundwater in feet, liquefaction and 
landslides susceptibility class, yield acceleration. As seen above, it can be noted from the figure 
that the soil related properties are not specified for some edges, in order to highlight the possibility 
for the user to input such properties through three different GIS shape files, in case the values are 
unknown for the generic edge. 

Functional information includes the edge typology (with a final letter or number indicating the sub-
typology and, hence, the particular set of fragility functions to be used), the class (minor, principal 
or highway), the capacity in vph (vehicles per hour), the free flow speed in km/h, the number of 
ways (1 or 2) and the number of vulnerable elements for two ways roads (1 element to be shared 
or 2 distinct elements). 

As for the nodes, two columns specify whether the edge is vulnerable, and in case it is which is the 
IM(s) to be input to the corresponding fragility model. 

3.2 RESULTS 

A 1000 runs Monte Carlo simulation has been carried out with the aim of computing some 
performance indicators (PI’s). The complete list of RDN PI’s is included  in deliverable report D2.6. 
In every single run, a scenario event is generated, with the computation of the local intensity 
measure (IM) for each vulnerable component. Then, based on the component’s fragility curves, the 
damage state is sampled. For the case of two distinct edges connecting nodes i and j and lying on 
the same component (e.g. an embankment), the intensity measure (e.g. PGA) is computed only 
once and the same damage state is assigned to both edges. Based on the collapses of 
components, the network adjacency matrix, indicating the existence of edges between pairs of 
nodes, is updated. Contextually, the network strong connectivity is determined, providing the 
number of strongly connected components and which component the different nodes belong to. 

For each event, the network performance is assessed by computing some PI’s.  

o Simple Connectivity Loss, that measures the average reduction in the ability of sinks to 
receive flow from sources:  

01 i i
s i

SCL N N= −  

where  denotes averaging over all sink vertices, while i
sN  and 0

iN  are the number of 
sources connected to the i-th sink in the seismically damaged network and in non-seismic 
conditions, respectively. As already mentioned in deliverable report D2.6, all the single 
TAZ’s, taken one at a time, are considered sinks, whereas all the remaining TAZ’s are 
sources. 

o Weighted Connectivity Loss, that upgrades the simple connectivity loss by weighting the 
number of sources connected to the i-th sink, in the seismically damaged network and in 
non-seismic conditions, respectively:  

( ) ( )0 01 i i i i
s s i

WCL N W N W= − ⋅ ⋅   

where the weights i
sW  and 0

iW  can be defined in different ways. Herein they are defined as 
the sum of the inverse of the number of edges composing the single paths between the i-th 
sink and the sources, in the seismically damaged network and in non-seismic conditions, 
respectively:  
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,

1i
ijj j i

ij

W I
TT≠

= ⋅∑  

ijI  is the indicator function (indicating the existence of a path between the i-th sink and the j-

th source), ijTT  is the travel time of the path between the i-th sink and the j-th source and j 

spans all the source nodes, i.e. all TAZ’s excluded the i-th one. It is expected that an 
increase in the number of edges composing the paths between sinks and sources will occur 
in seismic conditions, thus leading to a more severe loss of connectivity than the simple 
connectivity loss. 

o Moving average µ and moving standard deviation σ of SCL and WCL. These 
parameters represent the evolution of the expected value and the standard deviation of the 
PI’s during the simulation, until the current run. In Fig. 3.5 is shown a comparison between 
the curves (µ, µ+σ, µ-σ), of SCL and WCL, in blue and red respectively, for the whole 
simulation. It is evident that the thick red curve is higher than the blue one, indicating that an 
increase in the number of edges between some sink-source pairs took place during the 
simulation, leading to a more severe loss of connectivity. 
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Fig. 3.5 Evolution of the expected value of SCL and WCL during the simulation 

During the generic run, for all origin-destination (OD) pairs it is also assigned an indicator function, 
assuming the value 1 if a path exists and the value 0 otherwise. 

At the end of the simulation, some further PI’s are computed. 

o Terminal Reliability, indicating the probability that a path exists between a specific OD pair. 
This probability is given by the expected value of the indicator function, assigned to the 
generic OD pair during the simulation. Fig. 3.6 shows the map of TR values, considering all 
20 TAZ’s. The TAZ’s numbered from 1 to 9 belong to city A, those from 10 to 15 belong to 
city B and the remaining ones to city C. It is clear from the figure that the TAZ’s located in 
city B are the most critical, in relation to both the connection with the within-city TAZ’s and 
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with the outside-city ones. This is in agreement with the fact the city B is the closest to the 
seismo-genetic sources. 
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Fig. 3.6 Terminal reliability for all couples of TAZ’s 

o Mean Annual Frequency (MAF) of exceedance of SCL and WCL. Fig. 3.7 shows the 
Mean Annual Frequency (MAF) of exceedance curves of SCL and WCL. Quite obviously 
and in agreement with the definition of the two PI’s, the WCL curve is everywhere higher 
than the SCL curve, indicating that the connectivity loss values, ranging from 0 to 1, have a 
higher rate of being exceeded if weighted with the number of edges composing the paths.  
   
The MAF of the generic performance measure Y exceeding threshold value y has been 
computed as:  

( ) ( ) ( ) ( )0, | 0 | 0| |Y i Y i i Y i Yi i
y G y i p G y i G yλ λ λ λ= = =∑ ∑  

by post-processing of the vector of sampled values of Y (a vector of length n = 1000) to first 
obtain the complementary (experimental) distribution function ( )YG y . Then this distribution 

has been multiplied by the MAF of all earthquakes in the region, 0 0,ii
λ λ= ∑ . The probability 

0,

0

i
ip

λ
λ

=  that, given an earthquake, it occurs on source i is respected in the complementary 

distribution ( )YG y  where results come from events sampled in the correct proportion among 
the different sources. 
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Fig. 3.7 MAF of exceedance curves of SCL and WCL 
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4 Concluding remarks 

This deliverable report deals with the analysis of a RDN in a seismically active environment, carried 
out at the connectivity level (i.e. not computing the vehicle flows and congested travel times on the 
edges, but simply focusing on connectivity, both in the undamaged or reference state and in the 
damaged one), consistently with the modelling approach adopted within the SYNER-G general 
methodology. The possibility that the debris coming from the building collapse might block some 
roads is taken into account through the use of a building collapse / road blockage model. The 
object-oriented paradigm (OOP) has been employed for both the seismic hazard and the road 
network modelling. As highlighted by the application of the OO model to an example road network, 
the system-level PI’s, i.e. moving average and MAF of SCL and WCL, are useful to assess the 
system serviceability given an event and the return period of exceedance of user-defined values of 
connectivity loss, respectively. On the other hand, the component-level indicator, i.e. the terminal 
reliability (plotted in a matrix form), allows to visualise the most critical connections between origin-
destination pairs throughout the study area. 
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