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Executive Summary  
The structure, purpose and use of Multi-Hazard Vulnerability Modules (MHVMs) is presented 

within the risk and resilience assessment ecosystem of PANOPTIS. MHVMs are software and 

data libraries with a standardizable format that encode the results of structural vulnerability 

assessment and enable a seamless integration of hazard simulators, structural analysis and 

consequence models into the HRAP model of the Road Infrastructure (RI) system. In addition, 

information is provided on selected RI and non-RI assets that better represent the vast portfolio 

of (geo)structures at threat for both Spanish and Greek demo sites. The assets are classified in 

either Tier I or Tier II category, depending on whether they are treated via a component-based 

approach or using generic fragility and consequence functions, respectively. Highly detailed 

models are developed for Tier I assets, together with the corresponding fast-running simplified 

surrogate models by quantifying and incorporating the epistemic uncertainty due to the detailed 

model’s reduction. For Tier II assets, only a limited number of characteristic “index” assets 

that better represent the entire class are selected and analysed. All potential hazards of 

importance to each asset are considered and the entire potential range of stressors on each asset 

are applied to the numerical models in order to predict their response as well as the relevant 

damage at the detailed level of individual elements. This approach enables a high-resolution 

assessment of vulnerability, whereby loss, functionality and downtime are directly tied to 

rehabilitation/emergency action planning.   
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1 Introduction  
This document is the first outcome of Task 4.3 “Development of vulnerability modules” of 

Work Package 4 “Multi-Hazards Modelling, Vulnerability and Impact Assessment of the RI” 

of the PANOPTIS project. It concerns the definition and creation of the Multi-Hazard 

Vulnerability Modules (MHVMs) for use within the Holistic Risk Assessment Platform 

(HRAP) of PANOPTIS. MHVMs are essentially integrated software and data modules that 

characterize each unique asset of the Road Infrastructure (RI). They are site, user, and structure 

specific and they contain all the necessary data to allow estimating the consequences per asset 

given the input of each of the hazard assessment modules. 

In Section 2 the position of the Multi-Hazard Vulnerability Modules (MHVMs) in the 

PANOPTIS ecosystem is presented. The theoretical background for fragility and vulnerability 

and their use in risk assessment and resilience are described in Section 3. In Section 4 the 

characteristic RI and non-RI assets that are analyzed and taken into account in the risk 

assessment process are described, both for the Spanish and the Greek demo site. All potential 

hazards of importance for the PANOPTIS project are determined for each asset. The Multi-

Hazard Vulnerability Module consists of two files: scenario MSA and metadata file. An asset’s 

dynamic analysis results are stored in the multi-stripe analysis file, “msa.mat”, while fragility 

and vulnerability data are stored in the Metadata file, “mtdata.mat”, whose structure is 

presented in Section 5. Combining the data from both files, all potential scenarios that may 

happen on the asset are identified. By combining the potential asset’s scenarios with the IM 

fields “all” potential scenarios that may happen on the RI are determined in the pre-event 

operation phase of PANOPTIS. After the event, the large logic tree of all potential scenarios is 

pruned down using sensors data. An advanced algorithm is developed that correlates measured 

data with the expected failure patterns of the assets, which enables a seamless integration of 

hazard simulators and vulnerability results into the HARP model of the RI system.  
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2 Position in PANOPTIS Ecosystem 
Figure 1 illustrates the PANOPTIS logical architecture as defined in deliverable D2.3 

“Architecture specification” (Vamvatsikos et al. 2019). The dashed rectangle shows the 

position of the Multi-Hazard Vulnerability Module in the PANOPTIS Ecosystem. Essentially, 

MHVMs are created offline via the SGSA simulator, they read their hazard scenario inputs 

from the hazard simulators (as archived in the middleware, DATAMID) and feed their output 

into HRAP (HRAP and HRAP-STRUCT) for performing risk & resilience assessment to be 

returned back to the middleware for storage. 

 

 
 

(a) Entire PANOPTIS ecosystem 

 

 
(b) Interactions of VULNER with HRAP and the Data Middleware (DATAMID) 

Figure 1: Position of the multi-hazard vulnerability module (VULNER) within the PANOPTIS 

ecosystem. 

Reads hazard & 
MSA data 

Produces MHVMs 
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3 Theoretical implications  

3.1 IM approach 
The analytical estimation of losses involves combining the hazard as determined by e.g. 

seismologists (in case of the seismic hazard) with the results of (geo)structural analyses 

evaluated by engineers. Typically, in the so-called conditional risk assessment methods 

(Bazzurro et al. 1998) an interface variable is employed between the hazard analysis and 

(geo)structural analysis, that is the Intensity Measure (IM). IM is a point of contact between 

the different disciplines attempting to incorporate all complexity of the hazard-specific loading 

into a single quantity that can be used as input for (geo)structural analysis, without needing to 

account for the all the diverse characteristics of the loading. For instance, when considering the 

seismic hazard, seismologists estimate the statistical properties of the IM through Probabilistic 

Seismic Hazard Analysis (Cornell 1968) while engineers economize by assessing structural 

response and losses conditioned on the level of IM rather than a combination of magnitude, 

distance and other seismological parameters. To achieve this desirable decoupling, the IM 

needs to be efficient and sufficient with respect to the characteristics of the hazard examined 

(Luco and Cornell 2007). 

IM efficiency means that the selected IM should be a good predictor of the (geo)structural 

response, as measured by the asset’s Engineering Demand Parameter (EDP) of interest. This 

enables achieving the desirable level of confidence on the numerical analysis results with a 

small number of time-history analyses. IM sufficiency means that the IM should render an 

asset’s response independent of other characteristics of the hazard. A sufficient IM selected for 

seismic risk assessment would remove any bias from considering the magnitude, distance and 

other seismological parameters of the ground motion records rather than the IM. The goals of 

efficiency and sufficiency are not necessarily the same, as the former aims at reducing the 

variability in the dynamic analysis results, while the latter at reducing the dependence of the 

results on other characteristics of the hazard rather than the IM. Note that the reduction in the 

response dispersion gained by an efficient IM does not mean that the overall risk variability is 

reduced, since part of the variability is simply shifted to a different level within the risk 

estimation assessment. 

In the PANOPTIS framework, the IMs of interest are split in two groups namely primary and 

cascading IMs. Primary IMs can be directly determined through hazard analysis, while simple 

analytical models are employed to produce cascading IMs using the primary IMs as an input. 

In Table 1 examples of primary and cascading IMs are listed for the seismic and the weather 

hazard. For the former case, PGA is the peak ground acceleration, Sa(T1) is the spectral 

acceleration at the fundamental period of the building and AvgSa is the average spectral 

acceleration computed as the geomean of spectral acceleration values at different periods. A 

slope-deformation model can be employed for computing the cascading IM of slope lateral 

spreading, a hydraulic model for the pluvial flood height and the soil pore pressure, while an 

ice formation model is used for estimating the accumulated ice on exposed steel members given 

temperature and precipitation.  

Table 1: Examples of IMs per hazard. 

Hazard Primary IMs Cascading IMs 

Seismic PGA, Sa(T1), AvgSa Slope lateral spreading 

Weather 

Wind speed/direction/gust factor 

Temperature 

Precipitation etc. 

Flood height 

Soil pore pressure/water table elevation 

Accumulated ice  
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3.2 IM – EDP relationship 
In the structural analysis context, each dynamic analysis provides a single pair of IM and 

demand EDP values. In view of uncertainties involved, multiple analyses on a considerable 

number of inputs are required for every level of the intensity considered. For instance, when 

examining the seismic hazard, multiple ground motion records are used as the input for the 

analysis at each level of the IM. There are many ways to group the aforementioned IM-EDP 

pairs in order to adequately characterise the IM-EDP space and estimate the demand, e.g. 

single-stripe analysis (Jalayer 2003), multi-stripe analysis (Jalayer 2003; Jalayer and Cornell 

2009), cloud analysis (Jalayer 2003; Mackie and Stojadinovic 2001; Padgett and DesRoches 

2008) or Incremental Dynamic Analysis (Vamvatsikos and Cornell 2002). In PANOPTIS the 

multi-stripe analysis (MSA) method is selected for grouping the IM-EDP pairs as it allows easy 

post-processing without the need for fitting regression models. 

Multi-stripe analysis consists of a group of stripe analyses that are performed at multiple IM 

levels. Each stripe is formed by the analysis results of the structure when subjected to n time-

histories of the hazard, scaled at a certain IM level. For instance, single stripe analysis results 

are presented in Figure 2, where each star indicates the results of non-linear time-history 

dynamic analysis under a ground motion record, scaled at Sa(T1) = 0.94g, where Sa(T1) is the 

spectral acceleration at the fundamental period of the structure. By conducting non-linear 

dynamic analyses for multiple intensity levels, the MSA results are obtained, as indicatively 

presented in Figure 3. Note that to cover any issues of IM insufficiency, state-of-the-art 

approaches need to be employed to select the loading time-histories that better represent each 

IM level, given the hazard of the site where assets are located, thus avoiding bias by restoring 

hazard consistency. For instance, ground motion record selection is performed for selecting 

ground motion records that better represent the seismic hazard of each stripe given the site (Lin 

et al. 2013). 

  
Figure 2: Single-stripe analysis results (Cornell and Jalayer 2002). 
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(a) (b) 
Figure 3: (a) Multi-stripe analysis results of an asset subjected to multiple ground motion time-

histories and (b) scaled ground motion records used as the input for the analysis to get the IM-EDP 

pairs indicated by the two blue circles. 

3.3 Performance assessment framework and the role of fragility and 

vulnerability  
In PANOPTIS the Performance-Based Earthquake Engineering (PBEE) framework, originally 

developed by Cornell and Krawinkler (2000) for the Pacific Earthquake Engineering Research 

(PEER) Center, is employed for risk assessment. The PBEE methodology can be summarized 

as an implementation of the total probability theorem: 

 ( ) ( | ) ( | ) ( | ) ( )
DM EDP IM

DV G DV DM dG DM EDP dG EDP IM d IM =     , (1) 

where IM is the intensity measure, EDP is the engineering demand parameter (e.g. maximum 

interstory drift ratio), DM is the damage measure, DV is the decision variable and G(var1|var2) 

is the probability that specified values of var1 are exceeded given the level of var2. The final 

product of this calculation is the mean annual frequency of exceeding DV, λ(DV). Thus, risk 

can be estimated in terms of decision variables that make sense even to non-engineers, such as 

casualties, monetary loss, repair cost, or down time. The approach for quantifying risk is 

schematically presented in Figure 4: 

− Exposure model: it contains information on the assets at risk, their location, taxonomy etc. 

The main assets examined in PANOPTIS are classified in two main categories depending 

on their importance and level of detail employed in modelling namely Tier I and Tier II, 

also according to the analysis of RI elementary assets carried out in D2.5 (Schmidt, F., et 

al. 2019). An analytical description of the assets and the criteria of their classification can 

be found in Section 4. 

− Asset analysis: MSA analysis is performed for the assets considering all potential hazards. 

Given the limit state capacities, each asset’s fragility curves are defined. More information 

on fragility curves can be found in Section 3.3.1. 

− Hazard analysis: all environmental stressors to which assets are sensitive are considered and 

the relationship between the severity of the excitation and the frequency, with which each 

level of excitation is exceeded, is defined.  

− Loss analysis: For each asset the vulnerability function is defined given the environmental 

stressor intensity as measured by the pertinent IM. Vulnerability functions describe the 

distribution of a loss measure given the level of the IM. The loss is quantified in terms of 
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repair cost, downtime and traffic capacity reduction/number of lanes closed. More details 

on the vulnerability functions can be found in Section 3.3.2. 

− Decision making: The results of risk assessment help road operators to establish RI 

inspection prioritization protocols and to manage associated incidents, facilitating the rapid 

assessment of the state of the RI. 

 
Figure 4: Natural catastrophe risk analysis framework (Porter 2019). 

3.3.1 Fragility functions 

Fragility curves arise naturally from the partitioning of the continuous DM to N discrete 

damage states, DSi (i = 0...N-1), separated by N-1 associated limit-states LSi, i = 1…N-1. Each 

fragility curve is a continuous function that provides the probability of exceeding a given LSi, 

or equivalently of being in DSi or worse, given the IM. They can be expressed as: 

    ( ) ( )  violated | |LSi LSi i LSiF IM F IM x P LS IM x P D C IM x= = = = =  =   (2) 

where limit state LSi violation is typically defined as the seismic demand, D, exceeding the 

associated limit-state capacity, CLSi. Typically, fragility curves are assumed to follow the 

lognormal distribution. If θi is the median value and βi is the logarithmic standard deviation (or 

dispersion) of DSi, the probability of exceeding DSi is computed as follows: 

 
ln( / )

( ) ( ) i
LSi LSi

i

x
F IM F IM x

 
= = =  

 
  (3) 

where FLSi(IM) is the probability of exceeding DSi given IM = x and Φ( ) denotes the standard 

lognormal cumulative distribution function.  

Damage states can be sequential, mutually exclusive or simultaneous. Sequential damage states 

are the norm and they occur one after the other, with DSi+1 always succeeding DSi, as damage 

increases in the structure and more severe consequences occur. The occurrence of one damage 

state precludes the occurrence of the other for mutually exclusive DS typical of components 

that may follow one or another failure mechanism (but not both), while simultaneous DS may 

occur at the same time typically referring to different components of a complex subsystem that 

may receive damage simultaneously. In Figure 5 an example of the fragility curves of three 

sequential damage states is presented. The probability of being in each damage state for 
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sequential damage states is estimated as per Eq. (4) and indicated by the black arrowed lines in 

the same Figure. 

 1( | ) ( ) ( )i LSi LSiP in DS IM F IM F IM+= −   (4) 

 
Figure 5: Fragility curves for three sequential limit states. The black arrowed lines indicate the 

probability of beeing in each damage for a certain IM value. 

The most comprehensive analytical methods for fragility assessment rely on advanced 

numerical models subjected to nonlinear dynamic analyses. Here, multi-stripe analysis is 

employed for analysing the response of the assets (Sections 3.2 and 5.2). The fragility curves 

are defined through MSA results given the EDP threshold values corresponding to each damage 

state, as indicatively shown in Figure 6. 

  
(a) (b) 

Figure 6: (a) Example of MSA results and (b) discrete versus fitted collapse fragility function (Baker 

2015). 

3.3.2 Vulnerability functions 

Vulnerability functions are probabilistic distributions of loss given the IM level. They translate 

the physical damage into monetary loss, repair time, downtime, traffic capacity reduction etc. 

given the level of the IM. The vulnerability functions can either be derived directly, using 

empirical methods by considering losses from past events at given locations with the IM of the 



Deliverable D4.2  Version 1.0 Date22/11/2019  17  

 

 

event, or analytically, as schematically shown in Figure 7 through the combination of fragility 

and consequence functions. The consequence functions are probabilistic distributions of losses 

given a performance level that are mainly derived empirically.  

 
Figure 7: Framework for analytical estimation of vulnerability of a single asset (Porter 2019). 

In PANOPTIS, the following two approaches are used to define assets’ vulnerability curves: 

Component-based vulnerability assessment approach 

This is the approach of FEMA P-58 (ATC 2009) where vulnerability functions are obtained by 

correlating components’ EDPs directly to loss. It requires detailed information in terms of 

fragility and loss functions on all vulnerable components of each asset. The mean vulnerability 

function per component category the behavior of which is controlled by EDPi is calculated as: 

 ( ), ,

0

( | ) |
dsN

i i h i i ds

i

E L EDP N P ds EDP m
=

=   (5) 

where i is an index to the component category, L is the loss, Nds is the number of possible 

component damage states, Ni,h is the quantity of components of category i in group h and mi,ds 

is the mean loss per unit of component category i in damage state ds.  

Asset-based vulnerability assessment approach 

In this approach the vulnerability functions are obtained by convolving asset-level fragility 

curves with the corresponding cumulative cost/consequences of an asset’s damage state i, DSi. 

The mean vulnerability curve is calculated according to Eq. (6): 

 ( )
0

( | ) ( | ) |
DSN

i i

i

E L IM E L DS P DS IM
=

=   (6) 

where NDS is the number of damage states, P(DSi | IM) is the probability of being in damage 

state i given the IM, E(L | DSi) is the cumulative distribution of loss (e.g. cost/downtime etc.) 

given DSi and E(L | IM) is the cumulative distribution of loss given the IM. An example of 

vulnerability curve estimation using deterministic loss data is shown in Figure 8. The variance, 

var(L | IM), of the vulnerability curve is obtained according to Eq. (7): 
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By repeating the process of Eq. (6) and (7) for a range of IMs, the vulnerability curves of Figure 

9 are obtained where the median and 16% and 84% quantiles of the vulnerability function are 

presented.  

The important difference between the two approaches is that in the first case assets receive 

detailed component-level treatment of damage and consequences. Thus, a bridge sustaining 

DS2 in its bearings is distinguished from one sustaining DS2 in its piers. The first one is a 

relatively easily repairable damage as bearings are designed for replaceability. The second 

needs considerable engineering intervention and costs. In the asset-based approach the entire 

system is characterized by a single DS (e.g. both bridges receiving DS2 herein) adding a far 

coarser resolution in determining consequences.  

 
Figure 8: Example of vulnerability assessment given fragility and deterministic consequence data 

(D’Ayala et al. 2015). 

 
Figure 9: Mean, 16% and 84% quantiles of vulnerability curves in terms of cost computed using 

probabilistic cost distributions. 
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4 Applicable assets 
In PANOPTIS two tiers of assets are envisioned: Tier I and II. Tier II assets are generic RI or 

non-RI elements whose vulnerability is assessed using generic fragility and vulnerability asset-

level functions. For those assets, only a few archetypes are modelled and assessed. The “index” 

or “archetype” assets are appropriately selected to reflect the key features of the entire class of 

relevant assets. All non-RI and all RI non-structural assets fall in this category. Tier I assets are 

influential RI elements that require structure-specific treatment. For these, both detailed and 

reduced-order models are created to offer a comprehensive understanding of their response. 

Detailed models are good for considering issues of corrosion, localized damage and thus 

correlating with sensor information. They are not very useful for propagating uncertainty and 

performing assessment due to their considerable computational expense. Thus, simpler models 

with a low number of degrees of freedom are employed to conduct dynamic analyses for Tier 

I assets. Global fragilities are not useful for Tier I assets since they do not differentiate between 

damage received by different components. For instance, a global rating of “moderate damage” 

that may be triggered in a bridge cannot be reliably traced back to individual bridge parts. For 

example, this may be caused by either bearings exceeding a moderate strain limit or a pier 

undergoing some moderate level of plastic deformation. Despite both being rated as “moderate 

damage”, they incur considerably different repair times and costs: Bearing damage is relatively 

easy to repair since bearings are typically designed with replaceability in mind, while pier 

repairs tend to be a major undertaking.  

To achieve such a granularity in the assessment, Tier I structures are treated via a component-

based approach using component fragilities, i.e. functions of probability of damaging a single 

component given the Engineering Demand Parameter, EDP, that are convolved with the 

losses/consequences implied by each component. This approach generates vulnerability 

functions that are specific to individual asset and help delineate the resulting consequences 

with more ease (see Section 3.3.2).  

The procedure of FEMA P-58 presented in Figure 10 is followed for the performance 

assessment of all assets. Multiple potential scenarios that may happen on each asset are 

generated. For instance, for each IM scenario, component’s EDPs are determined based on the 

multi-stripe analysis results of the Tier I assets (stored in the name.msa.mat file). By 

convolving the fragility functions of each individual component with the associated 

consequence functions (stored in name.mtdata.mat file) multiple IM-DV (or intensity-to-

consequences) scenarios are generated. Note that for each IM scenario if the asset has not 

collapsed the consequences are calculated based on the damage and associated consequences 

sustained by each component. If the asset has collapsed, the consequences for replacing the 

asset are considered using generic fragility and consequence functions. A similar methodology 

is followed for the performance assessment of Tier II assets using generic fragility and 

consequence functions instead of component-based ones.  
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Figure 10: Flowchart for performance calculation (FEMA P-58). 

Consequently, by processing the data stored in scenario MSA and metadata files of each asset, 

multiple potential damage/consequence scenarios are generated given all potential hazards. By 

combining this information with the IM fields, which describe the spatial distribution of the 

potential hazard, “all” potential scenarios that may happen on the RI are generated. For 

instance, in Figure 11 the spatial distribution of the peak ground acceleration along the RI in a 

potential seismic scenario is presented, while in Figure 12 the loss disaggregation for a portfolio 

of bridges is shown (Miano et al. 2016). 

 
Figure 11: Ground motion field describing the spatial distribution of peak ground acceleration on a a 

potential seismic event (Miano et al 2016). 
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Figure 12: Example of loss disaggregation for a portfolio of bridges (Miano et al. 2016). 

The assets of the infrastructure system are grouped in the categories shown in Figure 13, where 

RI is the road infrastructure. The RI assets are distinct self-contained parts of the RI such as 

bridges, slopes, pavements, culverts, tunnels, operation control buildings, signpost bridges, toll 

booths etc. The non-RI assets are e.g. antennas, powerlines etc. The (geo)structural term is used 

to denote a structure that is of geotechnical or structural nature, i.e. an asset that is designed by 

a civil engineer. Finally, the components of a structure are split in structural and non-structural 

ones. The structural components are civil-engineered, meaning that in EU the Eurocodes 

(EN1990-EN1999) apply, such as piers, bearings, tunnel entrances etc., while the non-

structural ones are non-civil-engineered, such as lighting posts, small-sized road signs etc. In  

 

 

Table 2 and Table 3 the RI and non-RI assets of the infrastructure system for both the Spanish 

and the Greek demo site are listed along with the corresponding hazards and the relevant 

section of the deliverable where more details can be found.  

 

 
Figure 13: Terminology of the assets. 

 

 



Deliverable D4.2  Version 1.0 Date22/11/2019  22  

 

 

 

Table 2: RI assets of Spanish and Greek demo site and corresponding influential hazards. 

RI-asset Hazard 
Spanish demo 

site 
Greek demo 

site 

Relevant 

Section 

Bridge Seismic N/A √ 4.1.1 

Slope 
Seismic, Precipitation 

Ageing 

N/A 

√ 

√ 
N/A 

4.1.2 

Bridge on slope Seismic, Precipitation N/A √ 4.1.3 

Tunnel Entrance Seismic, Precipitation N/A √ 4.1.4 

Signpost bridge 

Wind 

Ice 

Ageing 

√ 
√ 
√ 

√ 
√ 
√ 

4.1.5 

Pavement  

Ice 

Salt 

Ageing 

Wind (only for driving 

conditions) 

√ 
√ 
√ 

 
√ 

 

√ 
√ 
√ 
 
√ 
 

4.1.6 

Toll station  N/A* √ 4.1.7 

Operation 

control building 
 √ √ 4.1.8 

* not applicable in the demo site  

Table 3: Non-RI assets of Spanish and Greek demo site and corresponding hazards.. 

Non-RI asset Hazard 
Spanish demo 

site 
Greek demo 

site 

Relevant 

Section 

Plant covered areas Fire, Wind √ √ 4.2.1 

Telecom antennas 
Wind 

Ice 

√ 
√ 

√ 
√ 

4.2.3 

Power transmission 

lines 

Wind 

Ice 

√ 
√ 

√ 
√ 

4.2.2 

 

4.1 RI assets 

4.1.1 Bridges 

Three types of bridges are examined: the bridges/underpasses found in the Spanish demo site 

that are prone to corrosion, and the prestressed concrete bridges of either T-girder or box beam 

superstructure found in the Metsovo-Panagia section of the Greek demo site.  

Bridge/underpass 

A typical underpass/bridge of the Spanish demo site is presented in Figure 14. These assets are 

not vulnerable to seismic hazard since Spain is not an earthquake prone area, but they are prone 

to corrosion. The massive spreading of salt for snow and ice fighting has serious negative 

effects on such bridges. Specifically, the corrosive nature of the chloride ions, present in de-

icing salt, results in the corrosion of rebars inside concrete. Corrosion of steel reinforcement is 

the most serious durability problem of reinforced concrete (RC) structures (Mehta 1997). It 

affects not only their appearance, but also the strength and safety of the structure, due to the 

reduction of reinforcement’s cross-sectional area and to the deterioration of bond with the 
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surrounding concrete. An example of RC bridge failure due to rebar corrosion is presented in 

Figure 15. 

These bridges are classified in the Tier I category, thus being of significant importance and 

modelled in detail. Multiple MHVM instances are created for different levels of corrosion of 

the rebars. Depending on the measurements of the installed corrosion sensors, the currently-

applicable MHVM of the aged structure may be updated to another (already-run) MHVM that 

better represents the current condition. 

 
Figure 14: Typical bridge/underpass of the Spanish demo site. 

  
(a) (b) 

Figure 15: (a) and (b) reinforced concrete bridge collapse due to rebar corrosion (City of Kavala, 

Greece, 2018). 

Prestressed concrete box bridges  

The superstructure of such bridges consists of a prestressed concrete box girder that is 

supported on elastomeric and/or pot bearings both on the piers and on the seat-type abutments. 

Typically, shear keys are also added in the abutments to control the displacements. These 

bridges are constructed following either the cantilever construction method or in situ casting 

using scaffolding. A typical three-span box girder bridge of the Greek demo site is presented 

in Figure 16. The Greek demo site is located in an earthquake prone area, thus the effect of 

seismic hazard is examined on these bridges. Prestressed concrete box bridges are of significant 

importance, thus they fall in Tier I category, and a component-based approach is followed for 

them helping delineate the resulting consequences with more ease. The critical components 

considered in the loss assessment are the bearings, the abutments and the piers of the bridge. 
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Figure 16: Typical prestressed concrete box girder bridge of the Greek demo site. 

The bridge is modelled in detail by incorporating tendon prestressing information and careful 

modelling of section stresses during the multiple phases of the balanced cantilever construction. 

An example of a detailed bridge model is shown in Figure 17. The opensource OpenSees 

platform (McKenna 1997) is also employed to form the reduced-order models. For instance, 

Figure 18 shows the reduced-order model of G7 bridge in Egnatia Odos whose pier columns 

are modelled using flexibility-based fiber element formulation with exact corotational 

formulation to account for the geometric nonlinearities. The deck is assumed to remain elastic 

and is represented with centreline beam-column elements that are appropriately selected to 

simulate the gradual changing of the cross section. The foundations, being embedded solidly 

in the rock are assumed to be fixed and the abutment pot-bearings are simulated with complex 

multi-linear springs that include the gap between the abutment walls and the breaking of the 

shear key.  

 
Figure 17: Detailed bridge model using the Sofistik software platform 

(https://www.sofistik.de/documentation/2018/en/tutorials/bridge-design/balanced-cantilever/balanced-

c-b.html). 

https://www.sofistik.de/documentation/2018/en/tutorials/bridge-design/balanced-cantilever/balanced-c-b.html
https://www.sofistik.de/documentation/2018/en/tutorials/bridge-design/balanced-cantilever/balanced-c-b.html
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Figure 18: Reduced order model of G7 bridge of Egnatia Odos in Greece using the OpenSees 

software platform. 

T-girder beam bridges 

The G1 bridge of Egnatia Odos in Greece is a typical T-girder beam bridge, whose 

superstructure is supported on elastometallic anchored rubber bearings (Figure 16). The 

seismic hazard is considered for this bridge since it is located in a seismic zone. A component-

based approach is followed for the vulnerability assessment since it is a Tier I asset similar to 

the one followed for prestressed concrete box bridges. 

 
(a) 

 
(b) 

Figure 19: (a) and (b) G1 precast prestressed concrete T-girder bridge of the Greek demo site. 
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4.1.2 Slope 

In cases when a highway crosses steep terrain, it is important to ensure the stability of slope 

cuts and road embankments. Active or potential landslides may also be present next to 

highways, threatening the integrity and operation of the road. Slope failures along highways 

usually occur as a result of earthquakes and/or heavy rainfall. If the soil reaches the road, it 

may result in structural failure, casualties and huge economic losses. Typical examples of 

activated landslides next to highways are shown in Figure 20. 

In the PANOPTIS framework two types of slopes are examined: the cut-slope of the Spanish 

demo site and an active landslide on the Greek demo site. Such major slopes with on-going 

deformations are assets of significant importance, thus they fall in Tier I category. Lesser slopes 

will be treated as Tier II. 

  
(a) (b) 

  
(c) (d) 

Figure 20: Example of activated landslides next to highways (a) on State Highway 4 in New Zealand 

(https://blogs.agu.org/landslideblog/2019/10/09/whanganui-landslide-1/), (b) on national road of 

Tripoli-Kalamata in Greece, (c) on Highway 3 in Taiwan (https://blogs.agu.org/landslideblog/ 

2010/04/26/the-mechanism-of-the-highway-3-landslide-in-taiwan/) and (d) on Route 27 in Costa Rica 

(https://ticotimes.net/2015/06/03/travel-alert-landslide-completely-closes-passing-route-27). 

Cut-slope in Spanish A2 highway 

The slope of the Spanish demo site is shown in Figure 21. This slope suffers intense erosion 

due to weathering, leading to the loss of significant amount of material thus putting in risk its 

stability. This slope is monitored through a permanent RGB camera, UAV missions and 3D 

laser scanning. Data coming from the sensors help identify the condition of the slope and update 

the current MHVM to an already prepared one that corresponds to the degradation level of the 

slope to allow rerunning an up-to-date risk analysis.  

https://blogs.agu.org/landslideblog/2019/10/09/whanganui-landslide-1/
https://blogs.agu.org/landslideblog/%202010/04/26/the-mechanism-of-the-highway-3-landslide-in-taiwan/
https://blogs.agu.org/landslideblog/%202010/04/26/the-mechanism-of-the-highway-3-landslide-in-taiwan/
https://ticotimes.net/2015/06/03/travel-alert-landslide-completely-closes-passing-route-27
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Figure 21: Cut-slope in the Spanish A2 highway. 

Active landslides in Egnatia Odos highway in Greece 

Three active landslides are detected in the Metsovo-Panagia section of Egnatia Odos highway. 

Two of them are stabilized with a counter slope and a drainage tunnel. The active landslide 

under the G1 bridge is prone to seismic loading as well as rain which changes the water table 

elevation and affects the stability of the slope. This slope is a Tier I asset that is modelled 

analytically and its performance is assessed using component-based fragility and vulnerability 

functions. Numerical modelling with nonlinear 3D finite elements has been employed, together 

with site-specific hazard-consistent selection of ground motion records for the generation of 

fragility curves via nonlinear time-history analysis. A calibration procedure is adopted to 

account for the softening response of the sliding surface with respect to monitored slope 

displacements. The effect of groundwater recharge after rainfall periods is considered in a 

simplified manner, using different scenarios for water table elevation. Focusing on the 

performance of the foundations, damage is described in terms of their permanent 

displacements, while transient loads associated with the dynamic response of the superstructure 

are taken into account via a single-degree-of-freedom approximation. Vulnerability is 

estimated based on the evolution of damage with increasing earthquake intensity, as described 

by the peak ground acceleration and the geomean of multiple spectral acceleration values. The 

active landslide of G1 bridge is presented in Figure 22 (a) along with the 3D model prepared 

using a commercial software in (b). 
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(a) (b) 
Figure 22: (a) Active landslide at Egnatia Odos highway in Greece and (b) analytical model of the 

landslide. 

4.1.3 Bridge on slope 

The central piers of the G1 bridge of the Egnatia Odos highway in Greece are founded on the 

active landslide of Figure 22, whose average velocity is estimated at 12 mm/year. Both the 

landslide and the bridge are Tier I assets that are modelled analytically. A component-based 

procedure is followed for their performance assessment under seismic and weather-related 

hazards, as mentioned in Sections 4.1.1 and 4.1.2. Typical example of bridge structural failure 

due to a landslide is presented in Figure 23. 

 
Figure 23: Bridge collapses due to a landslide (Deng et al. 2015). 

4.1.4 Tunnel entrance 

In the PANOPTIS the engineered slopes of tunnel entrances are examined since their collapse 

can lead to vehicle damages, casualties and economic losses due to road closure (see Figure 

24). The seismic actions as well as weather conditions which affect the presence of water on 

soil are the main hazards examined. Tunnel entrances can be found only in the Greek demo 

site where the highway crosses multiple mountains. In Figure 25 the tunnels of the Egnatia 

Odos are marked with pink color. These assets are classified in Tier II category, thus a limited 

number of archetype engineered slopes are examined in a simplified manner for the 

vulnerability assessment.  
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(a) (b) 

Figure 24: (a) Rockfall at Pali Highway in Honolulu (http://www.honolulumagazine.com/Honolulu-

Magazine/March-2019/The-Post-Landslide-Perils-of-the-Pali-Highway-Continue-Until-August/) and 

(b) rock fall at the Longxi tunnel portal from a high and steep slope (Li 2012). 

 
Figure 25: Tunnels in Egnatia Odos in Greece, marked with pink color. 

4.1.5 Signpost bridges 

Signpost bridges are steel structures supporting the signboards, which provide direction 

instructions to the RI users. These structures are usually configured as portal, L-shaped or T-

shaped frames, consisting of one or two columns and a horizontal beam. The cross sections of 

beams and columns are commonly rectangular hollow sections with stiffeners. Columns are 

based on reinforced concrete foundations via welded base plates and anchor bolts that are 

embedded into the concrete foundation. The horizontal beam is connected to the steel columns 

with end-plate connections. Frequently, a short upper column part comes on site pre-welded 

with the horizontal beam and is connected to the lower column part with two end plates and 

http://www.honolulumagazine.com/Honolulu-Magazine/March-2019/The-Post-Landslide-Perils-of-the-Pali-Highway-Continue-Until-August/
http://www.honolulumagazine.com/Honolulu-Magazine/March-2019/The-Post-Landslide-Perils-of-the-Pali-Highway-Continue-Until-August/
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preloaded bolts. Pre-tensioning is necessary in order to increase the connections’ resistance 

against fatigue. In the following figures a typical portal signpost bridge of Egnatia Odos in 

Greece is presented (Figure 26), with its corresponding general arrangement drawings (Figure 

27). 

 
Figure 26: Signpost Bridge at Egnatia Odos in Greece (near Metsovo city). 

  
(a) (b) 

Figure 27: General arrangement drawing of typical Egnatia Odos signpost bridge (a) front view and 

(b) side view. 

Signpost bridges of A2 highway in Spain have similar geometry, differing only by the presence 

of two horizontal beams, instead of one, inter-connected by vertical struts, thus forming a 

Vierendeel beam (Figure 28). Members’ cross sections are usually rectangular hollow sections, 

but I beams are also used. The truss part which consists of the two beams and the vertical struts 

is pre-welded in the factory and is connected to the columns on site with splice connections 

(Figure 29). 
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Figure 28: Signpost Bridge at A2 highway in Spain. 

 
Figure 29: General arrangement drawing of typical A2 highway signpost bridge (front view and side 

view). 

Failures of signpost bridges can have serious consequences on the road users, since they can 

lead to casualties and economic losses due to lane closure. As an example, such failures are 

shown in Figure 30. The signpost bridges are Tier II assets thus only a few archetypes 

representing each class (portal, L-shaped or T-shaped frames) are modelled in detail, as 

indicatively shown in Figure 31 for Egnatia Odos portal signpost bridges. These assets are 

exposed to environmental conditions being susceptible to corrosion, wind and icing actions. 

The beam-to-column and base connections are susceptible to fatigue due to wind, thus fatigue 

cycles are determined based on the results of detailed numerical modeling of the connections 
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(see Figure 32). More details on the fragility assessment and remaining lifetime due to fatigue 

of signpost bridges can be found in deliverable D4.1 “D4.2.1 Vulnerability assessment tools 

and interfaces for the SGSA simulator” (Bitzarakis et al. 2019). 

 

  
(a) (b) 

Figure 30: Examples of signpost bridge failures: (a) https://www.abc.net.au/news/2019-01-

08/tullamarine-freeway-sign-falls-and-crushes-car/10700470 and (b) failure of Γ-shape signpost 

bridge structure along I-65 highway in Tennessee (Beneberu et al. 2014). 

 
Figure 31: Numerical model of index portal-frame signpost bridge of Egnatia Odos highway in 

Greece. 

 

 

(a) (b) 
Figure 32: Simulation of (a) base and (b) beam-to-column connection of index portal-frame signpost 

bridge of Egnatia Odos highway in Greece. 

https://www.abc.net.au/news/2019-01-08/tullamarine-freeway-sign-falls-and-crushes-car/10700470
https://www.abc.net.au/news/2019-01-08/tullamarine-freeway-sign-falls-and-crushes-car/10700470
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Moreover, signpost bridges are exposed to environmental conditions thus they are prone to 

corrosion. Corrosion affects the strength and fatigue life of the structure since it results in a 

reduced effective cross section of structural components resulting in reduced load resistance. 

Corroded structures are classified in classes A, B, C, D and X, according to the ISO8501-1 

standard. Examples of corroded steel structures of categories A, B, C, D and X are shown in 

Figure 33. Computer vision is applied to identify corroded areas through UAV images and 

evaluate the grade of corrosion and then numerical modeling is applied to assess the effects of 

corrosion on the strength and remaining fatigue life of the structures. In case of change in the 

corrosion classification of a signpost bridge, the current MHVM is replaced by one 

corresponding to higher corrosion allowing an up-to-date risk assessment.  

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 33: Corrosion grade (a) A, (b) B, (c) C, (d) D, (e) X and (f) multiple co-existing corrosion 

grades. 

4.1.6 Pavement 

Pavement ageing, caused by the environmental conditions and the surface wear due to traffic, 

can pose a severe hazard on the safety of the drivers. Its deterioration results in reduced skid 

resistance, which affects the driving safety negatively and may cause traffic accidents, while 

unevenness of the pavement and potholes (see Figure 34) lead to poor driving conditions 

(especially for motorcyclists) that become even worse in cases when water is not properly 

drained. Salt, applied to remove snow and ice can further damage already deteriorated roads. 
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Both demo sites suffer from intense snow and ice during the winter, thus salt usage cannot be 

avoided. Consequently, ageing, ice and salt are the hazards considered for the pavement in 

PANOPTIS. Pavement is classified in Tier II category, thus asset-level fragility and 

vulnerability data are used for performance assessment. 

  
(a) (b) 

Figure 34: (a) Unevenness in road pavement (https://www.theaa.com/about-us/newsroom/the-

shocking-state-of-pavements) and (b) potholes (https://www.wolfpaving.com/blog/potholes-in-

asphalt-what-causes-them-and-how-are-they-fixed). 

The atmospheric conditions above the pavement are of significant importance since they affect 

the driving conditions and the safety of the drivers. A driver’s ability to see is limited in adverse 

weather conditions such as rain, fog, ice, snow, and dust. High wind speeds can blow a number 

of objects onto the roads, such as tree branches, debris etc., putting at risk the safety of the 

drivers. In cases of high wind, especially when it is acting perpendicular to the direction of 

travel, drivers should reduce driving speed to avoid their car been driven by the wind (see 

Figure 35). In PANOPTIS these hazards are taken into account to help road operators adjust 

road safety messages. 

  
 

Figure 35: Truck dirver loosses control due to stong wind acting perpendicular to the direction of 

travel (http://part380.com/blog/tag/side-gust-winds-and-trucks/). 

https://www.theaa.com/about-us/newsroom/the-shocking-state-of-pavements
https://www.theaa.com/about-us/newsroom/the-shocking-state-of-pavements
https://www.wolfpaving.com/blog/potholes-in-asphalt-what-causes-them-and-how-are-they-fixed
https://www.wolfpaving.com/blog/potholes-in-asphalt-what-causes-them-and-how-are-they-fixed
http://part380.com/blog/tag/side-gust-winds-and-trucks/
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4.1.7 Toll stations 

Toll stations are steel structures that cover the booths for toll payment. Several structural 

systems are used worldwide, but in Egnatia Odos they have the geometry of a typical shelter 

(Figure 36), with frames in both directions, consisting of columns inter-connected at their tops 

by means of vertical trusses in the along-road as well as the cross-road directions, horizontal 

bracings to ensure diaphragm action and purlins to support the roof cladding (Figure 37). All 

members are of rectangular hollow section. The trusses are welded in the factory and they are 

connected to the columns with end-plate splice connections on site. The columns are based on 

reinforced concrete foundations via welded base plates and anchor bolts that are embedded into 

the concrete foundation. On the other hand, there are no toll booths at the considered part of 

the A2 highway in Spain. 

Toll station structural failure can temporarily result in considerable economic losses for RI 

operators yet such light structures are easily repaired and replaced vis-à-vis bridges or slopes. 

These structures are vulnerable to corrosion due to environmental conditions, and weather-

related hazards such as wind and ice. Tool stations are classified in Tier II category and only 

archetype toll stations are modeled in detail and used for vulnerability assessment. 

 

 
Figure 36: Toll station at Egnatia Odos (Malakasi). 

 

 

 

 

 

 

 

 



Deliverable D4.2  Version 1.0 Date22/11/2019  36  

 

 

  

(a) (b) 

 
(c) 

Figure 37: General arrangement drawing of a typical toll station at Egnatia Odos: (a), (b) plan view 

and (c) front view. 

4.1.8 Operator control buildings 

Operator control buildings are of significant importance for the highway. They should not 

collapse or stop operating even in extreme events, since from these places RI operators control 

the messages of the sign bridges, the allowable speed of the highway etc. In addition, these 

buildings house the infrastructure for employing the PANOPTIS system. Operator control 

buildings are RC structures that are vulnerable to corrosion and seismic hazard (for the Greek 

demo site). They are classified in Tier II category thus building-level fragility and vulnerability 

functions are used for risk assessment. 
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4.2 Applicable non-RI elements 

4.2.1 Nearby plant-covered areas: Fire-Weather hazard 

Fire in the plant-covered areas next to the highway is a hazard of significant importance, so it 

is considered in PANOPTIS (see Figure 38). In case of fire, the driving conditions become 

worse because of the heavy smoke and the poor visibility of drivers that may lead to accidents 

or even casualties. Multiple lines of the highway may need to be closed for fire-fighting, 

resulting in traffic capacity reduction. The Canadian Forest Fire Weather Index (FWI, 

http://cwfis.cfs.nrcan.gc.ca/background/summary/fwi) System is used to estimate the fire-

weather hazard. By considering the temperature, the relative humidity, the wind speed and the 

24-hour rainfall, a numeric rating of relative potential for wildland fire is provided. Given the 

ranking, the fire response is determined (e.g. the number of lanes closed for firefighting) and 

the probabilistic model of fire initiation is defined based on operator experience and history of 

responses. 

 

  
(a) (b) 

Figure 38: (a) Fire near Highway 160 in Colorado (https://the-journal.com/articles/101088-fire-

smoke-close-stretch-of-us-highway-160#slide=0) and (b) fire on the side of highway 17 near Los 

Gatos in California (https://sanfrancisco.cbslocal.com/2015/09/07/fire-burning-near-summit-of-

highway-17-close-to-los-gatos/). 

4.2.2 Power transmission lines 

Power transmission lines form the power transmission network which constitutes an 

infrastructure asset of special interest for the RI as it feeds the tool booths, emergency 

management system (variable message signs) and the operator control buildings. The most 

crucial parts of a transmission line are the towers. Power transmission towers are usually tall 

steel lattice structures designed to support the conductors of a line. In most cases, towers are 

assembled in situ by elaborating steel angle profiles. In terms of function, one may distinguish 

two categories of towers: a) Tangent or Support towers having vertical insulators and mainly 

carrying only gravity loads and b) Angle/Dead-end towers, having horizontal or inclined 

insulators, which are installed in specific points along a line in order to offer lateral resistance 

and/or allow changes in the direction of the line (Figure 39). 

 

http://cwfis.cfs.nrcan.gc.ca/background/summary/fwi
https://the-journal.com/articles/101088-fire-smoke-close-stretch-of-us-highway-160#slide=0
https://the-journal.com/articles/101088-fire-smoke-close-stretch-of-us-highway-160#slide=0
https://sanfrancisco.cbslocal.com/2015/09/07/fire-burning-near-summit-of-highway-17-close-to-los-gatos/
https://sanfrancisco.cbslocal.com/2015/09/07/fire-burning-near-summit-of-highway-17-close-to-los-gatos/
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Figure 39: Typical types of power transmission tower configurations. 

The environmental action with the greatest loading effect on a transmission line is wind. Wind 

acts concurrently on the body of the tower (lattice structure) and along the conductors. In 

specific, high wind speeds, usually in combination with low temperatures and the resulting ice 

accumulated on the exposed surface of the tower and the conductors, may increase the loads 

beyond the strength of the structure leading even to total collapse. This is because ice increases 

the loads on the structure in a twofold way, by raising the weight of the members and by 

increasing the wind force (due to the growth of the area of the exposed members and the 

conductors). Finally, it is noteworthy that in most cases the failure is not only observed in a 

single tower but also in its adjacent ones (Figure 40) in cascading effect, due to uneven 

distribution of tension forces in the conductor cables. This fact may lead to a major breakdown 

of a large part of the network with the corresponding impact to the provider and the consumers. 

  
(a) (b) 

Figure 40: (a) Ice on power transmission lines and (b) failure of power transmission line due to ice. 
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In the case of Greece, an additional non-negligible factor is the age of the power network. 

Nowadays, the largest part of the network (i.e. the transmission towers) exceeds the designed 

service life since it is in operation for more than fifty years. Thus, apart from the environmental 

factors mentioned above, age deterioration constitutes an additional source of risk that puts the 

operation of Greece’s power network into jeopardy. 

4.2.3 Telecommunication antenna towers 

Telecommunication towers are tall highly-optimized structures, similar to the power 

transmission towers, used by telecommunication network providers to support the microwave 

antennas. They are responsible for providing telecommunication connection between the 

operator’s employees, directing de-icing, fire-fighting and all incident management/response 

actions. In general, lack of telecommunication has been shown to be a significant impediment 

to timely action, severely affecting resilience. As in the case of the power transmission towers, 

the governing loading conditions are associated with low temperatures, ice and high winds. 

The effect of icing that is accumulated in the exposed members of the towers and on the surface 

of the antennas increases both the weight and the wind force on the structure (Figure 41). 

The role of a telecommunication tower to carry the microwave antennas poses an additional 

challenge, especially when a need for upgrades in the telecommunication network occurs. In 

specific, network upgrades usually require the installation of larger and heavier antennas. In 

such a case an existing tower may not be capable of carrying the increased loads. A common 

solution, other than taking down the existing tower and installing a new one, is tower 

strengthening. Tower strengthening is usually achieved by adding new members (e.g. angle 

beams) to the existing tower (Figure 42). In general, though, towers are often facing a reduction 

of structural reliability with each technology upgrade (2G→3G→4G→5G) this issue becoming 

critical with the scheduled deployment of 5G networks, as more and heavier antennas need to 

be deployed on the same towers to allow concurrent support of both older and newer 

generations of cellular telephony. 

Telecommunication towers are Tier II assets, thus only a limited number of archetypes are 

modelled analytically and used for fragility and vulnerability assessment using asset-level data. 
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(a) (b) 

Figure 41: (a) Typical telecommunication antenna tower and (b) ice on the tower (Sundin and 

Makkonen 1998). 

 
Figure 42: Strengthening of existing members. 
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5 Description of MHVM structure 
The Multi-Hazard Vulnerability Module consists of two files for each asset: the scenario MSA 

file, named “name.msa.mat”, and the metadata file, named “name.mtdata.mat”, where name is 

the name of the asset. Data of both files are combined for the pre-event vulnerability assessment 

of each individual asset, to generate multiple damage/consequences scenarios. The individual 

asset’s scenarios are later combined with the IM fields to form multiple scenarios that may 

happen in the entire RI in the pre-event operation phase of PANOPTIS, as schematically shown 

in Figure 43. In this phase, risk assessment of the entire RI network is performed and all 

“possible” scenarios are calculated and their consequences in terms of damage and recovery 

are assessed by combining the hazard results of all individual assets. This detailed picture of 

“all” events that can happen, together with the damage and loss prediction lead to a growing 

large tree of potential events which can later be pruned in the trans-event operation phase to 

help PANOPTIS achieve its goal of sensor-driven near-real-time assessment. In the trans-event 

phase, where the event has just happened (or is presently unfolding) the limited information 

that is available, especially from the sensors, is used to prune the set of potential scenarios into 

a more manageable size of most probable outcomes that can guide the operators better than a 

full-fledged assessment of what could have happened (without any sensor information). 

 
Figure 43: Pre-event assessment of “all” potential scenarios of the RI by combining the MHVM with 

the IM fields. 

5.1 Metadata file 
The asset-specific metadata file contains information on the fragility curves and the 

consequence functions (e.g. repair cost, traffic reduction, downtime etc.) associated with each 

damage state. The fragility functions of Tier II assets are probability-valued functions of the 

IM of choice (e.g. peak ground acceleration for the seismic hazard or wind speed for the wind 

hazard) that can define the damage state of the entire structure but not of its individual 

components. Tier I assets are treated via a component-based approach, thus component-specific 

fragility and consequence functions conditioned on the component’s EDP are defined and used 

for risk estimation. The general format of the metadata file is the same for Tier I and II assets 

with only some details differing among these two cases. The metadata files in both cases are 

named by the asset’s name followed by the extension “.mtdata.mat”, e.g. “G7bridge.mtdata.m” 

for the G7 bridge of Egnatia Odos in Greece.  
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5.1.1 Metadata file for Tier I assets 

A typical mtdata.mat file for Tier I assets is presented in Figure 44, which is created using 

Matlab® software (The MathWorks 2014). The fields of this file are presented in detail in this 

section. 

 
Figure 44: Typical metadata file for Tier I assets. 

Figure with component serial numbering 

For this type of assets, a component-based procedure is followed thus a figure with the serial 

numbering of all critical components is needed. An example of the G7 bridge of Egnatia Odos 

is presented for illustrative purposes in Figure 45, where the bearings and the piers are the 

critical assets numbered. This figure is stored in the .SerialNumberingFig field of the 

mtdata.mat file. Note that the component numbering should be consistent with the multi-stripe 

analysis results. This means that the results of bearing 1 are found in the first entry of the EDP 

value associated with the bearings, the results of bearing 2 in the second entry etc. 

 
Figure 45: Typical figure of serial numbering and description of components for G7 bridge of Egnatia 

Odos (stored in .SerialNumberingFig field of the AssetName.mtdata.mat file). 

Component’s data 

Data for each component are stored in the “.ComponentsData” field of the mtdata.mat file. In 

this field, generic categories of components are defined along with their associated engineering 

demand parameters (EDPs), fragility and consequence functions. Note that the engineering 

demand parameter should be the same as the corresponding EDPlabel of the MSA results (see 

section 5.2.2). An example of “.ComponentsData” is presented in Figure 46, where the generic 

categories of Bearing.001, Bearing.002 and Pier.001 are defined, along with the EDP that 

governs their response (dummy data) and the associated Damage States, DS, fragility curves, 

fragpar, cost, costpar, traffic reduction, trafredpar, and downtime, downpar functions. In 

Figure 47 four sequential damage states are defined for the component along with the fragility 

data. Each fragility curve is assumed to follow the lognormal distribution (2nd column) with 

the parameters of the 3rd column of each damage state entry. 
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Figure 46: Example of definition of component’s data for a bridge (AssetName.mtdata.mat, . 

ComponentsData field).. 

 

 
Figure 47: Example of damage states and fragility curve definition for a component 

(AssetName.mtdata.mat, .ComponentsData.DS and .ComponentsData.fragpar field). 

Units 

The units of each consequence function are defined in the “.Units” field along with a short 

description of each consequence function. An example of the units entry is shown in Figure 48. 

 

 
Figure 48: Example of consequence functions units definition (AssetName.mtdata.mat, .Units field). 

Asset’s components 

The “.Components” field of the mtdata.mat file contains information on the components of the 

specific asset that are considered for risk estimation. It is a cell array in Matlab whose i = 1….N 

(or {1,N} in Matlab terminology) entries correspond to the components with serial 

number i = 1….N. For each component two entries are expected, the name of the category of 

the component that must be consistent with naming of fragility and consequence functions and 

the number of such components. For example, the definition of “.Components” field of G7 

structure can be seen in Figure 49, assuming that all bearings are of the same generic bearing 

type of Bearing.001 and both piers of type Pier.001. 
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Figure 49: Example of component definition for G7 bridge of Egnatia Odos (AssetName.mtdata.mat, 

.Components field). 

Asset’s data 

In the “.AssetsData” field of the mtdata.mat file some generic functions of the asset are defined, 

such as generic collapse fragilities and consequence functions that are used to determine if the 

asset has collapsed (e.g. in case of deck unseating of a bridge). Moreover, demolition and 

consequences for replacing the asset are also defined. 

5.1.2 Metadata file for Tier II assets 

A typical metadata file for Tier II assets, i.e. for asset with generic fragility and consequence 

functions, is presented in Figure 50. The fields of this file are “AssetsData” and “Units”, where 

the name of the IM and the corresponding fragility and consequence functions are defined and 

the units with a short description of the consequence functions are set, as shown in Figure 51 

and Figure 52, respectively. 

 
Figure 50: Typical metadata file for Tier II assets.. 

 
Figure 51: : Example of IM, damage states and fragility/consequence function definition for a Tier II 

asset (AssetName.mtdata.mat, .AssetsData field). 

 
Figure 52: : Example of units definition for a Tier II asset (AssetName.mtdata.mat, .Units field).  
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5.2 Scenario Multi-Stripe Analysis file 
The scenario MSA file contains the multi-stripe analysis results (see Section 3.2) following the 

format defined in this section. 

5.2.1 Intensity measure levels  

To enable the assessment for each of the RI elements, the following IMs are identified per 

stressor:  

⁻ earthquake: an array of IM levels characterised by the first mode spectral acceleration, 

Sa(T1,5%), or the average spectral acceleration, AvgSa. This is going to be indicated via the 

‘im_range’ variable (see also Figure 53). 

⁻ wind: two vectors should be provided in that instance, namely the wind speed (e.g. in m/s) 

and the direction (e.g. in degrees). The grid should be automatically generated in Matlab 

via the ‘meshgird’ function.  

⁻ temperature: typically in oC 

⁻ precipitation: typically in mm of water over a given time period 

⁻ ice thickness: this is the thickness of ice on steel members, estimated from precipitation 

and temperature data as a cascading IM 

5.2.2 EDP response levels per each numbered component and IM level  

Each scenario MSA file contains a number of variables that can be exploited during post-

processing (Figure 53). A short description for each of these variables is summarised below: 

⁻ EDPlabel: strings containing the variable names for each of the EDPs recorded 

⁻ EDPsublab: strings containing a short description for each of the EDP variables 

⁻ EDPval: recorded EDP values. Output format as follows: 

 size(EDPval) = 1 x length(EDPlabel) 

 size(EDPval{1}) = 1 x length(IM levels) 

 - for global (i.e. tank-level) measurements, 

 length(EDPval{1,1}{1,1}) = 1 

 - for local (i.e. spoke (or component)-level) measurements, 

 length(EDPval{2}{1,1}) = #components 

⁻ im_range: range of IM values (i.e. stripe IM levels) 

⁻ runs: number of analysis runs per IM level 

⁻ T_periods: The first N vibration periods of the structure (where N is determined by the user 

in the structural analysis software) 

⁻ thfilename: loading history file names 

The following variables are also stored for seismic response analysis: 

⁻ record_pga: each record's (and component's) PGA 

⁻ record_psa: each record's (and each component's) pseudo-Sa(Ti,x%) values for each of the 

periods found in T_periods 

⁻ record_sa: each record's (and each component's) Sa(Ti,x%) values for each of the periods 

found in T_periods 
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(a) (b) 
Figure 53: (a) Scenario MSA file example and (b) variables contained in a scenario MSA file. 
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