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Abstract

:

In densely populated urban areas, predicting the post-earthquake performance of a transport network is a particularly challenging task that requires the integration of modeled structural seismic response, damage scenarios, and resulting traffic behavior. Previous approaches assessing the vulnerability and performance of networks after earthquakes have not succeeded in capturing and estimating the interdependencies between seismic risk parameters and key traffic behavior variables. This paper presents a methodology, based on data analysis and optimization, where the dynamic traffic modeling and probabilistic seismic hazard assessment are coupled, to link and characterize key network performance variables after extreme earthquakes and establish a multivariable seismic performance measure. The methodology is used to study the transport network in the southern part of Mexico City for a set of scenarios. The seismic environment is established through uniform hazard spectra derived for firm soil. Damage to structures is estimated considering site response and using fragility functions. Dynamic traffic modeling is developed to simulate damage-induced road closures and resulting in traffic variations. Post-earthquake network performance is evaluated through data envelopment analyses, obtaining sets of seismic performance boundaries, and seismic performance maps. The methodology offers a quantitative tool with applications in the planning of urban areas that are sustainable and seismic resilient.
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1. Introduction


In highly populated urban regions, transport networks are considered critical infrastructure that should offer operational continuity both in normal and extreme conditions. However, the experience of past events, such as earthquakes and tsunamis in urban zones like Palu, Indonesia 2018 [1], Kaikoura, New Zealand 2016 [2,3,4], Central Italy 2016 [5,6,7], Kumamoto, Japan 2016, and Sendai, Japan 2011 [8,9,10,11,12], shows that during geo hazard events, urban networks are highly vulnerable, and the damage to elements of the network and nearby structures impacts the performance of these networks in both the short and mid-term, causing important social and economic losses. In urban environments, alterations to traffic conditions associated with damage to buildings and structures may immediately increase congestion and delays, which propagate in a wide zone and impact post-disaster rescue efforts and recovery activities. Forecasting the impacts on urban transport networks and their expected operational performance, after extreme seismic events, is a key process for planning sustainable and resilient urban areas.



Accurate modeling of transport network behavior in emergency scenarios is one of the most challenging tasks in urban planning. In major earthquake scenarios, for instance, the post-event performance of transport networks is related to expected damage scenarios. Determining these is complex as network components interdependences, the spatial variations of ground motions in a given region, and the specific response of structures must be considered. During a severe seismic event, traffic conditions are greatly influenced by the degree of structural damage. Road and transit networks have several components of varying structural characteristics (materials, structural system, number of stories), building codes used for design, and maintenance conditions, leading to a wide spectrum of damage after an earthquake. Urban transportation and mobility networks are also surrounded by numerous buildings with varying structural features. Moreover, these components and buildings are distributed in an area with heterogeneous soil profiles and diverse seismic wave propagation conditions. Additionally, in densely populated urban areas people have complex mobility patterns throughout the day, producing variations in travel demand and typical traffic phenomena, such as peak hours, congestion, queues, and pendula travel patterns.



The effects of seismic events on transportation infrastructure have generally been studied from a structural point of view, using seismic vulnerability approaches, which examine the susceptibility of structures to damage due to ground shaking. One of the most common approaches is that of fragility functions, that consist of assessing the probability of reaching or exceeding a given level of damage in a particular building, or structure, as a result of a specific seismic event. There are several studies available that analyze the seismic response of specific transport assets, such as bridges [13,14,15], tunnels [16,17,18], embankments [19,20,21], roads [16,22,23,24], and harbor elements [25,26,27]. However, transportation networks located in urban areas, interact with the built environment continually. Since earthquake damage in urban areas is mostly seen in buildings, research has generally tended to examine the existing building stock using empirical [28,29], and analytical models [30,31]. In all of these studies, the characterization of the ground motion is needed in order to correlate the seismic intensity parameters for the expected damage.



The vulnerability of transport networks during disruptions and emergency conditions has also been studied from other approaches. Some of these studies are based on network service functions, such as flow capacity [32,33], connectivity [34,35,36], and travel time [37]. Other works have focused on the associated traffic behavior during emergency events, using approaches such as mathematical optimization [38,39,40,41], fuzzy logic [42], and traffic modeling [43,44,45]. From a systemic standpoint, transport network vulnerability has been characterized by performance indicators that are usually designed to evaluate features such as connectivity, accessibility, and the level of service [46,47]. Some examples of studies that use systemic approaches are [48,49,50,51,52,53]. In these studies, the authors use simulation techniques to consider the spatial distribution of the seismic hazard, the vulnerability of the network components, and the interactions between roadway components and the built environment. Traffic behavior during emergency conditions has been evaluated using dynamic traffic assignment models, to optimize traffic signal operations during evacuation processes [54], to propose dynamic modeling frameworks to forecast changes in travel demand [55,56], and to benefit from information from intelligent transport systems to simulate emergency conditions [57]. One of the main challenges of this approach is the amount of data needed in development and calibration, the collection of which may be complex and costly. In addition, there is still a debate regarding the validity of demand data collected in the field during emergency scenarios [54].



Up to now, no works have considered modeling post-earthquake network performance and traffic behavior as a function of key seismological parameters such as ground accelerations and ground displacements. Under this perspective, the performance and vulnerability of the networks are understood as the response of traffic flow behavior to a given seismic intensity input. This paper presents a novel multivariable methodology to analyze the vulnerability and performance of urban transport networks in densely populated areas following strong earthquake scenarios, as a relation of seismic intensity and traffic behavior variables. The approach uses dynamic traffic modeling (DTA) combined with a multivariable efficiency approach, data envelopment analysis, (DEA). With this method, it is possible to consider time-varying post-earthquake flow distribution within the network and to identify the elements of the network susceptible to experience earthquake-induced travel time raise and velocity reduction. A new seismic performance indicator is introduced that evaluates network vulnerability as a function of both key seismological parameters (i.e., peak ground acceleration, spectral acceleration, and permanent displacements), and traffic behavior features (i.e., traffic volumes, travel times, and travel velocities).



First, a group of input and output variables is established. Then, detailed characterization of the area is required, as well as a number of analyses to obtain the input required for the model, including dynamic traffic modeling, probabilistic seismic hazard modeling, site response analysis, and seismic fragility curves. One of the purposes of the methodology, is to explore the influence of the spectral frequency of the earthquake on traffic, since earthquakes may induce different regional damage scenarios due to the energy concentration pattern. This depends on the source and fault mechanism of the earthquake. This methodology was applied to study the response and post-earthquake performance of a key sector of the transport network in the south of Mexico City. Seismic performance is evaluated through an efficiency value obtained for each segment of the network, referred to as a dual traffic seismic performance indicator (TSP index), which also describes the vulnerability of each segment after major earthquakes. A segment with efficiency equal to one will be expected to show high operational performance, while the lower the efficiency the greater the vulnerability of the element. Performance results are also expressed through a group of maps and curves denoted as seismic performance maps (SPM) and boundaries (SPB), the first ones are spatial distributions of all efficiency values, while the last is built using the elements with the highest values of efficiency.



The methodology introduces processes to forecast post-earthquake response and variations of traffic conditions in urban areas, and to establish a relation between the characteristics of the earthquake and the expected performance of the network.



Applications of the methodology could be in the planning, design, and monitoring of strategies to improve the sustainability and resilience of urban transport networks after an extreme earthquake.




2. Methodology


The methodology aims to predict the response of the transport network and to develop a new performance-vulnerability measure that predicts the expected behavior under given seismic conditions, it can be resumed in six steps:




	
Definition of input and output variables to define the TSP index for the network



	
Characterization of the urban area and selection of scenarios to be analyzed



	
Seismic hazard and structural seismic vulnerability assessment, including site response analyses.



	
Obtaining spatial distribution of damage and road closures scenarios, using geographic information systems techniques (GIS).



	
Modeling post-earthquake traffic behavior



	
Evaluation of network performance, through the TSP index, and development of SPM maps and SPB curves.








The methodology is shown in Figure 1 and further explained below.



2.1. Definition of Variables for the Multivariable Performance Model and TSP Index


To characterize the correlations between the network behavior and seismic characteristics, a multivariable performance model is proposed. The approach is based on the optimization model DEA.



Data Envelopment Analysis


DEA is a mathematical optimization model, used to evaluate the efficiency of systems and processes. Efficiency is understood to be a measure of productivity, where input variables, or resources, are used to obtain output or production. The main objective of the model is to evaluate the efficiency of a group of elements, or decision-making units (DMU). In the model, a set of input and output variables are used to characterize the DMUs, and an efficiency value is computed for each DMU. Using these values, it is possible to build an envelope curve or boundary, using the DMUs with efficiency values equal to one. The efficiency boundary is the maximum production of a given set of resources. Depending on the problem, the optimization model can be expressed as output-oriented or input-oriented. In the first, the outputs, or production, can be maximized, considering a fixed amount of resources, while the second case seeks to minimize the resources or inputs in order to obtain a given output. In a general form, the efficiency of a DMU group is obtained as a solution for the following problem, [58]:


      M a x i m i z e      h 0    =    Θ 0        S u b j e c t   t o     ∑   k = 1  K   λ k   x  i k     =    x  i k 0   ,                           ∑   k = 1  K   λ k   y  j k     =    Θ 0   y  j k 0      Θ 0    ≥   1                           ∑   k = 1  K   λ k    =   1 ,                          λ k    ≥   0 ,                                         i = 1 ,   … ,   m ; j   =   1 ,   … ,   n ; k   =   1 ,   … ,   K      



(1)






      M i n i m i z e   =         S u b j e c t   t o :     ∑   k   =   1  K   λ k   x  i k     =    θ 0   x  i k 0       0   ≤    θ 0    ≤   1 ,                           ∑   k   =   1  K   λ k   y  j k     =    y  j k 0 ,                             ∑   k   =   1  K   λ k    =   1 ,                          λ  k     ≥   0 ,                                         i   =   1 ,   … ,   m ; j   =   1 ,   … ,   n ; k   =   1 ,   … ,   K .      



(2)




where h0 is the efficiency of the DMU, k0 of the set of DMUs, K. Φ0 and θ0 are the efficiency factors of the output-oriented model (1), and the input-oriented model (2). The sub-index i corresponds to the m input variables, while j refers to the n outputs. In equation (2) λk denotes the weight of a reference virtual unit.



In this methodology, the model is used to determine the performance of urban transport networks, where segments are used as the elements defining the DMUs. A group of variables describing the earthquake and network features are considered as inputs, assuming that during an extreme seismic event, the network performance depends on characteristics such as the capacity-related features (i.e., length, velocity, and number of lanes) of the segments; as well as on seismic intensity parameters, such as peak ground and spectral accelerations. Then, variables that describe the travel behavior after the event, such as travel times or velocities, flows or traffic volumes, queue lengths, etc. describe the output of the system. Under these assumptions, applying an output-oriented approach, the segments with the best flow or traffic conditions, are identified, given the earthquake and network characteristics. An efficiency value of one, or perfect efficiency, is assigned then to them. The rest of the segments are compared to the perfect efficient DMUs and assigned corresponding efficiency scores. In this way, an efficiency value for each segment is obtained and denoted as the TSP index of the segment, expressing the seismic performance of the element. In this way, the TSP index of a transport network could be denoted as:


  M a x   T S  P  i n d e  x j      =       ∑   m   =   1  M   u m j   y m j      ∑   n   =   1  N   w n j   x n j     



(3)




where the TSP index of the segment j, is obtained as a function of the M outputs y, and the N inputs x, and the corresponding weights u and w, respectively. Table 1 presents input and output variables to model the performance and to obtain the TSP index of an urban road network. Given that this approach seeks to maximize the outputs, the inverse values of travel time and queue length are used in the performance model.



The TSP index for an urban road network would then be denoted as:


  T S  P  i n d e x     =     f  (   u 1  v ,    u 2  V ,  u 3  q ,  u 4   T t   )    f  (   w 1  l ,  w 2  L n ,  w 3   v 0  ,  w 4  P G A ,  w 5  S  a  0.1   ,  w 6  S  a  0.3    )     



(4)




where v is the average velocity, V is the traffic volume, q is the queue length, and Tt the travel time, in the segment during the time interval analyzed. l is the length of the segment, Ln is the number of lanes, v0 the free flow velocity, PGA the peak ground acceleration, Sa0.1 and Sa0.3 the spectral accelerations at 0.1 and 0.3 s in the location of the segments. u1, u2, u3, u4, w1, w2, w3, w4, w5, and w6 are numerical parameters computed during the optimization process conducted with the DEA solution scheme.





2.2. Characterization of the Urban Area


The characterization of the area includes a detailed investigation of built and seismic environments, including the active seismic sources, buildings, transportation infrastructure, soil conditions, and dominant travel patterns in the zone.



2.2.1. The Seismic Environment


The prevailing seismicity of the study area is characterized by identifying all active earthquake sources, which could produce strong ground motions. Seismic activity can be recognized through ground motion records or through geologic and tectonic evidence. At this stage, source characterization considers the definition of the geometry or zones, and the distribution of magnitudes, and source-to-site distances of earthquakes from each source.




2.2.2. The Built Environment


A detailed survey, or database, regarding the building stock and strategic infrastructure in the study area, is required, complemented with historical data. The structural characteristics should include specific details on structural systems, material, number of stories, seismic design, ductility, foundation systems, age, and, where possible, details, such as building code and the state of maintenance. Data on the transport network should consider segment hierarchy, capacity, and velocity limits, as well as the locations of transition elements such as traffic lights and the corresponding cycle duration. The characterization of the built environment should consider grouping buildings and strategic infrastructure into typologies, examples of methods and common typologies can be found in [16,23].




2.2.3. Soil Conditions


In determining the geotechnical properties of the study area, possible differences in soil conditions within the zone must be considered. This can be done using previous geo seismic zoning or generic soil profiles, where data on the dynamic properties of the soil strata is available.




2.2.4. Travel Patterns


Characterization of the prevailing travel patterns in the area uses data sources such as origin-destination (OD) surveys, as well as data from traffic and public transport records. Information regarding peak hours and modal distribution is estimated to select the scenarios of interest to be later simulated, as well as convenient simulation periods and time intervals for the traffic model.




2.2.5. Scenarios Selection


The scenarios to be considered in the analysis are defined by the seismic environment and the travel patterns in the area. In this way, the seismic performance evaluation is recommended to be carried out for scenarios considering all active earthquake sources, return periods corresponding to extreme events, and peak travel demand hours. Off-peak hours conditions can be used to calibrate the traffic model.





2.3. Structural Seismic Vulnerability


2.3.1. Seismic Hazard


The seismicity of the area is established following conventional probabilistic seismic hazard analysis (PSHA). From this analysis, uniform hazard spectra (UHS) are generated, for different return periods. Separate UHS are obtained for each seismic source to examine the variations associated with the frequency content of the earthquake. In this way, hazard is determined for a set of possible seismic events.



The minimum steps for PSHA are:




	
Characterization of all seismic sources in terms of their probability of occurrence;



	
Selection, or development, of appropriate recurrence models, based on historical seismicity and available records, to estimate the rate at which a given event will be exceeded, for each seism genic zone;



	
Election of attenuation relationships, to estimate a set of seismic intensity parameters for the site;



	
Generation of seismic hazard curves;



	
Development of a UHS from the hazard curves for a given return period.








More details on the PSHA procedure can be found in [59].




2.3.2. Site Response Analysis


Once the UHS spectra are determined, and the geotechnical properties are established, by generic soil profiles, site effects are established through one dimensional SH wave propagation analyses. In cases where geological features do not have horizontally stratified soil deposits, a two dimensional, or even a three-dimensional wave propagation study should be required. This was not the case for this study. In order to take into account changes in the dynamic properties with cycle loading within soil deposits, in cases where soil nonlinearities are expected to be significant, time-domain analyses are required.




2.3.3. Fragility Curves


The probability of damage to structures in the study area is assessed using seismic fragility curves, which are functions that describe the probability that a structure exceeds a specific level of damage in response to a given seismic intensity value [49,60]. In these functions, seismic intensity can be characterized by parameters such as the spectral acceleration (Sa), spectral velocity (Sv), spectral displacement (Sd), peak ground acceleration (PGA), peak ground velocity (PGV), and permanent ground deformation (PGD). Fragility functions are commonly expressed as the lognormal cumulative distribution function (5):


   F i   (  P G A  )    =   Φ  (    l n  (    P G A    m i     )   β   )   



(5)




where Φ is the standard cumulative distribution function, and mi and β are the median and the standard deviation of the log-normal distribution, respectively.



Various methods are currently available to define fragility curves, including judgmental (i.e., based on the opinions of experts), field observations, and advanced analysis using analytical and hybrid methods. However, analytical fragility curves have been shown to be more accurate than empirical or experimental curves. Numerous fragility functions are available in the literature for a wide range of building types and infrastructure. However, since design guidelines, structure types, construction methods, seismicity, and soil conditions differ around the world, some assumptions must be made in order to apply fragility functions in a general way. Taking into consideration all the different typologies of buildings and strategic infrastructure in the study area, a group of fragility functions is selected to determine the probabilities of damage for the different seismic scenarios.




2.3.4. Damage Probabilities


The probabilities of reaching or exceeding different levels of damage, i.e., slight, moderate, extensive, or collapse, for earthquakes associated with each of the previously obtained UHS, are determined using fragility curves for each building typology and transportation asset. The seismic intensity parameters are computed from site response analysis.





2.4. Damage Distribution


2.4.1. Spatial Distribution of Damage


The computed probabilities are mapped, using GIS-based spatial analysis techniques, to generate the spatial distribution of reaching a given state of damage within the area for each earthquake event. Probabilities can be mapped for each individual building, or for clusters of buildings, made by considering buildings in the same block, depending on the size of the study area, the data available, and the computing capabilities. In this way, sets of damage distribution maps are generated for each seismic event analyzed.




2.4.2. Segments Closure Criteria


Scenarios of post-disaster road blocking can be developed using methodologies based on the expected volume of debris caused by damage to the buildings, or on the joint probability of damage to buildings, bridges, and to ground failure [61,62]. Observations after the 2017 earthquake in Mexico City showed that in densely populated areas, short and mid-term road closures were enacted where immediate, moderate, and major damage to structures adjacent to roads was found, as safety procedures, ordered by the authorities.



Fieldwork coordinated by the Colegio de Ingenieros Civiles de Mexico (CICM), reported the earthquake caused 36 buildings to collapse, severely damaged 311, and moderate damage was found in another 958.



According to media reports, the safety policies of the city authorities closed 75 road segments. Roads near to all collapsed or severely damaged, buildings were immediately closed completely in the case of streets with two or fewer lanes, and partially closed in the case of roads with more than two lanes), examples of the damage pattern observed are presented [63,64]. Figure 2 shows some of the streets and avenues closed within two of the most affected areas in the city. Additionally, total and partial road closures were documented on road segments where there were buildings with moderate damage. In most cases, the roads were closed for 5–28 days for safety. For example, the five-lane highway, Viaducto Miguel Aleman, was partially closed near to where a six-story building had collapsed. Additionally, a two-story building on the five-lane Avenida Amsterdam had moderate damage, and a total road closure was reported. Similar closure patterns were observed in several other roads.



A relationship between the damage states considered in some fragility curves and the structural damage observed in buildings for the earthquake in Mexico City in 2017 was identified by [65]. Considering those relations and the observed closure pattern, a new criterion for road closure was adopted for this research, which can be replicated in densely populated urban areas, where safety policies following major earthquakes are applied. The criterion considers that a total closure of roads with two lanes or less, and the partial closure of roads with more than two lanes will occur near buildings likely to reach moderate or major damage.





2.5. Post-Earthquake Traffic Model


2.5.1. Traffic Model


Traffic response is simulated using a dynamic traffic assignment model to characterize traffic behavior resulting from seismic-induced disruptions in the road network. DTA modeling implies determining time-dependent path choices in a network given time-varying demands. From the seminal work of [66,67,68], traffic assignment modeling approaches have evolved to cutting-edge methods, where real-time traffic information and ITS are used to forecast behavior and route choices more accurately with extensive application purposes [69,70,71]. Traffic assignment models allow the study of traffic flow phenomena from different levels of detail and temporal approach, mainly using microscopic, mesoscopic, and macroscopic models, under either static or dynamic conditions. Assumptions for the development of traffic assignment models may include Wardrop’s user equilibrium principle [72] and/or stochastic methods to determine the route choices and flow distribution within the network [73].



In general, DTA models consist of a demand model, a network model, and a group of impact models. The demand model contains travel demand data. The network model contains a group of traffic zones representing the origin and the destination of trips and a set of nodes and links representing roads and railway tracks. DTA models can be classified into analytical and simulation-based. The first ones either use variations of static user equilibrium principle or system optimal objectives, while the latter develop iterations between three elements: a traffic simulation module, a shortest path module, and a network-loading module [66]. DTA approaches are convenient to capture dynamics prevailing in urban zones, where traffic conditions often vary in short intervals of time. Traffic and transport behavior are characterized by traffic volumes, travel times, queues, and velocities reached in the segments and obtained from the model. More information regarding the fundamentals of traffic modeling and DTA models can be found in [73,74,75,76].




2.5.2. Calibration of Traffic Model


DTA models are usually calibrated using data from traffic information systems or traffic counts obtained in the field. The general process is well described in [77] and includes the empirical data required, the observation of discrepancies between empirical data and the model output, and the analysis and correction actions of these differences.




2.5.3. Traffic Modelling of Earthquake Scenarios


Once the traffic model is calibrated, the selected seismic scenarios are simulated considering the expected partial and total segments closures. The DTA model can include either the road transport network, or the public transport networks, or both, depending on the computational capabilities and the availability of data. Furthermore, some DTA models allow the integration of dynamic OD matrixes, which enhances the accuracy of the model outputs. However, considering changes in post-disaster travel patterns is still challenging, since data regarding post-earthquake mobility patterns is generally non-existent. It is also cumbersome to estimate since surveys or records regarding expected patterns or preferences after seismic emergencies are scarce. The increase in the use of information and communication technologies in urban areas has provided extra data regarding mobility trends in recent seismic events, which could be useful for future modeling.





2.6. Multivariable Network Performance Model


To correlate traffic behavior response to the seismological characteristics of the event, the seismic network performance model is applied. For each scenario, an efficiency value is obtained per DMU or segment. The set of performance values can be expressed in two forms: in a graphic form as a group of performance boundaries, and spatially as a group of seismic performance maps.



Seismic Performance Boundaries


Using the TSP index results from the performance model, a set of curves SPB is derived. First, DMU or segments with TSP index values equal to one are identified. Then, the output and input values corresponding to those DMUs are related and plotted. The resulting curves create an envelope or performance boundary, where the segments with the best characteristics and conditions to face earthquake-induced traffic behavior envelop the vulnerability of the segments, Figure 3. These curves are used to identify and compare the characteristics of the elements of the network that exhibit the best performance during different earthquakes.






3. Case Study: Mexico City Road Network


3.1. Characterization of the Urban Area


Mexico City and its metropolitan area, with more than 22 million people, is the core of one of the most densely populated urban regions in the world, at around 6000 people per km2. Located in the basin of two former lakes, the city is vulnerable to subduction earthquakes originating in the southwest Mexican Pacific and normal fault mechanisms from within the continent. Soil conditions result in irregular seismic wave propagation patterns in some areas. Wave amplification phenomena associated with the high plasticity clay found in these former lakes is also a threat to buildings in the city and surrounding area. Disruptions in transportation infrastructure following earthquakes are also likely. Despite the robust public transport and road networks, the region is one of the most congested in the world. It is estimated that every day around 18 million trips are made within the Mexico City metropolitan area, using public and private transportation [78]. An area in the south of Mexico City Figure 4, was used in the case study for the application of the methodology presented in this paper.



3.1.1. Seismic Environment


Mexico City is located in a region prone to strong earthquakes. Historically, subduction and normal fault earthquakes have been the ones that have caused the greatest damage to structures. The maximum magnitude recorded since 1800 is Mw = 8.4 during the Jalisco earthquake, however, the earthquakes from the Guerrero and Michoacán coasts are the ones that have produced the most violent movements in the valley, such as the devastating 1985 Michoacán earthquake. Likewise, significant damage can be expected to be caused by normal fault earthquakes such as the 2017 Mexico City-Puebla earthquake.




3.1.2. Built Environment


The building stock in the study area is a mix of residential and commercial structures that ranges from 1 to 37 stories. Buildings from 1 to 3 stories, 91.5% of the stock, are mostly reinforced masonry structures, while buildings of 4 to 10 stories, 8% of the stock, are mostly made from reinforced concrete frames. The material used in buildings of 11 stories and more, 0.5% of the stock, consists mostly of either reinforced concrete frames or a mix of steel and reinforced concrete. In total, 45,500 buildings were considered and then grouped into 2180 blocks, according to the clustering criterion from the last household OD travel survey in the city [78].



From fieldwork, the urban transportation infrastructure in the area was identified, as shown in Figure 5. This consists of 48 urban bridges, 5 tunnels, and 148 km of urban roads, as well as 18 bus rapid transit (BRT) stations, 12 metro stations, 10 light rail stations, 14.5 km of metro tracks, and 9 km of light rail tracks. Buildings and infrastructure found in this area were classified and integrated into a geographic information system using the typologies presented in Table 2.




3.1.3. Subsoil Conditions


Since the devastating 1985 earthquake, subsoil conditions have been the subject of several research projects in Mexico City, and are therefore reasonably well-documented. The city is located on the site of two former lakes, drained from 1530: Lakes Xochimilco-Chalco and Texcoco. The western part of the city is built on top of rock and hard soil deposits, while the eastern part lies on soft, layers of clay [79]. The high plasticity clays under Mexico City exhibit a nearly elastic response for medium to large shear strains, which can lead to high amplification of seismic waves.



As shown in Figure 4, there are three distinct zones in the study area according to the Mexico City building code [80]. In Zone I (Hills), there are mainly firm soils and rocks; in Zone II (Transition), the deposits of silty sand and sandy silt layers, up to 20 m deep, are usually combined with layers of lacustrine clay; Zone III (Lake) has deposits containing highly compressible clay, interbedded by sandy layers of varying silt or clay contents. In the Lake Zone, the depth of the clay deposits increases from the hill zones towards the center of the former lakes, so Zone III is divided into IIIa, IIIb, IIIc, and IIId, see Figure 4. The corresponding soil conditions in the study area were characterized using the generic soil profiles, which are representative soil stratigraphy for each zone studied, derived from field exploration and reported in [81,82,83,84] Figure 6.




3.1.4. Travel Patterns


Prevailing travel patterns for weekdays in the area and demand data for the traffic model were determined from the 2017 household travel survey of Mexico City [78] and from traffic counts and drone-video recordings conducted at some segments and intersections within the study area. Three peak hours were identified, 7:15–8:14 a.m., 12:30–13:29, and 18:45–19:44 h, the first period having the highest number of trips, Figure 7. Modal distribution in weekday morning peak hour is generally made up of 37% public transportation, 27% private, and 36% walking and bicycle. Trips on public transport are made by buses (70%), Metro (20%), taxi (8%), and other modes (2%), such as rapid transit bus, BRT, and a light railway. In Mexico City, 70% of public transport trips are made using low capacity vehicles that do not have a regular, schedule-based or frequency-based, scheme of operation. These services operate without fixed stops, schedules, or frequencies. Moreover, at the time the model was conducted there was no official database regarding fixed routes of this kind of service. However, the presence of mini buses and low capacity public transport vehicles on the road network was taken into account, considering a proportional number of vehicles as part of the traffic flow, and the occupation according to a corresponding number of trips.





3.2. Structural Seismic Vulnerability


3.2.1. Seismic Hazard


The size of the study area is small, compared to the distance between this and the areas of energy release of the two seismogenic zones considered. In Figure 8 and Figure 9 the shake maps obtained by the Institute of Engineering and the Serivicio Sismológico Nacional for two recent events and a zoom of the study area are presented, [85]. Under this assumption, the seismic risk was calculated in the study area following PSHA steps, [59]. The uniform hazard spectra derived for a rock outcrop in Ciudad Universitaria, UNAM, nearby, was used to characterize the seismic environment. Eight scenarios were considered, with four return periods, Tr, of 125, 250, 475, 2475 years, for both subduction and normal events, Figure 10. The UHS for Tr = 125 years is compatible with the 2004 Mexico City building code [80], while the UHS for Tr = 250 years corresponds to the most recent building code [86]. Return periods of Tr = 475 years and Tr = 2475 years are internationally accepted for the seismic design of strategic infrastructure. The variations in local seismic intensity expected over the study area are low, as shown in shake maps from past events, Figure 8 and Figure 9. Thus, the use of generic soil profiles to characterize soil conditions over the study area was considered appropriate.




3.2.2. Site Response Analysis


To estimate the ground amplification for each of the uniform hazard spectra presented in Figure 10 at Zones II, IIIa, and IIIb, one-dimensional wave propagation analyses were carried out in Figure 6, using the RADSH program [87]. The seismic response of each generic soil profile was obtained using random vibration theory.



The algorithm employed to compute the probabilistic site response of horizontally stratified soil deposits, subject to two-dimensional SH waves, propagating vertically is described in [88]. The input motion is defined in terms of a response spectrum, from which an equivalent power spectrum of the seismic ground motion is computed. Using the random vibration theory, the maximum responses of a linear system excited by a stochastic process is computed for a given confidence level. Thus, the uniform hazard spectra computed for each return period were used directly as input.



To establish the corresponding permanent displacements, time-domain analyses were carried out using three-dimensional soil columns, Figure 11, for each generic soil profile shown in Figure 6. These were simulated with finite difference models, which were developed using the software Fast Lagrangian Analysis of Continua (FLAC) [89].



The seed time histories depicted in Figure 12 correspond to the ground motions recorded at the seismic station in Ciudad Universitaria for the two earthquakes (19/09/17 and 19/09/85). A seed ground motion is an accelerogram recorded on firm soil or rock during an earthquake of large magnitude occurring in a given seismogenic zone. This seed motion is further modified in the time-domain to match specific response spectra. Thus, they were adjusted to the uniform hazard spectra that define the seismic environment for each return period, using the method proposed by [90], as modified by [91]. The seismic parameters of these earthquakes are presented in Table 3.



For each return period (125, 250, 475, and 2475 years), and seismogenic zone (subduction and normal), the acceleration time histories were deconvolved and applied at the base of the finite difference model shown in Figure 11. As described in [92], the code SHAKE [93] was used in the deconvolution process. A number of constitutive models have been developed to consider soil nonlinearities [94,95,96], however, the absence of experimental data has precluded the development and calibration of a reliable constitutive model for the high plasticity clays of Mexico City. Thus, to properly deal with both modulus stiffness degradation and damping variation, during earthquakes, the hysteretic model included in FLAC3D, called “sig3″, was applied. This model has been successfully used in the past by other authors to predict measured seismic responses at instrumented sites in Mexico City [97,98]. In the model, an ideal hypothetical soil is considered, where the stress is a function of the deformation and not of the number of cycles of seismic loading. An incremental constitutive relationship of the degradation curve is expressed as τn/γ = G/Gmax, where τn is the normalized shear stress, γ is the shear strain, and G/Gmax the normalized secant modulus. The sig3 model is then:


   G   G  m a x       =    a  1   +   e x p  (  −   L −  x 0   b   )     



(6)




where L is the logarithmic strain defined as L = log10(γ).



An iterative fitting approach was applied to the modulus degradation curves and the model equations to obtain the parameters a, b, and x0. The corresponding damping is given directly by the hysteresis loop during cyclic loading. For the cases modeled in this research, the parameters “a”, “b”, and x0 vary from 1.00 to 1.02, −0.46 to −0.55, and −1.50 to 0.20 respectively. As pointed by [99] nonlinear soil behavior depends on the shaking level, which, if high, leads to degradation of shear stiffness and an increase in damping.



As pointed out in [79,92], the increase in damping at high strains in the FLAC3D model is due to a limitation of hysteretic-type models, which are not able to entirely capture both shear stiffness degradation and damping curves developed under steady-state conditions simultaneously. Still, in a nonlinear analysis, the characterization of ground response in each loading cycle is a function of the evolution of shear strains during ground shaking, rather than the steady-state response obtained experimentally.



Figure 13 shows the modulus degradation and damping curves used in the stochastic site response analyses, along with the corresponding fitting curves for the time-domain analyses conducted with FLAC3D. These curves were deemed appropriate, as they have been used successfully to simulate the seismic behavior of the silty sands and sandy silts found in Mexico City by other researchers [75,79,82,92,99].



Figure 14, Figure 15 and Figure 16 show the response spectra computed for Zones II, IIIa, and IIIb, respectively, for normal and subduction events. The results for both the frequency and time-domain analyses are included in these figures. There is good agreement between the computed responses and both approaches.



As previously mentioned, RADSH analyses are stochastic. They account for an infinite number of acceleration time histories, with the same mean frequency content but with randomly distributed phases. Meanwhile, the results obtained with FLAC are deterministic and specific to the time histories considered, which are related to ground motions recorded in Mexico City, during the 1985 and the 2017 earthquakes, which are the strongest events that have struck the city in recent years.



Considering that the subsoil conditions in Zone I are associated with rock and stiff sandy silts or silty sands, it was assumed that the control uniform hazard spectra shown in Figure 12, is a good estimation of the expected ground motions in this area for practical purposes. Peak ground acceleration (i.e., Sa at period, T, equal 0 s) and permanent ground displacements for each seismic scenario were obtained based on the results of seismic response analysis. Spectral acceleration at 0.1 s and 0.3 s were also determined, as shown in Table 4, Table 5, Table 6 and Table 7. The spectral values needed in the fragility study were obtained using the stochastic approach, and it was considered that they correspond to an infinite number of input motions.



Using the values obtained for each seismic scenario, an approximation of the spatial distribution of the accelerations and displacements over the area was made, using the inverse distance interpolation method, Figure 17 and Figure 18.




3.2.3. Fragility Curves


Fragility curves for existing building stock and for transport infrastructure in Latin America can be found in [18,103,104,105,106,107]. These curves are based on nonlinear time history analysis (NLTHA) and were developed to predict damage to buildings and structures, such as reinforced concrete bridges, underground structures, and urban overpasses.



The analytical fragility curves, presented in Table 8, were selected to determine the probability of damage to structures in the study area. The damage prediction capabilities of these functions were assessed after the 2017 Mexico City earthquake [65]. However, the authors recognize there is still a degree of uncertainty related to the site-particular assumptions inherent in the fragility functions selected for the analyses.




3.2.4. Damage Probabilities


The probability of reaching or exceeding different damage states was estimated using the intensity parameters obtained from the previous numerical analysis. According to the fragility curves considered, the damage is probable in the study area only to buildings. The probability of reaching any kind of damage state to bridges, tunnels, and railway tracks is as low as 0.01% for all the scenarios studied.





3.3. Damage Scenarios


3.3.1. Spatial Distribution of Damage States


The probability of reaching different damage states obtained for buildings, computed directly from fragility curves, was processed in a GIS model to generate a spatial distribution for eight different scenarios: Tr = 125, 250, 475, and 2475 years both for normal fault and for subduction events.



For subduction events, the probability of reaching a moderate damage state was below 20% for most of the blocks for events of Tr = 250 years and Tr = 475 years. This probability rises for events of Tr = 2475 years in buildings located in Zones IIIa and IIIb. For the same events, the probability of reaching a major damage state is expected in few blocks located in Zone IIIb, while for Tr = 2475 years, this probability rises to over 20% for the same structures and extends to Zone IIIa. In the case of normal fault events Tr = 250 years, the probability of reaching moderate damage is as high as 50% in a number of building blocks located in Zone II, and 40% in those in Zone IIIa. For normal fault scenarios Tr = 475, the probability of reaching moderate damage increases to more than 50% in blocks placed in Zone II, while for Tr = 2475 years reaching moderate damage is more than 50% probable in several blocks located in Zones II, IIIa and IIIb. Reaching extensive damage states during normal fault scenarios Tr = 250 and 475 years is less than 20% probable only on some blocks located in Zone II, while for Tr = 2475 years that probability becomes more than 40%. Figure 19 shows the maps of the distributions of the average probability of damage states (i.e., slight, moderate, major, and collapse) for buildings, for subduction and normal events.




3.3.2. Road Closure Criteria


Following the observations of the 2017 earthquake, the road closure criterion adopted in this study considers that a total closure of roads with two or fewer lanes, and a partial closure of roads with more than two lanes will occur near buildings with a probability of experience moderate and extensive damage. Figure 20 shows the road segments affected for normal and subduction scenarios in different return periods.





3.4. Dynamic Traffic Modelling


The simulation-based dynamic assignment model included in the VISUM code [109] was employed to simulate the post-earthquake road network behavior. This model was developed using the algorithms presented by Mahut in [110], blending macroscopic and mesoscopic methods, incorporating a simulated car-following model to have the vehicles follow the paths in the network. The traffic model in the present research considered only the macroscopic simulation approach. The applied simulation-based model takes into account the network topology, the dynamics of travel demand, and a car-following model. The model performs an iterative dynamic user-equilibrium traffic assignment process, giving outputs such as routing options and varying travel times. As defined in [110,111], in the space of path flows hk(t), for all paths k belonging to the set Ki, for an origin-destination i ∈ I, at time t, the dynamic equilibrium problem can be expressed as:


  Ω   =   h  ( t )  :     ∑   k ∈  K i     h k   ( t )    =    g i   ( t )  ,   i   ∈   I ;  h k   ( t )    ≥   0   f o r   a l m o s t   a l l   t   ∈    T d   



(7)




where path flow rates in the feasible region Ω satisfy the conservation of flow and non-negativity constraints for t ∈ Td, the period defining temporal demands is (0, Td) and gi(t) are the time-varying demands. Then, if the dynamic version of the static user equilibrium conditions (Wardrop) where hk ∈ Ω, is defined by,


       s k   ( t )    =    u i   ( t )    i f    h k   ( t )    >   0        s k   ( t )    ≥    u i   ( t )    o t h e r w i s e                             f o r   a l l : k   ∈    K i  ,   i   ∈   I   f o r   a l m o s t   a l l   t   ∈    T d       



(8)







ui(t) = mink∈Ki{sk(t)} for almost all t ∈ Td and sk(t) is the path travel time determined in the dynamic network loading. The solution for solving the continuous-time problem in (7) and (8), the network loading scheme and the simulation approach, are described in detail in [110,111]. More specifics regarding the assignment approach and algorithm in VISUM can be found in [109,110]. The traffic model allows time-dependent OD matrixes to be generated for each time interval. This process was carried out in the study by adjusting the initial OD matrix with traffic counts obtained at some of the segments. In this way, the dynamics of travel demand within the simulation period was considered.



3.4.1. Calibration of Traffic Model


Calibration was conducted using traffic counts and drone-video recordings obtained in the field at some segments and intersections for a morning scenario, in both off-peak traffic conditions, 5:00–6:00 a.m., and peak-hour 7:15–8:15 a.m. The authors are aware of the limitation of the model, associated with the lack of a larger traffic database, however, it is hoped that research such as this, will stimulate the local technical and scientific community, to conduct further research to generate these data in places like Mexico City. The traffic model considers a network of 23 traffic zones, 782 nodes, and 2354 links, representing major and urban roads within the area. It was calibrated using the traffic volumes and velocities obtained in the field, which were fed into the model to adjust the route choice model. Ten segments were used as control elements for the calibration process, where traffic counts and drone-video recording were conducted periodically on 10 Wednesdays, at the same hour and interval. From the fieldwork carried out, the average values of velocities, travel times, and traffic volumes were obtained. A correlation coefficient value was computed every time the model was updated with new field data, comparing measured and modeled values for travel times, traffic volumes, and average velocities. Correlation values corresponding to the first and final traffic models are presented in Table 9. Figure 21a–c depict the correlation curves for some of the control segments.




3.4.2. Earthquake Scenario Modelling


The morning peak hour, from 7:15 to 8:14 a.m., was selected to evaluate impacts in the traffic conditions in the study area. First, to reproduce typical traffic conditions, the calibrated traffic model was loaded with the travel demand of the road network for a 1-h simulation period, and a 2-h preloading and a 2-h unloading period.



Trips were considered to follow the same origins and destinations after each event, due to the lack of an accurate estimation of post-earthquake changes in travel patterns. Traffic flow distribution and parameters such as travel times, velocities, and queue formation were obtained for 10 min intervals. For the case study, three post-earthquake traffic scenarios were simulated, the subduction event Tr = 475 years and two normal earthquakes Tr = 475 years and Tr = 2475 years. In this way, impacts in traffic behavior between normal and subduction earthquakes were compared.



Figure 22, illustrates travel times for seismic scenarios of Tr = 475 years for normal fault and subduction events. In those scenarios, the traffic volumes increased in the road segments around closure, which produced an increase in travel times and queue lengths, as shown in Table 10.





3.5. Multivariable Performance Evaluation and TSP Index


Based on the values from site response analysis and traffic simulations, seismic performance evaluation of the network was conducted for three scenarios. First, normal earthquake scenarios for two return periods Tr = 475 years and Tr = 2475 years were chosen to determine the influence of earthquake magnitude on traffic behavior. A second comparison was made with normal and subduction earthquake scenarios, both with Tr = 475 years, to examine the effect of the spectral frequency of the earthquake on traffic evolution. The DEA approach, described previously, was applied to evaluate the performance of each road segment of the network, using the variables presented in Table 1. The code MaxDEA [112] was used to conduct the analyses.



3.5.1. Seismic Performance Maps, SPM


The efficiency values obtained for the network in typical traffic conditions, and the TSP index values for normal fault earthquakes Tr = 475 years and Tr = 2475 years, and a subduction earthquake Tr = 475 years are presented as corresponding seismic performance maps in Figure 23. In these maps, the segments with lower TSP index values match those with an increase in travel time and a reduction in velocity in the traffic models.



Some differences were observed in the response of the network depending on the geotechnical location of the segments. Road segments located in soft soil, such as Zones IIIa and IIIb, were found to operate less efficiently for both normal and subduction earthquakes, while roads in Zones I and Zone II are expected to operate with an efficiency of over 80%. This result is predictable in terms of site responses since high amplification and damage are expected in soft soils. However, low efficiencies were also found associated with characteristics of the network design, such as the capacity of the segments and the traffic control systems at intersections, Figure 23. The lowest TSP index values were obtained in low capacity segments (1 or 2 lanes), in the soft soil areas. In these areas, there are very few high capacity segments, most of the intersections are controlled by traffic signals and there are few bridges or overpasses to facilitate continuous traffic flows. Hence, a combined effect, of the expected site response and the network design, was found to influence performance after a major earthquake scenario. On the other hand, high TSP index values were obtained mostly for segments in Zone I. In this area, no ground motion amplifications are expected and therefore most structures will show better seismic behavior. Furthermore, the road network in Zone I has a greater number of high capacity roads, bridges, overpasses, and interchanges that enable traffic to flow smoothly.



Findings show a strong dependency on the transport network performance on the frequency content of the earthquake, which is directly associated with the seismogenic mechanism (i.e., normal fault or subduction). This is clear when comparing seismic performance maps for normal and subduction earthquakes for the same return period, Tr = 475 years. In the first case, the performance is affected over a wider area, whereas in the second, the number of segments affected is smaller, but the TSP index reduction is more significant. The influence of earthquake magnitude was also registered in the performance model, as observed in the maps for normal earthquakes Tr = 475 years and Tr = 2475 years, Figure 23. In both cases, the impacts are focused on the same locations and segments. However, in the case of the Tr = 2475 years event, the reduction in the TSP index is larger.




3.5.2. Seismic Performance Boundaries, SPB


A set of curves, or Seismic Performance Boundaries (SPB), were developed, relating the corresponding input and output values of the DMU with TPS index equal to 1 for each scenario analyzed. These relations were also confirmed through the estimation of the correlation coefficients R2 presented in Table 11. From these values, in the case of normal fault events, the strongest correlation was identified between spectral accelerations, Sa, and capacity, velocity, and travel time. For subduction earthquakes, there was a high correlation between peak ground and spectral acceleration with velocity and traffic volumes.



As buildings of 1–3 stories comprise over 90% of the structures in the study area, the seismic intensity is presented in terms of PGA and Sa at 0.3 s. Figure 24 depicts the seismic performance boundaries relating traffic parameter to PGA, for normal earthquakes, with Tr = 475 years and Tr = 2475 years, and for a subduction earthquake Tr = 475 years. The boundaries obtained for the case study, highlight the differences in the expected behavior of traffic within the study area when earthquakes with different frequency content occur, where traffic variables show particular patterns for each seismic scenario analyzed. In the case of subduction events, traffic is expected to distribute along more segments of the network showing lower values of traffic volumes. In the case of normal events, traffic volumes are expected to concentrate and hence be greater. Velocities reached in the subduction scenario show a pattern of decrement when ground motions increase. However, for normal events, velocities pattern shows peaks and valleys that may be related to the differences of the network topology in each geo-seismic zone. Travel time values are lower in the subduction scenario with a decrement pattern versus ground motions growth. Travel times follow non-linear behavior in normal scenarios and are expected to be greater than in the subduction case. The average capacity of segments, during a 10 min time interval, tends to decrease as seismic intensity increases, showing different patterns for subduction and normal events.



Figure 25 expresses SPB curves in terms of spectral accelerations Sa at 0.3 s. According to the curves obtained, after a subduction event, segments in Zone I and IIIa are expected to serve a greater number of vehicles that those in Zones II and IIIb, however, velocities reached are greater in Zones I and II, therefore segments in these zones experience shorter travel times than in other zones. In the case of a normal earthquake Tr = 475 years, greater traffic volumes are expected within roads in Zone I and II. Still Zones I and IIIa show greater velocity and travel time values. Some variations are observed with the magnitude increase since the normal earthquake scenario Tr = 2475 years forecast a decrement in velocities along Zones II, IIIa, and IIIb, and greater travel times in the same zones than in Zone I.



According to these results, segments located in Zones IIIa and IIIb were found to be more vulnerable to strong earthquake scenarios, than those in Zones I and II. In addition, the network studied was found to be vulnerable mainly to normal fault earthquakes, the impacts of which were more extensive, affecting a greater number of roads, than those of subduction events.



Projects to mitigate seismic vulnerability and increase the resilience of the network and post-earthquake urban mobility in the study area could include sustainable strategies or actions to improve the capacity of the network (e.g., public transport dedicated lanes, high-capacity buses) as well as improving the seismic response of structures (e.g., retrofitting campaigns).






4. Conclusions


Transport networks located in densely populated urban areas are subject to dynamic behavior and interdependencies that have rarely been considered in seismic vulnerability approaches. A multidisciplinary methodology was presented in this work, where the performance of transport networks after major earthquakes is expressed in terms of both traffic behavior variables and seismological parameters.



Using an optimization data analysis model, a performance measure, the TSP index was developed. This measure indicates the expected operational performance and seismic vulnerability of the urban transport network under specific seismic conditions.



As part of the performance model, a set of seismic boundary curves, expressing the relations between seismic and traffic behavior parameters, was developed. These curves highlight the most efficient elements of the network; the road segments best suited to face major earthquakes. Vulnerable elements in the network are also identified and evaluated by a TSP index value.



The methodology was applied to the road network located in an area in the south of Mexico City. It was observed that when major earthquakes occur here, the functionality and continuity of the network depends on the interaction of soil conditions, the characteristics of the built environment, and the capacity of the roads. In the case study, the road network was shown to be more vulnerable in areas of soft soil and in transition zones, where impacts on traffic conditions were more pronounced since damage and road closures were highly probable. Additionally, road closure procedures create more adverse traffic behavior patterns in zones where roads are low capacity, intersections are controlled by traffic lights, and there are no overpasses or tunnels. Then, a combined effect of the structural vulnerability of the built environment, and the network vulnerability associated with its topology may increase the vulnerability of the transport network.



The performance model also allowed the influence of the frequency content and magnitude of each earthquake on the network to be determined, through the TSP index. In the case study, normal fault events were seen to cause wider damage in the study area, disturbing traffic in soft soil zones mainly.



The methodology and performance model presented offer a procedure and a quantitative tool to evaluate the vulnerability and operational performance of urban transport networks. The identification of vulnerable parts in urban networks, and the potential effects of geo hazards, are vital in planning sustainable and resilient urban areas. Further research could address more accurate modeling procedures, to determine a detailed spatial distribution of ground motions in an area, which could reduce uncertainties in damage scenario modeling. By extending the modeling to include metro networks, railway systems, and trips using non-motorized transport modes, a comparison of seismic efficiency among transport modes would also be possible.
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Figure 1. Methodology for seismic response and multivariable performance assessment of transport networks. 
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Figure 2. Location of buildings damaged during the 2017 Mexico City earthquake. Pink lines indicate roads closed due to the damage to buildings nearby. 
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Figure 3. Seismic performance boundaries (SPB) for urban transport networks. 
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Figure 4. Study area location and seismic zones according to the Mexico City building code. 
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Figure 5. Buildings and transport infrastructure in the study area. 
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Figure 6. Soil profile characteristics, (a) Seismic Zone II, (b) Seismic Zone IIIa; and (c) Seismic Zone IIIb. 






Figure 6. Soil profile characteristics, (a) Seismic Zone II, (b) Seismic Zone IIIa; and (c) Seismic Zone IIIb.



[image: Sustainability 12 09726 g006a][image: Sustainability 12 09726 g006b]







[image: Sustainability 12 09726 g007 550] 





Figure 7. Trip distribution during the day. Peak hours are shown in red. 
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Figure 8. (a) Shake map corresponding to the subduction event on June 23rd, 2020, (b) zoom of the study area for the same event. 
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Figure 9. (a) Shake map corresponding to the normal event on September 19th, 2017, (b) zoom of the study area for the same event. 
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Figure 10. Uniform hazard spectra for (a) subduction and (b) normal events. 
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Figure 11. Column of soil considered in the three-dimensional finite differences model. 
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Figure 12. Strong seed ground motions used in the time-domain spectral matching, (a) subduction (b) normal event. 
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Figure 13. (a) Normalized shear modulus and (b) damping curves [100,101,102]. 
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Figure 14. Response spectra for Zone II (a) subduction and (b) normal events. 
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Figure 15. Response spectra for Zone IIIa (a) subduction and (b) normal events. 
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Figure 16. Response spectra for Zone IIIb (a) subduction and (b) normal events. 
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Figure 17. Approximation of (a) PGA and (b) PGD spatial distribution within the study area for subduction earthquakes. 
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Figure 18. Approximation of (a) PGA and (b) PGD spatial distribution within the study area for normal earthquakes. 
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Figure 19. Distribution of average probability of all damage states of buildings for (a) subduction and (b) normal events, Tr = 125, 250, 475, and 2475 years. 
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Figure 20. Red lines indicate the road segments which will be closed as safety procedures in (a) subduction and (b) normal earthquakes. 
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Figure 21. Measured vs. simulated (a) travel time, (b) average velocity, and (c) traffic volume for segments of the network. 
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Figure 22. Travel times in morning peak hour (a) typical conditions, (b) subduction earthquake Tr = 475 years, (c) normal earthquake Tr = 475 years. Black circles indicate areas with an increase in the travel time with respect to typical traffic conditions. 
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Figure 23. Seismic performance maps obtained for subduction earthquakes, Tr = 475 years, and normal fault earthquakes scenarios, Tr = 475 and 2475 years. 
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Figure 24. Seismic performance boundaries relating PGA and (a) traffic volumes, (b) velocity, (c) travel time and (d) capacity for normal and subduction scenarios. 
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Figure 25. SPB curves relating spectral accelerations and volumes for (a) subduction event (b) normal event T = 475 years and (c) normal event T = 2475 years; velocity (d) subduction event (e) normal event T = 475 years and (f) normal event T = 2475 years, and travel time (g) subduction event (h) normal event T = 475 years and (i) normal event T = 2475 years. Colors in the rectangles correspond with the geo-seismic zoning in Figure 6. 
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Table 1. Variables and parameters used for the performance model of an urban road network.
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	Model
	Input
	Output





	Output oriented
	Link length (l) (m)

Number of lanes (Ln)

Free flow velocity (v0) (km/h)

Peak ground acceleration (PGA) (g) 1

Spectral acceleration at 0.1 s (Sa0.1) (g) 1

Spectral acceleration at 0.3 s (Sa0.3) (g) 1
	Current velocity (v) (km/h)

Traffic volume (V) (veh/time interval)

Queue length (q) (1/m) 1

Travel time (Tt) (1/s) 1







Note: 1 The corresponding inverse value is used.
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Table 2. Building and transportation infrastructure typologies.
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Classification

	
Abbreviation

	
Description






	
Buildings

	
1 story masonry building

	
1 MB

	
Confined masonry buildings




	
2 story masonry building

	
2 MB

	
Confined masonry buildings




	
3 story masonry building

	
3 MB

	
Confined masonry buildings




	
4 story concrete building

	
4 CB

	
Reinforced concrete infilled frame ductile buildings




	
5 story concrete building

	
5 CB

	
Reinforced infilled frame ductile concrete buildings




	
6 story concrete building

	
6 CB

	
Reinforced infilled frame ductile concrete buildings




	
7 story concrete building

	
7 CB

	
Reinforced infilled frame ductile concrete buildings




	
8 story concrete building

	
8 CB

	
Reinforced concrete wall system buildings




	
9 story concrete building

	
9 CB

	
Reinforced concrete wall system buildings




	
10 story concrete building

	
10 CB

	
Reinforced concrete wall system buildings




	
Transport infrastructure

	
Single span bridges

	
SP B

	
All single-span bridges




	
Concrete, multi-column bent, simple support (seismic design) bridge

	
CSS B

	
Concrete slab, multi-beam or girder, box beam bridge.




	
Continuous concrete, single column, box girder (seismic design) bridge

	
CCSC B

	
Concrete box beam bridge




	
Continuous concrete (seismic design) bridge

	
CC1 B

	
Concrete slab, multi-beam or girder, box beam bridge




	
Steel, multi-column bent, simple support (seismic design) bridge

	
SSS B

	
Steel slab, multi-beam or girder, box beam bridge




	
PS concrete, multi-column bent, simple support (seismic design) bridge

	
PS SS B

	
PS concrete slab, multi-beam or girder, box beam bridge




	
PS concrete, single column, box girder (seismic design) bridge

	
PS B

	
PS concrete box beam bridge




	
Continuous concrete, (seismic design) bridge

	
CC2 B

	
Concrete slab, multi-beam or girder, box beam, frame bridge




	
Bored and drilled tunnel

	
BD T

	
Bored and drilled tunnel




	
Cut and cover tunnel

	
CC T

	
Cut and cover tunnel




	
Metro station

	
MS

	
2 and 3 stories reinforced concrete walls buildings. Ductile behavior.




	
Metro and light railway tracks

	
MT

	
Embankment




	
Main roads

	
MR

	
Up to 2 lanes




	
Urban roads

	
UR

	
More than 2 lanes
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Table 3. Events considered to define the seed ground motions for time-domain analysis.






Table 3. Events considered to define the seed ground motions for time-domain analysis.





	Event
	Station
	Magnitude
	Epicentral Distance (km)
	Focal Depth (km)
	PGA (g)





	19/09/2017
	C.U.
	Mw = 7.1
	114
	57
	0.059



	19/09/1985
	C.U.
	Mw = 8.1
	398
	5
	0.033
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Table 4. Peak ground acceleration (PGA) (g) values obtained for each zone and for every return period.






Table 4. Peak ground acceleration (PGA) (g) values obtained for each zone and for every return period.





	

	
Return Period, Tr (Years)

	
Zone I

	
Zone II

	
Zone IIIa

	
Zone IIIb






	
Subduction earthquake

	
125

	
0.0438

	
0.0772

	
0.1000

	
0.1260




	
250

	
0.0530

	
0.0942

	
0.1210

	
0.1570




	
475

	
0.0625

	
0.1127

	
0.1410

	
0.1830




	
2475

	
0.0892

	
0.1637

	
0.1910

	
0.2540




	
Normal fault earthquake

	
125

	
0.0764

	
0.1099

	
0.0840

	
0.0900




	
250

	
0.1055

	
0.1299

	
0.1100

	
0.1180




	
475

	
0.1406

	
0.1665

	
0.1390

	
0.1510




	
2475

	
0.2599

	
0.2558

	
0.2190

	
0.2430
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Table 5. Spectral acceleration, Sa at 0.1 s (g) values obtained for each zone and for every return period.






Table 5. Spectral acceleration, Sa at 0.1 s (g) values obtained for each zone and for every return period.





	

	
Return Period, Tr (Years)

	
Zone I

	
Zone II

	
Zone IIIa

	
Zone IIIb






	
Subduction earthquake

	
125

	
0.0458

	
0.0866

	
0.1073

	
0.1301




	
250

	
0.0560

	
0.1051

	
0.1274

	
0.1600




	
475

	
0.0662

	
0.1230

	
0.1480

	
0.1861




	
2475

	
0.0968

	
0.1716

	
0.1964

	
0.2559




	
Normal fault earthquake

	
125

	
0.1060

	
0.1580

	
0.1224

	
0.1193




	
250

	
0.1427

	
0.1941

	
0.1505

	
0.1430




	
475

	
0.1885

	
0.2341

	
0.1805

	
0.1760




	
2475

	
0.3465

	
0.3110

	
0.2662

	
0.2537
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Table 6. Spectral acceleration, Sa at 0.3 s (g) values obtained for each zone and for every return period.






Table 6. Spectral acceleration, Sa at 0.3 s (g) values obtained for each zone and for every return period.





	

	
Return Period, Tr (Years)

	
Zone I

	
Zone II

	
Zone IIIa

	
Zone IIIb






	
Subduction earthquake

	
125

	
0.0652

	
0.1238

	
0.1244

	
0.1511




	
250

	
0.0774

	
0.1526

	
0.1521

	
0.1868




	
475

	
0.0937

	
0.1772

	
0.1809

	
0.2198




	
2475

	
0.1304

	
0.2453

	
0.2221

	
0.2874




	
Normal fault earthquake

	
125

	
0.1264

	
0.2343

	
0.1485

	
0.1770




	
250

	
0.1722

	
0.3025

	
0.2062

	
0.2408




	
475

	
0.2252

	
0.3815

	
0.2960

	
0.3067




	
2475

	
0.4128

	
0.5779

	
0.4580

	
0.4800
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Table 7. Permanent ground displacement (PGD) (m) values obtained for each zone and for every return period.






Table 7. Permanent ground displacement (PGD) (m) values obtained for each zone and for every return period.





	

	
Return Period, Tr (Years)

	
Zone I

	
Zone II

	
Zone IIIa

	
Zone IIIb






	
Subduction earthquake

	
125

	
0.000

	
0.036

	
0.035

	
0.034




	
250

	
0.000

	
0.034

	
0.034

	
0.031




	
475

	
0.000

	
0.050

	
0.048

	
0.048




	
2475

	
0.000

	
0.012

	
0.013

	
0.019




	
Normal fault earthquake

	
125

	
0.000

	
0.001

	
0.001

	
0.000




	
250

	
0.000

	
0.005

	
0.005

	
0.004




	
475

	
0.000

	
0.015

	
0.016

	
0.015




	
2475

	
0.000

	
0.038

	
0.038

	
0.038
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Table 8. Fragility curves selected for the case study.






Table 8. Fragility curves selected for the case study.





	Infrastructure
	Reference
	Intensity Measure





	Reinforced concrete buildings (4, 5, 6, 7, 8, 9, 10 stories)
	[105]
	PGA and Sa



	Confined masonry buildings (1, 2, 3 stories)
	[105]
	PGA and Sa



	Bridges
	[108]
	PGA



	Tunnels
	[23]
	PGD



	Metro stations
	[105]
	PGA and Sa



	Railway systems
	[23]
	PGD



	Motorways
	[23]
	PGD



	Urban roads
	[23]
	PGD
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Table 9. Correlation coefficient, R2, for measured and modeled average travel time, velocity, and traffic volume.






Table 9. Correlation coefficient, R2, for measured and modeled average travel time, velocity, and traffic volume.











	
	Average Travel Time
	Average Velocity
	Traffic Volume





	R2 First model (5 control segments)
	0.3433
	0.0070
	0.7153



	R2 Final model (10 control segments)
	0.8368
	0.6529
	0.9196
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Table 10. Average changes to traffic behavior within segments for three scenarios.






Table 10. Average changes to traffic behavior within segments for three scenarios.





	
Scenario

	
Average Travel Velocity (km/h)

	
Average Travel Time (s)

	
Maximum Queue Length (m)






	
Pre-earthquake conditions

	
49.42

	
15.40

	
56.23




	
Subduction earthquake

	
Tr = 475 years

	
22.10

	
33.62

	
61.24




	
Normal earthquake

	
Tr = 475 years

	
44.19

	
827.89

	
156.03




	
Tr = 2475 years

	
41.07

	
1304.01

	
145.93
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Table 11. Correlation coefficient, R2, obtained relating seismic and traffic variables.






Table 11. Correlation coefficient, R2, obtained relating seismic and traffic variables.





	

	
Normal Fault, Tr = 475 Years

	
Normal Fault, Tr = 2475 Years

	
Subduction, Tr = 475 Years




	

	
PGA

	
Sa0.1

	
Sa0.3

	
PGA

	
Sa0.1

	
Sa0.3

	
PGA

	
Sa0.1

	
Sa0.3






	
Capacity

	
0.429

	
0.681

	
0.687

	
0.008

	
0.011

	
0.785

	
0.456

	
0.426

	
0.402




	
v

	
0.413

	
0.642

	
0.699

	
0.000

	
0.002

	
0.769

	
0.692

	
0.631

	
0.455




	
Tt

	
0.552

	
0.633

	
0.856

	
0.035

	
0.010

	
0.882

	
0.334

	
0.277

	
0.109




	
q

	
0.113

	
0.036

	
0.015

	
0.062

	
0.122

	
0.010

	
0.315

	
0.256

	
0.098




	
V

	
0.481

	
0.036

	
0.490

	
0.007

	
0.245

	
0.680

	
0.769

	
0.716

	
0.565
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